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Abstract

The nuclear modification factors of J/ψ and ψ(2S) mesons are measured in PbPb col-
lisions at a centre-of-mass energy per nucleon pair of

√
sNN = 5.02 TeV. The analysis

is based on PbPb and pp data samples collected by CMS at the LHC in 2015, corre-
sponding to integrated luminosities of 464 µb−1 and 28 pb−1, respectively. The mea-
surements are performed in the dimuon rapidity range of |y| < 2.4 as a function of
centrality, rapidity, and transverse momentum (pT) from pT = 3 GeV/c in the most
forward region and up to 50 GeV/c. Both prompt and nonprompt (coming from b
hadron decays) J/ψ mesons are observed to be increasingly suppressed with central-
ity, with a magnitude similar to the one observed at

√
sNN = 2.76 TeV for the two

J/ψ meson components. No dependence on rapidity is observed for either prompt or
nonprompt J/ψ mesons. An indication of a lower prompt J/ψ meson suppression at
pT > 25 GeV/c is seen with respect to that observed at intermediate pT. The prompt
ψ(2S) meson yield is found to be more suppressed than that of the prompt J/ψ mesons
in the entire pT range.
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1 Introduction
Quarkonium production in heavy ion collisions has a rich history. In their original article [1],
Matsui and Satz proposed that Debye color screening of the heavy-quark potential in a hot
medium prevents the production of J/ψ mesons (and this applies also to other heavy-quark
bound states such as ψ(2S), and Υ(1S) mesons [2]). Consequently, the suppression of quarko-
nium yields in heavy ion collisions, relative to those in pp collisions, has long been considered
to be a sensitive probe of deconfinement and quark-gluon plasma formation. The J/ψ meson
suppression observed in PbPb collisions at the CERN SPS [3] and AuAu collisions at the BNL
RHIC [4] is compatible with this picture. Similarly, the disappearance of Υ resonances in PbPb
collisions at the CERN LHC [5, 6] is consistent with the Debye screening scenario.

When produced abundantly in a single heavy ion collision, uncorrelated heavy quarks may
combine to form quarkonia states in the medium [7, 8]. This additional source of quarkonium,
commonly referred to as recombination, would enhance its production in heavy ion collisions,
in contradistinction with the Debye screening scenario. Signs of this effect can be seen in the
recent results from the ALICE Collaboration at the LHC [9, 10], which measured a weaker J/ψ
meson suppression than at RHIC [4, 11], despite the higher medium energy density. Note that
recombination is only expected to affect charmonium production at low transverse momenta
(pT), typically for values smaller than the charmonium mass (pT . mψ c), where the number of
charm quarks initially produced in the collision is the largest [8].

At large pT, other mechanisms may contribute to charmonium suppression. Until recently,
no quarkonium results were available at high pT, because of kinematic constraints at the SPS
and too low counting rates at RHIC. At the LHC, a strong J/ψ suppression has been measured
up to pT = 30 GeV/c by the CMS Collaboration [12] in PbPb collisions at a centre-of-mass
energy per nucleon pair of

√
sNN = 2.76 TeV. Results at 5.02 TeV have also been reported, up

to pT = 10 GeV/c, by the ALICE Collaboration [10]. According to Refs. [13, 14], quarkonium
suppression by Debye screening may occur even at high pT. At the same time, when pT � mψ c,
heavy quarkonium is likely to be produced by parton fragmentation, hence it should rather be
sensitive to the parton energy loss in the quark-gluon plasma. The similarity of J/ψ meson
suppression with the quenching of jets, light hadrons, and D mesons supports this picture [12,
15, 16].

At the LHC, the inclusive J/ψ meson yield also contains a significant nonprompt contribution
coming from b hadron decays [17–19]. The nonprompt J/ψ component should reflect medium
effects on b hadron production in heavy ion collisions, such as b quark energy loss. Measuring
both prompt and nonprompt J/ψ meson production in PbPb collisions thus offers the opportu-
nity to study both hidden charm and open beauty production in the same data sample.

In this paper we report on a new measurement of the prompt and nonprompt J/ψ and ψ(2S)
nuclear modification factors (RAA) using PbPb data, collected at the end of 2015 with the CMS
experiment at

√
sNN = 5.02 TeV. The analysis is performed via the dimuon decay channel. The

results are compared to those obtained at 2.76 TeV [12]. The larger integrated luminosities allow
for more precise and more differential measurements of RAA, as functions of centrality, rapidity
(y), and pT up to 50 GeV/c.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
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tracker, a lead tungstate crystal electromagnetic calorimeter, and a brass and scintillator hadron
calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters extend
the coverage provided by the barrel and endcap detectors. Muons are measured in the pseu-
dorapidity range |η| < 2.4 in gas-ionisation detectors embedded in the steel flux-return yoke
outside the solenoid, with detection planes made using three technologies: drift tubes, cathode
strip chambers, and resistive-plate chambers. The hadron forward (HF) calorimeters use steel
as an absorber and quartz fibres as the sensitive material. The two HF calorimeters are located
11.2 m from the interaction region, one on each side, and together they provide coverage in
the range 2.9 < |η| < 5.2. They also serve as luminosity monitors. Two beam pick-up timing
detectors are located at 175 m on both sides of the interaction point, and provide information
about the timing structure of the LHC beam. Events of interest are selected using a two-tiered
trigger system [20]. The first level (L1), composed of custom hardware processors, uses infor-
mation from the calorimeters and muon detectors to select events. The second level, known as
the high-level trigger (HLT), consists of a farm of processors running a version of the full event
reconstruction software optimised for fast processing. A more detailed description of the CMS
detector, together with a definition of the coordinate system used and the relevant kinematic
variables, can be found in Ref. [21].

For pp data the vertices are reconstructed with a deterministic annealing vertex fitting algo-
rithm using all of the fully reconstructed tracks [22]. The physics objects used to determine
the primary vertex are defined based on a jet finding algorithm [23, 24] applied to all charged
tracks associated with the vertex, plus the corresponding associated missing transverse mo-
mentum. The reconstructed vertex with the largest value of summed physics object p2

T is taken
to be the primary pp interaction vertex. In the case of PbPb data, a single primary vertex is
reconstructed using a gap clustering algorithm [22], using pixel tracks only.

