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The brief review of the experimental data on quarkonium productions measured at the CERN SPS, at the Brookhaven Collider
RHIC, and at the LHC is presented. The dissociation of quarkonium resonances produced in heavy ion collisions was suggested as
a possible signal of the Quark-Gluon Plasma formation. At the CERN SPS, the anomalous suppression of the 𝐽/𝜓 production was
observed in central Pb-Pb collisions by the NA50 collaboration. However, the effects of 𝐽/𝜓 suppression on cold nuclear matter,
feed-down production from higher charmonium states, and regeneration processes should be taken into account. If proton and
ion beams at the LHC will be used with fixed targets, the energy interval between the SPS energy and the nominal RHIC energy
(200GeV) could be investigated. The high statistics data on quarkonium productions at these energies will give the possibility
of clarifying the mechanism of charmonium productions to investigate the importance of the recombination process, since the
probability of recombination decreases with decreasing the energy of collisions.

1. Introduction

The existence of the Quark-Gluon Plasma (QGP) is predicted
by lattice QCD at high temperature and large energy density.
Quarkonia are important probes to study the properties
of the deconfined matter. The dissociation of heavy-quark
resonances by color screening in a deconfined medium was
suggested by Matsui and Satz as a possible signal of the
Quark-Gluon Plasma formation in ultrarelativistic heavy ion
collisions [1].

Quarkonium productions have been previously studied
at the CERN SPS by NA38 [2], NA50 [3–7], and NA60
[8, 9] experiments, at the FNAL [10], and by fixed target
p-A experiments at the HERA-B [11]. In 1997, the NA50
experiment has observed an “anomalous” suppression of the
𝐽/𝜓 production in central Pb-Pb collisions [3]. However, the
cold nuclear matter (CNM) effects and feed-down produc-
tion of 𝐽/𝜓 from higher charmonium states, which affect the
extraction of hot and densematter effects, should be carefully
measured. In spite of many experimental results already

obtained on the 𝐽/𝜓 production in p-A collisions, they are
still not well understood, especially at small Bjorken 𝑥

𝐵
and

large Feynman 𝑥
𝐹
, where the CNM effects are expected

to be large. Quarkonium productions have been studied in
the Brookhaven National Laboratory at RHIC by PHENIX
[12–16] and STAR experiments [17–19]. It was shown that
the 𝐽/𝜓 suppression measured by PHENIX experiment at
√𝑠 = 200GeV is of the same order as the suppression at
the SPS energies for Pb-Pb collisions [13, 20]. In order to
get better agreement between theoretical description of the
RHIC and the SPS experimental results the models that
include the regeneration of 𝐽/𝜓 were developed [21–24]. The
quarkoniumproductions have beenmeasured at significantly
higher energies at the LHC by ALICE [25, 26], CMS [27, 28],
ATLAS [29, 30], and LHCb [31, 32] experiments. At the LHC
energies the contribution of B-decay should be taken into
account [27, 29, 31–33]. The high statistics measurements at
the LHC could investigate the properties of matter at high
energy density and temperature. However, the quarkonium
study at energies below the LHC energy is also very important
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in order to investigate the mechanism of production, the
medium effects, and conditions for the Quark-Gluon Plasma
formation. If it would be possible to use the proton and
ion beams at the LHC with fixed targets, the data in the
energy interval between maximum energy of the SPS (√𝑠 ∼

29GeV) and the nominal RHIC energy (√𝑠 = 200GeV) in p-
A and A-A collisions could be obtained. For 0.45 TeV proton
beam, the energy in N-N centre-of-mass system is √𝑠NN
= 29.1 GeV, for 7 TeV proton beam √𝑠NN = 114.6GeV and
for 2.75 TeVPb beam √𝑠NN = 71.8GeV. The high statistics
data on quarkonium production at these energies will give
the possibility of clarifying the mechanism of charmonium
production to investigate the importance of recombination
process, since the probability of recombination decreases
with decreasing the energy of collisions.

2. Charmonium Production at the CERN SPS

The productions of 𝐽/𝜓 and 𝜓(2S) have been studied at
the CERN SPS by the NA50 experiment. Data have been
taken for Pb-Pb collisions at 158GeV per nucleon [3, 7]
and for p-A collisions at 450 [4, 5] and 400GeV [6]. The
nuclear suppression of the 𝐽/𝜓 production in proton-nucleus
reactions and an anomalous suppression in central lead-lead
collisions were observed [3, 7]. In the NA60 experiment,
the 𝐽/𝜓 production was measured in In-In collisions at
158GeV per nucleon [8] and in p-A collisions at 400 and
158GeV [9]. The NA60 results in p-A collisions at 400GeV
confirm the NA50 values of absorption cross section at the
same energy. On the other hand, the NA60 158GeV p-A
data give higher values of absorption. Rather strong energy
dependence of the absorption cross section was observed.
However, the older NA3 𝐽/𝜓 results at 200GeV [34] are in
partial contradiction with these observations and give values
of absorption cross section similar to those obtained at the
higher energy. This difference has not yet been satisfactorily
explained by theoretical models. Therefore, it is important to
measure the charmonium production cross sections in p-p,
p-A, and A-A collisions at the same energy and in the same
kinematic domain.

