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Abstract

Thanks to its multi-TeV LHC proton and lead beams, the LHC complex allows one to perform the most energetic fixed-
target experiments ever and to study with high precision pp, pd and pA collisions at

√
sNN= 115 GeV and Pbp and

PbA collisions at
√

sNN= 72 GeV. We present a selection of feasibility studies for the production of quarkonia, open
heavy-flavor mesons as well as light-flavor hadrons in pA and PbA collisions using the LHCb and ALICE detectors in
a fixed-target mode.
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1. Introduction

In the two last decades, the majority of the efforts and resources in the field of relativistic heavy-ion
collisions has been devoted to collider experiments at the Relativistic Heavy Ion Collider (RHIC) and the
Large Hadron Collider (LHC). They have been driven by a quest for higher energy collisions to reproduce, in
the laboratory, a state of matter where the degrees of freedom are the quarks and gluons – the Quark-Gluon
Plasma (QGP). Fixed-target experiments using highly energetic beams offer unique features facilitating
studies of specific QGP properties, which are inaccessible in a collider setup [1, 2, 3, 4, 5, 6, 7]. First, the
available luminosities are usually much higher than those reachable at the same energy in a collider setup;
this gives access to precise studies of rare probes (charm and bottom quarks). Second, a large variety of
available target materials allows for a system-size dependent study of the nuclear effects. Third, the wide
kinematic coverage of existing collider experiments used in the fixed-target mode gives an additional handle
on the longitudinal expansion of the system created in these collisions. Finally, such experiments allow
for studies of the structure of the nucleons in a range where partons carry large x-Bjorken fractions of the
nucleon momentum, the high-x domain. In this paper, we briefly review the physics opportunities offered
by a fixed-target program using the proton and ion beams of the LHC, which we dub the AFTER@LHC
program. We also review the technical possibilities of its realization.

2. Kinematic features and implementation possibilities

As just mentioned, AFTER@LHC [7] is a proposal for a fixed target program at the LHC. Such an en-
deavor could be realized in a cost-effective way, using existing ALICE and LHCb detectors. These detectors
excel in particle identification, offer complementary rapidity coverages and could take data in parallel with
an operation in the collider mode.

The collision of 2.76 TeV lead beam on a fixed target results in a center-of-mass (c.m.s) energy per
nucleon pair of

√
sNN= 72 GeV, while 7 TeV proton beam gives

√
s= 115 GeV. For such energetic beams,

there is a large boost between the laboratory and the c.m.s. frames: 4.8 units of rapidity for pA collisions
with a proton beam, and 4.3 for a heavy-ion beam. The forward instrumentation of the LHCb and ALICE
experiments therefore covers the mid-rapidity in the c.m.s. system, while the ALICE central barrel becomes
a far-backward detector. Such large boost is an important asset in this case. It allows for relatively easy
measurement of D and B mesons using the displaced vertex technique with the existing apparatus of the
LHCb detector. Moreover, one can access the high-x range (x → 1) in the target by selecting tracks in the
ALICE central barrel.

Fig. 1. The improvement of the nuclear gluon density RXe
g (x) determination expected with the D0, J/ψ, B+ production measurements

in AFTER@LHC. Figure taken from [7].
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The most feasible options for the realization of the AFTER@LHC program is the installation of a fixed
target (gaseous or solid) within or next to an existing detector: LHCb or ALICE. A gas target (unpolarized
or polarized) could be exposed to the full LHC beam - in such a case we expect an integrated luminosity

∫ L
to be up to 10 fb−1/year for pp collisions at

√
s = 115 GeV,

∫ L ∼ 100 pb−1/year for pA reactions at
√

sNN=

115 GeV, and
∫ L ∼ 30 nb−1/year for PbXe interactions at

√
sNN= 72 GeV. A solid target is considered by

ALICE, in conjunction with a beam splitting by a bent-crystal. In such a case, the beam halo is redirected by
a crystal on a target inside the main ALICE magnet [8]; such a solution yields to

∫ L ∼ 5 nb−1/year for PbA
collisions at

√
sNN= 72 GeV. A comprehensive review of possible implementations can be found in [7].