3 Data selection
3.1 Event selection

Hadronic collisions are selected offline using information from the HF calorimeters. In order
to select PbPb collisions, at least three towers with energy deposits above 3 GeV are required
in each of the HF calorimeters, both at forward and backward rapidities. A primary vertex re-
constructed with at least two tracks is also required. In addition, a filter on the compatibility of
the silicon pixel cluster width and the vertex position is applied [25]. The combined efficiency
for this event selection, including the remaining non-hadronic contamination, is (99 ± 2)%.
Values higher than 100% are possible, reflecting the possible presence of ultra-peripheral (i.e.
non-hadronic) collisions in the selected event sample.

The PbPb sample is divided into bins of collision centrality, which is a measure of the degree
of overlap of the colliding nuclei and is related to the number of participating nucleons (Npart).
Centrality is defined as the percentile of the inelastic hadronic cross section corresponding to
a HF energy deposit above a certain threshold [26]. The most central (highest HF energy de-
posit) and most peripheral (lowest HF energy deposit) centrality bins used in the analysis are
0–5% and 70–100% respectively. Variables related to the centrality, such as Npart and the nu-
clear overlap function (TAA) [27], are estimated using a Glauber model simulation described in
Ref. [28].

The pp and PbPb data sets correspond to integrated luminosities of 28.0 pb−1 and 464 µb−1,
respectively. Both J/ψ and ψ(2S) mesons are reconstructed using their dimuon decay channel.
The dimuon events were selected online by the L1 trigger system, requiring two tracks in the
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muon detectors with no explicit momentum threshold, in coincidence with a bunch crossing
identified by beam pick-up timing detectors. No additional selection was applied by the HLT.
Because of the high rate of the most central dimuon events, a prescale was applied at the HLT
level during part of the PbPb data taking: as a consequence only 79% of all the dimuon events
were recorded, resulting in an effective luminosity of 368 µb−1. For peripheral events we were
able to sample the entire integrated luminosity of 464 µb−1. This was done by adding an addi-
tional requirement that events be in the centrality range of 30–100% to the dimuon trigger. The
prescaled data sample is used for the results integrated over centrality and those in the cen-
trality range 0–30%, while for the results in the 30–100% range the data sample with 464 µb−1

was used instead. The results reported in this paper are unaffected by the small number of
extra collisions potentially present in the collected events: the mean of the Poisson distribution
of the number of collisions per bunch crossing (pileup), averaged over the full data sample, is
approximately 0.9 for the pp data and less than 0.01 for PbPb collisions.

Simulated events are used to tune the muon selection criteria and the signal fitting parame-
ters, as well as for acceptance and efficiency studies. These samples, produced using PYTHIA

8.212 [29], and decaying the b hadrons with EVTGEN 1.3.0 [30], are embedded in a realistic PbPb
background event generated with HYDJET 1.9 [31] and propagated through the CMS detector
with GEANT4 [32]. The prompt J/ψ is simulated unpolarised, a scenario in good agreement
with pp measurements [33–35]. For nonprompt J/ψ, the polarisation is the one predicted by
EVTGEN, roughly λθ = 0.4. The resulting events are processed through the trigger emulation
and the event reconstruction sequences. The assumptions made on the quarkonium polari-
sation affect the computation of the acceptance. Quantitative estimates of the possible effect
evaluated for several polarisation scenarios can be found in Refs. [36, 37]. While there are no
measurements on quarkonium polarisations in PbPb collisions, a study in pp collisions as a
function of the event activity [38] has not revealed significant changes. Therefore the effects of
the J/ψ polarisation on the acceptance are not considered as systematic uncertainties.

3.2 Muon selection

The muon reconstruction algorithm starts by finding tracks in the muon detectors, which
are then fitted together with tracks reconstructed in the silicon tracker. Kinematic selections
are imposed to single muons so that their combined trigger, reconstruction and identifica-
tion efficiency stays above 10%. These selections are: pµ

T > 3.50 GeV/c for |ηµ| < 1.2 and
pµ

T > 1.89 GeV/c for 2.1 < |ηµ| < 2.4, linearly interpolated in the intermediate |ηµ| region. The
muons are required to match the ones selected by the dimuon trigger, and soft muon selection
criteria are applied to global muons (i.e. muons reconstructed using the combined information
of the tracker and muon detectors), as defined in Ref. [39]. Matching muons to tracks mea-
sured in the silicon tracker results in a relative pT resolution for muons between 1 and 2% for
a typical muon in this analysis [39]. In order to remove cosmic and in-flight decay muons, the
transverse and longitudinal distances of approach to the measured vertex of the muons enter-
ing in the analysis are required to be less than 0.3 and 20 cm, respectively. The probability that
the two muon tracks originate from a common vertex is required to be larger than 1%, lowering
the background from b and c hadron semileptonic decays.

4 Signal extraction
Because of the long lifetime of b hadrons compared to that of J/ψ mesons, the separation
of the prompt and nonprompt J/ψ components relies on the measurement of a secondary
µ+µ− vertex displaced from the primary collision vertex. The J/ψ mesons originating from
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the decay of b hadrons can be resolved using the pseudo-proper decay length [40] `J/ψ =
Lxyz mJ/ψ c/|pµµ|, where Lxyz is the distance between the primary and dimuon vertices, mJ/ψ

is the Particle Data Group [41] world average value of the J/ψ meson mass (assumed for all
dimuon candidates), and pµµ is the dimuon momentum. Note that due to resolution effects
and background dimuons the pseudo-proper decay length can take negative values. To mea-
sure the fraction of J/ψ mesons coming from b hadron decays (the so-called nonprompt frac-
tion), the invariant mass spectrum of µ+µ− pairs and their `J/ψ distribution are fitted using a
two-dimensional (2D) extended unbinned maximum-likelihood fit. In order to obtain the pa-
rameters of the different components of the 2D probability density function (PDF), the invari-
ant mass and the `J/ψ distributions are fitted sequentially prior to the final 2D fits, as explained
below. These fits are performed for each pT, rapidity and centrality bin of the analysis, and
separately in pp and PbPb collisions.
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Figure 1: Invariant mass spectrum of µ+µ− pairs (left) and pseudo-proper decay length distri-
bution (right) in PbPb collisions for 1.8 < |y| < 2.4, 4.5 < pT < 5.5 GeV/c, for all centralities.
The result of the fit described in the text is also shown.

The sum of two Crystal Ball functions [42], with different widths but common mean and tail
parameters, is used to extract the nominal yield values from the pp and PbPb invariant mass
distributions. The tail parameters, as well as the ratio of widths in the PbPb case, are fixed to
the values obtained from simulation. The background is described by a polynomial function
of order N, where N is the lowest value that provides a good description of the data, and is
determined by performing a log-likelihood ratio test between polynomials of different orders,
in each analysis bin, while keeping the tail and width ratio parameters fixed. The order of the
polynomial is chosen in such a way that increasing the order does not significantly improve
the quality of the fit. The typical order of the polynomial is 1 for most of the analysis bins. The
invariant mass signal and background parameters are obtained in an initial fit of the invariant
mass distribution only and then fixed on the 2D fits of mass and `J/ψ distributions, while the
number of extracted J/ψ mesons and background dimuons are left as free parameters.

