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abstract
This document was prepared by the community that is active in Italy, within INFN (Istituto Nazionale di
Fisica Nucleare), in the field of ultra-relativistic heavy-ion collisions. The experimental study of the phase
diagram of strongly-interacting matter and of the Quark–Gluon Plasma (QGP) deconfined state will proceed,
in the next 10–15 years, along two directions: the high-energy regime at RHIC and at the LHC, and the
low-energy regime at FAIR, NICA, SPS and RHIC. The Italian community is strongly involved in the present
and future programme of the ALICE experiment, the upgrade of which will open, in the 2020s, a new phase
of high-precision characterisation of the QGP properties at the LHC. The community also contributes to the
heavy-ion programme of the LHCb experiment. The physics case of a very-high-luminosity programme in the
2030s at the LHC using intermediate-mass nuclei is considered with interest. In addition, there is a growing
interest in a possible future experiment at the SPS, which would primarily target the search for the onset of
deconfinement using dimuon measurements. The strong expertise of the community in detector development
and construction, in particular in the sector of low-material silicon trackers, can serve as a common basis for
these new projects at the LHC and SPS. On a longer timescale, the community participates in the ongoing
studies for a heavy-ion programme at the Future Circular Collider or the High Energy LHC.
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1 scientific context and scope of the document

Quantum Chromo-Dynamics (QCD), the theory of strong interactions, is characterised by a rich phase
diagram, which is schematically shown in the left panel of Fig. 1 as a function of temperature T and baryon
chemical potential µB . The elementary coloured degrees of freedom of the theory, quarks and gluons, under
ordinary conditions are confined in colour-neutral composed objects, mesons and baryons, and get free
to propagate over distances larger than the typical size of a hadron (∼ 1 fm) only in an extremely hot
or dense environment, like the one present in the early Universe or, possibly, in the core of compact stars.
Lattice-QCD simulations and calculations based on chiral effective Lagrangians predict a cross-over between
hadronic matter and a Quark-Gluon Plasma (QGP) phase in the high temperature and low baryon chemical
potential region. They suggest that the transition may become of first order moving towards higher values
of the baryon chemical potential. The right-hand panel of Fig. 1 shows the Equation of State (EoS) that
relates the pressure P and the temperature T in terms of P (T )/T 4, in the µB = 0 case. This quantity
is characterised by a smooth rise in the effective number of active degrees of freedom as the temperature
increases, which represents the transition from hadronic constituents (pions) to quarks and gluons. The
cross-over between the hadronic and QGP phase occurs around the critical temperature Tc ≈ 155 MeV. The
transition from QGP to confined hadrons is also associated with the breaking of chiral symmetry. During the
thermal evolution of the Universe, the chiral condensate acquired a non-vanishing expectation value 〈qq〉 6= 0
and the baryons got most of their mass: most of the present baryonic mass in our Universe actually arises
from the QCD rather than from the electro-weak phase transition.
Experimentally the deconfinement transition is studied using ultra-relativistic heavy-ion collisions (energy

per nucleon–nucleon collision in the centre-of-mass √sNN � 1 GeV). A schematic cartoon of the evolution of
the matter formed in these collisions is displayed in Fig. 2, where the various stages of its dynamics are shown:
partonic initial state, pre-equilibrium, colour-deconfined QGP phase, hadron gas phase, free streaming of
final-state colourless particles. This research field has by now a 30-years history: starting in the 1980s with
exploratory studies at fixed-target facilities at BNL and CERN, then brought to maturity in the following
decade, it has reached high-precision levels with experiments at the RHIC collider and, more recently, at
the LHC. Evidence for the formation of the QGP has by now been firmly reached [3–9]. In particular, the
results from Pb–Pb collisions at the LHC show that a system with an initial temperature that exceeds by
more than a factor of two the critical temperature Tc ≈ 155 MeV for the phase transition from hadronic
matter to QGP is produced. It has also been shown that such a system is opaque to hard probes (jets, heavy
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Figure 1: The QCD phase diagram (left panel) and the equation of state P (T )/T 4 in the limit of vanishing baryon
density [1] measured on the lattice (right panel): the latter is characterised by a rise in the effective number
of active degrees of freedom, indicating the cross-over transition to a QGP. The left panel also shows the
coverage of various facilities in terms of a range in baryon chemical potential µB (the vertical position of
the bands does not represent the coverage in temperature) estimated from the corresponding √

sNN ranges
using the relation reported in Ref. [2].
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Figure 2: Schematic evolution of ultra-relativistic heavy-ion collisions.

quarks) traversing it, and that quarkonium states are dissociated due to the screening of the colour charge
in the QGP.

