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Heavy ions at the Future Circular Collider

A. Dainese 1, U.A. Wiedemann 2 (editors), N. Armesto 3, D. d’Enterria 2, J.M. Jowett 2,
J.-P. Lansberg 4, J.G. Milhano 5,2, C.A. Salgado 3, M. Schaumann 2, M. van Leeuwen 6,7 (section
editors), J.L. Albacete 8, A. Andronic 9, P. Antonioli 10, L. Apolinário 5, S. Bass 11, A. Beraudo 12,
A. Bilandzic 13, S. Borsanyi 14, P. Braun-Munzinger 9, Z. Chen 15, L. Cunqueiro Mendez 16,
G.S. Denicol 17, K.J. Eskola 18, S. Floerchinger 19, H. Fujii 20, P. Giubellino 12, C. Greiner 21,
J.F. Grosse-Oetringhaus 2, C.-M. Ko 22, P. Kotko 23, K. Krajczár 2,24, K. Kutak 25, M. Laine 26,
Y. Liu 27, M.P. Lombardo 28, M. Luzum 29,3, C. Marquet 30, S. Masciocchi 9, V. Okorokov 31,
J.-F. Paquet 32,33, H. Paukkunen 3,18,34, E. Petreska 30,3, T. Pierog 35, M. Ploskon 36, C. Ratti 37,
A.H. Rezaeian 38, W. Riegler 2, J. Rojo 39, C. Roland 24, A. Rossi 40,1, G.P. Salam 2, S. Sapeta 25,2,
R. Schicker 19, C. Schmidt 41, J. Stachel 19, J. Uphoff 21, A. van Hameren 25, K. Watanabe 42,
B.-W. Xiao 42, F. Yuan 36, D. Zaslavsky 42, K. Zhou 21,15, P. Zhuang 15

Abstract
The Future Circular Collider (FCC) Study is aimed at assessing the physics
potential and the technical feasibility of a new collider with centre-of-mass
energies, in the hadron–hadron collision mode, seven times larger than the
nominal LHC energies. Operating such machine with heavy ions is an option
that is being considered in the accelerator design studies. It would provide, for
example, Pb–Pb and p–Pb collisions at

√
sNN = 39 and 63 TeV, respectively,

per nucleon–nucleon collision, with integrated luminosities above 30 nb−1 per
month for Pb–Pb. This is a report by the working group on heavy-ion physics
of the FCC Study. First ideas on the physics opportunities with heavy ions
at the FCC are presented, covering the physics of the Quark–Gluon Plasma,
of gluon saturation, of photon-induced collisions, as well as connections with
other fields of high-energy physics.
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1 Executive summary
A five-year international design study called Future Circular Collider (FCC) has been launched by CERN
in February 2014 [1, 2]. The main goal is to assess the feasibility and physics potential of a hadron
collider with a centre-of-mass energy

√
s of 100 TeV for pp collisions in a new 80–100 km tunnel near

Geneva. The starting date is targeted for 2035–40. Operating such machine with heavy ions is part of
the accelerator design studies.

For a centre-of-mass energy
√
s = 100 TeV for pp collisions, the relation

√
sNN =√

s
√
Z1Z2/A1A2 gives the energy per nucleon–nucleon collision of

√
sNN = 39 TeV for Pb–Pb

(Z = 82, A = 208) and 63 TeV for p–Pb collisions. The present estimate of the integrated lumi-
nosity for Pb–Pb collisions results in about 33 nb−1 per month of running, which is more than an order
of magnitude larger than the current projection for the future LHC runs [3, 4].

The increase in the centre-of-mass energy and integrated luminosity with respect to the LHC
opens new opportunities for physics with heavy ions. This report summarises the projected machine
performance and the physics opportunities for a nuclear beam programme at the FCC. We point out
the existence of an ongoing design study by the Chinese community for a machine similar to the FCC
but with smaller circumference and centre-of-mass energy [5]. The hadronic machine is called SppC
and the centre-of-mass energy for Pb–Pb collisions would be

√
sNN ∼ 20–30 TeV. A report on heavy-ion

studies at SppC was recently published and includes several projections and ideas on high-energy nuclear
physics in the multi-TeV domain [6].

At the time of writing this report, the physics community still looks ahead to more than one decade
of experimentation with nuclear beams at the LHC. Our understanding of most of the measurements
discussed in this report is likely to evolve significantly in the coming years in the light of future LHC data
and further advances in theory. In this sense, many of the basic motivations for a heavy-ion programme
at the FCC are the basic motivations for continuing the heavy-ion programme at the LHC or they arise
naturally from it.

There is by now ample historical evidence that an order of magnitude increase in energy or lumi-
nosity of heavy-ion collisions advances significantly our understanding of the nature of the hot and dense
QCD matter produced in these collisions, denoted Quark–Gluon Plasma (QGP), and that it can lead to
unexpected discoveries. While unexpected discoveries, by their very nature, cannot be anticipated in a
working group report (despite being one major motivation for exploring a previously-uncharted energy
range with nuclear beams), we focus here mainly on those fundamental questions about the nature of
QCD matter at high temperature and density for which we expect qualitative advances from the FCC.
Our study is not exhaustive, but it aims at supporting with a selected set of arguments and proposed
measurements the following main motivations for a heavy-ion programme at the FCC:

1. FCC provides novel access to QCD thermodynamics and QCD equilibration processes
Substantially increasing the centre-of-mass energy leads to the creation of initially denser and
hotter systems that expand for a longer duration and over a larger volume, thereby developing
stronger collective phenomena. Beyond expected quantitative gains, this may bring novel
qualitative phenomena into experimental reach. For instance, FCC energies target an interesting
transition region in energy density above which charm quarks start counting towards the thermal
degrees of freedom, thus playing a novel role in QCD equilibration processes. Also, the√
s-dependent increase in event multiplicity combined with sufficient integrated luminosity will

allow for the systematic study of flow-like features in smaller collision systems (including pp and
pA collisions), and it will facilitate the characterisation of important signatures of collectivity
on the level of single events rather than event samples only. This opens novel opportunities for
understanding the equilibration processes that lead to hydrodynamization and thermalization in
the non-abelian quantum field theory QCD. These opportunities are discussed in Section 3.
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2. FCC allows for an unprecedented characterisation of dense QCD matter with hard processes
In heavy-ion collisions, hadronic high-transverse-momentum (pT) processes are known to show
strong medium-induced modifications, often referred to as jet quenching, up to the highest trans-
verse momenta O(100 GeV) explored at the LHC so far. These jet quenching measurements char-
acterize transport properties of the dense QCD matter through which the hard partons propagate
and they allow one to follow experimentally how a probe that is initially far out-of-equilibrium
evolves towards equilibrium. As detailed in Section 4, the increase in energy and integrated lu-
minosity at FCC will provide much larger abundance of hard processes than at LHC, as well as
the access to qualitatively-novel hard probes that are measurable at FCC only. A remarkable ex-
ample is represented by high-momentum (thus, high boost) t → W → qq decay chains that are
promising probes of the time evolution of the QGP density and of the role of colour coherence. A
possible sizeable secondary production of charm quarks in scatterings between quark and gluon
constituents of the hot QCD medium could represent a novel observable sensitive to the medium
temperature evolution. Also the yields and kinematic distributions of heavy quarkonium bound
states carry information about properties of the produced QCD matter, since quarkonia states are
expected to dissociate above critical energy densities (that depend on the binding energy of the
state), and since they are expected to form in secondary processes (depending on the density of
heavy quarks in the system).

3. FCC explores saturated parton densities in a previously-uncharted, ultra-dense kinematic
domain
In the incoming nuclear wave-functions, parton densities increase strongly with decreasing mo-
mentum fraction x. At any given

√
s, the nuclear parton densities are larger than those in the proton

due to geometric enhancement. On general grounds, this growth at small-x is expected to saturate
once parton densities reach non-perturbative values of parametric order ∼ 1/αs. In the context
of heavy-ion collisions, the study of saturated QCD is of fundamental interest mainly because
it fixes the initial conditions for the collective dynamics. For instance, the accuracy with which
properties of dense QCD matter can be constrained in a heavy-ion programme is expected to de-
pend ultimately on the accuracy with which one characterises the incoming nuclear wave functions
at small x. More generally, saturated QCD is of fundamental interest as it is a qualitatively-novel
kinematic regime where QCD scale dependence is governed by non-linear evolution equations and
where bulk properties of QCD may become amenable to perturbative calculations. As discussed
in Section 5, the higher centre-of-mass energy of FCC allows one to explore a wide previously-
uncharted kinematic range in logQ2 and log 1/x within which saturation physics is expected to
manifest itself. A proton–nucleus collision programme at the FCC is needed to explore this op-
portunity fully. Such programme would be complementary to that of an electron–hadron collider.
Among the most promising observables, we quote here photon production and photon–hadron
correlations at forward rapidity, which are sensitive to the small-x and small-Q2 region where sat-
uration is expected to set in, heavy quarkonium production in photon–nucleus collisions (so called
ultra-peripheral heavy-ion collisions), as well as very heavy objects like W , Z and top, which can
provide strong constraints on the modification of the parton density functions in nuclei at small x
and large Q2.

So far, the heavy-ion working group did not study detailed detector requirements for an experi-
mental programme with nuclear beams at the FCC-hh. From an experimental viewpoint, it remains in
particular to be investigated to what extent the physics opportunities of a heavy-ion programme at the
FCC can be exploited with a general purpose detector for pp collisions. Without addressing this question
in detail, the physics opportunities discussed in the present report allow one to identify some general
prerequisites for the detector design:

1. To fully exploit the opportunities for physics with soft probes, one requires a detector with ex-
cellent charged-hadron identification to measure low-pT pions, kaons, protons and light nuclei,
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their abundance, spectra, flow and correlations, as well as low-pT charm and beauty mesons and
baryons. Such identification capability could be provided by measurements of specific energy
deposition in silicon trackers, time-of-flight, Cherenkov radiation, or a combination of these.

2. Track reconstruction capability down to low pT, ideally starting from few hundred MeV/c, is
mandatory for all the aforementioned measurements. This capability requires to minimize the
material thickness of the inner tracker and is may be limited by the large values of magnetic field
(4–8 T) that are considered for pp-dedicated detectors at the FCC-hh. Therefore, it would be
interesing to assess the feasibility of a general-purpose detector that can be operated also with
reduced magnetic field of ≈ 1 T.

3. To fully exploit the opportunities for physics with hard probes, the basic requirements should
match those for the pp programme at the FCC, that is hadronic and electromagnetic large-
acceptance calorimeters with excellent energy resolution at high-pT, and excellent detection ca-
pabilities for the leptonic decay products of hard processes. These detector specifications need to
persist for the higher event multiplicities of heavy-ion collisions.

4. To fully exploit the opportunities for saturation physics, one requires a detector with excellent
forward coverage for charged particles, photons and jets, ideally up to η ≈ 6.

In addition to the three key motivations for a heavy-ion beam programme at the FCC listed above,
the present document will summarise further opportunities. It is structured as follows. The FCC-hh
machine parameters and projected performance for heavy-ion running are presented in Section 2. The
opportunities for studying hot and dense QCD matter with soft and hard observables are discussed in Sec-
tions 3 and 4, respectively. In Section 5, the potential for studying gluon saturation and nuclear-modified
PDFs is presented including observables in hadronic proton–nucleus and nucleus–nucleus collisions and
in photon-induced ultra-peripheral collisions. In a final Section 6, we turn then to contributions to other
sectors of high-energy physics, such as searches for new particles in photon–photon scattering processes
induced with very large rate by the strong electro-magnetic fields of incident Pb nuclei, and the physics
with fixed-target collisions using FCC proton or heavy-ion beams.
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2 Heavy-ion performance of FCC-hh 6

At an early stage in the study of the future hadron collider, FCC-hh, a fairly complete study of its potential
as a heavy-ion collider was published [7]; we take this as a reference for the following. Collisions
of lead nuclei with each other (Pb–Pb) and with protons (p–Pb) were considered, as at the LHC. The
performance projections were based on a very conservative injection scenario, in which the LHC was
used as the final injector synchrotron and the parameters of the injected beam in an LHC cycle were
based on those obtained in the 2013 p–Pb run of the LHC. This could be comfortably realised by simply
maintaining the present source and injector chain of the LHC at the performance levels of LHC Run-1.
With these parameters, and the assumption of a single heavy-ion experiment, Ref. [7] showed that the
optimum operating cycle for the FCC-hh was to inject one LHC fill (filling only a fraction of the FCC-hh
ring) and immediately ramp and collide. The time required to efficiently exhaust the beams in collisions
corresponded closely to the time required to refill and ramp the LHC again for the next fill, so that the
optimum injection scheme was to fill just a quarter of the ring with a single bunch train from the LHC.

In Ref. [7], it was also shown that the FCC-hh will enter a new, highly-efficient operating regime,
in which a large fraction of the injected intensity can be converted to useful integrated luminosity. Thanks
to strong synchrotron radiation damping, the beam emittances shrink rapidly and compensate the rapid
decay of initial luminosity seen at lower-energy colliders. The luminosity may even increase during a
fill until the beams are exhausted. Not only is this natural beam cooling twice as fast for heavy ions as
for protons, it can also be more fully exploited since the lower overall bunch charges do not lead, for
example, to high beam–beam tune-shifts.

In fact, the first heavy-ion run of LHC Run-2, in 2015, has shown that the present LHC and injec-
tor complex is already capable of higher performance, giving approximately a factor of 2.4 in luminosity
beyond what is assumed in Ref. [7]. Further gains are expected after the LHC Long Shutdown 2 (from
2021). Since the publication of Ref. [7], the design work on FCC-hh has mainly focussed on its per-
formance as a proton–proton collider. However, some important developments carry over into increased
expectations for heavy-ion performance. In particular, measures envisaged to shorten the LHC cycle [8]
mean that the optimum scheme is to fill the entire FCC ring using up to 4 LHC injection cycles, boosting
the peak and integrated luminosities by a further factor approaching 4. The effect of this is shown in
Fig. 1, which shows the luminosity that would be integrated in an ideal 30-days run at full performance
with perfect efficiency (no down time or other interruptions). Note that, for simplicity of comparison
with [7] we have maintained the assumption of a single experiment taking data. For nexp heavy-ion ex-
periments (with similar configurations) the integrated luminosity per experiment will go down because
of luminosity sharing but not as fast as 1/nexp (the total luminosity, summed over experiments, will be
somewhat increased).