The prompt, nonprompt, and background components of the `J/ψ distributions are parame-
terised using collision data and Monte Carlo (MC) simulated events, and the signal and back-
ground contributions unfolded with the sP lot technique [43]. In the context of this analysis,
this technique uses the invariant mass signal and background PDFs to discriminate signal from
background in the `J/ψ distribution. The `J/ψ per-event uncertainty distributions of signal and
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background, provided by the reconstruction algorithm of primary and secondary vertices, are
extracted from data and used as templates. The `J/ψ resolution is also obtained from the data by
fitting the distribution of events with `J/ψ < 0 with a combination of three Gaussian functions.
The resolution varies event-by-event, so the per-event uncertainty is used as the width of the
Gaussian function that describes the core. To take into account the difference on the per-event
uncertainty distributions of signal and background dimuons, the resolution PDF is multiplied
by the per-event uncertainty distribution of signal and background dimuons separately. All
the resolution parameters are fixed in the 2D fits. The b hadron decay length is allowed to
float freely in the fit, and it is initialised to the value extracted by fitting the `J/ψ distribution
of nonprompt J/ψ mesons from a MC sample with an exponential decay function, at generator
level. The `J/ψ distribution of background dimuons is obtained from fits to the data, using an
empirical combination of exponential functions. The parameters of the `J/ψ background distri-
bution are also fixed in the 2D fits. Finally, the number of extracted J/ψ mesons, the number of
background dimuons and the nonprompt fraction are extracted from the 2D fits. An example
of a 2D fit of the invariant mass and pseudo-proper decay length for the PbPb data is shown in
Fig. 1 for a representative analysis bin.

5 Acceptance and efficiency corrections
Correction factors are applied to all results to account for detector acceptance, trigger, recon-
struction, and selection efficiencies of the µ+µ− pairs. The corrections are derived from prompt
and nonprompt J/ψ meson MC samples in pp and PbPb, and are evaluated in the same bins of
pT, centrality, and rapidity used in the RAA and cross section analyses. The prompt and non-
prompt J/ψ meson pT distributions in bins of rapidity in MC samples are compared to those in
data, and the ratios of data over MC are used to weight the MC J/ψ distributions to describe
the data better. This weighting accounts for possible mis-modelling of J/ψ kinematics in MC.
The acceptance in a given analysis bin is defined as the fraction of generated J/ψ mesons in that
bin which decay into two muons entering the kinematic limits defined above, and reflects the
geometrical coverage of the CMS detector. The value of the acceptance correction ranges from
4 to 70%, depending on the dimuon pT, both for prompt and nonprompt J/ψ mesons in pp and
PbPb collisions. The efficiency in a given analysis bin is defined as the ratio of the number of
reconstructed J/ψ mesons in which both muons pass the analysis selection and the number of
generated J/ψ mesons in which both muons pass the analysis selection. The efficiency correc-
tion depends on the dimuon pT, rapidity and event centrality, and ranges from 20 to 75% (15 to
75%) for prompt (nonprompt) J/ψ mesons in PbPb data, and from 40 to 85% for both prompt
and nonprompt J/ψ mesons in pp data. The efficiency is lower at low than at high pT, and
it decreases from mid to forward rapidity; it is also lower for central than peripheral events.
The individual components of the efficiency (tracking reconstruction, standalone muon recon-
struction, global muon fit, muon identification and selection, and triggering) are also measured
using single muons from J/ψ meson decays in both simulated and collision data, using the tag-
and-probe (T&P) technique [36, 44]. The values obtained from data and simulation are seen to
differ only for the muon trigger efficiency and the ratio of the data over simulated efficiencies
is used as a correction factor for the efficiency. The correction factor for dimuons is at most
1.35 (1.38) for the pp (PbPb) efficiency in the 3 < pT < 4.5 GeV/c and forward rapidity bin, but
the pT and rapidity integrated value of the correction is about 1.03. The other T&P efficiency
components are compatible, hence only used as a cross-check, as well as to estimate systematic
uncertainties.
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6 Systematic uncertainties
The systematic uncertainties in these measurements arise from the invariant mass signal and
background fitting model assumptions, the parameterisation of the `J/ψ distribution, the accep-
tance and efficiency computation, and sample normalisation (integrated luminosity in pp data,
counting of the equivalent number of minimum bias events in PbPb, and nuclear overlap func-
tion). These systematic uncertainties are derived separately for pp and PbPb results, and the
total systematic uncertainty is computed as the quadratic sum of the partial terms.

The systematic uncertainty due to each component of the 2D fits is estimated from the differ-
ence between the nominal value and the result obtained with the variations of the different
components mentioned below, in the extracted number of prompt and nonprompt J/ψ mesons,
or nonprompt fraction separately. In the following, the typical uncertainty is given for the
observable on which each source has the biggest impact.

In order to determine the uncertainty associated with the invariant mass fitting procedure, the
signal and background PDFs are independently varied, in each analysis bin. For the uncer-
tainty in the signal, the parameters that were fixed in the nominal fits are left free with a certain
constraint. The constraint for each parameter is determined from fits to the data, by leaving
only one of the parameters free, and it is chosen as the root mean square of the variations over
the different analysis bins. A different signal shape is also used: a Crystal Ball function plus
a Gaussian function, with the CB tail parameters, as well as the ratio of widths in the PbPb
case, again fixed from MC. The dominant uncertainty comes from the variation of the signal
shape, yielding values for the number of extracted nonprompt J/ψ mesons ranging from 0.1 to
2.9% (0.3 to 5.5%) in pp (PbPb) data. For the background model, the following changes are con-
sidered, while keeping the nominal signal shape. First, the log-likelihood ratio tests are done
again with two variations of the threshold used to choose the order of the polynomial function
in each analysis bin. Also the fitted mass range is varied. Finally, an exponential of a poly-
nomial function is also used. The dominant uncertainty in the background model arises from
the assumed shape (invariant mass range) in pp (PbPb) data. The corresponding uncertainty
ranges from 0.1 to 2.1% (0.1 to 2.8%). The maximum difference of each of these variations, in
each analysis bin and separately for the signal and the background, is taken as an independent
systematic uncertainty.