As shown in the left-panel of Fig. 1, different regions of the phase diagram can be covered by changing
the centre-of-mass energy of the collision: indeed, as the energy increases, the initial temperature of the
system increases and its baryo-chemical potential decreases (because the baryon number carried by the two
incident nuclei has a large separation in rapidity from the central region where the hot system forms). The
experiments at the LHC and at the highest RHIC energies are suited to reproduce the conditions of high-
energy and low baryon-density present in the early Universe with a cross-over connecting the QGP and
hadron-gas phase. Instead, the study of the high baryon density region, where the transition is expected to
become of first order and a critical endpoint might be located, is the main motivation of the Beam-Energy
Scan at RHIC and of the fixed-target experiments running at the SPS and planned at NICA and FAIR.

A strong and motivated Italian “heavy-ion community” exists since the very beginning of the field. Ex-
perimental physicists have played a key role both in the fixed-target experiments with Pb beams at the
CERN SPS (WA97, NA50, NA57, NA60) and later on in the design, construction and operation of the
ALICE experiment at the LHC. Participation in the heavy-ion programme of the LHCb experiment has also
recently started. In parallel, a theory community, significantly growing in the past decade, is providing the
field with high-level fundamental and phenomenological studies. In 2014–2016 INFN (Istituto Nazionale di
Fisica Nucleare) organised a broad internal discussion on future physics programmes (INFN - What Next?).
The future directions for precision studies of the phase diagram of strongly-interacting matter and of the
Quark-Gluon Plasma were summarised in a white paper [10]. The present document is largely based on the
What Next discussions and documentation. As described in the next section, the future directions identified
by the Italian community follow two main research lines for the medium-term future (10–15 years): high
energy at the LHC, in the frame of the ALICE and LHCb experiments as well as possible new proposals,
and high baryonic density, in the frame of the proposal of a new fixed-target experiment (NA60+) at the
CERN SPS. The opportunities offered by a heavy-ion programme at the Future Circular Collider (FCC), or
High Energy LHC (HE-LHC), are considered with interest for the longer-term future of the field. Heavy-ion
physics presents several connections with the science case for an Electron–Ion Collider (EIC) to be built in
the US, which includes QCD studies with nuclei of different sizes. These studies will provide information on
the nuclear partonic densities (the initial state of heavy-ion collisions) and multi-parton quantum correlations
in a broad range of x and Q2. The definition of these distributions in the nuclei has important consequences
for the estimation of some of the QGP properties, such as the shear and bulk viscosities. The EIC will also
improve the understanding of the interaction of quarks and gluons with cold nuclear matter, contributing
also to the modelling of partonic interactions in hot QCD matter. Details on the physics potential of the
EIC and synergies with heavy-ion collision studies are discussed in the document submitted to the ESPPU
by the EIC User Group and in the EIC white paper [11].
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2 objectives and methodology
Advances in the study of high-density and temperature QCD matter and of its phase structure can be
pursued by moving towards two well defined directions.

• First, in high-energy studies at the LHC —which provides a QGP with the highest initial temperature,
longest lifetime and largest volume— higher-precision data and the investigation of new observables
are clearly needed for a complete characterisation of the deconfined state. In particular, the goal is
a detailed understanding of the macroscopic properties, structure (degrees of freedom), and inner
workings of the QGP. Reaching this goal requires probing this state of matter at multiple length-scales,
i.e. with self-generated probes of various types and energies (including real and virtual photons, heavy
quarks and jets).
• Second, the phase diagram of strongly-interacting matter is still largely unexplored in the domain of
high baryonic densities, which can be studied via experiments at lower collision energies. Among the
highlights of these studies, the characterization of the phase transition and the search for the QCD
critical endpoint play a prominent role.