The heavy-quark pair can interact with the nuclearmatter
and eventually break up. It is the effect of nuclear absorption.
The cold nuclear matter (CNM) effect in suppression of the
𝐽/𝜓 production includes not only nuclear absorption, but
also the shadowing effect, that is, the modification of the
parton distribution function in nuclear matter compared to
the free nucleon. If shadowing is taken into account, the
amount of the anomalous 𝐽/𝜓 suppression is reduced. Also, it
is necessary to consider the energy loss of partons in nuclear
matter. The charmonium can also interact with surrounding
comovers and lose energy or even break up.

For In-In collisions at 158GeV per nucleon after adjust-
ment for the effects of cold nuclear matter, the additional
suppression becomes quite small. But the value of the anoma-
lous suppression in the most central Pb-Pb collisions is of the
order of 20–30%. So, to extract the effects of hot and dense
nuclear matter in the 𝐽/𝜓 production at the SPS energies,
the CNM effects and feed-down production from higher
charmonium states must be taken into account.

3. Charmonium Production at the Relativistic
Heavy Ion Collider RHIC

At the RHIC, the production of 𝐽/𝜓 was measured in
p-p, d-Au, Au-Au, and Cu-Cu collisions by the PHENIX
experiment at √𝑠NN = 200GeV energy in the N-N centre-
of-mass [12–16]. To quantify the suppression of the 𝐽/𝜓

production in heavy ion collisions, the nuclear modification
factor 𝑅AA was introduced:

𝑅AA ≡
𝑑𝑁AA/𝑑𝑦

(𝑑𝑁pp/𝑑𝑦 ⋅ ⟨𝑁coll⟩)
, (1)

which is the ratio of the 𝐽/𝜓 yield in A-A collisions, normal-
ized to the number of binary collisions,𝑁coll, to the 𝐽/𝜓 yield
in p-p collisions. The nuclear modification factor has been
measured as a function of several parameters: the centrality
of collisions, the multiplicity, the transverse momentum, and
the number of participants (𝑁part).

The suppression of the 𝐽/𝜓 production in Au-Au col-
lisions is considerably stronger at forward rapidity range
1.2 < |𝑦| < 2.2 than at midrapidity |𝑦| < 0.35. The
PHENIX data for Au-Au and d-Au collisions were analyzed
simultaneously for estimation of the CNM contribution.
The nuclear modification factor for cold nuclear matter
𝑅AA(CNM)was obtained inAu-Au collisions at themeasured
rapidity ranges [20]. The ratio 𝑅AA/𝑅AA(CNM) estimates the
value of additional suppression of the 𝐽/𝜓 production in the
hot and dense nuclear matter produced in relativistic heavy
ions collisions.The𝑅AA/𝑅AA(CNM) ratio at√𝑠NN = 200GeV
is similar to the forward rapidity andmidrapidity and reaches
about 50% for the most central events.

Comparison of the 𝑅AA/𝑅AA(CNM) ratio estimated for
NA50, NA60, and PHENIX data versus 𝑑𝑁/𝑑𝜂 at pseudo-
rapidity 𝜂 = 0, which is proportional to the energy density,
shows that at RHIC energy anomalous suppression of 𝐽/𝜓 for
colliding nuclei is the same as at SPS energy [20] (Figure 1).

The nuclear modification factor for cold matter
𝑅AA(CNM) was obtained under the assumption that in
p-p, p-A, and d-Au collisions at SPS and RHIC energies
the hot and dense nuclear matter is not formed. There are
some indications that the hot matter effects could present in
d-Au collisions at the RHIC energies [35]. These effects may
contribute to p-p and p-A collisions at higher energies.

The production of 𝐽/𝜓 in p-p, Au-Au, and Cu-Cu
collisions was measured also by STAR experiment at the
RHIC at midrapidity |𝑦| < 1 for low 𝑝

𝑇
< 5GeV/c [17]

and for high 𝑝
𝑇

> 5GeV/c [18, 19]. The value of 𝑅AA in
Au-Au collisions shows strong suppression at low trans-
verse momentum but the suppression decreases significantly
with increasing momentum. The 𝐽/𝜓 suppression in Au-
Au collisions at low 𝑝

𝑇
< 5GeV/c and at midrapidity is

compatible to that measured by PHENIX. It was found that
the results are consistent with models that include color
screening and regeneration [36, 37]. The data from PHENIX
show a significant suppression in midcentral and central
Cu-Cu collisions [15]. The STAR Cu-Cu data [19] exhibit
no suppression, but the precision is limited by the available
statistics.
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Figure 1: Comparison of the 𝑅AA/𝑅AA(CNM) ratio obtained at the
SPS and PHENIX versus 𝑑𝑁/𝑑𝜂 at 𝜂 = 0.

The production of 𝐽/𝜓 in asymmetric Cu-Au heavy ion
collisions was measured also at the RHIC at√𝑠NN = 200GeV
for both forward (Cu-going direction) and backward (Au-
going direction) rapidity [38]. The suppression in the Au-
going direction is found to be consistent with the suppression
measured in Au-Au collisions. In the Cu-going direction, the
𝐽/𝜓 suppression is stronger. The difference may be due to the
CNM effects which are different at forward and backward
rapidity.