For the `J/ψ distribution fitting procedure, four independent variations of the different compo-
nents entering in the 2D fits are considered. For the `J/ψ uncertainty distribution, instead of
using the distributions corresponding to signal and background, the total distribution is as-
sumed. The contribution to the systematic uncertainty in the number of extracted nonprompt
J/ψ mesons ranges from 0.3 to 2% (0.3 to 9.5%) in pp (PbPb) data. The `J/ψ resolution obtained
from prompt J/ψ meson MC is used instead of that evaluated from data. The corresponding
uncertainty in the nonprompt fraction ranges from 1 to 5% (1 to 11%) in pp (PbPb) data. A
nonprompt J/ψ meson MC template replaces the exponential decay function for the b hadron
decay length. In this case, the contribution of this source to the systematic uncertainty in the
nonprompt J/ψ yield ranges from 0.2 to 8% (0.2 to 20%) in pp (PbPb) data. A template of the
`J/ψ distribution of background dimuons obtained from the data is used to describe the back-
ground, instead of the empirical combination of exponential functions. This variation has an
impact on the nonprompt J/ψ yield ranging from 0.1 to 1.3% (0.2 to 22%) in pp (PbPb) data.
Therefore the dominant sources of uncertainty in the `J/ψ fitting are the background parameter-
isation and the MC template for the nonprompt signal. They have an important impact on the
nonprompt J/ψ meson yield, especially at the lowest pT reached in this analysis for the most
central events in PbPb collisions. The reason for this is that the background dimuons largely



7

dominate over the nonprompt J/ψ signal.

The uncertainties in the acceptance and efficiency determination are evaluated with MC stud-
ies considering a broad range of pT and angular spectra compatible with the pp and PbPb data
within their uncertainties. These variations yield an uncertainty about 0.2% (<1.7%) in pp
(PbPb) collisions, both for prompt and nonprompt J/ψ acceptance and efficiency. The statisti-
cal uncertainty of the weighting of the MC distributions, reflecting the impact of the limited
knowledge on the kinematic distribution of J/ψ mesons on the acceptance and efficiency cor-
rections, is used as systematic uncertainty. This uncertainty is at most 6% (11%) in pp (PbPb)
collisions at the largest pT but it usually ranges from 1 to 3% in both collision systems. In ad-
dition, the systematic uncertainties in the T&P correction factors, arising from the limited data
sample available and from the procedure itself, are taken into account, covering all parts of
the muon efficiency: inner tracking and muon reconstruction, identification, and triggering.
The dominant uncertainty in the T&P correction factors arises from muon reconstruction and
ranges from 2 to 10% for both collision systems.

The global uncertainty in the pp luminosity measurement is 2.3% [45]. The number of min-
imum bias events corresponding to our dimuon sample in PbPb (NMB) comes from a simple
event counting in the events selected by the Minimum Bias triggers, taking into account the
trigger prescale. The corresponding uncertainty arises from the inefficiency of trigger and event
selection, and is estimated to be 2%. Finally, the uncertainty in the TAA is estimated by varying
the Glauber model parameters within their uncertainty and taking into account the uncertainty
on the trigger and event selection efficiency, and ranges from 3 to 16% from the most central to
the most peripheral events used in this analysis.

7 Results
In this section, the results obtained for nonprompt J/ψ fractions, prompt and nonprompt J/ψ
cross sections for each collision system, and nuclear modification factors RAA are presented
and discussed. In addition, a derivation of the ψ(2S) RAA is also presented and discussed.
For all results plotted versus pT or |y|, the abscissae of the points correspond to the centre of
the respective bin, and the horizontal error bars reflect the width of the bin. The lower pT
thresholds in the different rapidity intervals reflect the detector acceptance. In the range 1.8 <
|y| < 2.4 J/ψ are measured down to 3 GeV/c, while for the bins with |y| < 1.8 they are measured
down to 6.5 GeV/c. When plotted as a function of centrality, the abscissae are the average Npart
values for minimum bias events within each centrality bin. The weighted average Npart values
(weighted for the number of binary nucleon-nucleon collisions) correspond in most cases to the
average Npart values for minimum bias events, with the exception of the most peripheral bin
(50–100%) where Npart changes from 22 to 43. The centrality binning used is 0–5–10–15–20–25–
30–35–40–45–50–60–70–100% for the results in |y| < 2.4, and 0–10–20–30–40–50–100% for the
results differential in rapidity.

7.1 Nonprompt J/ψ meson fractions

The nonprompt J/ψ meson fraction is defined as the proportion of measured J/ψ mesons com-
ing from b hadron decays, corrected for acceptance and efficiency. It is presented in Fig. 2 for
pp and PbPb collisions, as a function of pT and rapidity, in the full |y| < 2.4 and 6.5 < pT <
50 GeV/c range. No significant rapidity dependence is observed, while there is a strong pT de-
pendence, from about 20% at low pT to 60% at high pT, reflecting the different pT distributions
of prompt and nonprompt J/ψ mesons, which highlights the necessity of separating the two
contributions.
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Figure 2: Fraction of J/ψ mesons coming from the decay of b hadrons, i.e. nonprompt J/ψ meson
fraction, as a function of dimuon pT (left) and rapidity (right) for pp and PbPb collisions, for all
centralities. The bars (boxes) represent statistical (systematic) point-by-point uncertainties.

7.2 Prompt and nonprompt J/ψ meson cross sections in pp and PbPb collisions

The measurements of the prompt and nonprompt J/ψ cross sections can help to test the exist-
ing theoretical models of both quarkonium production and b hadron production. The cross
sections are computed from the corrected yields,

d2N
dpT dy

=
1

∆pT ∆y
NJ/ψ

A ε
, (1)

where NJ/ψ is the number of prompt or nonprompt J/ψ mesons, A is the acceptance, ε is the
efficiency, and ∆pT and ∆y are the pT and rapidity bin widths, respectively. To put the pp
and PbPb data on a comparable scale, the corrected yields are normalised by the measured
integrated luminosity for pp collisions (σ = N/L), and by the product of the number of cor-
responding minimum bias events and the centrality-integrated nuclear overlap value for PbPb
collisions (N/(NMBTAA)). Global uncertainties (common to all measurements) arise from these
normalisation factors and account for the integrated luminosity uncertainty in pp collisions
(±2.3%) and the NMB and TAA uncertainty for PbPb collisions

(
+3.4%
−3.9%

)
, respectively.

The cross sections for the production of prompt and nonprompt J/ψ mesons that decay into
two muons (Bσ, where B is the branching ratio of J/ψ to dimuons) are reported as a function of
pT and rapidity in Fig. 3.