The Italian community is involved in preparing the next steps along these two reasearch directions as
sketched in the following table and discussed in the rest of this document.
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§ QGP volume 2✕ LHC
§ Thermal charm production
§ Novel QGP probes
§ Initial-state saturation

3 high-energy frontier at the lhc

3.1 Physics programme in Run 3 and Run 4 with ALICE and LHCb

Heavy-ion collisions at the LHC and at top RHIC energy provide access to the region of the QCD phase
diagram at high temperature and vanishing baryon chemical potential. The results from the RHIC programme
and the first two Runs at the LHC have revealed the QGP as a strongly-coupled (liquid-like), high-density
and low-viscosity medium in which colour charge is deconfined. Experimental research is now moving towards
high-precision measurements, in order to constrain the properties of the QGP and determine its equation of
state and characteristic parameters —for example: the temperature, the shear-viscosity-to-entropy-density
ratio and the transport coefficients.
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To provide a strong boost towards high precision, the ALICE Collaboration has undertaken a major
detector upgrade programme. This will be implemented during the Long Shutdown 2 (LS2) in 2019–20 with
the goal of collecting several samples of Pb–Pb collisions at √sNN = 5.5 TeV during the LHC Runs 3 and 4
for a total integrated luminosity of 13 nb−1, in addition to proton–proton reference samples and data with
p–Pb collisions. The ALICE upgrade strategy entails two main items:

• the upgrade of the readout of most of the detectors and a new online-offline system for data compression
will enable recording all Pb–Pb events at the projected interaction rate of 50 kHz, thereby increasing
by 100× the sample of minimum-bias events with respect to Run 2;
• the new Inner Tracking System (ITS) improves by a factor more than three the precision for the recon-
struction of heavy-flavour decay vertices, and the Muon Forward Tracker (MFT) adds such capability
also for muon-based measurements.

The ALICE Italian groups are at the forefront of the upgrade activities, with central roles in the design and
construction of the new ITS, based on Monolithic Active Pixels sensors (see Section 5), and in the readout
upgrade of the Muon Spectrometer, the Zero Degree Calorimeter and particle identification detectors as the
Time-Of-Flight and the High-Momentum Particle Identification Detector.

The LHCb detector has participated in the p–Pb and Pb–Pb data-taking in Run-2, although its perfor-
mance in Pb–Pb is limited to non central collisions by the granularity of the tracking detectors. The major
upgrade during Long Shutdown 2 will improve the performance and enable competitive studies, in particu-
lar in the sectors of heavy-flavour and quarkonium. In addition, the fixed-target programme in LHCb will
continue in Run 3 with the recently-approved SMOG2 project.
Within the the CERN workshop on HL-LHC Physics, the high-density QCD physics programme using the