Table 1 summarises key parameters for Pb–Pb and p–Pb operation at Eb = 50Z TeV in the
FCC-hh. In the case of p–Pb operation the Pb beam is assumed to be the same as for Pb–Pb, so the
corresponding column only quotes the proton beam parameters. The calculated luminosity values assume
an optimised theoretical turnaround time of 9 min per LHC cycle and an additional preparation time in
the FCC-hh of 1.2 h per FCC-hh filling, as quoted in [8]. It was assumed that the first LHC beam
is already prepared during preparation time of the FCC-hh, so that a total turnaround time sums up to
1.65 h. This represents a theoretical minimum. In reality early beam aborts and other faults will increase
this time and somewhat reduce the integrated luminosity.

The final values for the integrated luminosity in a typical annual one-month run assume an LHC
cycle time of 9 min and are reduced by a “performance efficiency factor” of 50% to allow for set-up time,
down-time and other deviations from the idealised running described in Fig. 1 (a similar factor is applied
in HL-LHC performance projections). The resulting integrated luminosity values are of 33 nb−1 for Pb–
Pb and 8 pb−1 for p–Pb collisions. The previous estimates [7] were of 8 nb−1 and 1 pb−1, respectively.

6Editors: J.M. Jowett, M. Schaumann
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Fig. 1: Integrated luminosity in a 30-days Pb–Pb (left) or p–Pb run (right) for different numbers of LHC
injections, and as a function of the LHC cycle time (this updates Figs. 7(c) and 11(c) of Ref. [7]).

Table 1: Selected beam and performance parameters for the FCC-hh in Pb–Pb and p–Pb modes. This
table is an update of parts of Table VIII of Ref. [7] which provides further detail.

Unit FCC Injection FCC Collision

Operation mode Pb Pb–Pb p–Pb

Beam energy [TeV] 270 4100 50
√
sNN [TeV] - 39.4 62.8

No. of bunches per LHC injection - 518 518 518
No. of bunches in the FCC - 2072 2072 2072
No. of particles per bunch [108] 2.0 2.0 164
Transv. norm. emittance [µm] 1.5 1.5 3.75
Number of IPs in collision - - 1 1
Crossing-angle [µrad] - 0
Initial luminosity [1027cm−2s−1] - 24.5 2052
Peak luminosity [1027cm−2s−1] - 57.8 9918
Integrated luminosity per fill [µb−1] - 553 158630
Average luminosity [µb−1] - 92 20736
Time in collision [h] - 3 6
Assumed turnaround time [h] - 1.65 1.65
Integrated luminosity/run [nb−1] - 33 8000

For the moment, no studies of upgrades to the heavy-ion injectors (source, linac, accumulation ring, PS
and SPS synchrotrons) have been performed. If upgrades to these machines can be envisaged by the time
of FCC-hh operation, then still higher luminosities are likely to be available.

Heavy-ion operation will certainly also require certain adaptations of the FCC-hh main ring, e.g.,
special absorbers in key locations for the high flux of modified ions from the bound-free pair-production
process at the interaction points. Collimation of the heavy-ion beams will also be a serious issue and re-
quire further absorbers or, possibly, the application of new collimation technologies such as bent crystals
or electron lenses. The potential of these technologies is under study at the LHC.
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3 QGP studies: bulk properties and soft observables 7

A central goal of a heavy-ion programme at a hadron collider is to explore how collective properties
emerge from the fundamental fields of Quantum Chromodynamics and their non-abelian interactions.
So-called “soft observables”, that is particles at low transverse momentum, are important in this con-
text since they are the experimentally accessible decay products of the medium that is formed during
the collision, and since they provide the most direct signals of collective behaviour. Any substantial
increase in the centre-of-mass energy benefits this research programme by significant quantitative gains.
In particular, the QGP phase in Pb–Pb collisions at

√
sNN = 39 TeV is expected to have larger vol-

ume, lifetime, energy density and temperature than Pb–Pb collisions at LHC energy. Also, the enlarged
spatio-temporal extension of the created system is expected to be accompanied by larger collective ef-
fects, and the increased multiplicity per event increases the statistical precision with which statements
about collectivity can be made. In the present section, we summarise basic expectations for the bulk
properties and soft observables in heavy-ion collisions at FCC-hh, and we provide some examples for
the physics opportunities arising from them. Our discussion touches also fundamental questions whose
understanding is currently evolving rapidly. For instance, recent discoveries at the LHC emphasise the
need for understanding signatures of collectivity across system size, including the study of proton–proton
and proton–nucleus collisions. This addresses the fundamental question of what is the smallest length
and time scale for QCD thermalization or hydrodynamization in Quantum Chromodynamics, and how
this scale depends on energy density. While there is no doubt that, due to the higher event multiplici-
ties reached in hadronic collisions, experiments at the FCC will greatly contribute to this question, there
is also little doubt that the motivation for this experimental programme will be refined significantly in
the coming years in an interplay between theory and further analyses of LHC data. A similar comment
applies to the increased charm production in heavy-ion collisions at the FCC, and its impact on our
understanding of QCD thermalization and hadronization from the QCD fireball.

3.1 Global characteristics of Pb–Pb collisions
Extrapolating measurements of charged particle multiplicity, transverse energy and femtoscopic corre-
lations at lower energies [9–14], one can obtain estimates for the growth of global event characteristics
from LHC to FCC. In particular, up to the top LHC energy, the growth of charged hadron event multi-
plicity per unit rapidity in Pb–Pb collisions is consistent with a weak power-law,

dNch

dη

∣∣∣∣∣
η=0

∝ (
√
sNN)0.3 . (1)

As can be seen from Table 2, this amounts to an increase of a factor ∼ 1.8 from top LHC to FCC energy.
In the absence of a fully quantitative theory for soft physics observables such as event multiplicities
in hadronic collisions, it is difficult to assign uncertainties to such an estimate. From past experience
with such extrapolations, and from the increased lever arm available to extrapolate now to FCC, we note
simply that all current considerations favour an O(2) increase of multiplicity from LHC to FCC, while
a multiplicity increase by a factor 3 or larger would be a big surprise. Also, while event multiplicity
increases significantly with

√
sNN in all models of particle production, this increase is tamed in models

that account for non-linear QCD saturation physics as a mechanism that regulates the density of incoming
parton distributions. For instance, in the CGC-rcBK model [15], one obtains dNch/dη = 2700–2900
which is about 25% lower than the value obtained from scaling the multiplicity with (

√
sNN)0.3. This

illustrates the typical uncertainties in such extrapolations.

Fluid dynamic simulations of heavy-ion collisions are sensitive to the initial conditions from which
the system is evolved dynamically, and they are sensitive to the thermodynamic properties of hot QCD
matter as encoded in the the equation of state and in QCD transport properties. The increased event

7Editor: U.A. Wiedemann
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Table 2: Global properties measured in central Pb–Pb collisions (0–5% centrality class) at
√
sNN =

2.76 TeV and extrapolated to 5.5 and 39 TeV. The measurements at 2.76 TeV [9–14] are reported for
comparison only and without experimental uncertainties.

Quantity Pb–Pb 2.76 TeV Pb–Pb 5.5 TeV Pb–Pb 39 TeV
dNch/dη at η = 0 1600 2000 3600
Total Nch 17000 23000 50000
dET/dη at η = 0 1.8–2.0 TeV 2.3–2.6 TeV 5.2–5.8 TeV
Homogeneity volume 5000 fm3 6200 fm3 11000 fm3

Decoupling time 10 fm/c 11 fm/c 13 fm/c
ε at τ = 1 fm/c 12–13 GeV/fm3 16–17 GeV/fm3 35–40 GeV/fm3

Fig. 2: Left: space-time profile at freeze-out from hydrodynamical calculations for central Pb–Pb colli-
sions at

√
sNN = 5.5 TeV and 39 TeV. Right: time evolution of the QGP temperature as estimated on the

basis of the Bjorken relation and the Stefan-Boltzmann equation (see text for details).

multiplicity at FCC energy is of prime importance for the fluid dynamic expansion, since it constrains a
central characteristic of the initial conditions, namely the entropy density at initial time. More precisely,
for a general viscous dynamics, the second law of thermodynamics implies that the final multiplicity puts
an upper bound on the initial entropy. However, the QCD matter produced in heavy-ion collisions shows
very small dissipative properties at TeV energies and is thus expected to follow a close to isentropic
expansion: the initial entropy density is then fixed by the final event multiplicity. The

√
s-dependence

of fluid dynamic simulations of heavy-ion collisions thus results mainly from the increase in event mul-
tiplicity with

√
s. To illustrate the impact of the expected multiplicity increase from LHC to FCC, we

have run a simplified fluid dynamic simulation for a central Pb–Pb collision. The radial dependence of
the energy density in the initial conditions was chosen to be determined as the smooth nuclear transverse
overlap function of two Wood-Saxon profiles, neglecting any possible energy dependence and fluctu-
ations. Using a standard parametrisation of a realistic QCD equation of state and minimal dissipative
properties (shear viscosity to entropy density ratio η/s = 1/4π), we show in Fig. 2 (left) results for the
freeze-out hypersurfaces of central Pb–Pb collisions at different collision energies. This figure quantifies
the naive expectation that the denser system created at higher collision energy has to expand to a larger
volume and for a longer time before reaching the freeze-out temperature at which decoupling to hadrons
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sets in. In this way, Fig. 2 (left) confirms the qualitative expectation that the freeze-out volume should
increase proportional to event multiplicity, since the system is expected to decouple at a freeze-out tem-
perature that does not depend significantly on

√
sNN already at top RHIC and LHC energies. While this

overall volume is not directly measurable, the homogeneity volume over which bosons interfere con-
structively is measurable via femptoscopic interferometry measurements, and experimental data up to
LHC energy indicate that this volume increases with ∝ dNch/dη, too, see Table 2. Fig. 2 (left) is also in
accordance with the parametric expectation that the decoupling time grows ∝ (dNch/dη)1/3.

The arrows overlaid with the freeze-out hypersurface in Fig. 2 (left) indicate the transverse flow
of the fluid element at decoupling. This provides quantitative support for the qualitative expectation that
in a larger and more long-lived system, collective effects can grow stronger. In particular, the figure
illustrates that the radial flow field is expected to increase substantially from LHC to FCC, as indicated
by the length of the arrows.

In general, the global event characteristics listed in Table 2 determine the spatio-temporal extent
of the “cauldron” in which QCD matter is evolved, and they constrain the thermodynamic conditions
that apply after thermalization. The measured transverse energy per unit rapidity dET/dη (see Table 2)
is of particular importance since it constrains the initial energy density. This is most easily illustrated
by an estimate, obtained from back-extrapolating dET/dη under the assumption of free-streaming, i.e.,
under the assumption that the system makes minimal work. The resulting Bjorken relation ε(τ) =
1
c τ

1
πR2

A
dET/dη assumes then that the energy density of the system at very early times is determined

by the energy dET/dη contained in a volume given by the transverse overlap area ∝ 1
πR2

A
times the

longitudinal extent reached at time τ . According to this Bjorken estimate, the energy density decreases
initially like ε(τ) ∼ 1/τ , and the temperature evolves as the fourth root. One may estimate the pre-
factor of this relations, for instance by using the Stefan-Boltzmann limit of the QCD equation of state
which yields T (t) = [ε(t) (30/π2)/nd.o.f.]

1/4, where nd.o.f. = 47.5 is the number of degrees of freedom
for a system with gluons and three quark flavours. The energy density is expected to increase by a
factor of two from LHC to FCC, reaching a value of 35–40 GeV/fm3 at the time of 1 fm/c. In Fig. 2
(right), we have plotted the time-dependence of the QGP plasma temperature for Pb–Pb collisions at
the LHC and at the FCC. We caution that the present use of the Bjorken estimate is subject to several
uncertainties. On a quantitative level, one may note e.g. that the QCD equation of state differs from that
of a Stefan-Boltzmann gas and that at sufficiently late times (say τ > 1 fm/c), the transverse expansion
of the system makes the energy density decay faster than 1/τ . On a qualitative level, we note that the
Bjorken estimate constrains the energy within a given initial volume without specifying whether (and
if so, at what initial time) this energy density is thermalised. While the curves in Fig. 2 (right) extend
to arbitrarily early (logarithmic) times, they are only meaningful at times larger than a thermalization
time-scale that is estimated to be O(0.1 fm/c) at LHC energies and that is expected to decrease with
increasing energy density. At least in principle, this time-scale is calculable from kinetic theory, but so
far only rough estimates can be given. Figure 2 (right) shows that while the increase at a given time is
a modest 30% when going from LHC to FCC, the thermalization time of the system is expected to be
significantly smaller. One may reach initial temperatures as large as T0 ≈ 800–1000 MeV in case that
the thermalization time decreases to O(0.02 fm/c) at FCC energies.

3.2 Collective phenomena from heavy-ion to pp collisions
One of the most important characterisations of flow-like phenomena in heavy-ion collision is the study
of the azimuthal dependence of particle production. For a single inclusive hadron spectrum, this can be
done for instance by measuring the azimuthal harmonics vn in a Fourier decomposition8 in the azimuthal

8This decomposition takes into account only the even terms (cosines), which are far dominant over the odd terms (sines).
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Fig. 3: Left: parametrisations for the evolution of the ratio η/s versus temperature. Right: results for
different vn{2} versus multiplicity from viscous hydrodynamics calculations for different temperature
dependencies of η/s shown on the left. The results are based on the theoretical framework described in
Refs. [19–21].

angle ϕ with respect to the nucleus–nucleus reaction plane orientation Ψ,

dNch

pT dpT dη dϕ
=

1

2π

dNch

pT dpT dη

[
1 + 2

∞∑
n=1

vn(pT, η) cos(n(ϕ−Ψ))

]
. (2)

Since heavy nuclei are not uniform spheres but distributions of nucleons, the spatial profile of the initial
nucleon–nucleon collisions, which determines the so-called initial conditions of a heavy-ion collision,
varies on an event-by-event basis and it has a complex structure that is best characterised with a symmetry
plane for each harmonic vn, rather than with a single reaction plane. Therefore, Ψ is replaced in the above
expansion by a set of symmetry planes Ψn. The azimuthal orientations of Ψn need to be extracted from
the same set of data as the harmonic flow coefficients vn, and effects which only contribute to few-
particle correlations and are invariant to symmetry plane orientations (so-called non-flow effects) need
to be disentangled from flow-effects, which typically involve all produced particles. This is done by
measuring vn from multi-particle azimuthal correlations. For the description of the various techniques,
developed to this end, we refer to the literature [16–18].