7.3 Prompt J/ψ meson nuclear modification factor

In order to compute the nuclear modification factor RAA in a given bin of centrality (cent.), the
above-mentioned PbPb and pp normalised cross sections are divided in the following way:

RAA =
NPbPb

J/ψ (cent.)

Npp
J/ψ

× App × εpp

APbPb εPbPb(cent.)
× Lpp

NMB 〈TAA〉 (cent. fraction)
,

where the centrality fraction is the fraction of the inclusive inelastic cross section probed in the
analysis bin. Global uncertainties (indicated as boxes in the plots at RAA = 1) arise from the
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Figure 3: Differential cross section of prompt J/ψ mesons (left) and J/ψ mesons from b hadrons
(nonprompt J/ψ) (right) decaying into two muons as a function of dimuon pT (upper) and ra-
pidity (lower) in pp and PbPb collisions. The PbPb cross sections are normalised by TAA for
direct comparison. The bars (boxes) represent statistical (systematic) point-by-point uncertain-
ties, while global uncertainties are written on the plots.

full pp statistical and systematic uncertainties and the PbPb NMB uncertainty when binning as
a function of the centrality; and from the integrated luminosity of the pp data, and the NMB and
TAA uncertainties of the PbPb data, when binning as a function of rapidity or pT.

In Fig. 4, the RAA of prompt J/ψ mesons as a function of rapidity, Npart and pT are shown,
integrating in each case over the other two non-plotted variables. The results are compared to
those obtained at

√
sNN = 2.76 TeV [12], and they are found to be in good overall agreement.

No strong rapidity dependence of the suppression is observed. As a function of centrality, the
RAA is suppressed even for the most peripheral bin (70–100%), with the suppression slowly
increasing with Npart. The RAA value for the most central events (0–5%) is measured for 6.5 <
pT < 50 GeV/c and |y| < 2.4 to be 0.219± 0.005 (stat)± 0.013 (syst). As a function of pT the RAA
is approximately constant in the range of 5–20 GeV/c, but an indication of less suppression at
higher pT is seen for the first time in quarkonia. Charged hadrons, for which the suppression is
usually attributed to parton energy loss [16, 46], show a similar increase in RAA at high pT for
PbPb collisions at

√
sNN = 5.02 TeV [27].
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Figure 4: Nuclear modification factor of prompt J/ψ mesons as a function of dimuon rapidity
(upper left), Npart (upper right) and dimuon pT (lower) at

√
sNN = 5.02 TeV. For the results as a

function of Npart the most central bin corresponds to 0–5%, and the most peripheral one to 70–
100%. Results obtained at 2.76 TeV are overlaid for comparison [12]. The bars (boxes) represent
statistical (systematic) point-by-point uncertainties. The boxes plotted at RAA = 1 indicate the
size of the global relative uncertainties.

Double-differential studies are also performed. Figure 5 shows the pT (left) and centrality
(right) dependence of prompt J/ψ RAA measured in the mid- and most forward rapidity in-
tervals. A similar suppression pattern is observed for both rapidities. Figure 6 (left) shows the
dependence of RAA as a function of pT, for three centrality intervals. Although the mean level
of suppression strongly depends on the sampled centrality range, the general trend of the pT
dependence appears similar in all three centrality ranges, including the increase of RAA at high
pT. Finally, Fig. 6 (right) considers the rapidity interval 1.8 < |y| < 2.4, where the acceptance
goes down at lower pT. The suppression is found to be similar in peripheral events at moderate
(3 < pT < 6.5 GeV/c) and high (6.5 < pT < 50 GeV/c) transverse momentum ranges, but it is
weaker for lower pT in the most central region. This is also reflected in the first bin of the most
forward measurement in Fig. 5 (left). A similarly reduced suppression at low pT is observed by
the ALICE Collaboration, which is attributed to a regeneration contribution [9, 10].
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Figure 5: Nuclear modification factor of prompt J/ψ meson as a function of dimuon pT (left) and
Npart (right), in the mid- and most forward rapidity intervals. For the results as a function of
Npart the most central bin corresponds to 0–10%, and the most peripheral one to 50–100%. The
bars (boxes) represent statistical (systematic) point-by-point uncertainties. The boxes plotted at
RAA = 1 indicate the size of the global relative uncertainties.

7.4 Prompt ψ(2S) meson nuclear modification factor

Having measured the prompt J/ψ RAA, one can derive that of the ψ(2S) meson by multiplying it
by the double ratio (Nψ(2S)/NJ/ψ)PbPb/(Nψ(2S)/NJ/ψ)pp of the relative modification of the prompt
ψ(2S) and J/ψ meson yields from pp to PbPb collisions published in Ref. [47]. Since the ψ(2S)
yield suffers from lower statistics, the current J/ψ analysis is repeated using the wider bins of
Ref. [47]. The centrality binning used is 0–10–20–30–40–50–100% for the results in |y| < 1.6, and
0–20–40–100% for the results in 1.6 < |y| < 2.4. Since the statistical uncertainty in the ψ(2S)
largely dominates, the J/ψ uncertainties are propagated by considering them to be uncorrelated
to the double ratio uncertainties.

The results are presented in Fig. 7 as a function of dimuon pT and Npart, in two rapidity ranges
of different pT reach. In the bins where the double ratio is consistent with 0, 95% CL intervals on
the prompt ψ(2S) RAA are derived using the Feldman–Cousins procedure [48]. The procedure
to obtain the CL intervals is the same as in the double ratio measurement, incorporating the J/ψ
RAA statistical and systematic uncertainties as a nuisance parameter. It can be observed that
the ψ(2S) meson production is more suppressed than that of J/ψ mesons, in the entire measured
range. The ψ(2S) meson RAA shows no clear dependence of the suppression with pT, and hints
of an increasing suppression with collision centrality. These results show that the ψ(2S) mesons
are more strongly affected by the medium created in PbPb collisions than the J/ψ mesons.