LHC heavy-ion and proton beams in Run 3 and Run 4 was recently reassessed and extended in scope [12],
with the contribution of all four large LHC experiments and theory groups, and in particular of the Italian
heavy-ion community. The following four major research goals have been identified.
1) Characterising the macroscopic or “long-wavelength” properties of the QGP with unprecedented precision.
The long-wavelength behaviour of hot and dense QCD matter can be described in terms of fluid and ther-
modynamic concepts and it is experimentally investigated using multi-differential azimuthal measurements
of low-momentum hadron production, as well as of electromagnetic radiation. For example, the temperature
of the early stage of the QGP will be determined by ALICE with an accuracy of about 20% by measuring
thermal radiation. As another notable example, the heavy-quark diffusion coefficient Ds at a temperature
of 1–2× the QCD critical temperature Tc will be constrained with a 2× improved accuracy using D and B
meson production measurements.
2) Accessing the microscopic parton dynamics underlying QGP properties. The nature of the effective con-
stituents of QCD matter and its characteristic length scales can be studied experimentally with high precision,
using high-statistics hard probes. Multi-differential jet, heavy flavour and quarkonium measurements are
among the main avenues for these investigations. For example, measurements of the production of charmo-
nium and bottomonium states with different binding energies give access to a well-defined set of length scales
for the study of the QCD force in a colour-deconfined medium via the characterisation of the mechanisms
of melting and regeneration. ALICE and LHCb will have unique potential for charmonium measurements.
The microscopic dynamics of the QGP and of hadronization in general will also be studied, by ALICE in
particular, using precise measurents of heavy-flavour meson and baryon production as well as of light nuclei
and hyper-nuclei.
3) Developing a unified picture of QCD particle production from small (pp) to larger (pA and AA) systems.
Recent discoveries of collective patterns and strangeness enhancement in particle production in pp and p–
Pb collisions question both the view of pp collisions as a superposition of quasi-independent parton–parton
scatterings and the view of nucleus–nucleus as the only colliding system in which a QGP can form. These
questions motivate the proposal [12] of increased luminosity goals with pp and p–Pb collisions to carry out
a programme of high-precision studies of rare probes at high multiplicity. Example studies that require very
large integrated luminosity include the comparison of collective-like properties (the so-called “flow”) of heavy
quarks and quarkonium in small and large systems and the searches for thermal radiation and partonic en-
ergy loss. ALICE is at the forefront in these studies.
4) Probing initial-state nuclear parton densities in a broad (x,Q2) range. A major goal in this context is
the study of the presently-uncovered small-x region below 10−4 where parton phase-space saturation could
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set in, using charmonia in γ–Pb collisions (ALICE and LHCb), and forward Drell-Yan (LHCb) and photons
(ALICE) in p–Pb collisions. These studies, besides their intrinsic interest, are crucial inputs for the initial
conditions of heavy-ion collisions.

3.2 Prospects for new initiatives

The Pb–Pb data samples of Runs 3 and 4 will grant high-precision studies for a broad set of physics observ-
ables. However, a major increase of luminosity for heavy-ion collisions would open new opportunities in the
sectors of both “ultra-hard” (or “ultra-rare”) probes and of “ultra-soft” particle production and radiation.
The most convenient approach to largely increase the luminosity is the usage of nuclei lighter than Pb as a
colliding system, because the main limiting effect for the luminosity, bound-free pair production, decreases
with the seventh power of the atomic number. Clearly, nuclei much smaller than Pb imply a reduction of
the volume and lifetime of the QGP system, and for this reason Pb–Pb remains the highest priority for
Runs 3 and 4. Lighter nuclei have been identified within the HL-LHC Physics workshop as an appealing
case for extending the programme in Run 5 (starting in 2031), with the optimal ion species to be identified
by future studies and 40Ar or 78Kr taken at the moment as working examples [12]. A Ar–Ar programme of
three months in Run 5 would provide an integrated luminosity equivalent, for rare signals that scale with the
number of nucleon–nucleon collisions, to about one order of magnitude more than that of Pb–Pb in Runs 3
and 4.

A number of key physics topics that could be addressed with the higher luminosity granted by lighter
nuclei require detector capabilities similar to those specific of the ALICE experiment, namely low-pT tracking,
ultimate vertexing resolution, hadron identification, detection of photons and electrons down to very low pT.
An extended rapidity coverage would in addition have a strong impact. These topics include the study of
the soft electromagnetic radiation (real and virtual photons), the production of light (hyper-)nuclei with
A > 4, the X,Y,Z exotic states, multi-charm baryons and charm-beauty mesons, excited charmonium and
bottomonium states (χc and χb).

