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✦ FCC parameters for PbPb and pPb collisions:

FCC performance
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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 50p
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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Pb+Pb collisions in the 55–60% centrality interval from Ref. [9]. These two event classes are chosen to have similar
efficiency-corrected multiplicity of charged particles with pT > 0.5 GeV and |η| < 2.5, characterized by its average
value (⟨Nch⟩) and its standard deviation (σ): ⟨Nch⟩± σ ≈ 259± 13 for p+Pb collisions and ⟨Nch⟩± σ ≈ 241± 43 for
Pb+Pb collisions.
The Pb+Pb results on vn [9] were obtained via an event-plane method by correlating tracks in η > 0 (η < 0) with

the event plane determined in the FCal in the opposite hemisphere. The larger v2 values in Pb+Pb collisions can be
attributed to the elliptic collision geometry of the Pb+Pb system, while the larger v4 values are due to the non-linear
coupling between v2 and v4 in the collective expansion [54]. The v3 data for Pb+Pb collisions are similar in magnitude
to those in p+Pb collisions. However, the pT dependence of vn is different for the two systems. These observations
are consistent with similar comparisons performed by the CMS experiment [28].
Recently, Basar and Teaney [55] have proposed a method to rescale the Pb+Pb data for a proper comparison to
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FIG. 16: The coefficients v2 (top row), v3 (middle row) and v4 (bottom row) as a function of pT compared between p+Pb
collisions with 220 ≤ N rec

ch < 260 in this analysis and Pb+Pb collisions in 55–60% centrality from Ref. [9]. The left column
shows the original data with their statistical (error bars) and systematic uncertainties (shaded boxes). In the right column, the
same Pb+Pb data are rescaled horizontally by a constant factor of 1.25, and the v2 and v4 are also down-scaled by an empirical
factor of 0.66 to match the p+Pb data.

the p+Pb data. They argue that the vn(pT) shape in the two collision systems are related to each other by a constant
scale factor of K = 1.25 accounting for the difference in their ⟨pT⟩, and that one should observe a similar vn(pT)

✦ Collective behaviour in: 

✦ pA (flow coefficients survive with higher order cumulants)

Flow in small systems

9

arXiv:1409.1792
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✦ pp (Ridge-like structure observed in events with 
a higher multiplicity) arXiv:1009.4122

12 7 Long-Range Correlations in 7 TeV Data
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Figure 7: 2-D two-particle correlation functions for 7 TeV pp (a) minimum bias events with
pT > 0.1 GeV/c, (b) minimum bias events with 1 < pT < 3 GeV/c, (c) high multiplicity
(Noffline

trk � 110) events with pT > 0.1 GeV/c and (d) high multiplicity (Noffline
trk � 110) events

with 1 < pT < 3 GeV/c. The sharp near-side peak from jet correlations is cut off in order to
better illustrate the structure outside that region.

of particles and, therefore, has a qualitatively similar effect on the shape as the particle pT cut
on minimum bias events (compare Fig. 7b and Fig. 7c). However, it is interesting to note that
a closer inspection of the shallow minimum at Df ⇡ 0 and |Dh| > 2 in high multiplicity pT-
integrated events reveals it to be slightly less pronounced than that in minimum bias collisions.

Moving to the intermediate pT range in high multiplicity events shown in Fig. 7d, an unex-
pected effect is observed in the data. A clear and significant “ridge”-like structure emerges
at Df ⇡ 0 extending to |Dh| of at least 4 units. This is a novel feature of the data which has
never been seen in two-particle correlation functions in pp or pp̄ collisions. Simulations using
MC models do not predict such an effect. An identical analysis of high multiplicity events in
PYTHIA8 [34] results in correlation functions which do not exhibit the extended ridge at Df ⇡0
seen in Fig. 7d, while all other structures of the correlation function are qualitatively repro-
duced. PYTHIA8 was used to compare to these data since it produces more high multiplicity
events than PYTHIA6 in the D6T tune . Several other PYTHIA tunes, as well as HERWIG++ [30]
and Madgraph [35] events were also investigated. No evidence for near-side correlations cor-
responding to those seen in data was found.