Recently at the RHIC, the 𝐽/𝜓 production in U-U colli-
sions was measured at √𝑠NN = 193GeV [39, 40]. The nuclear
modification factor for 𝐽/𝜓 in U-U collisions for forward
rapidity is very close to theAu-Au data with a hint of a slightly
weaker suppression in central U-U collisions.

The RHIC experimental data could be described by the-
oretical models based on the regeneration of 𝐽/𝜓. Additional
𝐽/𝜓 mesons are expected to be produced from deconfined
charm quarks by kinetic recombination in the QGP [21, 22,
36, 37] or by statistical hadronization at the phase boundary
[23, 24].

Bottomonium productions were also studied at the RHIC
in p-p, d-Au, andAu-Au collisions [16, 39].The suppression of
totalΥ(1S + 2S + 3S) yield measured by PHENIX is consistent
with measurements made by STAR. The regeneration of
bottomonia is expected to be small as compared to the 𝐽/𝜓.
But the energy resolution at RHICwas insufficient to separate
the contributions of individual states.

The nuclear modification factor 𝑅AA for the 𝐽/𝜓 produc-
tion measured in Au-Au collisions at lower energies 62.4 and
39GeV reveals approximately the same 𝐽/𝜓 suppression as at
200GeV but has large statistical errors due to low luminosity

and large systematical errors because of lack of p-p collisions
at the same energies [41]. At the RHIC, the luminosity
strongly decreases with decreasing the energy of collisions.
The investigations at lower energywith high statistics are very
important for understanding the mechanism of charmonium
production, for investigation the contribution of cold and
hot nuclear matter effects. In addition, the contribution of
recombination process decreases with decreasing the energy
of collision.

The fixed target experiment at high luminosity LHC
beams could provide measurements for p-p, p-A, and A-
A collisions with the same equipment for different nuclei
targets.The energy of collisionswould be lower than the nom-
inal RHIC energy (200GeV). The charmonium production
could be investigated with high statistics and low systematic
errors and may provide reference from p-p data at these
energies for RHIC.

4. Quarkonium Production at
the CERN Large Hadron Collider LHC

At the LHC at CERN quarkonium productions were mea-
sured at the energymore than ten times higher than at RHIC.
Five quarkonium states from two families are under study,
charmonia:𝐽/𝜓 and 𝜓(2S) and bottomonia: Υ(1S), Υ(2S), and
Υ(3S). In four experiments: ALICE [25, 26, 42–46], CMS
[27, 28, 47–49], ATLAS [29, 30], and LHCb [31, 32, 50,
51], the quarkonium productions were measured in different
energy, rapidity, and transverse momentum ranges. In all
experiments p-p, p-Pb, and Pb-Pb collisions were measured,
except for LHCb where there was no Pb-Pb program.

The quarkonium production in p-p collisions at √𝑠NN =
2.76, 7, and 8 TeV is useful for investigating the production
mechanism, for comparison with different QCD model cal-
culations and as a reference for understanding any additional
effects in p-A and A-A collisions. The study of quarkonium
production in p-Pb collisions at√𝑠NN = 5.02 TeV is important
to distinguish the effects of Quark-Gluon Plasma from cold
nuclear matter and to provide input to understanding of
nucleus-nucleus collisions.The information about properties
of hot and dense medium created in the collisions could
be obtained from the measurements of Pb-Pb collisions at
√𝑠NN = 2.76 TeV.

4.1. Charmonium Production at the LHC. At the LHC the
charmonium 𝐽/𝜓 and 𝜓(2S) productions were measured in
p-p collisions at 2.76, 7, and 8 TeV and in Pb-Pb collisions
at 2.76 TeV. Measurement of the 𝐽/𝜓 production in p-p
collision at the same energy as in Pb-Pb collision provides
the reference for extracting the nuclear modification factor
𝑅AA. There is a good agreement for p-p collisions between
the data obtained by ALICE [25], CMS [27], ATLAS [29],
and LHCb [31] experiments in the same kinematic domains
[52]. Comparison of charmonium 𝐽/𝜓 and 𝜓(2S) production
cross sections at forward rapidity in p-p collisions at 7 TeV
[42], obtained by ALICE and LHCb experiments, is shown in
Figure 2.

The mechanism of charmonium production was inves-
tigated by measuring the cross sections in p-p collisions
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Figure 2: Comparison of charmonium production cross sections in p-p collisions at 7 TeV versus transverse momentum for ALICE and
LHCb data for 𝐽/𝜓 (a) and 𝜓(2S) (b).

as functions of energy, transverse momentum, and rapidity.
Cross sections are compared to the theoretical models [42].
Unfortunately, none of the models, including NLO QCD, are
able to describe simultaneously different aspects of quarko-
nium production. By increasing the energy of collisions, the
mean transverse momentum and production cross section
of 𝐽/𝜓 become larger. For forward rapidity, the cross sec-
tion is smaller than at midrapidity. The contribution of B-
decay to 𝐽/𝜓 production cross section was measured. This
contribution depends on rapidity, increases with growing of
𝐽/𝜓 transverse momentum, and is of the order of 10% for
transverse momentum about 1.5 GeV/c [27, 29, 33].