With the LS2 upgrade the ALICE detector will reach the maximum readout-rate performance for a
spectrometer based on a TPC, due to the intrinsic limitations induced by the space-charge (ions) accumulated
in the drift volume, which introduces large spatial distortions. For this reason, a first conceptual design for a
new fast, ultra-light and granular detector has been conceived within the ALICE Collaboration [13,14]. The
detector should be capable of recording the full luminosity that can be achieved with lighter ion collisions
and it should at the same time exceed the tracking precision and particle identification capabilities of the
ALICE upgraded detector. The concept is based on a tracker consisting entirely of CMOS Monolithic Active
Pixel Sensors (MAPS). In the barrel the three innermost layers would have a spatial resolution of ≈ 1µm, a
material budget per layer as low as 0.05% of the radiation length (X0), and would be placed inside the beam-
pipe. Charged-particle identification would be provided by the determination of the specific energy loss in the
middle layers and by the time-of-flight measurement in a set of layers with high precision timing capability
(σt ≈ 25ps) positioned at about 1 meter from the beam-pipe. Planar layers in end-cap geometry would
extend the acceptance up to a rapidity |y| ≈ 4. The barrel would be equipped with a pre-shower consisting
of a 2–3 X0 high-granularity digital sampling calorimeter to identify electrons down to few hundred MeV by
a detailed imaging of the initial shower.

A possible first step in the direction of an ultra-light and granular tracker could be the development and
construction of a new inner barrel (the three layers at radius below 4 cm) to replace in Run 4 (from 2027)
the inner barrel of the ITS upgrade, which is presently under construction. The concept, described in an
Expression of Interest [15], consists of an inner barrel made of curved wafer-scale ultra-thin silicon sensors
arranged in truly cylindrical layers, featuring the unprecedented low material budget of 0.05 % of X0 per
layer, with the innermost radius of only 18 mm. This modification of the ALICE ITS would strongly improve
the measurements of charm-baryon production and low-mass dielectrons.

The Italian ALICE groups consider with high interest these new initiatives and are willing to contribute
to the R&D for next-generation MAPS-based detectors. These R&D activities can have a strong synergy
with other projects, for example the NA60+ proposal, as discussed in Section 5.
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4 low-energy frontier: a new experiment at the sps
Experimental information on the large-µB region of the phase diagram is still poor and its study represents a
natural evolution of ultra-relativistic heavy-ion physics. The NA60+ project aims at measuring the properties
of the QGP and the nature of the phase transition by performing an energy scan in the range accessible
to the CERN SPS (beam energies in the range 20–160 GeV/nucleon, corresponding to √sNN ∼ 6–17GeV).
The experiment could address several fundamental open questions, and in particular: (i) can a signal of the
first-order phase transition to QGP be detected? (ii) can the restoration of chiral symmetry be accessed
experimentally? (iii) what are the transport properties of the QGP at high-µB?
These questions can be addressed by an experiment based on a muon tracking system and a sophisticate

vertex spectrometer. With this apparatus the dimuon invariant mass spectrum can be studied from threshold
up to the J/ψ mass region and beyond, discriminating between prompt and non-prompt sources, while the
vertex spectrometer can also be used to detect hadronic decays of particles containing strange and charm
quarks. Its layout is conceptually similar to that of the past NA60 experiment [16], which took data in 2003–
2004 with indium and proton beams on various nuclear targets at top SPS energy and performed accurate
measurements of muon pair production.
Coming to the observables related to the physics questions listed above, the nature of the phase transition

can be investigated by studying the evolution of the temperature of the system, for various collision energies,
as a function of its energy density. The temperature can be precisely extracted by a measurement of the mass
spectrum of the thermal muon pairs in the mass region 1.5–2.5GeV, while the energy density is estimated
via charged multiplicity measurements in the vertex spectrometer. In this way a “caloric curve” for the phase
transition can be measured and the flattening related to a first order transition can be observed, if present.
The feasibility of the temperature measurement via thermal dimuons was clearly demonstrated by NA60,
which obtained at top SPS energy an average temperature of about 200MeV.

The approach to the restoration of chiral symmetry, expected in proximity of the phase transition to QGP,
should modify in a detectable way the spectral function of the vector/isovector mesons (ρ-a1). A strong
broadening of the ρ was already observed by NA60, and it is considered a manifestation of chiral restoration.
Additionally, while the a1 cannot be directly observed in the dilepton spectrum, chiral mixing of the vector
and axial vector spectral functions is expected to increase the dilepton yield by ∼ 30% in the mass region
1–1.5GeV. This is a direct manifestation of chiral restoration and NA60+ aims at measuring the related yield
excess for the first time. Such a study is particularly intriguing at low beam energies where the contribution
of the QGP phase, which would constitute a background to this measurement, becomes less important.
When decreasing the incident beam energy, the initial energy density of the created strongly interacting