7.5 Nonprompt J/ψ meson nuclear modification factor

The procedure applied to derive the prompt J/ψ meson RAA is applied to the nonprompt
component. In Fig. 8, the RAA of nonprompt J/ψ as a function of rapidity, centrality and
pT are shown, integrating in each case over the other two non-plotted variables. The re-
sults are compared to those obtained at

√
sNN = 2.76 TeV [12]. A good overall agreement is

found, although no rapidity dependence is observed in the present analysis, while the sup-
pression was slowly increasing towards forward rapidities in the lower-energy measurement.
A steady increase of the suppression is observed with increasing centrality of the collision. The
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Figure 6: Nuclear modification factor of prompt J/ψ mesons. Left: as a function of dimuon pT in
three centrality bins. Right: as a function of Npart at moderate and high pT, in the forward 1.8 <
|y| < 2.4 range. For the results as a function of Npart the most central bin corresponds to 0–10%,
and the most peripheral one to 50–100%. The bars (boxes) represent statistical (systematic)
point-by-point uncertainties. The boxes plotted at RAA = 1 indicate the size of the global
relative uncertainties.

RAA for the most central events (0–5%) measured for 6.5 < pT < 50 GeV/c and |y| < 2.4 is
0.365± 0.009 (stat)± 0.022 (syst).

As for the prompt production case, double-differential studies are also performed. Figure 9
shows the pT (left) and centrality (right) dependence of nonprompt J/ψ meson RAA measured
in the mid- and most forward rapidity intervals. No strong rapidity dependence is observed,
and a hint of a smaller suppression at low pT is seen in the 1.8 < |y| < 2.4 range. Figure 10
(left) shows the dependence of RAA as a function of pT, for three centrality ranges. While the
nonprompt J/ψ meson RAA does not seem to depend on rapidity, the data indicates a larger
pT dependence in peripheral events. Finally, Fig. 10 (right) shows, for 1.8 < |y| < 2.4, RAA
as a function of Npart, for two pT intervals. Hints of a stronger suppression are seen for pT >
6.5 GeV/c at all centralities.

8 Conclusions
Prompt and nonprompt J/ψ meson production has been studied in pp and PbPb collisions at√

sNN = 5.02 TeV, as a function of rapidity, transverse momentum (pT), and collision centrality,
in different kinematic and centrality ranges. Three observables were measured: nonprompt
J/ψ fractions, prompt and nonprompt J/ψ cross sections for each collision system, and nuclear
modification factors RAA. The RAA results show a strong centrality dependence, with an in-
creasing suppression for increasing centrality. For both prompt and nonprompt J/ψ mesons no
significant dependence on rapidity is observed. An indication of less suppression in the lowest
pT range at forward rapidity is seen for both J/ψ components. Double-differential measure-
ments show the same trend, and also suggest a stronger pT dependence in peripheral events.
An indication of less suppression of the prompt J/ψ meson at high pT is seen with respect to
that observed at intermediate pT. The measurements are consistent with previous results at√

sNN = 2.76 TeV.
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Figure 7: Nuclear modification factor of prompt J/ψ and ψ(2S) mesons as a function of Npart
(left) and dimuon pT (right), at central (upper, starting at pT = 6.5 GeV/c) and forward (lower,
starting at pT = 3.0 GeV/c) rapidity. The vertical arrows represent 95% confidence intervals in
the bins where the double ratio measurement is consistent with 0 (see text). For the results as
a function of Npart the most central bin corresponds to 0–10% (0–20%), and the most peripheral
one to 50–100% (40–100%), for |y| < 1.6 (1.6 < |y| < 2.4). The bars (boxes) represent statistical
(systematic) point-by-point uncertainties. The boxes plotted at RAA = 1 indicate the size of the
global relative uncertainties.

Combined with previous results for the double ratio (Nψ(2S)/NJ/ψ)PbPb/(Nψ(2S)/NJ/ψ)pp, the
current RAA values for J/ψ mesons are used to derive the prompt ψ(2S) meson RAA in PbPb
collisions at

√
sNN = 5.02 TeV, as a function of pT and collision centrality, in two different rapid-

ity ranges. The results show that the ψ(2S) is more suppressed than the J/ψ meson for all the
kinematical ranges studied. No pT dependence is observed within the current uncertainties.
Hints of an increase in suppression with increasing collision centrality are also observed.
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J. Keaveney, C. Kleinwort, I. Korol, D. Krücker, W. Lange, A. Lelek, T. Lenz, J. Leonard,
K. Lipka, W. Lohmann17, R. Mankel, I.-A. Melzer-Pellmann, A.B. Meyer, G. Mittag, J. Mnich,
A. Mussgiller, E. Ntomari, D. Pitzl, A. Raspereza, M. Savitskyi, P. Saxena, R. Shevchenko,
N. Stefaniuk, G.P. Van Onsem, R. Walsh, Y. Wen, K. Wichmann, C. Wissing, O. Zenaiev

University of Hamburg, Hamburg, Germany
R. Aggleton, S. Bein, V. Blobel, M. Centis Vignali, T. Dreyer, E. Garutti, D. Gonzalez, J. Haller,
A. Hinzmann, M. Hoffmann, A. Karavdina, R. Klanner, R. Kogler, N. Kovalchuk, S. Kurz,
T. Lapsien, D. Marconi, M. Meyer, M. Niedziela, D. Nowatschin, F. Pantaleo14, T. Peiffer,
A. Perieanu, C. Scharf, P. Schleper, A. Schmidt, S. Schumann, J. Schwandt, J. Sonneveld,
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G. Abbiendia, C. Battilanaa,b, D. Bonacorsia ,b, L. Borgonovia,b, S. Braibant-Giacomellia ,b,
R. Campaninia,b, P. Capiluppia ,b, A. Castroa ,b, F.R. Cavalloa, S.S. Chhibraa, G. Codispotia ,b,
M. Cuffiania ,b, G.M. Dallavallea, F. Fabbria, A. Fanfania,b, D. Fasanellaa,b, P. Giacomellia,
C. Grandia, L. Guiduccia ,b, S. Marcellinia, G. Masettia, A. Montanaria, F.L. Navarriaa ,b,
A. Perrottaa, A.M. Rossia,b, T. Rovellia ,b, G.P. Sirolia ,b, N. Tosia

INFN Sezione di Catania a, Università di Catania b, Catania, Italy
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Laboratório de Instrumentação e Fı́sica Experimental de Partı́culas, Lisboa, Portugal
P. Bargassa, C. Beirão Da Cruz E Silva, A. Di Francesco, P. Faccioli, B. Galinhas, M. Gallinaro,
J. Hollar, N. Leonardo, L. Lloret Iglesias, M.V. Nemallapudi, J. Seixas, G. Strong, O. Toldaiev,
D. Vadruccio, J. Varela

Joint Institute for Nuclear Research, Dubna, Russia
A. Baginyan, A. Golunov, I. Golutvin, V. Karjavin, V. Korenkov, G. Kozlov, A. Lanev,
A. Malakhov, V. Matveev35,36, V.V. Mitsyn, V. Palichik, V. Perelygin, S. Shmatov, N. Skatchkov,
V. Smirnov, B.S. Yuldashev37, A. Zarubin, V. Zhiltsov