ALICE [26, 43], CMS [28], and ATLAS [30] experiments
have measured charmonium productions in Pb-Pb collisions
at √𝑠NN = 2.76 TeV. In the ALICE experiment, 𝐽/𝜓 mesons
were detected in rapidity range |𝑦| < 0.9 (for 𝐽/𝜓 decay into
two electrons) and 2.5 < 𝑦 < 4 (for muon channel) with
transverse momentum values from about zero up to 8GeV/c.
In ATLAS and CMS experiments, the 𝐽/𝜓 production was
measured in the rapidity range |𝑦| < 2.4, but the range
of transverse momentum values depends on the rapidity. In
ATLAS experiment, only the data for 𝐽/𝜓mesons production
with large transverse momentum 𝑝

𝑇
> 6.5GeV/c were

obtained. The comparison of PHENIX and ALICE nuclear
modification factors𝑅AA for inclusive 𝐽/𝜓 production [13, 26]
is shown in Figure 3.

Smaller suppression in the ALICE measurements of the
inclusive 𝐽/𝜓 production in Pb-Pb collisions at √𝑠NN =
2.76 TeV [26, 43] compared to PHENIX results in Au-Au
collisions at √𝑠NN = 0.2 TeV [13] was found. These measure-
ments are compatible with a regeneration mechanism. This
additional hot nuclear matter effect works in an opposite

direction to the suppression by color screening. At the LHC
energy, the charm quark density produced in the collisions
is larger than at SPS and RHIC energies. The probability
of 𝑐𝑐 recombination increases with increasing the energy of
collision and at the LHC energies may become dominant. In
particular, this mechanism predicts an increase of 𝑅AA from
forward rapidity to midrapidity, where the density of charm
quarks is higher.Moreover, in order to recombine, two charm
quarks need to be close enough in phase space, so the effect
will be larger at low𝑝

𝑇
of 𝐽/𝜓 in agreementwith experimental

data [36, 37].
At the LHC, charmonium productions were measured

in p-Pb collisions at the energy √𝑠NN = 5.02 TeV by ALICE
[44, 45] and LHCb [50] experiments. The inclusive 𝐽/𝜓 pro-
duction has been studied by ALICE [44]. The measurement
is performed down to zero transverse momentum in the
center of mass rapidity domains 2.03 < 𝑦 < 3.53 and
−4.46 < 𝑦 < −2.96 in muon channel. In p-Pb collisions,
the 𝐽/𝜓 production was also measured in electron channel
in rapidity domain −1.37 < 𝑦 < 0.43 [44]. Since p-p
collisions data at √𝑠NN = 5.02 TeV for determination of 𝑅pPb
are not available, the reference 𝜎pp(𝐽/𝜓) has been obtained
by an interpolation procedure, based on p-p collisions results
at √𝑠NN = 2.76 TeV and 7TeV obtained by the ALICE
experiment. At forward rapidity, corresponding to the proton
beam direction, a suppression of the 𝐽/𝜓 yield with respect to
binary-scaled p-p collisions is observed, but in the backward
region no suppression is found.The experimental results and
comparison with theoretical predictions [44] are shown in
Figure 4.

The Color Glass Condensate (CGC) model [53] could
not describe the data. Theoretical calculations based on
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Figure 3: Comparison of 𝑅AA results, obtained by PHENIX and ALICE experiments. The two panels show the data at forward rapidity (a)
and midrapidity (b).
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Figure 4: Comparison of ALICE 𝑅pPb results for inclusive 𝐽/𝜓 with
theoretical predictions.

nuclear shadowing [54] as well as on themodels including, in
addition, a contribution frompartonic energy loss [55, 56] are
in better agreement with the experimental results (Figure 4).

The ALICE results are in agreement with results for
inclusive 𝐽/𝜓 mesons presented by LHCb collaboration [57].
Nuclear modification factors are determined separately for
prompt 𝐽/𝜓 mesons and for 𝐽/𝜓 from B-hadron decays by

LHCb experiment.The suppression of prompt 𝐽/𝜓mesons in
p-Pb collisions with respect to p-p collisions at large rapidity
is observed, while the production from B-hadron decays is
less suppressed.

The 𝜓(2S) production was measured in p-Pb collisions
by ALICE [45]. The nuclear modification factor for inclusive
𝜓(2S) is evaluated. A significantly larger suppression of the
𝜓(2S) compared to the inclusive 𝐽/𝜓 was obtained. Theoreti-
cal models predictions, which include parton shadowing and
coherent energy loss mechanism, reproduce 𝐽/𝜓 suppression
but could not describe 𝜓(2S) data [56]. The models underes-
timate the 𝜓(2S) suppression. A comparison with theoretical
predictions is shown in Figure 5. Additional effects should be
considered for interpretation of the results.