At FCC energies, the two-fold larger multiplicity in central Pb–Pb collisions may open up the
possibility to carry out flow measurements on an event-by-event basis and to become sensitive to depen-
dencies of transport coefficients that are very difficult to address at the LHC. For example, the different
azimuthal coefficients vn are sensitive to the various possibilities for the temperature dependence of shear
viscosity to entropy density ratio, η/s(T ), and this sensitivity becomes stronger with increasing multi-
plicity and for higher harmonics. This is illustrated in Fig. 3. The results are based on the theoretical
framework described in Refs. [19–21]. We note that at the time of writing this report, neither the theo-
retical possibilities for disentangling different conceivable temperature dependences of η/s(T ) at FCC,
nor the opportunities of getting insights into this question from further LHC data are fully explored. In
particular, recent work studying various soft hadron observables in the EbyE EKRT model context in-
dicates [22, 23] that an analysis including Pb–Pb data up to the top LHC energies in combination with
RHIC Au–Au data can disentangle between different temperature dependencies for η/s(T ). While there
is a sound qualitative argument that the higher centre-of-mass energy at FCC will lead to an improved
handle on the temperature dependence of transport coefficients, the expected quantitative gains at FCC
are likely to require updating in the light of these ongoing efforts at the LHC.

In recent years, surprisingly, small and dense systems probed in high multiplicity p–A and pp
collisions were found to display flow-like phenomena. In particular, p–Au, d–Au and 3He–Au collisions
at RHIC, as well as p–Pb and high-multiplicity pp collisions at the LHC have been shown to feature
similar ridge-like structures, v2 anisotropy and, in some of the systems, including high-multiplicity pp
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Fig. 4: Extrapolation of the charged-particle multiplicity distribution (|η| < 1.5) in pp collisions to√
s = 100 TeV, based on a negative binomial distribution.

collisions, even v3 anisotropy as seen in collisions between large nuclei [24–30]. The hints for a collective
nature of the azimuthal anisotropy seen in p–Pb collisions were reinforced by measuring its higher-order
cumulants. New pp data from ATLAS and CMS indicate that the long-range ridge correlation may well
extend all the way down to minimum bias collisions (if not below), though differences in the analysis
techniques warrant further scrutiny. These recent findings raise fundamental questions about whether
the flow-like patterns in small and dense systems are only similar in appearance to what one observes in
heavy-ion collisions, or whether the idea of a minimal scale for the onset of collective phenomena needs
to be revisited.

In general, the experimental study of flow phenomena in hadronic collisions aims at disentangling
flow effects from non-flow contributions. Simple non-flow effects can arise for instance from resonance
decays or (mini)jets. The energy-momentum constraints of these elementary particle production pro-
cesses lead to patterns in the two-particle correlations that share at least qualitative commonalities with
the patterns measured in the harmonic flow coefficients vn, in the ideal case of zero non-flow correla-
tions. However, a collective phenomenon is shared by many if not all particles in the event, rather than
by the few particles associated to the same microscopic production process. The ability to disentangle
collective correlations from confounding factors, therefore, increases with event multiplicity. This is
seen most explicitly in the so-called cumulant analysis of flow coefficients, via which one tests whether
an assumed collective effect persists with equal strength when searched for in multi-particle correlations
involving higher number of particles. It is an important limitation of the current discussion of the system
size dependence of flow at the LHC that the multiplicities in pp collisions are still too small to allow for
the same cumulant analyses of flow coefficients that are standard in heavy-ion collisions. The increased
event multiplicity in pp collisions at the FCC will overcome this problem.

Fig. 4 presents an extrapolation of the multiplicity distribution in |η| < 1.5 to
√
s = 100 TeV. The

extrapolation was obtained by fitting multiplicity distributions from 0.2 to 7 TeV with a negative binomial
distribution and extrapolating the parameters. To achieve a good description of the high-multiplicity tail
of the distribution, the lowest 30% of the multiplicity range was excluded from the fit. Including the low-
multiplicity range leads to a worse fit result and a wider extrapolated multiplicity distribution. Therefore,
the presented extrapolation can be seen as a lower limit of the possible reach. The high-multiplicity tail of
event-distributions in proton-proton collisions will become accessible at the FCC up to multiplicities of
at least 300 charged particles. This makes it feasible to apply statistically demanding analysis techniques
for the identification of flow-like phenomena, such as higher-order cumulant analyses, across system
size, including the smallest pp collision system.
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3.3 Effect of the charm quark on the QGP equation of state
The fluid dynamic interpretation of ultra-relativistic heavy-ion collisions relies on a gradient expansion
around local thermodynamic equilibrium. It is thus based entirely on basic thermodynamic properties
such as the equation of state (EOS, i.e. the temperature dependence of the pressure P (T )/T 4), the ve-
locity of sound and dissipative transport coefficients. As thresholds for particle production are crossed at
higher temperature, the number of relevant thermodynamical degrees of freedom and thus the equation
of state changes characteristically. Remarkably, while still relatively little is known from first principles
about the dependence of the EOS on the quark mass, LO and NLO calculations in finite temperature
field theory [31] indicate that charm quarks start contributing to the EOS for temperature as low as 350
MeV (see Fig. 5). This is also supported by first exploratory lattice studies [32–34]. Given that the
initial temperature of the systems produced at the FCC will be significantly higher, see Fig. 2 (left), one
may expect that the system temperature increase could lead to a sizeable production of secondary charm
and anti-charm quark (cc) pairs from partonic interactions during the hydrodynamical evolution of the
system. However, in heavy-ion collisions, reaching thermal charm abundances will depend on kinetic
and chemical equilibration mechanisms. Their effectiveness depends on the competition between the
chemical equilibration rate Γchem and the expansion rate. A perturbative analysis allows to relate this
equilibration rate to the ratio of quark number susceptibilities of massive (χf ) and massless (χ0) quarks,
Γchem ' 2πα2

sT
3

9M2
c

(
7
6 +Nf

) χf
χ0

, [35]. Fixing these susceptibilities with lattice data [34, 36], and using
αs = 0.3 and Mc = 1.5 GeV, one finds

Γ−1
chem > 60 fm/c for T ' 400 GeV ,

Γ−1
chem > 10 fm/c for T ' 600 GeV .

We note that further theoretical developments are likely to refine these estimates prior to the start of the
FCC. At face value, the numbers listed above indicate that FCC targets an interesting transition region in
energy density above which charm quarks start counting towards the thermal degrees of freedom. While
charm abundances are likely to lie below chemical equilibration values at high temperatures, charm is
expected to participate in experimentally accessible kinetic and chemical equilibration processes that
can be accounted for in the context of kinetic theory. Predictions on thermal charm production at FCC
energies will be discussed in Section 4.2.

3.4 Hadrochemistry
In heavy-ion collisions, the relative abundances of different hadronic species are well-described in terms
of the grand canonical partition function over the full hadronic mass spectrum. Hadronic yields are
then given in terms of only two free parameters, the temperature T and baryo-chemical potential µB
of the system at decoupling (as well as a volume parameter). A thermally equilibrated QCD system
that expands and cools to the limiting temperature of a hadron gas is a system in which all hadrons are
produced with thermal abundance. Therefore, the limiting temperature T and baryo-chemical potential
µB obtained from thermal fits to hadronic abundances is of interest since it is thought of as tracing
the QCD phase boundary. The energy-dependence of both fit parameters, shown in Fig. 6 shows that
hadrochemical measurements at the FCC are expected to lie far within a plateau in which no further
energy evolution occurs: the baryo-chemical potential in central Pb–Pb collisions vanishes almost at
top LHC energies and hence no baryon excess is expected at mid-rapidity at the FCC. Also, a limiting
temperature of ∼ 160 GeV is reached at LHC energy already and no further evolution is expected. The
simple implication of having reached these plateau values of the thermal model of hadron production
at LHC is that all ratios of thermal hadronic abundances are expected to remain unchanged between
LHC and FCC energies. While these measurements are not expected to reveal surprises at the FCC,
a confirmation of this well-tested statistical baseline for soft thermal hadron production could help to
define a particularly clean baseline on top of which dynamical mechanisms of kinetic and chemical
equilibration of rarer processes (e.g. in the charm sector) could be established.
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Fig. 5: For basic thermodynamic observables such as the pressure plotted here, the charm quark plays
a visible role at very low temperature T/mc � 1. The present plot is for a perturbative calculation
that accounts for gluonic contributions up to the highest known order O(g6 ln(1/g)) and that treats the
change in quark masses to order O(g2). Figure taken from Ref. [31].

Fig. 6: The energy dependence of the thermal model parameters, temperature T and baryon chemical
potential µB , obtained from fitting the statistical model of hadron production [37] to identified hadronic
yields measured in heavy-ion collisions. The figure is updated to include the most recent LHC results
and it was taken from [38].
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4 QGP studies: hard probes 9

4.1 Jet quenching
4.1.1 Current understanding of jet quenching
The modification of jet properties in heavy-ion collisions with respect to the proton–proton case, what is
commonly referred to as jet quenching, results from the interaction of jet constituents with the QGP that
they traverse. Jet quenching was discovered at RHIC without full jet reconstruction via the strong reduc-
tion of the number of intermediate-pT hadrons [39–42]. Robust jet reconstruction, above the large and
fluctuating background characteristic of heavy-ion collisions, was first carried out at the LHC [43–45]
as the combined result of a higher centre-of-mass collision energy, much improved detector capabilities
and novel reconstruction techniques [46]. This has given access to a range of measurable jet properties
from which the jet-QGP dynamics, and ultimately QGP properties, can be inferred.

Over the last few years, as several jet properties were measured in heavy-ion collisions [47–62],
the theoretical understanding of jet–QGP interactions has evolved from the early descriptions of single
parton energy loss [63–75] towards an overall understanding of how full jets are modified by the QGP
(for a review see [76] and references therein). Several important results underlie this emergent picture of
in-medium jets. First, that while the hard structure of a jet remains mostly driven by vacuum-like physics,
soft jet constituents are strongly affected by the QGP experiencing large broadening effects which ulti-
mately decorrelate them from the jet direction [77,78]. Second, that the QGP presence strongly modifies
intra-jet coherence properties [79] leading to a breakdown of angular ordering for radiation induced by
transverse momentum exchanges between jet and QGP. Finally, that the QGP-induced radiation pattern
of a jet is driven by the number of objects within the jet that can be resolved by the QGP [80].

Extraction of QGP properties from jet observables relies ultimately on the availability of event
generators [81–84] that accurately model the interaction of jets with realistic implementations of a hy-
drodynamically evolving QGP. From an experimental point of view, jet observables provide versatile
probes of the different energy scales as well as the space-time picture of the medium. Present LHC data
show clearly the potential of these probes with higher statistics. The increase in energy, the abundance
of probes, especially those involving electroweak bosons together with jets, and the qualitatively new
processes available (e.g. boosted jets, see below) make of the FCC-hh the best-suited next machine for a
deeper understanding of this physics.

4.1.2 Hard cross sections at FCC-hh energies
The large increase in energy and luminosity from the LHC to the FCC provides new tools to study
the matter created in the collisions of heavy ions. In Fig. 7, cross sections for different processes and
different energies are computed with MCFM [85] at the highest available order. Ratios with respect to
the cross sections at top LHC energy for Pb–Pb collisions (

√
sNN = 5.5 TeV) are also shown for an

easier comparison of the available increases. While the increases in Z or beauty production are a factor
∼ 10 with the expected energy increase from the LHC to the FCC, these figures are much larger for top
production (an increase of a factor of ∼ 80) or the Z+jet with an increase of ∼ 20. Although not shown
in Fig. 7, large yields of other processes of interest will be also available, as charm production, heavy
quarkonia or jets in the TeV mass region.

The large increase in the top cross section, along with the larger luminosities expected for the
FCC-hh, make the case of top observables one of the main qualitative differences with respect the LHC.
It will, in particular, allow the study of boosted W ’s coming from the decay of the top quarks, a unique
probe of colour singlet objects traversing a medium, even in the hadronic channel (see Section 4.1.4). A
rough estimate of the rates, based on an integrated luminosity of ∼ 30 nb−1 for one month Pb–Pb run
gives several million tt pairs, which is enough for several interesting measurements, in particular with
boosted tops and W ’s.

9Editors: A. Dainese, D. d’Enterria, J.G. Milhano, C.A. Salgado
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Fig. 7: Left:
√
s-dependence of the cross sections for hard processes of interest for a heavy-ion pro-

gramme, calculated with MCFM [85] at the highest available order. Right: increase factors with respect
to the cross sections at top LHC energy for Pb–Pb collisions.

The large yields in Z+jets (several tens of millions) will also allow to study the jet quenching
process with excellent calibration of the jet energy. In principle, the measurement of the energy lost by
the jet in Z+jet would provide a good experimental measurement of the distribution of the parton energy
losses in hot QCD matter.

4.1.3 Top-quark production in p–Pb and Pb–Pb collisions
The motivations for measurements of top quarks in heavy-ion collisions at FCC are multifold. For
example, in p–Pb collisions the cross sections efficiently probe the nuclear gluon PDFs in a wide range
in momentum fraction x at high scale Q ∼ mt [86] (see Section 5.1.3). In Pb–Pb collisions, the top-
quark observables are sensitive to the energy-loss of heavy quarks [87] and by selecting boosted (very
high-pT) top quarks one could also probe the QGP medium at slightly later times (though still close to its
formation stages) as the decays of boosted top quarks get Lorentz time dilated (see Section 4.1.4). The
corresponding measurements at the LHC will be limited by the smaller production cross sections, while
at FCC energies the production cross sections are significantly higher. This is illustrated in Fig. 8, which
shows the energy dependence of the total top-pair and single-top cross sections at NLO (computed with
MCFM [85]) for pp, p–Pb and Pb–Pb collisions. The large differences between the pp and p–Pb (Pb–Pb)
curves are due to scaling by A (A2). The effects of nuclear modifications in PDFs (here EPS09 [88]) are
at the level of a few percent (see Section 5.1.3).

The top quarks decay almost exclusively to b quark andW boson and, in a heavy-ion environment,
it is the leptonic decays of W that can be best resolved from the backgrounds. The estimated measurable
yields (using nominal per-year luminosities from Section 2) with realistic analysis cuts (b-jets: anti-kT

algorithm with R = 0.5, pT > 30 GeV/c, |η| < 5; charged leptons: Risol = 0.3, pT > 20 GeV/c,
|η| < 5; neutrinos: E/

T
> 40 GeV) and conservative 50% efficiency for b-jet tagging are shown in

Table 3.

As mentioned above, the pT reach of top quarks in Pb–Pb collisions is of special importance for
QGP studies. To this end, Figure 8 (right) shows the estimated pT spectrum of the top+antitop yields (per
year) in Pb–Pb collisions for top-quark pair production, which is the most promising channel due to the
higher yields, as shown in Table 3. The figure indicates that one could measure top quarks approximately
up to pT ≈ 1.8 TeV/c. At mid-rapidity, pT as large as this would correspond approximately to a factor
of 10 time dilation in the top decay (see Section 4.1.4).
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production in pp, p–Pb and Pb–Pb collisions as a function of

√
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FCC energies). Right: Expected top-quark pT distributions dN/dpt,tT in Pb–Pb in the fully-leptonic
decay modes at

√
sNN = 39 TeV after acceptance and efficiency cuts. The markers correspond to a set of

pseudodata with the statistical uncertainties expected for Lint = 33 nb−1. The figures are adapted from
Ref. [86].