Petersburg Nuclear Physics Institute, Gatchina (St. Petersburg), Russia
Y. Ivanov, V. Kim38, E. Kuznetsova39, P. Levchenko, V. Murzin, V. Oreshkin, I. Smirnov,
D. Sosnov, V. Sulimov, L. Uvarov, S. Vavilov, A. Vorobyev

Institute for Nuclear Research, Moscow, Russia
Yu. Andreev, A. Dermenev, S. Gninenko, N. Golubev, A. Karneyeu, M. Kirsanov, N. Krasnikov,
A. Pashenkov, D. Tlisov, A. Toropin

Institute for Theoretical and Experimental Physics, Moscow, Russia
V. Epshteyn, V. Gavrilov, N. Lychkovskaya, V. Popov, I. Pozdnyakov, G. Safronov,
A. Spiridonov, A. Stepennov, M. Toms, E. Vlasov, A. Zhokin

Moscow Institute of Physics and Technology, Moscow, Russia
T. Aushev, A. Bylinkin36

National Research Nuclear University ’Moscow Engineering Physics Institute’ (MEPhI),
Moscow, Russia
M. Chadeeva40, P. Parygin, D. Philippov, S. Polikarpov, E. Popova, V. Rusinov

P.N. Lebedev Physical Institute, Moscow, Russia
V. Andreev, M. Azarkin36, I. Dremin36, M. Kirakosyan36, A. Terkulov

Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, Moscow,
Russia
A. Baskakov, A. Belyaev, E. Boos, A. Demiyanov, A. Ershov, A. Gribushin, O. Kodolova,
V. Korotkikh, I. Lokhtin, I. Miagkov, S. Obraztsov, S. Petrushanko, V. Savrin, A. Snigirev,
I. Vardanyan



29

Novosibirsk State University (NSU), Novosibirsk, Russia
V. Blinov41, D. Shtol41, Y. Skovpen41

State Research Center of Russian Federation, Institute for High Energy Physics of
NRC &quot, Kurchatov Institute&quot, , Protvino, Russia
I. Azhgirey, I. Bayshev, S. Bitioukov, D. Elumakhov, A. Godizov, V. Kachanov, A. Kalinin,
D. Konstantinov, P. Mandrik, V. Petrov, R. Ryutin, A. Sobol, S. Troshin, N. Tyurin, A. Uzunian,
A. Volkov

University of Belgrade, Faculty of Physics and Vinca Institute of Nuclear Sciences, Belgrade,
Serbia
P. Adzic42, P. Cirkovic, D. Devetak, M. Dordevic, J. Milosevic, V. Rekovic
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E. Palencia Cortezon, S. Sanchez Cruz, P. Vischia, J.M. Vizan Garcia

Instituto de Fı́sica de Cantabria (IFCA), CSIC-Universidad de Cantabria, Santander, Spain
I.J. Cabrillo, A. Calderon, B. Chazin Quero, E. Curras, J. Duarte Campderros, M. Fernandez,
J. Garcia-Ferrero, G. Gomez, A. Lopez Virto, J. Marco, C. Martinez Rivero, P. Martinez Ruiz del
Arbol, F. Matorras, J. Piedra Gomez, T. Rodrigo, A. Ruiz-Jimeno, L. Scodellaro, N. Trevisani,
I. Vila, R. Vilar Cortabitarte

CERN, European Organization for Nuclear Research, Geneva, Switzerland
D. Abbaneo, B. Akgun, E. Auffray, P. Baillon, A.H. Ball, D. Barney, J. Bendavid, M. Bianco,
P. Bloch, A. Bocci, C. Botta, T. Camporesi, R. Castello, M. Cepeda, G. Cerminara, E. Chapon,
Y. Chen, D. d’Enterria, A. Dabrowski, V. Daponte, A. David, M. De Gruttola, A. De Roeck,
N. Deelen, M. Dobson, T. du Pree, M. Dünser, N. Dupont, A. Elliott-Peisert, P. Everaerts,
F. Fallavollita, G. Franzoni, J. Fulcher, W. Funk, D. Gigi, A. Gilbert, K. Gill, F. Glege, D. Gulhan,
P. Harris, J. Hegeman, V. Innocente, A. Jafari, P. Janot, O. Karacheban17, J. Kieseler, V. Knünz,
A. Kornmayer, M.J. Kortelainen, M. Krammer1, C. Lange, P. Lecoq, C. Lourenço, M.T. Lucchini,
L. Malgeri, M. Mannelli, A. Martelli, F. Meijers, J.A. Merlin, S. Mersi, E. Meschi, P. Milenovic43,
F. Moortgat, M. Mulders, H. Neugebauer, J. Ngadiuba, S. Orfanelli, L. Orsini, L. Pape, E. Perez,
M. Peruzzi, A. Petrilli, G. Petrucciani, A. Pfeiffer, M. Pierini, D. Rabady, A. Racz, T. Reis,
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Institute for Scintillation Materials of National Academy of Science of Ukraine, Kharkov,
Ukraine
B. Grynyov

National Scientific Center, Kharkov Institute of Physics and Technology, Kharkov, Ukraine
L. Levchuk

University of Bristol, Bristol, United Kingdom
F. Ball, L. Beck, J.J. Brooke, D. Burns, E. Clement, D. Cussans, O. Davignon, H. Flacher,
J. Goldstein, G.P. Heath, H.F. Heath, L. Kreczko, D.M. Newbold60, S. Paramesvaran, T. Sakuma,
S. Seif El Nasr-storey, D. Smith, V.J. Smith

Rutherford Appleton Laboratory, Didcot, United Kingdom
A. Belyaev61, C. Brew, R.M. Brown, L. Calligaris, D. Cieri, D.J.A. Cockerill, J.A. Coughlan,
K. Harder, S. Harper, J. Linacre, E. Olaiya, D. Petyt, C.H. Shepherd-Themistocleous, A. Thea,
I.R. Tomalin, T. Williams

Imperial College, London, United Kingdom
G. Auzinger, R. Bainbridge, J. Borg, S. Breeze, O. Buchmuller, A. Bundock, S. Casasso,