4.2. Bottomonium Production at the LHC. In p-p collisions
at √𝑠NN = 7TeV, the inclusive production cross sections
of Υ(1S) and Υ(2S) have been measured as a function of
𝑝
𝑇
and rapidity by ALICE [42]. There is a good agreement

of ALICE data with measurements from LHCb experiment
[31, 58] in the similar 𝑝

𝑇
and rapidity ranges. The data

are complemented to CMS measurements at midrapidity
[47, 59]. The results could be described by NLO NRQCD
calculations.

The CMS Collaboration at the LHC has observed the
sequential suppression of Υ(1S), Υ(2S), and Υ(3S) bottomo-
nium states in Pb-Pb collisions at √𝑠NN = 2.76 TeV [48,
49]. The Υ(1S) yield is suppressed by approximately a factor
of two with respect to the expectation from p-p collisions
obtained by scaling with the number of binary nucleon-
nucleon collisions. The Υ(2S) and the Υ(3S) are strongly
suppressed. Due to the lower production cross section of
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Figure 5: Comparison of ALICE 𝑅pPb results for 𝐽/𝜓 and 𝜓(2S) at forward (a) and backward (b) rapidity with theoretical predictions.

𝑏𝑏 pairs compared to 𝑐𝑐 pairs, the regeneration of Υ(1S) is
expected to be smaller than that of 𝐽/𝜓 [60]. On the other
hand, the CNM effects can also modify the production of
bottomonia in nucleus-nucleus collisions.

The inclusive Υ(1S) production in Pb-Pb collisions was
measured by ALICE at forward rapidity in muon channel
down to zero transverse momentum [61]. A strong sup-
pression was observed with respect to p-p collisions scaled
by the number of nucleon-nucleon collisions. The ALICE
results are compared with CMS data (|𝑦| < 2.4) [48]. The
observed suppression is stronger at forward rapidity than
at midrapidity. The transport model [60] predicts a nearly
constant 𝑅AA as a function of rapidity and could not repro-
duce ALICE and CMS data. The transport model includes
both suppression and regeneration effects. CNM effects were
estimated by using the effective absorption cross section.
The transport model clearly underestimates the observed
suppression, but the shape of the centrality dependence is
quite well reproduced. Another transport model [62] also
includes suppression and small regeneration component and
CNM effect with shadowing.Themodel reproduces the CMS
data but underestimates the ALICE data at forward rapidity.
Both transport models [60, 62] predict stronger suppression
for central events in agreement with centrality dependence
of ALICE data. The comparison of the data with transport
model calculations [60] is shown in Figure 6.

The inclusive Υ(1S) and Υ(2S) productions were mea-
sured also by ALICE [46] and LHCb [57] in p-Pb collisions
at √𝑠NN = 5.02 TeV. At forward rapidity suppression of the
inclusive Υ(1S) yield in p-Pb collisions with respect to the
yield from p-p collisions scaled by the number of binary

nucleon-nucleon collisions is observed. But at backward
rapidity the suppression is less (Figure 7).

The results are compared with several theoretical model
calculations [54, 55] including partonic energy loss effects
with and without nuclear shadowing. Only models with
energy loss plus shadowing could describe the data at forward
rapidity but these models underestimate the suppression at
backward rapidity.

The production of charmonia and bottomonia is the
object of intense theoretical and experimental investigations.
Their production mechanism in p-p collisions is described
by models based on Quantum Chromodynamics (QCD) and
gives reference for comparison with p-A and A-A data. At the
LHC in Pb-Pb collisions, the evidence for additional 𝐽/𝜓 pro-
duction from regeneration at low 𝑝

𝑇
and strong 𝐽/𝜓 suppres-

sion at large transverse momentum was obtained. For p-Pb
collisions theoretical models including nuclear suppression,
parton shadowing, and coherent energy loss effects could
reproduce 𝐽/𝜓 production but fail to describe additional
suppression of 𝜓(2S) and underestimate the observed Υ(1S)
suppression at forward rapidity.

At the LHC and RHIC the collective and hot nuclear
matter effects may also be present in p-Pb at 5.02 TeV and in
d-Au collisions at 200GeV [35]. Therefore, the measurement
of nuclear effects at lower energies and assuming the absence
of the QGP formation in p-p and p-A collisions could
give a reference for the study of hot nuclear matter effects.
Moreover, the contribution of recombination process is small
at low energies. The RHIC heavy flavor program with the
energy scan can perform this investigation but, unfortunately,
the luminosity at RHIC strongly decreases with decreasing
the energy of collision.
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5. Quarkonium Production at
Fixed Target at the LHC Beams

Theenergy intervals between the SPS, theRHIC, and the LHC
are very important to study the mechanism of quarkonium
production and suppression and for the investigation of the
medium effects and conditions of the Quark-Gluon Plasma
formation. Investigation of the cold nuclear matter effect and
understanding the properties of matter require systematic

and high statistics measurements of quarkonium production
also in the low energy region. To clarify theCNMeffects it will
be possible to study the mechanism of quarkonium produc-
tion and suppression with high statistics at low energies up to
35GeV/per nucleon in the CBM experiment at FAIR [63] and
in the MPD experiment at NICA collider in Dubna [64]. At
the CERN SPS, the fixed target experiment CHIC (Charm in
Heavy Ion Collisions) for charmonium study at energy up to
√𝑠NN ∼20GeV is under preparation [65]. The Beam Energy
Scan (BES-I) program at RHIC was performed by STAR and
PHENIX collaborations. At STAR there is an ongoing fixed
target program, with data already taken in the gold target test
during 14.5GeVAu-Au run in 2014with√𝑠NN =3.9GeV [66].