Table 3: The expected number per run of top and antitop quarks in fully-leptonic final states, after typical
acceptance cuts and efficiency losses (see text), for tt̄ and tW production in p–Pb and Pb–Pb collisions
at FCC energies [86].

System
√
sNN Lint tt̄→ bb `` νν tW → b `` νν

Pb–Pb 39 TeV 33 nb−1 3.1× 105 8.6× 103

p–Pb 63 TeV 8 pb−1 8× 105 2.1× 104

4.1.4 Boosted tops and the space-time picture of the QGP
The large centre-of-mass energy of the FCC will provide high rates of highly-boosted heavy particles,
such as tops, Z and W bosons. It is expected that when these particles decay the density profile of the
QGP has already evolved. By using this time delay, and by comparing the reconstructed energy to the
one expected from usual energy loss processes, it should be possible to get unique insight into the time
structure of the jet–QGP interaction.

A key feature that becomes accessible at FCC energies is the role of colour coherence effects in the
parton cascade in the presence of a QCD medium, as proposed in [80]. The physics is rather simple: in a
given time interval t, fast coloured objects, either fundamental (q or g) or composite (e.g. qq, gg or qg),
probe the medium with a typical spatial resolution r⊥ ∼ 1/Q, where Q is the transverse energy scale of
the object. For example, for a gluon that is produced in the fragmentation of a jet (hard parton) we have
1/Q ∼ θ t, where θ is the angle between the gluon and the hard parton; for a qq pair produced in a W or
Z decay, θ is the angle between the q and the q. The spatial resolution r⊥ has to be compared with the
typical colour correlation length in the medium Lcorr ∼ 1/

√
q̂ t. Here, q̂ is the transport coefficient of

the medium, that translates the average transverse momentum squared that particles exchange with the
medium by mean-free path. When the colour correlation length of the medium is smaller than the typical
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transverse size of the probe, Lcorr < r⊥, the different components of the coloured object (jet or qq pair)
undergo independent colour rotations (as they are separated by more than the typical correlation length)
losing coherence. This happens parametrically at the time

tsinglet ∼
[

12

q̂ θ2

]1/3

, (3)

where 12 is a numerical factor depending on the actual model for the medium and the definition of the
variables. For a highly boosted quark-antiquark pair this time increases, which gives the possibility to
investigate further the coherence/decoherence jet quenching phenomena. Of particular interest are the
colour singlet probes, as the qq decay products of a highly-boosted W or Z boson, as, in this case, the
effect of the medium will be absent.

Top–antitop events provide a unique topology to study the space-time picture of the hot QCD
medium interacting with the jets. We are mainly interested here in the channel in which one of the W
decays leptonically while the other decays hadronically. The time dilation of the decay W → qq̄ and
the color coherence discussed above ensure that also in the direction of the resulting jets, the system was
traveling through the medium in a color singlet state for some time. This time increases with the boost
due to both time dilation and the smaller angle of the system which determines the degree of coherence
in (3). As shown in Fig. 9, we obtain times in the range ∼ 0.3–3 fm/c when adding the time delay from
Lorentz boosts and the time in which a singlet antenna remains in a colour coherent state (estimated for
q̂ = 4 GeV2/fm).

A detailed discussion about all possibilities to be exploited with this and other related observables
is out of the scope of this note and will be presented elsewhere [89]. We study here the effect on the
reconstructed masses of the top and W with different energy loss scenarios as a proof of concept of the
potential of these observables to access completely novel quantities in heavy-ion collisions. Exploiting
all this potential will require a good control over the energy loss of, e.g. the b quarks, something which
will be studied at the LHC in the coming years and for which further information could be obtained
by considering together with the discussed tt̄ → bbW+W− → bb qq `− ν channel, the leptonic decay
channel tt̄→ bbW+W− → bb `+`− νν sensitive to the energy loss of the b quark.

Events with tt̄ pairs were generated using the PYTHIA 8 generator. The events were selected
with the following criteria: (i) having at least 4 hadronic anti-kT jets (2 b-tagged jets + 2 non-b-tagged
jets) with R = 0.3, pT > 30 GeV/c and |η| < 2.5 (ii) having a single muon with pT > 25 GeV/c
and |η| < 2.5. A b-tagging efficiency of 70% was assumed. The reconstructed top and W jet mass
as a function of top transverse momentum at

√
sNN = 5.5 TeV are shown in Fig. 10. The same but

at
√
sNN = 39 TeV are shown in Figs. 11 and 12. The shaded region corresponds to the statistical

uncertainty estimated for Lint = 10 nb−1 at
√
sNN = 5.5 TeV and for Lint = 33 nb−1 (a one-month run)

and Lint = 100 nb−1 (three runs) at
√
sNN = 39 TeV. The number of events was determined considering

the 0–10% centrality class. Experimental effects will somewhat increase the errors shown in Figs. 10–12
due to the mass resolution: this remains to be studied.

Energy loss was simulated considering that all quarks lose about 10% of their initial four-momenta.
As a simple toy model to check the effects of coherence in the reconstructed mass, this energy loss is
applied equally to all quarks (all quenched), to all quarks but the W boson decay products (antenna
unquenched) or to all quarks but the leading quark-antiquark from the W boson decay (leading quarks).
Energy loss causes a reduction of the reconstructed W and top masses with respect to their true values
of about 80 and 175 GeV. The results shown in Figs. 10, 11 and 12 reveal a clear separation between
what one would expect if coherence effects were completely suppressed in the presence of a medium
(all quenched) or still present within two limits (leading quarks and antenna unquenched). In the all
quenched case, the reconstructed masses of the W and top would drop below 70 and 150 GeV, respec-
tively. Instead, in the case of coherence they would be of the order of 75 and 155 GeV, respectively. The
difference between the two limits leading quarks and antenna unquenched is expected to be small (a few
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Fig. 9: Average decay times of top (upper, left) and W boson (upper, right), in the laboratory frame, as a
function of top pT. On the bottom-left, the coherence time of the qq pair from the W decay, as given by
Eq. (3), and on bottom-right, the sum of the three components (top decay, W decay and coherence time).
The dots correspond to the average decay times and the shaded region to the standard deviation.
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Fig. 10: Reconstructed masses of top and W boson at the LHC energies,
√
sNN = 5.5 TeV. The shaded

region corresponds to the statistical error for Lint = 10 nb−1.

GeV), but larger than the projected statistical uncertainties.

In summary, the reconstructed values of top andW masses provide robust sensitivity to the degree
of quenching. By correlating them with the expected decay and decoherence times of the top and W ,
as deduced from their pT, one has an opportunity to gain unique insight into the time dependence of
medium properties.
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Fig. 11: Reconstructed masses of top and W boson at the FCC energies,
√
sNN = 39 TeV. The shaded

region corresponds to the statistical error for Lint = 33 nb−1.

0 100 200 300 400 500 600140

145

150

155

160

165

170

175

180

Reconstructed Top Mass

Top pt (GeV)

R
ec

on
st

ru
ct

ed
 J

et
 M

as
s 

(G
eV

)

*PRELIMINARY*
all quenched
leading quarks
antenna unquenched
unquenched

Reconstructed Top Mass

0 100 200 300 400 500 60060

65

70

75

80

85

90

Reconstructed W Mass

Top pt (GeV)

R
ec

on
st

ru
ct

ed
 J

et
 M

as
s 

(G
eV

)

*PRELIMINARY*
all quenched
leading quarks
antenna unquenched
unquenched

Reconstructed W Mass

(a) Reconstructed W boson mass

0 100 200 300 400 500 600140

145

150

155

160

165

170

175

180

Reconstructed Top Mass

Top pt (GeV)

R
ec

on
st

ru
ct

ed
 J

et
 M

as
s 

(G
eV

)

*PRELIMINARY*
all quenched
leading quarks
antenna unquenched
unquenched

Reconstructed Top Mass

0 100 200 300 400 500 60060

65

70

75

80

85

90

Reconstructed W Mass

Top pt (GeV)

R
ec

on
st

ru
ct

ed
 J

et
 M

as
s 

(G
eV

)

*PRELIMINARY*
all quenched
leading quarks
antenna unquenched
unquenched

Reconstructed W Mass

(b) Reconstructed top mass

Fig. 12: Reconstructed masses of top and W boson at the FCC energies,
√
sNN = 39 TeV. The shaded

region corresponds to the statistical error for Lint = 100 nb−1.

4.2 Open and closed charm and bottom production
Heavy quarks (charm and bottom) are among the hard probes that have provided important insights on
the formation and the characterics of the QGP in the heavy-ion programmes at SPS, RHIC and LHC.
A recent review of the theoretical and experimental aspects of heavy-flavour probes can be found in
Ref. [90].

Briefly, on the one hand, quarkonium states are sensitive to the formation and to the temperature
of a deconfined plasma via the mechanism of colour-charge screening, which is thought to be to some
extent balanced by the recombination of heavy quarks and antiquarks from the plasma. On the other
hand, the production of hadrons with open heavy flavour is sensitive to the QGP-induced modification
of the momentum value and direction of heavy quarks, that are created in initial hard collisions before
the formation of the QGP. In particular, it provides information on the interaction mechanisms of heavy
quarks with the constituents of the QGP (energy loss, and gain) and on its transport properties.

In this section, we focus on a few selected aspects that could represent novel or particularly re-
markable observations at FCC energy, namely:

– large production of so-called thermal, or secondary, charm from interactions of light quarks and
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gluons within the QGP;
– observation of an enhancement of charmonium production with respect to the binary scaling of the

production in pp collisions, as consequence of (re)generation;
– observation of a colour screening and (re)generation for the most tightly-bound quarkonium state,

the Υ(1S).

4.2.1 Thermal (or secondary) charm production
Interactions between gluons or light quarks of the QGP can lead to the production of cc pairs if the
energy in the centre of mass of the interaction is of the order of twice the charm quark mass

√
ŝ ∼

2mc ∼ 3 GeV. This requires the energies of the two interacting gluons (or quarks) to be of the order
of E ∼ mc ∼ 1.5 GeV. If the gluons (or quarks) are thermalised in a medium, their energy is of the
order of the temperature T , with a thermal-like exponential distribution. Therefore, for a QGP with T
of several hundreds of MeV (say larger than 500 MeV), there is a significant probability that cc pairs
are produced in these in-medium interactions. This production is indicated as thermal, or secondary, in
contrast with the primary production that occurs in initial hard-scattering processes between partons of
the two incident nuclei.

In Section 3.1 we have estimated the parametric dependence of T on time and on the measured
transverse energy density T (t) ∼ [(dET/dη)/t]1/4. From this simplified estimate, we observe that the
temperature at a given time increases slowly with the ET density (e.g. about 20–30% from LHC to
FCC with the ET density estimated in Section 3.1). However, the thermalization time τ0 of the QGP is
expected to decrease substantially when

√
sNN increases, typically by a factor of 2 from LHC to FCC

(see e.g. [91]). Therefore, the overall increase of the initial temperature T0 of the QGP from LHC to FCC
can be about 50%. In Ref. [91] a detailed hydrodynamical calculation gives T0 = 580 MeV at initial
time τ0 = 0.6 fm/c for LHC (

√
sNN = 5.5 TeV) and T0 = 840 MeV at τ0 = 0.3 fm/c for FCC. With

these QGP temperatures a sizeable fraction of the gluons and light quarks have energies larger than the
charm quark mass and cc pairs can be produced in their interactions. This production is concentrated in
the initial ∼ 1 fm/c of the QGP evolution.

Predictions for the production of thermal charm at LHC and FCC energies were reported by three
groups: BAMPS [92, 93], Ko et al. [94, 95] and Zhou el al. [91]. In the BAMPS transport model, which
is based on the Boltzmann equation, secondary charm production is calculated using leading order (LO)
gluon fusion and qq annihilation processes. The calculations by Ko et al. and Zhou et al. use dynamical
kinetic equations where the charm quark density in the medium is evolved in time using a gain term
(secondary cc production) and a loss term (cc annihilation). The gain and loss terms are calculated at
next-to-leading order (NLO) considering also 2 → 3 and 3 → 2 processes, respectively. It has been
shown [96, 97] that the NLO cross sections are significantly larger than the LO ones. Therefore, we
mainly focus on these predictions.

Figure 13 shows the results by Zhou el al. (left) and Ko et al. (right) for the time-dependence of
the cc rapidity density at mid-rapidity. The value at the initial time τ0 corresponds to the initial hard-
scattering cross section, which is taken from FONLL calculations [98] with a correction for PDF nuclear
shadowing based on EKS98 [99] by Zhou et al. and from the PYTHIA 6 event generator [100] by Ko
et al., with slightly different values. Both calculations show a rapid increase after τ0 with a final value
that is larger by up to 80% than the hard-scattering value. The increase obtained for top LHC energy is
of about 15%. The predictions by BAMPS, with LO secondary charm production cross sections, show
smaller increases of about 30% and 10% at FCC and LHC energies, respectively [93].

The thermal charm production would result in an enhancement of charmed hadron production
at very low pT, with respect to the expectation from binary scaling of the production in pp collisions,
after correction for the nuclear initial-state effects (PDF modification), that should be measured using
proton–nucleus collisions. This enhancement provides a handle on the temperature of the QGP.
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Fig. 13: Time-evolution of the charm and anti-charm quark pair yield (per unit of rapidity at midrapidity)
for central Pb–Pb collisions at

√
sNN = 39 TeV: results by Zhou et al. [91] (also shown for

√
sNN =

5.5 TeV) and by Ko et al. [95] (the results by Ko et al. at 5.5 TeV are similar to those by Zhou et al.).

The abundance of charm quarks also has an effect on the QGP equation of the state, which includes
a dependence on the number of degrees of freedom. Inclusion of the charm quark in the lattice QCD
calculations results in a sizeable increase of P/T 4 ∝ nd.o.f. for temperatures larger than about 400 MeV.
This was discussed in more detail in Section 3.3.

4.2.2 J/ψ enhancement from (re)generation
The measurements of the nuclear modification factor of J/ψ at the LHC [101–104] are described by
models that include dissociation caused by colour-charge screening and a contribution of recombination
(usually denoted (re)generation) from deconfined c and c quarks in the QGP. In particular, this contribu-
tion describes the larger nuclear modification factor RAA (smaller suppression) at the LHC with respect
to RHIC, the larger RAA at low pT than at high pT and the fact that RAA(pT > 0) at the LHC is almost
constant from semi-peripheral to central collisions. There are essentially two classes of such models: the
kinetic transport models [105,106] calculate the time-evolution of the J/ψ yield using loss (dissociation)
and gain (recombination) terms; the Statistical Hadronization Model [107] assumes complete dissocia-
tion of the initially-produced J/ψ mesons and computes the J/ψ yield considering statistical hadronization
at the chemical freeze-out temperature.