system also decreases, while the net baryon content increases, leading to a high-µB QGP if the critical
temperature is attained. At high energy, it has been shown that such a system can selectively melt the
quarkonium states according to their binding energy, via a colour screening mechanism in the QGP. At low
energies, one should therefore observe the suppression effect to become weaker and then disappear when the
initial temperature of the system does not exceed the critical temperature. By measuring the J/ψ or ψ(2S)
decay to µµ, and possibly the χc → J/ψγ process, one could therefore track the onset of the deconfinement
transition.
In addition to charmonium measurements, also the detection of open charm mesons and baryons represents

an important observable in the low SPS energy range. Their hadronic decay products can be measured in the
vertex spectrometer, while an indirect measurement via muon pairs from simultaneous semileptonic decays
of meson or baryon pairs is also feasible. Indeed the charm diffusion coefficient is predicted to be larger in the
hadronic phase at temperatures approaching the critical temperature Tc from below than in the QGP phase
at temperatures larger than Tc, and the system is expected to spend a relatively longer time in the hadronic
phase when the collision energy becomes lower. For what concerns hadronization mechanisms, recombination
effects could lead to a large enhancement of the Λc/D ratio. The enhancement could be larger at low SPS
energy than at RHIC and LHC energies, because of the larger baryon content of the system.
In order to access all the observables detailed above, a Pb ion beam intensity ∼ 107 s−1 impinging on a

≈ 4mm Pb target is required, leading to interaction rates of the order of 1 MHz. This choice is dictated
in particular by the need of a high precision for the temperature measurement and by the relatively low
charmonium production cross section at SPS energy. This intensity can be reached using the existing ECN3
underground experimental hall in the CERN North Area.
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As briefly stated above, this rich physics programme can be addressed by an experiment which includes
a high-resolution vertex spectrometer, consisting of five silicon pixel tracking planes immersed in a 1.2Tm
dipole field. The tracker will be based on a new generation of CMOS Monolithic Active Pixel Sensors (MAPS),
developed in close synergy with the ALICE experiment, immersed in a dipole magnetic field. The goal is to
obtain very large area sensors up to ≈ 14× 14 cm2, with a thickness of 50µm or less. The vertex spectrometer
will be followed by a thick absorber (mainly graphite) that will filter out hadrons and finally by a muon
spectrometer, with a toroidal magnet and several large planes of tracking and triggering detectors. For the
four tracking planes, the use of GEM detectors providing spatial resolution < 100µm, time resolution < 10 ns
and sustaining high particle rates (the current requirement is ∼ 10 kHz/cm2) is currently foreseen, with a
total surface of the order of 100m2. Finally, for the muon triggering detectors, which will be placed behind
a further hadron absorber, the default choice is the use of Resistive Plate Chambers (RPCs), which provide
good resistance to ageing and can sustain the expected maximum rate of ∼ 100Hz/cm2.
Finally, we point out that this physics programme can be uniquely pursued at the CERN SPS. The other

comparable facilities under construction (FAIR and NICA) are either lacking the necessary interaction rate
(NICA) or reach too low energy (SIS100 at FAIR) to address all the physics topics detailed above. Similarly,
the beam energy scan programme at RHIC (BES-II) covers the same energy range as the CERN SPS, but
with interaction rates lower by orders of magnitude.

At present a study group is established with physicists from the following institutions: Cagliari (INFN),
Kolkata (Saha institute), Lyon (IPNL), Munich (TUM), Padova (INFN), Rice University, Stony Brook
University, Tohoku University (Japan), Torino (INFN). The Italian groups, which played a key role in the
past NA60 experiment, are also leading the effort in this preparation phase.
A dedicated input on this project is submitted to the ESPPU2018–2020 [17] and a Letter of Intent to be

sent to the CERN SPSC is in preparation.