If the LHC proton and ion beams would be used with
fixed targets, the energy below the nominal RHIC energy
(200GeV) in p-A and A-A collisions could be investigated.
For 7 TeV proton beam, the energy in N-N c.m. is √𝑠NN =
114.6GeV, and for Pb beam at 2.75 TeV it is √𝑠NN = 71.8GeV.
By using the LHC beams with reduced energy, the data
could be taken in the range 30–100GeV. QCD phase diagram
may have interesting features probed by 10–100GeV beams
on fixed target. Search for signature of the phase transition
and location of the critical point is the main goal of energy
scan. Moreover, this is a possibility of investigating the
mechanism of charmonium, 𝐽/𝜓, and 𝜓(2S) productions. It
will be possible to separate themechanismof hard production
and then suppression by hadronic dissociation in QGP
from secondary production with recombination, since the
probability of recombination could decrease with decreasing
energy of collision like in thermal model [67].

The existing system to inject the gas target for the lumi-
nosity measurement (SMOG) at LHCb experiment could
be used for fixed target physics [68]. There are some test-
ing measurements of p-Ne and Pb-Ne collisions, but, for
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the moment, there are no precise measurements of the gas
density and pressure.

The main parameter for quarkonium production mea-
surement in the fixed target experiment is the acceptance.
In order to study the feasibility of using the fixed target
at the LHC for charmonium production, the geometrical
acceptances for 𝐽/𝜓 production on fixed target by means
of AliRoot-FAST simulations were obtained. The detailed
description of the calculation was given in [69]. For the
model of quarkonium production the phenomenological
Color Octet Model (COM) was used [70, 71]. For prompt
𝐽/𝜓 production the rapidity and transverse momentum
distributions are obtained, respectively, as a parameterization
of theCOMpredictions and by extrapolating to LHCenergies
the 𝐽/𝜓 transverse momentum (𝑝

𝑇
) distribution, measured

at midrapidity by the CDF experiment at energy √𝑠NN =
1.8 TeV. The geometrical acceptances of the 𝐽/𝜓 production
for PHENIX at RHIC and fixed target experiments NA50 at
SPS and HERA-B were also calculated for comparison [69].

5.1. Geometrical Acceptances for Fixed Target Pb-Pb Collisions
at the Energy 𝑇 = 2.75TeV per Nucleon, √𝑠NN = 71.8GeV.
The geometrical acceptance for the 𝐽/𝜓 production at ALICE
dimuon spectrometer was calculated by the beam axis at
the interaction point 𝑧 = 0, at the points 𝑧 = +50 cm (in
the direction to the dimuon spectrometer) and 𝑧 = −50 cm
(outside the ITS) and at point 𝑧 = +350 cm. The transverse
momentum distribution for 𝐽/𝜓 was generated using 𝑝

𝑇

spectra in theCDF form, the same as forHERAandPHENIX,
consistent with COM:

𝑑𝑁

𝑑𝑝
𝑇

∼ 𝑝
𝑇
[1+(

35𝜋𝑝
𝑇

256 ⟨𝑝
𝑇
⟩
)

2

]

−6

. (2)

For rapidity distribution the Gaussian spectra were used.The
parameters of distribution were energy scaled. For Pb-Pb
collisions 𝑝

𝑇
spectra with the value ⟨𝑝

𝑇
⟩ = 1.4 and Gaussian

rapidity distribution with mean values 𝑦cm = 0 and 𝜎 = 1.1
were used. The acceptances at 𝑧 = +50 cm and 𝑧 = −50 cm
are approximately the same, but at point 𝑧 = +350 cm the
geometrical acceptance is much less. The results were shown
in [69].

In Figure 8, the Pb-Pb results for 𝑧 = 0 and 𝑧=+50 cm are
plotted.The 𝐽/𝜓 are accepted in the rapidity range −2.5 < 𝜂 <

−4.0 (−2.97 < 𝜂 < −4.09) for 𝐽/𝜓 production at the point 𝑧 =
0 (𝑧 = +50 cm). The geometrical acceptances, 𝐼, are equal to
(12.0±0.2) % for 𝐽/𝜓 production at 𝑧 = 0 point and (8.0±0.2)
% at 𝑧 = +50 cm.