3. The physics program

The physics program of AFTER@LHC covers three domains: heavy-ion collisions at the energy
√

sNN=

72 - 115 GeV [5], studies of a structure of nuclear matter at the high-x frontier, and investigations of the spin
composition of a nucleon [6]. While the AFTER@LHC program includes many exciting opportunities, we
briefly summarize here those relevant for quark-matter studies. Experimental results on the elliptic flow and
jet-quenching effects from the RHIC Beam Energy Scan (BES) program [9, 10] suggest that such a partonic
matter is created in the energy range of AFTER@LHC. As such, one could study with AFTER@LHC
the QGP properties and the phase transition between the hadronic matter and the QGP. Two main assets
facilitate such a research: the large heavy-quark yields expected in a single year of operation (both for open
heavy flavor hadrons and heavy quarkonia) and a wide rapidity coverage. Because of their large mass, the
charm and bottom quarks are produced early in the nuclear collisions, during the initial interactions and
with a large momentum transfer. Therefore, they carry information about all stages of the evolution of the
created system. The total and differential production cross-section are well described by perturbative QCD
calculations. Thus, they should constitute well-calibrated probes of both “cold” and “hot” nuclear matter.
With AFTER@LHC we expect precision studies of the charmonium, bottomonium and charmed meson
production in pp, pA, and AA interactions. The measurement of nuclear modification factors RpA for heavy
flavor mesons and quarkonium states in pA collisions is a powerful tool for constraining gluon nuclear
parton distribution function (nPDF) in a nucleus [11, 12] whose knowledge is essential to model in-medium
interactions of heavy quarks. Figure 1 shows the current uncertainty on the gluon nPDF in the Xe nucleus
along with the expected one after the inclusion of AFTER@LHC data. A drastic improvement is expected
in the high-x range. Such studies should however go along with dedicated studies of the so-called intrinsic
charm content [13], energy loss and/or nuclear absorption effects. Along the same lines it is possible to
study the gluon and charm content of the deuteron [14].

Regarding the AA collisions, the feasibility studies done so far [5, 4, 3] show that nuclear modification
factor RAA for J/ψ, ψ(2S ), Υ(nS ) and D0 will be measured with a percent-level precision. Such accurate
data will allow for the effective use of quarkonium states as a QGP thermometer (with all the well known
caveats of this approach). A scrupulous study of the charm-quark energy loss and collective behavior of
charm quarks in the QGP will be possible by measurement of RAA and the elliptic flow v2 as a function of
transverse momentum and rapidity. In turn, the thermodynamic and transport properties of the QGP could be
studied with an unprecedented precision. Besides, precise measurements of the charmonium and D-meson
yields as a function of particle multiplicity in pp and pA collisions could shed new light on the collective
behavior of partons in small systems.

A large rapidity coverage is another useful instrument for the QGP study. The combined acceptance
of the LHCb and ALICE detectors span over 7 units of pseudorapidity η. Measurements of the v2 and
yields over such a broad rapidity range will help to constrain the temperature dependence of the shear vis-
cosity of the QGP. Figure 2(a) displays the expected statistical precision for identified hadron v2 studies
in AFTER@LHC. Even with a small data sample (106 minimum-bias events) we expect highly accurate
results, thus precise QGP property determinations. Varying the rapidity allows one to scan over the tem-
perature T and the baryonic chemical potential μB. Figure 2(b) shows the μB vs. T dependence from the
hadron resonance gas (HRG) model obtained by varying the rapidity interval at a fixed

√
sNN, or by per-

forming a beam energy scan in a fixed rapidity bin. These results suggest that a rapidity scan done at
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AFTER@LHC could give access to the similar μB range as in the RHIC BES program. Thus, the rapidity
scan at AFTER@LHC and the RHIC beam energy scan are complementary approaches to study the QCD
phase diagram.
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Fig. 2. (a) Statistical uncertainties on the measurement of the the pT -integrated v2 of identified hadrons as a function of the η with the
ALICE-like and LHCb-like detectors [7]. (b) HRG calculations for the range of temperature T and the chemical baryonic potential μB
available in the top 10% central PbPb collisions at

√
sNN= 72 GeV [15].

4. Summary and current status

In a recent review [7], the AFTER@LHC study group gathered compelling physics cases, implemen-
tation options and feasibility studies for a fixed-target program at the LHC. Such a program offers unique
opportunities in the area of high-energy nuclear and particle physics and astrophysics. It is a possible ex-
tension of the LHC collider research program and it is one of the topics reviewed by the Physics Beyond
Collider working group (see e.g. [16]). Both the LHCb and the ALICE collaborations actively investigate
the integration of fixed-target collisions within their experimental programs [8, 17, 18]. We believe all these
efforts will yield a wealth of remarkable physics results in the near future.
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