5 light-weight silicon trackers based on maps: exper-
tise, future developments and synergies

In recent years, a major achievement in silicon detectors has been the development of the CMOS Monolithic
Active Pixel Sensors (MAPS), with the sensor and the frontend readout implemented on a single silicon
substrate. Presently, the state of the art is the pixel sensor ALPIDE developed for the ALICE experiment,
consisting of a 15× 30 mm2 sensor that features a pixel size of 27× 29 µm2 with a thickness of only 50 µm.
Similar small-size sensors are usually mounted edge-to-edge on top of a printed circuit board, which provides
the power distribution and data bus, to form the basic block (the “module”) to build large area detectors.
The Italian community gave an important contribution to the development of the ALPIDE project and

will pursue in the coming years a further significant development towards large-area and ultra-thin MAPS
detectors, as detailed in the following.
In the production processes of any CMOS circuitry, including image sensors, the largest field of view that

is used in the photolithographic steps defines the reticle, whose size is normally a bit larger than a few cm
in both directions. The emerging stitching technology [18], which allows an image sensor that is larger than
the field of view of the lithographic equipment to be fabricated, can offer the possibility to construct large
area sensors. Sensors of ∼ 15× 15 cm2 can be manufactured, the size limit of the process being imposed
by the wafer size itself. The possibility to replace traditional modules made of more small-size sensors with
single large sensors where power distribution is managed internally would mainly eliminate the need of a
support, confining to the sensor edge the interconnection to the outside world. With a flex circuit for power
distribution at the periphery, the material budget for such tracking stations might drop to 0.05 % of X0 or
less.
A silicon pixel tracker based on large area sensors excluding all services and mechanical support structures

from the acceptance would be a breakthrough, for both collider and fixed-target experiments. For the former,
the flexible nature of thin large-area silicon sensors opens the possibility to produce an almost transparent
detector in barrel geometry with truly cylindrical shape. The possible usage of these detectors for the
three innermost layers of the ALICE ITS or for a completely new experiment is discussed in [15] and in [14],
respectively, and briefly in Section 3.2. Naturally, a first use case of this kind of detectors in fixed-target mode
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would be the NA60+ project described in Section 4. The operation at high interaction rate requires dedicated
studies to increase the radiation tolerance of this technology, which also go in the direction of making it a
possible choice for experiments at future colliders. Therefore, dedicated R&D programmes for improving the
radiation hardness, the tolerable interaction-rate and for developing ultra-fast timing capabilities are very
promising and should be supported in Europe with the highest priority. Furthermore, cheap large-area pixel
sensors are also very attractive for medical applications or astrophysical measurements.

6 further perspectives: heavy-ion programmes at fu-
ture hadronic colliders

The Italian heavy-ion community takes part in the CERN-based group working on the heavy-ion physics
case at the FCC-hh [19, 20] and at the HE-LHC [12]. These are clearly long-term projects, with possible
operation periods starting in the 2040s, but the community considers important to keep nuclear beams in
the baseline design of the machine and to continue bringing a contribution of ideas on heavy-ion physics and
QGP studies also beyond the present conceptual design phase.
The energy √sNN for Pb–Pb collisions is 39.4 TeV at the FCC and 10.6 TeV at the HE-LHC. The estimate

of the integrated luminosity per month at the FCC is larger by factors 10–30 than that of future LHC runs.
The increase in the centre-of-mass energy and integrated luminosity with respect to the LHC opens up novel
opportunities for physics studies of the QGP [19]. The main scientific motivations to carry out measurements
with heavy ions at these future high energy colliders can be summarised as follows.
1) Novel access to QCD thermodynamics and QCD equilibration processes. The QGP formed at higher
energy is initially denser and hotter, and expands for a longer duration and over a larger volume, thereby
developing stronger collective phenomena. Both the initial energy density and the volume of the system are
expected to increase by a factor about two from√sNN = 5.5 TeV to 39 TeV, up to values of about 40 GeV/fm3

(at τ = 1 fm/c) and 11000 fm3, respectively. The QGP temperature could reach values (T ∼ 1 GeV) where
charm quarks start to contribute as active thermal degrees of freedom in the QGP equation of state.
2) Characterisation of dense QCD matter through novel hard-scattering processes. The higher energies
provides a much larger abundance of hard-scattering processes than at the LHC, as well novel probes like
the top quark and, potentially, the Higgs boson. The thermal production of charm quarks in scatterings
between quark and gluon constituents of the hot QCD medium is expected to be as large as 80% of the
initial production and it represents a novel observable sensitive to the medium temperature evolution.
3) Exploration of parton densities in a new, ultra-dense kinematic domain. The higher centre-of-mass energies
allows one to explore a wide previously-uncharted kinematic range in the (x, Q2) plane, down to x ∼ 10−6,
where saturation is expected to set in.