5.2. Geometrical Acceptances for Fixed Target p-p and p-A
Collisions at the Energy 𝑇 = 7TeV, Corresponding to √𝑠NN =

114.6GeV. The 𝐽/𝜓 productions in p-p and p-Pb collisions
are generated using 𝑝

𝑇
spectra in the same form as for Pb-Pb

collision, but with the energy scaled parameter:

𝑑𝑁

𝑑𝑝
𝑇

∼ 𝑝
𝑇
[1+(

35𝜋𝑝
𝑇

256 ⟨𝑝
𝑇
⟩
)

2

]

−6

, (3)

where ⟨𝑝
𝑇
⟩ = 1.6. For rapidity distribution the Gaussian

spectra were used with mean value being equal to 𝑦cm = 0
and 𝜎 = 1.25. Geometrical acceptances for 𝐽/𝜓 production
were calculated at points 𝑧 = 0, 𝑧 = +50 cm, and 𝑧 =
−50 cm (outside the ITS) and at point 𝑧=+350 cm.The results
were shown in [69]. The acceptances at 𝑧 = +50 cm and 𝑧 =
−50 cm are roughly the same, but at point 𝑧 = +350 cm the
geometrical acceptance is much less. In Figure 9, the results
for 𝑧 = 0 and 𝑧 = +50 cm are plotted.

The geometrical acceptances, 𝐼, are equal to (8.5 ± 0.2) %
for 𝐽/𝜓 production at 𝑧 = 0 point and (6.0 ± 0.3) % at 𝑧 =
+50 cm. We have calculated also the geometrical acceptances
for 𝐽/𝜓 with the cut on transverse momentum of the single
muon 𝑝

𝑇
> 1 GeV/c. The calculated geometrical acceptances

for fixed target measurements are of the same order and even
larger than geometrical acceptances for colliding nuclei in
ALICE [69].

5.3. Luminosity, Cross Sections, and Counting Rates for p-p, p-
A, and Pb-Pb Collisions. The target in the form of thin ribbon
could be placed around the main orbit of the LHC, as it was
already used for the experiment on collider with a fixed target
at HERA-B [72]. The life time of the beam is determined by
the beam-beam and beam-gas interactions. Therefore, after
some time the particles will leave the main orbit and interact
with the target ribbon. So for fixed target measurements only
halo of the beam will be used. Therefore, no deterioration of
the main beam will be introduced. The experiments at other
interaction pointswill not feel any presence of the fixed target.
Since the target ribbon should not interfere during the beam
formation and acceleration process it should be lifted in the
working position after the tuning of the beam.

In the ALICE measurements in 2011 in p-p run it was
1.2⋅1011 protons per bunch, 1380 bunches and life time of 14.5
hours. From these parameters one can estimate the particle
loss of 1.1⋅1013 protons during one hour (3.1⋅109 protons/s) and
mean luminosity about 3⋅1030 cm−2s−1 for 500-micron lead
ribbon. For Pb beam it was 1⋅108 ions per bunch, 358 bunches
and life time of 6.5 hours. The particle loss is about 5.1⋅109
ions during one hour (1.4⋅106 ions/s). The mean luminosity
is about 1.7⋅1027 cm−2s−1 for 500-micron lead ribbon. The
luminosity estimates are shown in Table 1. The value of the
nucleon-nucleon charmonium total production cross section
shown in Table 1 for 14 TeV was calculated by CEM (Color
Evaporation Model) [73] with MRST HO PDF. The cross
sections for lower energies were obtained by interpolation of
proton-proton cross sections measured at RHIC at √sNN =
200GeV and at SPS in the NA51 experiment at 450GeV per
nucleon (√sNN = 29.1 GeV), and were extracted from the data
of the NA50 experiment at √sNN = 27.4GeV for proton-lead
collisions.

Thehigh statistics results could be obtained by fixed target
experiments on 𝐽/𝜓 production in p-Pb and Pb-Pb collisions
with the counting rate values presented in Table 1. For Pb-
Pb collisions, luminosity is smaller but the production cross
section is larger.Themeasurement of𝜓(2S) production is also
feasible with better statistical accuracy than at RHIC collider.

Thefixed target experimentAFTERusing the LHCbeams
extracted by a bent crystal was proposed [74].The experiment
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Figure 8: Transverse momentum and rapidity distributions for 𝐽/𝜓 events, produced at 𝑧 = +50 cm (solid lines) and 𝑧 = 0 (dashed lines) in
fixed target Pb-Pb collisions at√𝑠 = 71.8GeV per nucleon pair (a) and corresponding acceptances (b).

Table 1: Luminosity, cross sections (𝑥
𝐹
> 0), and counting rates.

System √𝑠, TeV 𝜎NN, 𝜇b
𝜎pA, 𝜇b

(A0.92 𝜎NN)
𝐼, % IB 𝜎pA, 𝜇b 𝐿, cm−2s−1 Rate, h−1

pp 14 54.1 54.1 4.7 0.150 3 ⋅ 1030 1620
ppRHIC 0.200 2.7 2.7 3.6 0.0057 1 ⋅ 1031 205
pPbNA50 0.0274 0.19 25.7 14.0 0.212 7 ⋅ 1029 535
pPbfixed 0.1146 0.65 80.2 6.0 0.310 3 ⋅ 1030∗ 3360
pPbfixed 0.0718 0.55 74.6 8.0 0.349 3 ⋅ 1030∗ 3780
PbPbfixed 0.0718 0.55 11970 8.0 42.9 1.7 ⋅ 1027∗∗ 292
∗pPbfixed, 500𝜇 wire, 3.1 ⋅ 10

9 protons/s.
∗∗PbPbfixed, 500𝜇 wire, 1.4 ⋅ 10

6 ions/s.