In both approaches the (re)generation contribution is proportional to the rapidity density of cc
pairs in the QGP. It is, therefore, clear that this contribution is predicted to be much larger at FCC than
LHC energies, as a consequence of a) the larger hard-scattering production cross section of cc pairs and
b) the possible sizeable thermal production, that we discussed in the previous Section. In particular, the
hard-scattering production cross section is expected to increase by a factor about 2–2.5, depending on
the considered nuclear modification of the PDFs (e.g. with FONLL calculations and EKS98 nuclear
PDFs the factor is about 2, as shown in Fig. 13-left). Thermal production could lead to an additional
increase by a factor about 1.5, as shown in the previous Section. This could lead to the observation of an
enhancement of J/ψ production with respect to binary scaling of the yield in pp collisions, i.e. RAA > 1,
which would be a striking evidence of cc recombination from a deconfined QGP.

Figure 14 shows the predicted J/ψ RAA at FCC energy, as obtained with the Statistical Hadroniza-
tion Model (left) [108] and with the kinetic transport model by Zhou et al. (right) [91]. The Statistical
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Fig. 14: Nuclear modification factor RAA of J/ψ mesons at LHC and FCC energies. Left: RAA(pT >
0) as a function of centrality (number of nucleons participating in the collision) from the Statistical
Hadronization Model [107, 108], without considering thermal charm production. Right: RAA(pT) in
central collisions from the kinetic model by Zhou et al. [91].

Hadronization Model uses only the initial hard-scattering cc cross section, without a thermal contribu-
tion. Even in this conservative scenario, the model predicts RAA(pT > 0) > 1 in central collisions and
an increase of about 40% with respect to top LHC energy. The kinetic model by Zhou et al. uses also the
thermal cc contribution as shown in Fig. 13 (left). This model predicts an enhancement at low pT with
RAA values between 1.1 and 1.6, depending on the assumed nuclear modification of the PDFs.

4.2.3 Colour screening and (re)generation for Υ(1S)?
The measurement of Υ production would be particularly interesting at the high energies and temperatures
reached at the FCC. The LHC data are consistent with a scenario in which the excited states 2S and 3S are
partially or totally suppressed by colour screening, while the 1S, which is the most tightly bound state,
has no or little direct melting. Its suppression by about 50% can be attributed to the lack of feed-down
from the (melted) higher states (see e.g. Ref. [90] for a recent review). At FCC energies, on the one hand,
the temperature could be large enough to determine a full melting even of the tightly-bound 1S state, on
the other hand the large abundance of bb pairs in the QGP could induce substantial Υ (re)generation.

Results from a recent lattice-QCD calculation of spectral functions of the bottomonium states
are shown in the left panel of Fig 15: they have been obtained for different, increasing temperatures,
indicated in units of the critical temperature Tc for QGP formation (Tc ≈ 155 MeV). The suppression of
the excited states is quite evident, as well as the persistence of the fundamental Υ state, up to about twice
the critical temperature. However, should this trend persist, one could anticipate a strong suppression of
the fundamental state Υ(1S) at FCC energies.

Accurate estimates of the bottomonium spectral functions up to higher temperature of 4–5 Tc (i.e.
700–800 MeV) are needed to refine these expectations. For what concerns accuracy, while general,
qualitative features of the results are robust, and all consistent with the sequential suppression scenario,
quantitative results are very difficult to obtain. Systematic comparisons of different methods are now
starting and will produce robust results soon [111–113]. This is especially likely for bottomonium,
whose analysis can be done within the NRQCD (non-relativistic QCD) formalism, which remains valid
in the range of temperatures explored at the FCC. A further challenge is posed by the high temperature
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reached at the FCC: on the lattice the temperature is realised as the inverse of the temporal extent of the
box. Since many points are needed in the same temporal direction, high temperatures imply very fine
lattices, hence a very large number of spatial points, needed to approximate an infinite spatial volume.
To some extent this issue can be dealt with by use of asymmetric lattices, but such simulations remain
computationally very demanding, and so far the temperatures have been limited to T < 2Tc. A very
fascinating possibility is to be able to make contact with high temperature perturbation theory, matching
lattice spectral functions at FCC temperatures with perturbative ones. In summary, an accurate calcula-
tion of bottomonium spectral functions at FCC temperatures requires advances in methodology, which
are underway, to keep systematic errors under control, and a consistent investment in computer time to
reach the required high temperatures.

Another important question is whether the Υ states reach equilibrium with the surrounding QGP
constituents. This is prerequisite for colour-screening to apply and it is implicitly assumed in the lat-
tice QCD calculations of the spectral functions. Measurements of pT distributions and elliptic flow of
bottomonium states of B mesons would shed light on this aspect.

The possibly dramatic effect of (re)generation of bottomonia from b and b quarks is illustrated by
the prediction of the Statistical Hadronization Model [107, 110] for the RAA of Υ(1S) as a function of
centrality, shown in the right panel of Fig. 15. Like for charmonium, this model assumes full melting of
the initially-produced bottomonia and generation at the phase boundary. The predictions are calculated
for values of dσbb/dy in nucleon–nucleon collisions at

√
s = 40 TeV ranging from 73 to 163 µb, as

obtained from the MNR NLO calculation [114] with usual parameter variations and without nuclear
modification of the PDFs (nuclear shadowing of small-x PDFs is expected to decrease the cross section
by about 60–90%). These cross sections result in a total number of bb pairs ranging from 15 to 40 in
central Pb–Pb collisions. Depending on the value of the bottom cross section, the Υ(1S) RAA in central
Pb–Pb collisions is predicted to range between 0.3 and 1.2.

The role of the two effects —degree of survival of initial bottomonia and contribution of
(re)generation— could be separated by means of precise measurements of the bb cross section, an es-
sential ingredient for (re)generation calculations, and of the B meson and Υ RAA and elliptic flow v2.
The elliptic flow measurements would be particularly important because the regenerated Υ states could
exhibit a v2 such that 0 < vΥ

2 < vB2 .
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5 Small-x and nPDF studies 10

5.1 Small-x and nPDF studies in hadronic p–A and A–A collisions
5.1.1 Introduction: small x and factorisation
More than 30 years ago, the idea of parton saturation was proposed [115, 116]: with BFKL [117, 118]
linear evolution, the multiplication of partons with small values of momentum fraction x leads to par-
ton densities so high that non-linear dynamics (gluon recombination, multiple scattering, . . . ) becomes
important. Such non-linear effects would tame the growth of parton densities from power-like to loga-
rithmic, a phenomenon known as “saturation”.

In the case of proton–nucleus and nucleus–nucleus collisions, where nuclei with large mass num-
ber A are involved, the non-linear effects are enhanced by the larger density of gluons per unit transverse
area of the colliding nuclei. The high density of gluons at small x and small Q2 induces a suppression
of the observed hard scattering yields with respect to expectations based on a scaling with the num-
ber of binary nucleon–nucleon collisions. This reduction affects the kinematic region dominated by
small-x gluons: low transverse momentum pT and forward rapidity y, since, at leading order, we have
x ≈ pT exp(−y)/

√
sNN.

Data from Deeply Inelastic Scattering (DIS) experiments on nuclear targets were analysed in terms
of nuclear Parton Density Functions (nPDFs) within the linear-evolution DGLAP framework. The results
are normally reported as a modification ratio Ri of the parton distribution functions of the nucleon in the
nucleus, fA

i (x,Q2), with respect to those of the free nucleon, fN
i (x,Q2),

RA
i (x,Q2) =

fA
i (x,Q2)

fN
i (x,Q2)

, (4)

where i = qv, qsea, g for valence quarks, sea quarks, and gluons. We have shadowing, RA
g < 1, for

x<∼ 5×10−2. Significant differences between nPDFs of nuclei and the PDFs of free protons were found,
both at high x (the ‘EMC effect’ [119]) and at low x, where a depletion is seen which is referred to as
‘nuclear shadowing’.

The usage of nPDFs allows some of the high-density effects at small x to be absorbed in the non-
perturbative description of the PDFs within the framework of perturbative QCD collinear factorization.
However, factorization is expected to break down when the gluon phase-space becomes saturated. In
these conditions, in the collision with an incoming projectile parton, the partons in the target nuclear
wave function at small x would act coherently, not independently as assumed with factorization. In the
limit, they may form a Colour Glass Condensate (CGC, see e.g. Ref. [120] for a recent review): a system,
that can be described in analogy to a spin glass, where gluons (colour charges) have a large occupation
number, as in a condensate. The CGC theory relies on the resummation of powers of parton density.

The onset of saturation is usually discussed in terms of the so-called saturation scale Q2
S, defined

as the scale at which the transverse area of the nucleus is completely saturated and gluons start to overlap.
This happens when the number of gluons, ∼ Axg(x,Q2

S), multiplied by the typical gluon size, ∼ 1/Q2
S,

is equal to the transverse area, ∼ πR2
A. Thus:

Q2
S ∼

Axg(x,Q2
S)

πR2
A

∼ Axg(x,Q2
S)

A2/3
∼ A1/3x−λ ∼ A1/3

(√
sNN

)λ
eλy , with λ ≈ 0.3. (5)

Q2
S grows at forward rapidity, at high c.m.s. energy, and it is enhanced by a factor about 6 ≈ 2001/3 in

the Au or Pb nucleus, with respect to the proton. Saturation affects the processes in the region Q2<∼Q2
S,

where gluon recombination dominates and factorization may start to become invalid. Figure 16 illustrates
how saturation comes about in the high density regime, which can be achieved by decreasing the value
of x (left panel) and/or increasing the mass number A of the colliding objects (i.e. using nuclei instead
of nucleons; right panel).

10Editors: N. Armesto, D. d’Enterria, M. van Leeuwen
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Fig. 16: Left: illustration of linear (dilute) and non-linear (dense) domains in the kinematic x–Q2 plane,
Q2 being the inverse squared transverse resolution, and the different evolution equations. Right: the same
but in the x–A plane. The red line indicates the separation between the dilute and the dense regimes,
given by the saturation scale QS(x).

There is an intrinsic relation between the parton density evolution that can be used in the dilute
and dense regimes and the kind of factorisation that, if existing, should be employed to compute particle
production in collisions involving hadrons and nuclei. In the dilute regime, collinear [121] or kT [122–
125] factorisations can be applied in the hard and semihard regions, respectively. The corresponding
evolution equations are DGLAP [126–129] and BFKL. In the dense regime, the situation is not yet
clear. For scattering of a dilute projectile on a dense target, single inclusive hadron production has been
computed at NLO [130, 131] and the corresponding JIMWLK evolution equation, an infinite hierarchy
of coupled evolution equations for traces of Wilson lines, is also known at NLO [132–134]11.

At present, no conclusive evidence has been provided for the existence of saturation, although
a number of observations are consistent with expectations from gluon saturation, as discussed in the
following.

i. The degrading quality of DGLAP fits when HERA data at moderate Q2 (which by DIS kinematics
is linked to small x) are included in the fit [138], while fits done within saturation do not show
such degradation [139]; the degradation, however, is quantitatively small and the freedom in the
choice of initial conditions and of the scheme for treating heavy flavours still sizeable.

ii. The success in describing the factorisation between the energy and centrality dependencies of
charged particle multiplicities at mid-rapidity [12]; this observable is likely to be affected by final-
state collective and non-perturbative effects that are not included in saturation models.

iii. The ridge structure (two-particle correlations that are independent of rapidity and strongly colli-
mated in azimuth at 0 and 180 degrees) observed in pp and p–Pb collisions at the LHC that can
be explained in CGC-type models [140]; yet, the explanation is not unique and the possibility of
final-state collective effects in such small systems is currently under debate.

iv. The suppression of inclusive particle production [141,142] and the reduction of back-to-back cor-
related yield at forward rapidities in d–Au collisions at RHIC [143–146]; still, the experimental
data lie so close to the kinematical limit that tiny additional effects may affect their interpretation,
and at RHIC the probed values of x are not that small.

Note that points (i) and (ii) are related to the fact that the geometric scaling that experimental data
11The pathologies of this equation, related to those of NLO BFKL, are understood and several solutions involving resumma-

tion have been proposed [135–137].
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covered in nuclear DIS and DY experiments (light green), and in collisions involving nuclei at RHIC
(dark green) and at the LHC (yellow), and accessible at the FCC (black). For p–Pb collisions at the LHC
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6 from right to left, with the left edge defined by ylab = 6.6. Values of the saturation scale Q2

S(x) for
A = 208 are shown for illustration.

show [147–149] finds a natural explanation in saturation models, but it is also shown by e.g. DGLAP
dynamics [150].

In order to firmly establish the existence of this new high-energy regime of QCD and clarify the va-
lidity of the different approaches to factorisation and evolution, new kinematic regions must be explored
using higher collision energies in order to have a large lever arm inQ2 in a region that, while perturbative,
lies inside the saturation domain. The FCC offers such energies and the possibility of combining proton
and nuclear beams, as required for a detailed understanding of the mechanism underlying saturation. In
Fig. 17 the coverage of the x–Q2 plane of present facilities (nuclear DIS and Drell-Yan experiments,
proton–nucleus colliders RHIC and the LHC in the left panel, and ultra-peripheral nucleus–nucleus col-
lisions at RHIC and LHC using exclusive quarkonium production in the right panel) is compared with
that of p–Pb collisions at FCC energies (proton momentum of 50 TeV and Pb momentum per nucleon of
19.7 TeV) and photon–Pb collisions at FCC energies (the latter will be discussed in Section 5.2). In the
left panel, the coverage is calculated for an experimental acceptance reaching rapidity in the laboratory
frame ylab ≈ η = 6.6. The diagonal lines represent constant ylab values 0, 1, ..., 6. The estimate of the
saturation scale Q2

S(x) for Pb is also shown. The figure shows that coverage below the saturation scale is
much larger at FCC than at LHC, reaching for example down to x values well below 10−6 and Q2 values
of 10–20 GeV2 at a rapidity of 5, which could be well within reach of an experiment at the FCC.