An important topic to be investigated in the near future is the possibility to design and operate a general
purpose detector for pp collisions also for a heavy-ion programme. Some of the requirements may be conflict-
ing (e.g. high-pT vs. low-pT performance): the possibility to operate a general-purpose detector with lower
magnetic field for heavy-ion collisions may be considered. On the other hand, the need to have an extended
coverage up to η = 5–6 is a common requirement for both the pp and heavy-ion programmes. As discussed
in the previous section, the expertise of the Italian heavy-ion community on silicon pixel detectors could
be precious for the design and development of a low-material central detector with high spatial and timing
precision for both particle tracking and identification.
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7 summary
We conclude this document by summarising the main development lines in the study of the phase diagram of
strongly-interacting matter with heavy-ion collisions and by presenting our view of the possible contributions
by the Italian community. The experimental exploration of the phase diagram will continue in two parallel
directions:

High-energy experiments. At LHC and at top RHIC energy, where the high-temperature/low-baryon-
density region of the phase diagram is covered, the experiments will move towards high-precision
measurements, in order to constrain the properties of the QGP and determine its equation of state
and characteristic parameters.

Low-energy experiments. The continuation of the SPS heavy-ion programme and the new experiments
at the low-energy facilities NICA and FAIR will explore the region of the phase diagram with moderate-
to-high baryonic density, the search for the onset of deconfinement and for the critical endpoint.

Our present view on the future involvement of the Italian heavy-ion community in these studies is sum-
marised in the following.

• At the LHC, the Italian community is strongly involved in the ongoing upgrade of the ALICE ex-
periment in view of physics in Runs 3 and 4 with 100-fold increased samples and enhanced detector
performance. The increasing participation in the LHCb heavy-ion and fixed-target programmes is an
important added value for the community. There is interest in the possible extension of the heavy-ion
programme to Run 5, using lighter ions to achieve a large luminosity increase. This would open new
opportunities in the sectors of both “ultra-hard” (or “ultra-rare”) QGP probes and of “ultra-soft” par-
ticle production and radiation. The Italian ALICE groups participate in the conceptual design of a
fast and ultra-light new experiment based on next-generation monolithic pixel sensors. R&D activities
in this direction will be pursued, building on a long-standing expertise.
• A proposal of a new fixed-target experiment at the SPS, currently denoted NA60+, is being prepared.
This project targets novel high-precision measurements of thermal radiation (dimuons), light vector
mesons, open charm and charmonia, in order to search for the onset of deconfinement and the restora-
tion of chiral symmetry. In view of the required interaction rates and beam energy range, such an
experiment can only be carried out, among the existing or future facilities, at the SPS. The Italian
community plays a leading role in the finalization of a proposal and the formation of an international
collaboration. The construction of the experiment should be pursued after the LHC Run 3.
• Heavy-ion collisions at the FCC-hh or HE-LHC are regarded as an interesting long-term opportunity.
The Italian community supports the studies on the physics potential and detector requirements for
heavy ions at these machines.
• The Italian theory community is involved in several aspects of the study of the QCD phase diagram. In
the scope of lattice-QCD simulations, the activity encompasses the main hot topics, namely the study
of the phase transition at finite baryon chemical potential, the search for the critical endpoint and the
determination of the QGP transport coefficients. Italian theory groups also play a central role in the
study of heavy-quark in-medium dynamics. These activities will be instrumental for the interpretation
of future high-precision LHC measurements in terms of properties of the QGP. All these studies will
profit from the fruitful interaction between the theory and the experimental heavy-ion community,
which should be further strengthened in the future.
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