31

M. Citron, D. Colling, L. Corpe, P. Dauncey, G. Davies, A. De Wit, M. Della Negra, R. Di Maria,
A. Elwood, Y. Haddad, G. Hall, G. Iles, T. James, R. Lane, C. Laner, L. Lyons, A.-M. Magnan,
S. Malik, L. Mastrolorenzo, T. Matsushita, J. Nash, A. Nikitenko6, V. Palladino, M. Pesaresi,
D.M. Raymond, A. Richards, A. Rose, E. Scott, C. Seez, A. Shtipliyski, S. Summers, A. Tapper,
K. Uchida, M. Vazquez Acosta62, T. Virdee14, N. Wardle, D. Winterbottom, J. Wright, S.C. Zenz

Brunel University, Uxbridge, United Kingdom
J.E. Cole, P.R. Hobson, A. Khan, P. Kyberd, I.D. Reid, L. Teodorescu, S. Zahid

Baylor University, Waco, USA
A. Borzou, K. Call, J. Dittmann, K. Hatakeyama, H. Liu, N. Pastika, C. Smith

Catholic University of America, Washington DC, USA
R. Bartek, A. Dominguez

The University of Alabama, Tuscaloosa, USA
A. Buccilli, S.I. Cooper, C. Henderson, P. Rumerio, C. West

Boston University, Boston, USA
D. Arcaro, A. Avetisyan, T. Bose, D. Gastler, D. Rankin, C. Richardson, J. Rohlf, L. Sulak, D. Zou

Brown University, Providence, USA
G. Benelli, D. Cutts, A. Garabedian, M. Hadley, J. Hakala, U. Heintz, J.M. Hogan, K.H.M. Kwok,
E. Laird, G. Landsberg, J. Lee, Z. Mao, M. Narain, J. Pazzini, S. Piperov, S. Sagir, R. Syarif, D. Yu

University of California, Davis, Davis, USA
R. Band, C. Brainerd, R. Breedon, D. Burns, M. Calderon De La Barca Sanchez, M. Chertok,
J. Conway, R. Conway, P.T. Cox, R. Erbacher, C. Flores, G. Funk, W. Ko, R. Lander, C. Mclean,
M. Mulhearn, D. Pellett, J. Pilot, S. Shalhout, M. Shi, J. Smith, D. Stolp, K. Tos, M. Tripathi,
Z. Wang

University of California, Los Angeles, USA
M. Bachtis, C. Bravo, R. Cousins, A. Dasgupta, A. Florent, J. Hauser, M. Ignatenko, N. Mccoll,
S. Regnard, D. Saltzberg, C. Schnaible, V. Valuev

University of California, Riverside, Riverside, USA
E. Bouvier, K. Burt, R. Clare, J. Ellison, J.W. Gary, S.M.A. Ghiasi Shirazi, G. Hanson, J. Heilman,
G. Karapostoli, E. Kennedy, F. Lacroix, O.R. Long, M. Olmedo Negrete, M.I. Paneva, W. Si,
L. Wang, H. Wei, S. Wimpenny, B. R. Yates

University of California, San Diego, La Jolla, USA
J.G. Branson, S. Cittolin, M. Derdzinski, R. Gerosa, D. Gilbert, B. Hashemi, A. Holzner, D. Klein,
G. Kole, V. Krutelyov, J. Letts, M. Masciovecchio, D. Olivito, S. Padhi, M. Pieri, M. Sani,
V. Sharma, M. Tadel, A. Vartak, S. Wasserbaech63, J. Wood, F. Würthwein, A. Yagil, G. Zevi
Della Porta

University of California, Santa Barbara - Department of Physics, Santa Barbara, USA
N. Amin, R. Bhandari, J. Bradmiller-Feld, C. Campagnari, A. Dishaw, V. Dutta, M. Franco
Sevilla, L. Gouskos, R. Heller, J. Incandela, A. Ovcharova, H. Qu, J. Richman, D. Stuart,
I. Suarez, J. Yoo

California Institute of Technology, Pasadena, USA
D. Anderson, A. Bornheim, J.M. Lawhorn, H.B. Newman, T. Nguyen, C. Pena, M. Spiropulu,
J.R. Vlimant, S. Xie, Z. Zhang, R.Y. Zhu



32

Carnegie Mellon University, Pittsburgh, USA
M.B. Andrews, T. Ferguson, T. Mudholkar, M. Paulini, J. Russ, M. Sun, H. Vogel, I. Vorobiev,
M. Weinberg

University of Colorado Boulder, Boulder, USA
J.P. Cumalat, W.T. Ford, F. Jensen, A. Johnson, M. Krohn, S. Leontsinis, T. Mulholland,
K. Stenson, S.R. Wagner

Cornell University, Ithaca, USA
J. Alexander, J. Chaves, J. Chu, S. Dittmer, K. Mcdermott, N. Mirman, J.R. Patterson, D. Quach,
A. Rinkevicius, A. Ryd, L. Skinnari, L. Soffi, S.M. Tan, Z. Tao, J. Thom, J. Tucker, P. Wittich,
M. Zientek

Fermi National Accelerator Laboratory, Batavia, USA
S. Abdullin, M. Albrow, M. Alyari, G. Apollinari, A. Apresyan, A. Apyan, S. Banerjee,
L.A.T. Bauerdick, A. Beretvas, J. Berryhill, P.C. Bhat, G. Bolla†, K. Burkett, J.N. Butler,
A. Canepa, G.B. Cerati, H.W.K. Cheung, F. Chlebana, M. Cremonesi, J. Duarte, V.D. Elvira,
J. Freeman, Z. Gecse, E. Gottschalk, L. Gray, D. Green, S. Grünendahl, O. Gutsche, R.M. Harris,
S. Hasegawa, J. Hirschauer, Z. Hu, B. Jayatilaka, S. Jindariani, M. Johnson, U. Joshi, B. Klima,
B. Kreis, S. Lammel, D. Lincoln, R. Lipton, M. Liu, T. Liu, R. Lopes De Sá, J. Lykken,
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E. Hughes, S. Kaplan, R. Kunnawalkam Elayavalli, S. Kyriacou, A. Lath, R. Montalvo, K. Nash,
M. Osherson, H. Saka, S. Salur, S. Schnetzer, D. Sheffield, S. Somalwar, R. Stone, S. Thomas,
P. Thomassen, M. Walker

University of Tennessee, Knoxville, USA
A.G. Delannoy, J. Heideman, G. Riley, K. Rose, S. Spanier, K. Thapa

Texas A&M University, College Station, USA
O. Bouhali69, A. Castaneda Hernandez69, A. Celik, M. Dalchenko, M. De Mattia, A. Delgado,
S. Dildick, R. Eusebi, J. Gilmore, T. Huang, T. Kamon70, R. Mueller, Y. Pakhotin, R. Patel,
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