Establishing the dynamics at small x and the type of factorisation to be used to compute particle
production will constrain the initial conditions for the collective behaviour of the medium produced in
high-energy nucleus-nucleus collisions [151]. It will also clarify the dynamics leading the approximate
thermalisation or isotropisation [152] that allows the use of relativistic hydrodynamics to describe such
collectivity. Note that the extraction of properties of the QGP is significantly affected by both the initial
conditions and the pre-equilibrium dynamics, see e.g. [153]. The need for more precise information
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Fig. 18: Comparison of the nuclear modification factor (defined as the ratio of a given parton den-
sity in a bound proton over that in a free proton) for different parton species at Q2 = 4 GeV2 for a
Pb nucleus. Lines correspond to DGLAP analyses at NLO: EPS09 [88], HKN07 [155], DSSZ [156]
and nCTEQ15 [157]. Bands correspond to the uncertainty in the respective Hessian analyses. Taken
from [157].

about the partonic structure of nuclei also holds for hard processes, where the lack of knowledge of
nPDFs, illustrated in Fig. 18, compromises the precision for extraction of transport properties of the
QGP from the comparison of theoretical calculations to data on hard probes. The information that is
coming from p–Pb collisions at the LHC has not yet provided large constrains, see [154].

As a final remark, we should indicate that although important progress has been achieved lately
in advancing calculations of different observables in the CGC, several aspects are still missing. For
example, the resummed evolution equations discussed previously have not been fully used although the
NLO impact factor for DIS is available [158, 159]; the calculation of many single-inclusive observables
apart from hadrons is still missing, see [151]; much progress is undergoing on two-particle correlations
to understand the origin of azimuthal asymmetries and the ridge in pp and p–A collisions [160].

5.1.2 Possible signatures of the CGC using forward-rapidity hadrons and photons in p–Pb collisions
The simplest way to probe the gluon density in protons and nuclei is by studying inclusive particle
production. In particular, nuclear modification ratios RpPb are used to explore the nuclear modification
of parton densities and saturation effects due to the larger density of gluons in nuclei than in protons

29



0 2 4 6 8 10 12 14
0

0.5

1

1.5

2

1

p⊥ [GeV]

R
p
P
b

FCC RpPb (µ2 = 10, 100, Kpp = 0.6)

ycm = 1.535
ycm = 3.535

Fig. 19: RpPb as a function of pT for charged hadrons at the FCC for two different rapidities [161].

0 3 6 9 12 15 18 21 24 27 30
p

T
[ GeV]

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Direct photon, p+A@63 TeV

σ (η = 4)/σ(η=2)

σ (η = 6)/σ(η=2)

2 2.5 3 3.5 4 4.5
∆φ

0.5

1

1.5

2

P
(∆

φ
)

p
γ

Τ
 = 5  GeV, p

h

T
 = 4 GeV

η
h
= η

γ
=3

p+A       γ + π
0
 + X

Q
2

0A
  (x

0
=0.01) = NQ

2

0p
 Q

2

0p
 = 0.168 GeV

2

5 TeV

63 TeV

7

N=3

N=3

7

Fig. 20: Left: Ratio of direct photon spectra at forward (η = 4, 6) over central (η = 2) rapidities obtained
in the CGC formalism in minimum-bias p+A collisions at the FCC [162, 163]. Right: Normalized
azimuthal correlation of prompt photon and π0 as a function of the angle between the produced prompt
photon and π0 at forward rapidity obtained in the CGC formalism at the LHC and the FCC in minimum-
bias p+A collisions [162, 163]. The bands show the uncertainty related to the scaling of the initial
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included in the CGC. The nuclear modification factor RpPb is defined as:

RpPb =
d2σ/dpTdy

∣∣
pPb

A d2σ/dpTdy|pp

, (6)

i.e. by taking the pT-differential cross section measured in p–Pb collisions and dividing by that in pp
collisions at the same energy, multiplied by the Pb mass number A. If the production in p–Pb follows a
scaling with the number of binary nucleon–nucleon collisions, then RpPb = 1.

It can be seen from Fig. 17 (left) that even measurements at mid-rapidity and pT < 10 GeV/c
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cover the saturation region with Q ≈ pT and x in the range 10−5–10−4, which is at much lower x and
therefore larger gluon density than measurements at the LHC. A forward measurement, for example at
η ≈ 4, would be even more interesting, as it covers x ≈ 10−6.

To illustrate how future measurements at the FCC are sensitive to gluon saturation, we present
a few selected calculations. It is, however, important to realise that there are significant uncertainties
in these calculations, since the currently available measurements do not provide precise constraints for
the saturation scale and some of the model details, such as the dipole cross section parametrisation.
This uncertainty is closely related to our earlier statement that the CGC or saturation effects have not
been unambiguously identified yet. In addition to this, the calculations for FCC energies require a large
extrapolation of available constraints from data at x ≈ 10−4–10−3 to lower x. Measurements at the
larger energies available at the FCC are the only possibility to find out how the gluon density at small x
behaves in Nature.

Figure 19 shows the expected nuclear modification factor for charged particles at two different
rapidities, computed using the state-of-the-art NLO calculations available [130, 131, 161]. A modest
increase of the suppression at low pT . 4 GeV/c compared to the expectation for LHC is visible12.
Figure 20 (left) shows an example of the expected direct photon production in the CGC framework at
LO approximation in the hybrid approach using the rcBK formalism. The ratios of particle production
at different pseudorapidities explicitly probe the evolution of the gluon density in x. A clear suppression
of direct photon production at moderate pT . 6 GeV/c is visible in the figure. At higher pT, a modest
suppression by about 10-20% is still visible. When comparing Fig. 19 and the left panel of Fig. 20, a
larger effect of gluon saturation is seen for direct photon production. Such a difference between charged
hadrons and photons could be qualitatively expected13 since hadron production is sensitive to both the
quark and gluon densities, while the dominant production mechanism for direct photons is quark–gluon
Compton scattering, which is directly sensitive to the gluon density [164].

Measurements of dijets or back-to-back two-particle correlations offer more potential to experi-
mentally constrain the probed x region, in particular at low pT where multiple-interaction effects may
also play a role. Color Glass Condensate models make a specific prediction that the recoil jet is sup-
pressed, because (mini-)jets can be produced by scattering a parton off the color field in the nucleus
where the recoil momentum is carried by multiple gluons, unlike in a standard (semi-)hard 2-to-2 scat-
tering where all the recoil momentum is carried by a single jet [145,162,165]. A suppression of the recoil
yield has been observed at lower energies at RHIC [144], close to the kinematic limit, where suppression
of the yield by multiple scattering or energy loss in the initial state may also be important [166, 167]. At
the FCC, such measurements can be performed over a broad kinematic range in both x and Q2, which
will allow to disentangle different effects.

The potential of recoil measurements at FCC is illustrated in Fig. 20 (right), which shows the
azimuthal distribution of π0 recoiling from a prompt photon trigger particle, both at forward η = 3. The
double-peak structure on the away side is a characteristic prediction of CGC calculations [162,168]. The
recoil signal at FCC energies is smaller than at the LHC due to the larger gluon density at lower x.

The recoil suppression can be also be explored using dijets at forward rapidity [169, 170]. Fig-
ure 21 shows the expected broadening of the ∆φ distribution in p–Pb versus pp collisions at the FCC (left
panel, the p–Pb curve as been divided by A), as well as the expected nuclear modification factors for di-
jets as a function of the transverse momentum of the leading jet pT,jet, in the recoil region (middle panel,
for ∆φ ≈ π) and in the “underlying event” region (right panel, for ∆φ away from π). Both jets have
rapidity 3.5 < yjet < 4.5. A clear suppression is visible –strongest in the recoil region– which persists

12The magnitude of the effect is very sensitive to the specific form employed for evolution and to whether the calculation is
done at LO or at NLO. Furthermore, the formalism employed in these calculations is expected to work better in p–A than in
pp. This fact would amount to a sizeable uncertainty in the ratio.

13Nevertheless, it must be kept in mind the existence of sizeable uncertainties due to differences in the order in perturbation
theory and in phenomenological details between both calculations.
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back-to-back pairs (right panel) and pairs in the underlying even region ∆φ ≈ π (middle panel).

to much larger pT,jet > 100 GeV/c than at LHC, where the suppression is small at pT,jet ≈ 50 GeV/c.
These calculations clearly show that the effects of saturation are expected to persist to high pT, much
larger than the saturation scale, as long as the transverse momentum imbalance of the dijet system does
not exceed a few times QS. We note that an optimistic scenario was considered for the ratio QS,Pb/QS,p,
whose value at FCC energies is a bit uncertain.

5.1.3 Constraining nuclear parton densities at largeQ2

5.1.3.1 Constraining nPDFs with W and Z production in p–Pb collisions

The production of on-shell W and Z bosons at hadron colliders probes the PDFs at large Q2 ∼M2
W,Z ∼

104 GeV2 and at momentum fractions around x1,2 = (MW,Z/
√
s) e±y such that an order of magnitude

increase in
√
s from the LHC to the FCC extends the small-x reach similarly by an order of magnitude. In

addition, the cross sections are larger and the rapidity distributions broader such that these cross sections
could be more easily measured (with wide-enough detectors) in a larger phase space than at the LHC. The
increase of the production cross sections (computed at NLO by MCFM [171] using CT10NLO proton
PDFs [172]) from RHIC energies to the FCC is illustrated for the case of Z production in the left-hand
panel of Fig. 22. Due to the large FCC energy, the expectations are that within most of the experimental
rapidity coverage (here assumed |yFCC| < 4) the cross sections are suppressed due to shadowing in
nuclear PDFs, whereas at the LHC (here, |yLHC| < 3) the probed region is on both sides around the
anti-shadowing peak. This is sketched in the right-hand panel of Fig. 22, which shows the approximate
x intervals probed at the LHC and FCC including the average nuclear modifications of sea and valence
quarks according to EPS09 nuclear PDFs [88] at scale Q2 = (100 GeV)2.

Estimates of the rapidity distributions in p–Pb collisions at the FCC with and without nuclear shad-
owing are shown in Fig. 23 for W (left-hand panel) and Z production (right-hand panel). As expected,
the predictions based on EPS09 nuclear effects show suppression down to y ∼ −3. The uncertainties
on the size of the nuclear effects might be significant. This is caused by the simplified functional forms
assumed for small-x distributions (for the lack of experimental high-Q2 data at small x), but also by
the fact that the partonic channels that contribute at the FCC are more diverse. Indeed, the scatterings
between heavier sea quarks (e.g. cs and sc inW production, ss and cc in Z production) play a significant
role at the FCC energies, while the currently available nuclear PDFs analyses have not extensively tuned
e.g. the s-quark distribution.
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5.1.3.2 Constraining nPDFs with top-quark pair-production

At hadron colliders, top quarks are produced either in pairs, dominantly through the strong interaction, or
singly through the weak interaction. At the energies considered here, the dominant production channels,
as obtained at NLO accuracy [86] with the MCFM code [171], are (Fig. 8 left): (i) gluon-gluon fusion,
g g → tt + X , contributing by 80–95% to the total pair production (the remaining 5–20% issuing from
quark-antiquark annihilation), (ii) t-channel single-top electroweak production q b → q′ t + X (the s-
channel process, decreasing with energy, amounts to 5–1.5% of the total single-t cross section), and
(iii) associated top plus W -boson, g b → W t + X , production (increasing with energy, it amounts to
25–50% of the t-channel process). In pp collisions at the LHC, top-quark production is already being
used as a high-precision tool to constrain the gluon distribution function in the proton at next-to-NLO
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(NNLO) accuracy [173]. At the energies attainable in p–Pb and Pb–Pb collisions at the FCC, the same
studies would be feasible also for the nuclear PDFs. The top-quark, the only coloured particle that
decays before its hadronization, decays almost exclusively into a t→W b final-state with a nearly 100%
branching ratio, and the W can themselves decay leptonically (t→W b→ ` ν, b, one-third of the times)
or hadronically (t → W b → qq b, two-thirds of the times). Its short lifetime, τ0 = ~/Γt ≈ 0.1 fm/c,
implies that most of the (non-boosted) top quarks will decay before any significant gluon radiation and
before the formation of any strongly-interacting medium (typical QGP formation times are O(1 fm/c)).
To avoid any potential bias from parton energy loss effects on the top-decay quarks, one can study nPDFs
by analysing the distributions of the (isolated) charged leptons (` = e, µ) in events clearly identified as
containing top-quarks. To estimate the impact that the FCC would have on nuclear gluon densities the
computed top-pair cross sections in pp, p–Pb and Pb–Pb with analysis cuts (see discussion for Table. 3)
have been binned in the rapidity y` of the decay leptons. In the p–Pb and Pb–Pb cases the calculations
include EPS09 nuclear modifications [88] for PDFs.

The left panels of Fig. 24 show pseudodata distributions for the expected nuclear modification fac-
tors RpPb(y`) = dσpPb(y`)/(Adσpp(y`)) and RPbPb(y`) = dσPbPb(y`)/(A

2 dσpp(y`)) in minimum-
bias collisions (Table. 3). The assigned uncertainties include statistical errors based on the luminosities
of 8 pb−1 and 33 nb−1 for p–Pb and Pb–Pb, a 5% uncorrelated systematic uncertainty, and an overall 5%
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normalization error. The effects these pseudodata would have in EPS09 global fit of nuclear PDFs are
quantified via the Hessian reweighting technique [174]. The expected impact of these measurements on
gluon PDF nuclear modification factor RPb

g (x,Q2) = gPb(x,Q2)/gp(x,Q2) at Q2 = m2
top are shown

in Fig. 24 (right). The uncertainties on the nuclear gluon PDF are observed to reduce by more than 50%
in some regions of x.

5.1.3.3 Constraining nPDFs with dijets in p–Pb collisions

Dijet measurements at LHC have proven to be sensitive to the shadowing and anti-shadowing of quarks
in nPDFs. A shift of the average rapidity of the dijet system for jets with pT > 100 GeV/c was observed
in p–Pb collisions [175]. This shift is consistent with the expectations from (small) modifications due to
nuclear parton density functions. Precision measurements of this type can thus improve our knowledge
of nuclear PDFs in regions that are not well constrained by existing measurements [176].

5.1.4 Relation with the proposed electron–hadron colliders
Electron–proton/ion colliders at high energies, while having smaller kinematic coverage with respect to
hadronic colliders, offer the advantage of fully constrained kinematics and a much cleaner experimental
environment. It is widely recognized that the physics programs at electron–proton/ion colliders and
hadron colliders are complementary, and that the precise data obtained from electron–proton/ion colliders
can further enhance the physics opportunities of hadron colliders. In the context of the Electron-Ion
Collider in the USA [177], that is already included in the NSAC 2015 Long Range Plan, this general
argument has been substantiated in detail and the synergies between the ongoing RHIC program and
an EIC project are documented. In the context of the LHC hadron collider program, the Large Hadron
Electron Collider LHeC [178] and the FCC-he are proposed facilities to provide electron-proton/ion

Fig. 25: Regions in the x − Q2 plane already studied in present DIS and DY experiments (light green),
and accessible at the LHeC (dark blue) and different versions of the FCC-he (light green and light blue),
and at the FCC p–Pb (black). Values of the saturation scale are shown for illustration.
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collisions in the TeV regime in the centre-of-mass. With the larger kinematic reach at the TeV scale,
these latter projects are well-positioned to reach conclusive evidence for the existence of a new saturated
regime of QCD. For that, the electron beam from an accelerator of about 60 GeV would collide with the
LHC or FCC proton or heavy-ion beams. The kinematic coverage of such machines is given in Fig. 25.
They are clearly complementary with the FCC-hh as they should provide a precise knowledge on the
partonic structure of nucleons and nuclei and on the small-x dynamics. Such knowledge will allow QCD
studies at hadronic colliders, both in pp and in p–A and A–A, to become rid of several of their most
important uncertainties, as PDFs and the values of αs and of heavy quark masses. They will also set the
benchmark for precision factorisation tests.