AFTER has a wide physical program and gives possibility of
using different targets with high thickness, so it gets higher
luminosity (20 timesmore for 1 cm target versus 500𝜇m). But
the experiment AFTERdemands a lot of space for installation
and has high cost.

Fixed target experiment with the target in the form
of thin ribbon may be placed at the existing experimental
installation (e.g., LHCb). The target could be lifted in the
working position with the aid of rotation system only after
beam tuning. This experiment will use only halo of the beam
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Figure 9: Transverse momentum and rapidity distributions for 𝐽/𝜓 events, produced at 𝑧 = +50 cm (solid line) and at 𝑧 = 0 (dashed line) in
fixed target p-A collisions at√𝑠NN = 114.6GeV per nucleon pair (a) and corresponding acceptances (b).

(the target could be used as extra collimator).This fixed target
experiment with the target in the form of thin ribbon looks
like a first stage of more complicated experiment AFTER.

6. Conclusion

The fixed target experiment at LHC will give possibility
for precise quarkonium studies at energies below nominal
RHIC energy (200GeV). It has advantage of high luminosity
compared to collider experiments. The use of fixed target
at LHC could provide in a short time the data for different
targets and maybe for different projectile nuclei with high
statistics. By using the LHC beams the data could be taken
in the range √𝑠NN = 29–115GeV. Search for signature of
the phase transition and location of the critical point is the
main goal of energy scan. Moreover, this is a possibility of
investigating the mechanism of charmonium, 𝐽/𝜓, and𝜓(2S)

productions to separate the possibilities of hard production
and then suppression by hadronic dissociation in QGP or
secondary production with recombination. Additional 𝐽/𝜓
mesons are expected to be produced from deconfined charm
quarks by kinetic recombination in the QGP or by statistical
hadronization at the phase boundary. The probability of
recombination decreases with decreasing energy of collision.
Therefore, the important information about mechanism of
charmonium production and possible QGP formation could
be obtained.The experiment with the fixed target in the form
of thin ribbon looks like a first stage of more complicated
experiment AFTER on the LHC beams.
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Peigné, “Expression of Interest for an experiment to study
charm production with proton and heavy ion beams (CHIC:
Charm in Heavy Ion Collisions),” CERN-SPSC-2012-031/IPC-
EOI-008, 2012.

[66] B. Haag, O. Hajkova, A. Hamed et al., “A fixed-target program
for STAR: extending the low energy reach of the RHIC beam
energy scan,” QM2014, Quark Matter Poster, 2014.

[67] R. Hagedorn, “Multiplicities, 𝑝
𝑇
distributions and the expected

hadron-quark-gluon phase transition,” La Rivista del Nuovo
Cimento, vol. 6, pp. 1–50, 1983.

[68] M. Ferro-Luzzi, “Luminosity and luminous region shape for
pure Gaussian bunches,” Tech. Rep. CERN-LHCb-PUB-2012-
016, 2012.

[69] A. B. Kurepin, N. S. Topilskaya, and M. B. Golubeva, “Charmo-
niumproduction in fixed-target experimentswith SPS andLHC
beams atCERN,”Physics of AtomicNuclei, vol. 74, no. 3, pp. 446–
452, 2011.

[70] M. Kramer, “Quarkonium production at high-energy colliders,”
Progress in Particle andNuclear Physics, vol. 47, no. 1, pp. 141–201,
2001.

[71] E. Braaten, S. Fleming, and A. K. Leibovich, “Nonrelativistic
QCD analysis of bottomonium production at the Fermilab
Tevatron,” Physical Review D, vol. 63, no. 9, Article ID 094006,
2001.



Advances in High Energy Physics 13

[72] K. Ehret, “Commissioning of the HERA-B internal target: using
the HERA proton ring as a B-factory,” Nuclear Instruments and
Methods in Physics Research A, vol. 446, no. 1-2, pp. 190–198,
2000.

[73] V. D. Barger, W. Y. Keung, and R. J. Phillips, “On 𝜓 and Υ

production via gluons,” Physics Letters B, vol. 91, no. 2, pp. 253–
258, 1980.

[74] S. J. Brodsky, F. Fleuret, C. Hadjidakis, and J. P. Lansberg,
“Physics opportunities of a fixed-target experiment using LHC
beams,” Physics Reports, vol. 522, no. 4, pp. 239–255, 2013.



Submit your manuscripts at
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

High Energy Physics
Advances in

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Fluids
Journal of

 Atomic and  
Molecular Physics

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Advances in  
Condensed Matter Physics

Optics
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Astronomy
Advances in

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Superconductivity

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Statistical Mechanics
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Gravity
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Astrophysics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Physics 
Research International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Solid State Physics
Journal of

 Computational 
 Methods in Physics

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Soft Matter
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com

Aerodynamics
Journal of

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Photonics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Biophysics

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Thermodynamics
Journal of