5.2 Exclusive photoproduction of heavy quarkonia
All charges accelerated at high energies generate electromagnetic fields which, in the equivalent photon
approximation (EPA) [179–181], can be considered as quasireal γ beams of very low virtuality Q2 <
1/R2, where R is the radius of the charge, i.e., Q2 ≈ 0.08 GeV2 for protons (R ≈ 0.7 fm), and
Q2 < 4 · 10−3 GeV2 for nuclei (RA ≈ 1.2A1/3 fm, for mass number A > 16). The photon spectra
have a typical E−1

γ power-law fall-off up to energies of the order of the inverse Lorentz-contracted
radius, ωmax ≈ γL/R, where γL =

√
sNN/(2mp) is the Lorentz factor of the proton or ion. Given that

the photon flux scales with the square of the emitting charge (Z2), the emission of quasireal photons
from the Pb-ion is strongly enhanced compared to that from proton (or electron) beams. The basic
characteristics of photon-induced interactions in “ultraperipheral” collisions (UPCs) of proton [182] and
lead (Pb) beams [183] —occurring at impact parameters larger than the sum of their radii and thereby
largely suppressing their hadronic interaction— at the FCC are listed in Table 4.

Exclusive photoproduction of vector mesons in UPCs of protons or ions —where an exchanged
quasireal photon “materializes” into aQQ bound state after interacting with the gluon field of the “target”
proton (ion), without breaking the colour flow and thereby leaving intact the incoming hadrons— is
depicted in Fig. 26 (left). Since in such processes the gluon couples directly to the c or b quarks and the
cross section is proportional to the gluon density squared, they provide a very clean probe of the gluon
density in the “target” hadron [184–186], with the large mass of the J/ψ and Υ mesons providing a hard
scale for pQCD calculations [187,188]. Exclusive quarkonia photoproduction was measured in electron-
proton collisions at HERA [189–192], and in ultraperipheral proton–proton and nuclear collisions at the
LHC [193–197].

Their measured cross sections rise steeply with photon-hadron centre-of-mass energy Wγp, fol-
lowing a power-law dependence W δ

γp with δ = 0.7–1.2 [190, 191], reflecting the steep rise in the gluon
density in the hadrons at increasingly lower values of parton fractional momentum x (Fig. 26, right). At
the FCC, J/ψ and Υ photoproduction will reach photon-hadron c.m. energies as large asWγ p ≈ 10 TeV,
and thereby probe the gluon density in the proton and ion in an unexplored region values of Bjorken-x as

Table 4: Basic characteristics of UPCs at the FCC-hh: (i) nucleon-nucleon c.m. energy,
√
sNN, (ii) beam

Lorentz factor, γL , (iii) maximum photon energy in the c.m. frame, ωmax, and (iv) maximum γ-proton,
γ-ion c.m. energy, Wmax

γp,γA.

System
√
sNN γL ωmax Wmax

γp,γA

(TeV) (×103) (TeV) (TeV)

pp 100 53.0 17.6 10.0
p–Pb 63 33.5 0.95 10.0
Pb–Pb 39 21.0 0.60 7.0
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Fig. 26: Left: Diagram representing exclusive quarkonia photoproduction in UPCs. Right: Dependence
of the exclusive J/ψ photoproduction cross section on the photon-hadron c.m. energy in the regions
covered by HERA, LHC and future FCC studies [198].

low as x ≈ M2
J/ψ,Υ/W

2
γp ≈ 10−7, at least two orders of magnitude below the range probed at the LHC

(Fig. 17, right). As discussed in Section 5.1.1, in such a low-x regime, non-linear (gluon recombination)
QCD effects may become important, leading to a saturation of the PDFs [199–201]. The evolution of the
cross section with energy is very sensitive to the underlying small-x dynamics as shown by the bands in
Fig. 26 (right) showing different theoretical predictions based on LO and LO pQCD calculations [202],
colour dipole formalism [203, 204], and gluon saturation approaches (labelled CGC) [198, 205, 206].
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6 Contributions to other sectors of high-energy physics 14

6.1 Photon–photon collisions
In Section 5.2 we have discussed how the large electromagnetic fields produced by accelerated protons or
ions can be considered as quasireal γ beams of very low virtuality. Photon–photon collisions in UPCs of
proton [182] and lead (Pb) beams [183] have been experimentally observed at the LHC [195, 207–209].
Although the γ spectrum is harder for smaller charges –which favours proton over nuclear beams in the
production of heavy diphoton systems– each photon flux scales with the squared charge of the hadron,
Z2, and thus γ γ luminosities are extremely enhanced for ion beams (Z4 = 5 · 107 in the case of Pb–Pb).
Figure 27 (left) shows a typical γ γ process in UPCs (light-by-light scattering, in this particular case),
and Table 5 summarises the relevant parameters for ultraperipheral pp, p–Pb, and Pb–Pb collisions at
FCC energies.
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Fig. 27: Left: Diagram of elastic γ γ → γ γ scattering in an UPC where the initial-state photons are
emitted coherently by the protons and/or nuclei which survive the electromagnetic interaction. Right:
Effective photon–photon luminosities as a function of γ γ c.m. energy (Wγ γ) for five colliding sys-
tems at FCC and LHC energies: Pb–Pb at

√
s = 39, 5.5 TeV (at their corresponding nominal beam

luminosities); pp at
√
s = 100, 14 TeV (corresponding to 1 fb−1 integrated luminosities); and e+e−

at
√
s = 240 GeV (FCC-ee nominal luminosity per IP). The vertical dashed lines indicate the energy

thresholds for Higgs, W+W−, Z Z, and tt̄ production.

The figure of merit for UPC γ γ processes is the effective γ γ luminosity, dLeff/dWγ γ ≡
LAB dLγ γ/dWγ γ , where LAB is the collider luminosity for the AB system and dLγ γ/dWγ γ

is the photon–photon luminosity as a function of the γ γ centre-of-mass energy Wγ γ , ob-
tained integrating the two photon fluxes over all rapidities y, i.e., d2Lγ γ/dWγ γdy =
(2/Wγ γ)fγ/A(Wγ γ/2e

y)fγ/B(Wγ γ/2e
−y). Figure 27 (right) shows a comparison of the dLeff/dWγ γ

reachable as a function of Wγ γ for five different colliding systems at LHC and FCC energies. Two-
photon centre-of-mass energies at the FCC will reach for the first time the range beyond 1 TeV. Clearly,
Pb–Pb at

√
sNN = 39 TeV provides the largest two-photon luminosities of all colliding systems. The ef-

fective luminosities are very high up to large diphoton masses (in the next section we present a case study
for the measurement of light-by-light scattering above mγγ = 5 GeV that profits from the large photon
fluxes available at FCC). The vertical lines in Fig. 27 show the thresholds for photon-fusion production
of Higgs, W+W−, Z Z, and tt̄. All such processes, sensitive to different tests of the electroweak sector
of the Standard Model (SM) [210], such as anomalous quartic-gauge couplings and top-electroweak mo-

14Editors: D. d’Enterria, J.-P. Lansberg
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Table 5: Characteristics of γ γ → γ γ processes at the FCC-hh: (i) nucleon-nucleon c.m. energy,
√
sNN,

(ii) integrated luminosity LAB · ∆t (LAB are beam luminosities –for low pileup in the pp case– and a
“year” is ∆t = 107 s for pp, and 106 s in the ion mode), (iii) beam Lorentz factor, γL, (iv) maximum
photon energy in the c.m. frame, ωmax, and (v) maximum photon-photon c.m. energy,

√
smax
γ γ . The last

two columns are (vi) cross sections, and (vii) expected number of counts/year after selection cuts, for the
exclusive γ γ → γ γ process at masses above 5 GeV.

System
√
sNN LAB ·∆t γL ωmax

√
smax
γ γ σexcl

γ γ→γ γ N
cuts

γ γ

(TeV) (per year) (×103) (TeV) (TeV) [mγγ > 5 GeV]

pp 100 1 fb−1 53.0 17.6 35.2 240 ± 24 fb 50
p–Pb 63 8 pb−1 33.5 0.95 1.9 780 ± 78 pb 1 200
Pb–Pb 39 33 nb−1 21.0 0.60 1.2 1.85± 0.37 µb 16 500

ments, should have visible counts at the FCC(Pb–Pb) although dedicated studies need to be carried out
in order to estimate the significance of the corresponding observations.

Case study: light-by-light scattering
It has been demonstrated that one can detect the very rare elastic scattering of two photons in vacuum,
γ γ → γ γ, a simple yet unobserved process so far (Fig. 27, left), using the large quasireal photon fluxes
of the ions accelerated at TeV energies at LHC and FCC energies [211, 212]. Such a measurement at
the LHC will constitute the first-ever observation of a fundamental quantum mechanical process in the
lab, whereas at the FCC, due to the higher diphoton masses reached, one may be sensitive to physics
beyond the SM through new heavy charged particles contributing to the virtual loop in Fig. 27 (left)
such as, e.g., from SUSY particles [213]. Light-by-light (LbyL) scattering has also been proposed as a
tool to search for monopoles [214], axions [215], unparticles [216], low-scale gravity effects [217], and
non-commutative interactions [218].

We update here the results of Ref. [212] to account for factors ×6.5 and ×8 increase in the FCC
luminosities considered now for the Pb–Pb and p–Pb systems (see Section 2). The UPC final-state
signature is the exclusive production of two photons, A B

γ γ−−→ A γ γ B, with the diphoton final-state
measured in the central detector, and A,B = p,Pb surviving the electromagnetic interaction scattered at
very low angles with respect to the beam. In the equivalent photon approximation (EPA), the elastic
γ γ production cross section in UPCs of hadrons A and B factorizes into the product of the elementary
γ γ → γ γ cross section at √sγ γ , convoluted with the photon fluxes fγ/A,B(ω) of the two colliding
beams:

σexcl
γ γ→γ γ = σ(AB

γ γ−−→ Aγ γB) =

∫
dω1dω2

fγ/A(ω1)

ω1

fγ/B(ω2)

ω2
σγ γ→γ γ(

√
sγ γ ) , (7)

where ω1 and ω2 are the energies of the photons emitted by A and B, fγ/p(ω) is the spectrum derived from
the proton elastic form factor [219], and fγ/A(ω) the impact-parameter dependent expression for the ion
spectrum [220] including a correction equivalent to ensuring that all collisions are purely exclusive, i.e.,
without hadronic overlap and breakup of the colliding beams [221]. The MADGRAPH v.5 Monte Carlo
(MC) [222] framework is used to convolute the γ fluxes with the LO expression for the σγ γ→γ γ cross
section [223] including all quark and lepton loops, but omitting the W± contributions which are only
important at mγγ & 200 GeV. Inclusion of next-to-leading-order QCD and QED corrections increases
σγ γ→γ γ by a few percent only [223]. Propagated uncertainties to the final cross sections are of order
±10% (±20%) for pp and p–Pb (Pb–Pb) collisions, covering different form-factors parametrizations and
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the convolution of the nuclear photon fluxes. The obtained signal cross sections σexcl
γ γ→γ γ are listed in

Table 5, and plotted as a function of c.m. energies in the range
√
sNN = 1–100 TeV in Fig. 28 (left). The

increase in cross sections from LHC to FCC is of O(2–5). The cross sections are in at the µb level at the
FCC, clearly showing the importance of the Z4-enhanced photon-flux for ions compared to protons.

The detectable number of γ γ → γ γ events is estimated by considering nominal luminosi-
ties for each system, geometric detector acceptance, and reconstruction efficiencies. Standard trig-
ger+acceptance requirements (both photons with pγT > 2 GeV/c within |ηγ | < 5) reduce the yields
by εacc ≈ 0.3 (pp and p–Pb), and 0.4 (Pb–Pb). Accounting for typical offline γ reconstruction and
identification efficiencies (εrec,id γ ≈ 0.8 in the photon energy range of interest) results in final combined
signal efficiencies of εγ γ = εacc · ε2

rec,id γ ≈ 20% (pp, p–Pb) and 26% (Pb–Pb). The number of events
expected per year are obtained viaN excl

γ γ = εγ γ ·σexcl
γ γ ·LAB ·∆t (Table 5). The nominal p–Pb and Pb–Pb

luminosities are low enough to keep the number of simultaneous collisions well below one, but pileup
in pp is very high and only O(1 fb−1/year) can be collected under conditions that preserve the rapidity
gaps adjacent to the central γ γ system (unless one can tag the outgoing quasielastically-scattered pro-
tons [224]). Clearly, Pb–Pb provides the best signal counting rates, with statistical uncertainties of order
1/
√
N excl
γ γ ∼ 1%.

Three potential backgrounds share the same (or very similar) final-state signature as γ γ → γ γ: (i)
diphoton production through a quark-loop in the color-singlet exchange of two gluons, A B

g g−→ A γ γ B
(“central exclusive production”, CEP), (ii) QED γ γ → e+e− events, with both e± misidentified as
photons, and (iii) diffractive Pomeron-induced (IPIP , or γIP ) processes with final-states containing two
photons plus rapidity gaps. The latter diffractive and γ-induced final-states have larger pγ γT and diphoton
acoplanarities than γ γ → γ γ, and can be efficiently removed. However, the CEP gg → γ γ background
(observed at Tevatron [225] and theoretically described by the SUPERCHIC [226] MC) scales with the
fourth power of the gluon density and is a large potential background. In Pb–Pb at FCC(39 TeV), the
CEP cross section within |η| < 5 is indeed very large: σCEP

gg→γ γ [mγ γ > 5 GeV] = 1.3 nb ×2082 ×
(R

Pb/p

g )4 ≈ 14 µb (with a factor of ∼ 3 uncertainty) as obtained with SUPERCHIC 2.02 [227] and the

MMHT2014 PDFs [228], where R
Pb/p

g ≈ 0.7 is the Pb gluon shadowing according to the EPS09 nuclear
PDF modifications [88]. Typical CEP photon pairs peak at pγ γT ≈ 0.5 GeV/c and have moderate tails
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in their azimuthal acoplanarity ∆φγ γ , whereas photon-fusion systems are produced almost at rest. By
imposing very tight cuts in the pair momentum, pγ γT . 0.1 GeV/c and acoplanarity ∆φγ γ − π . 0.04,
the CEP γ γ can be reduced to ∼ 400 nb. The very large exclusive Pb–Pb

γ γ−−→ e+e− QED cross
section, σQED

γ γ→e+e− [me+e− > 5 GeV] = 26 mb according to STARLIGHT [229], similarly enhanced by
the Z4 factor as the LbyL signal, can be of concern if neither e± track is reconstructed or if both e±

undergo hard bremsstrahlung. Requiring both e± to fall within the central acceptance and be singly
misidentified as photons with probability fe→γ ≈ 0.5%, results in a residual γ γ → γ(e+) γ(e−) cross
section of ∼ 120 nb. After cuts, both backgrounds are thereby smaller than the expected visible LbyL
cross section of∼ 500 nb. Figure 28 (right) shows the γ γ invariant mass distributions for signal and CEP
and QED backgrounds (after cuts) in one Pb–Pb run at the FCC. We expect about N excl

γ γ ≈ 16 500 signal
counts (reaching diphoton masses above 100 GeV) compared to ∼ 13 000 and ∼ 4 000 CEP and QED
counts respectively. The overall (profile likelihood) significance of the signal in the integrated yields is
S ≈ 35, considering 20% and 50% theoretical uncertainties on LbyL and CEP yields respectively (the
QED background can be easily well-measured beforehand).

In summary, light-by-light scattering, a rare fundamental quantum-mechanical process that has
escaped experimental observation so far, can be measured at the LHC [211] and FCC [212] exploiting
the large quasireal photon fluxes in electromagnetic interactions of protons and ions accelerated at TeV
energies. The increase in γ γ → γ γ yields from LHC to FCC is ofO(200) thanks to factors of×30 larger
cross sections times luminosities, and ×2 in the experimental acceptance. The measurement of elastic
γ γ scattering at the LHC will be the first-ever observation of such fundamental quantum mechanical
process in the lab. At the FCC, the higher-masses of the produced diphoton system may be sensitive to
new-physics effects predicted in various SM extensions.

6.2 Fixed-target collisions using the FCC proton and lead beams
Fixed-target experiments have brought decisive contributions to particle and nuclear physics. They have
led to particle discoveries such as those of Ω−, J/ψ, Υ, etc., as well as evidence for the novel dynamics
of quarks and gluons in heavy-ion collisions. In accessing the high Feynman xF domain15 and in offer-
ing a number of options for polarised and unpolarised proton and nuclear targets, they have also led to
the observation of surprising QCD phenomena: the breakdown of the Lam-Tung relation, colour trans-
parency, higher-twist effects at high xF , anomalously large single- and double-spin correlations, and the
breakdown of factorisation in J/ψ hadroproduction at high xF in proton-nucleus collisions (see [230]
and references therein). The fixed-target mode indeed offers critical advantages that remain still nowa-
days difficult to challenge by collider experiments, and hence their complementarity. Let us emphasise
four of key assets, among others: accessing the high Feynman xF domain, achieving high luminosities
with dense targets, varying the atomic mass of the target almost at will, and polarising the target. It is
therefore legitimate to investigate the physics opportunities which are offered by the ultra-high energy
proton and lead beams of the FCC-hh impinging on a fixed target16. We will refer in the following to
such a set-up as to AFTER@FCC.

6.2.1 Colliding ultra-high-energy protons and ions on fixed targets
6.2.1.1 Fixed-target kinematics

Contrary to the case of colliding beams of equal energies for which the c.m.s. frame obviously corre-
sponds to the laboratory frame, one has to account for the boost (γlab

c.m.s.) and the rapidity shift (∆ylab
c.m.s.)

15xF is defined as the difference on the Bjorken x values for the two partons that enter the hard scattering process, xF =
x1 − x2.

16A list of physics opportunities offered by the use of the multi-TeV proton and lead LHC beams on a fixed target can be
found in Ref. [230]. We refer to Ref. [231] for the specific case of quarkonium studies, for spin physics to Refs. [232–236] and
for heavy-ion physics with lead beam to Refs. [231, 237, 238].
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between the c.m.s. frame of the fixed-target collision and the laboratory frame. These are respectively
γlab

c.m.s. =
√
s/(2mp) and ∆ylab

c.m.s. = ln(γlab
c.m.s. +

√
(γlab

c.m.s.)
2 − 1). Consequently, the available c.m.s.

energy is much lower than in the collider mode, on the order of 200–300 GeV in the FCC case depending
on the beam energy (see Table 6).

The region of central c.m.s. rapidities, yc.m.s. ' 0, is thus highly boosted at an angle with respect to
the beam axis of about one degree in the laboratory frame. The entire backward hemisphere, yc.m.s. < 0,
is thus easily accessible with standard experimental techniques. With the FCC, the rapidity shift is on
the order of 5–6, whereas it is 4.8 for the 7 TeV LHC beams (see also Table 6). A detector covering
2 < ηlab < 6 would thus cover nearly half of the physical phase space of the fixed-target mode. In terms
of kinematics, the advantage of such a mode running at ultra high beam energies is that particles nearly
at the end of the phase space at backward c.m.s. rapidities, which would not be detectable in the collider
mode, are at large angle and can be detected since they do not fly in the beam pipe.

Table 6: Comparison between the beam and kinematics parameters for the proposed FCC with proton
and lead beams [7] and that of the LHC, including the fixed-target energies, the boost (γlab

c.m.s.) and the
rapidity shift (∆ylab

c.m.s.) between the c.m.s. of the fixed-target collision and the laboratory frame.

p@LHC Pb@LHC p@FCC Pb@FCC

(25 and 5 ns spacing)

Beam Energy (Eb = Z
A
Ep) [TeV] 7 2.76 50 19.71

Number of bunches stored 2808 592 10600/53000 2072

Number of particles (Np) per bunch [108] 1150 0.7 1000/200 2.0

Circumference [km] 26.659 26.659 100 100

Revolution frequency [kHz] 11.25 11.25 3 3

Particle flux [s−1] 3.6× 1018 4.6× 1014 3.2× 1018 1.2× 1015

Nucleon–Nucleon c.m.s. energy (
√
sNN =√

2EbmN ) [GeV]
114.6 72.0 306.6 192.5

Lorentz factor (γlab
c.m.s. =

√
Eb
2mp

) 61.0 38.3 163.1 102.4

∆ylabc.m.s. = ln(γlab
c.m.s. +

√
(γlab

c.m.s.)2 − 1) 4.80 4.33 5.79 5.32

6.2.1.2 Beam extraction vs. internal gaseous target

There are two promising techniques to achieve the fixed-target mode with ultra-high energy beams: the
slow extraction by a bent crystal or an internal gas target. Both of them are currently being investigated
on the LHC beams.

For what concerns the slow extraction by a bent crystal, a first computation of the approximate
deflection efficiency as a function of crystal length, along the lines of [239] for a single pass, was pre-
sented for the FCC in [240]. It was found that the efficiency (excluding surface transmission) in Si (110)
is 84% for a 50 TeV beam at a deflection angle of 0.5 mrad, as approximately required for the passage
of a septum blade downstream which is required for further extraction. This efficiency corresponds to
an optimal crystal length of L/LD = 0.085, thus to a length of 1.6 m. It was, however, stressed that
such a length is probably overestimated since it was evaluated for a single pass only. Results of the order
20–30 cm are certainly not unrealistic.

The beam extraction may however not be the only way to perform fixed-target experiments at col-
liders. The injection of a small amount of gas into the detector region of a running machine is sufficient
to increase the probability of beam-gas interactions such as to reach large luminosities – yet at essentially
zero cost in terms of the beam lifetime. In fact, the LHCb experiment running at the LHC has imple-
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mented this idea. The initial objective of their system, referred to as SMOG for System for Measuring
Overlap with Gas (SMOG), was to monitor the beam luminosity [241]. SMOG has so far proven to be
functioning well, while not disturbing the primary beam17.

In order to derive the luminosities that can be expected in the fixed-target mode with the beams of a
future collider like the FCC, we need to account for some specific parameters (see Table 6), some of them
like the beam loss are not yet well known. Indeed, in the case of the extraction with the LHC beam with
a bent crystal positioned in the beam halo, an extraction flux corresponding to half of the beam loss has
been assumed [230, 242]. Lacking such numbers in the FCC case, we will take as a working hypothesis
that such a parasitic mode is reached with an extracted flux corresponding to 5% of the protons stored in
the FCC per fill.

Table 7 summarises the estimated luminosities for the two modes (slow extraction and internal
target), for the proton and Pb beams at the FCC. Two options for the internal target case are considered:
one is similar to the LHCb SMOG system with a slightly higher pressure; the other is inspired by the
HERMES target system used at DESY [243], which offers the possibility to have polarised hydrogen,
deuterium or helium targets. The injection of heavier inert gases is also possible. In this case, the limit on
the target density is determied by the maximum acceptable impact on the collider-mode luminisity and
by the detector readout capabilities. Yearly luminosities, as for AFTER@LHC, for the FCC proton beam,
range from 1 fb−1yr−1 up to 60 fb−1yr−1 with light targets and, for the Pb beam, from 40 nb−1yr−1 up
to 2 pb−1yr−1 with a long hydrogen target.

Table 7: For the FCC extracted beam, the extracted flux is calculated by assuming that 5% of the beam
is used per fill of 10 hours and the luminosities are calculated for the case of targets that are 1 cm thick
for Be and W and 1m long for liquid hydrogen. The values for the internal gas-target (à la SMOG) are
calculated using the same parameters as in [235] for an ideal gas at a pressure of 10−6 mbar in a zone
of 100 cm. Those for an internal gas storage-cell target (à la HERMES) are computed for a target areal
density of 2.5 · 1014 cm−2 (H2), 3.2 · 1014 cm−2 (D2) and 3.8 · 1013 cm−2 (Xe) [244]. A year is assumed
to be 107 s for p and 106 s for Pb for both FCC and LHC cases.

p@LHC Pb@LHC p@FCC Pb@FCC

Extracted beam on an external
target

liq. H / Be / W liq. H / Be / W liq. H / Be / W liq. H / Be / W

Extracted flux [s−1] 5 · 108 2 · 105 1.5 · 109 5.8 · 105

L(µb−1s−1) 2000 / 62 / 31 0.8 / 0.025 / 0.013 6000 / 190 / 93 2.32 / 0.072 / 0.036∫
dtL(pb−1yr−1) 20000 / 620 / 310 0.8 / 0.025 / 0.013 60000 / 1900 / 930 2.32 / 0.072 / 0.036

Internal gas target (SMOG
type)

ideal gas ideal gas ideal gas ideal gas

L(µb−1s−1) 10 0.001 8.9 3.3 · 10−3∫
dtL(pb−1yr−1) 100 0.001 89 3.3 · 10−3

Internal gas storage-cell target
(HERMES type)

H2 / D2 / Xe H2 / D2 / Xe H2 / D2 / Xe H2 / D2 / Xe

L(µb−1s−1) 900 / 1200 / 140 0.12 / 0.15 / 0.02 800 / 1100 / 120 0.3 / 0.4 / 0.05∫
dtL(pb−1yr−1) 9000 / 12000 / 1400 0.12 / 0.15 / 0.02 8000 / 11000 / 1200 0.3 / 0.4 / 0.05

17 LHCb took data from proton-neon and lead-neon collisions over short periods during beam tests in 2012 and 2013, as
well as in 2015 from collisions of proton-neon (12 hours), proton-helium (8 hours) and proton-argon (3 days) at 110.4 GeV and
lead-argon (1 week) and proton-argon (a few hours) at 68.6 GeV.
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6.2.2 Physics opportunities
It is of course impossible to make an exhaustive list of the original measurements which can be carried
out with AFTER@FCC. We will limit our discussion here to some highlights. The list below would
certainly evolve with time with the future RHIC and LHC data. The c.m.s. energy range (per nucleon-
nucleon collisions) to be covered by such a setup would obviously not be new since it is that of RHIC
studies18 in pp collision from 200 to 500 GeV and d–A and A–A collisions at 200 GeV. Yet, the key
asset of the fixed-target mode, beside the much larger luminosities for the p–A systems than at RHIC,
is the extensive access towards very backward rapidities. This is crucial since it allows to study nuclear
effects in a wide rapidity range, thus to scan very different boosts between the probe and the nuclear
matter, be it hot (A–A collisions) or cold (p–A collisions). This may happen to be essential for instance
to disentangle the different processes involved in the quarkonium production in heavy-ion collisions. An
extensive rapidity coverage down to the target-ion rapidity can also help to study the origin of azimuthal
asymmetries, like the elliptic flow. Given the similarities with a setup like AFTER@LHC, we also
guide the readers to Refs. [230, 231, 231–238]. It has to be noted that measurements in the backward
c.m.s. region may require to look at probes with transverse momenta down to a few GeV. This is not an
issue since most of the particles released in the collisions fly forward; the multiplicities and the detector
occupancies in this region are expected to be easily tractable. It however remains to be studied if this can
be done with a detector also running in the collider mode with very high pT thresholds.

As it was discussed in [240], RHIC luminosities in pp collisions at 200 GeV are limited and could
not allow for the study of vector boson production close to threshold which can help us probe the large
x content in the proton and nucleus, 0.7 and above. These measurements are potentially sensitive to
threshold effects [245] which can also be relevant for the production of heavy BSM particles at colliders.
The production ofW andZ boson near thereshold could also enable the study of decay modes that cannot
be analysed at higher c.m.s. energies. Higgs boson production near threshold in p A collisions is very
challenging since gluons with enough energy to produce the Higgs boson are suppressed at high x, and
quark-induced reactions via vector boson fusion are disfavoured compared to gluon-gluon production.

With a longitudinally polarised target, the study of vector boson production opens the possibilities
to study (anti)quark helicity distributions in the proton at very large x. With deuterium and helium targets,
measurements can also be carried out on the neutron. Using a transversely polarised target allows one to
access transverse-momentum dependent distributions (TMDs) which are connected to the orbital angular
momentum carried by the partons. See [236] for a recent discussion for AFTER@LHC. The increase
in energy with AFTER@FCC, which is nearly three times higher, will allow one for studies of systems
with large scales where the applicability of the TMD factorisation will probably be even safer with more
event counts.

In summary, a setup as AFTER@FCC could be considered as a facility by itself opening a new
realm of investigations that would complement measurements carried out at RHIC and at lower energy
facilities.

18Not considering the so-called beam-energy-scan studies with limited luminosities.
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