The novel structure in the high multiplicity pp data is reminiscent of correlations seen in rel-
ativistic heavy ion data. In the latter case, the observed long-range correlations are generally
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✦ Formation and Temperature of the deconfined plasma 

✦ Quarkonia production depends on the balance between colour-
charge screening mechanism and possible recombination 

✦ Interaction mechanisms of heavy-quarks with plasma constituents 
and transport properties 

✦ Information on the energy loss/gain mechanisms

✦ Expected increase of temperature will result in: 

✦ Increase of thermal charm production; 

✦ Charmonium enhancement; 

✦ Bottomonium (re)generation;
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✦ Charmonium production when √scm ~ 2 mc ~ 3 GeV 

✦ Thermalised medium: energy of constituents ~ T (thermal-like 
exponential distribution) 

✦ FCC: TQGP > 500 MeV
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B. thermal averaged charm production cross sections

In the kinetic model to be used in the next section for study-
ing charm quark production and annihilation in a quark-gluon
plasma, thermal averaged cross sections are needed. In terms
of the thermal distribution functions fi(p) of quarks and glu-
ons in the quark-gluon plasma and the relative velocity vab of
two initial interacting partons a and b, the thermal averaged
cross section σab→cd for the reaction ab→ cd is given by [34]

⟨σab→cdv⟩ =

R

d3pad3pb fa(pa) fb(pb)σab→cdvab
R

d3pad3pb fa(pa) fb(pb)
= [4α2

aK2(αa)α2
bK2(αb)]

−1

×
Z ∞

z0
dz[z2 − (αa+αb)

2][z2 − (αa−αb)
2]

× K1(z)σ(s= z2T 2), (6)

with αi = mi/T , z0 = max(αa +αb,αc +αd), and K1 being
the modified Bessel function.

0.2 0.4 0.6 0.8
T(GeV)

0

0.5

1

1.5

2

2.5

<σ
qq

v>
 (µ

b)

Next-to-leading order 
Leading order

0.2 0.4 0.6 0.8
T(GeV)

0

1

2

3

4

5

6

<σ
gg

v>
 (µ

b)

Next-to-leading order 
Leading order

FIG. 2: (Color online) Thermal averaged cross sections for charm
pair production from quark-antiquark annihilation (left panel) and
gluon-gluon fusion in a quark-gluon plasma as functions of temper-
ature. The charm quark mass is taken to be mc = 1.3 GeV while
quarks and gluons are taken to have thermal masses given by Eq. (7).

In the quark-gluon plasma, quarks and gluons acquire ther-
mal masses. As an exploratory study, we include this effect in
their distribution functions but not in the calculation of their
scattering cross sections. For the thermal masses of quarks
and gluons, they are taken to be [35, 36]:

mq = gT/
√

6 and mg = gT/
√

2, (7)

where g is the QCD coupling constant and is taken to have
the value g =

√

4παs(2πT ). With the charm quark mass
mc = 1.3 GeV, the thermal averaged cross section for charm
production in a quark-gluon plasma is shown in Fig. 2 as
functions of the temperature of the quark-gluon plasma for
quark-antiquark annihilation (left panel) and gluon-gluon fu-
sion (right panel). For both reactions, thermal averaged cross
sections are significantly larger in the next-to-leading order
(solid line) than in the leading order (dashed line).

III. CHARM PRODUCTION IN HEAVY ION COLLISIONS
AT LHC

Using above thermal averaged charm production cross sec-
tions, we study in this section the time evolution of the abun-
dance of charm quark pairs in heavy ion collisions at LHC
using a kinetic model based on the rate equation that takes
into account both production and annihilation of charm quarks
in the produced quark-gluon plasma. For the dynamics of
the quark-gluon plasma, we describe it by a schematic hy-
drodynamic model and assume that both quarks and gluons
are in thermal and chemical equilibrium during the evolution.
We further assume that all produced charm quarks including
those produced directly from the initial hard collisions are also
in thermal equilibrium, although not in chemical equilibrium.
The latter is consistent with observed large elliptic flow of the
electrons from charmed meson decays in heavy ion collisions
at RHIC [37, 38], which requires that charm quarks interact
strongly in the quark-gluon plasma and thus are likely to reach
thermal equilibrium [39, 40, 41].

A. the rate equation

The time evolution of the number density of charm quark
pairs ncc̄ in an expanding quark-gluon plasma can be de-
scribed by the rate equation [42, 43]:

∂µ(ncc̄uµ) = Rqq̄→cc̄ +Rqq̄→cc̄g+Rgg→cc̄+Rgg→cc̄g

− Rcc̄→qq̄−Rcc̄g→qq̄−Rcc̄→gg−Rcc̄g→gg. (8)

In the above, uµ = γ(1,v) is the four velocity of a fluid ele-
ment in the quark-gluon plasma with velocity v and the cor-
responding Lorentz factor γ, and the terms on the left hand
side of above equation are the charm pair production and an-
nihilation rates. To the next-to-leading order, the charm pair
production rate is given by

Rqq̄→cc̄ = ⟨σqq̄→cc̄v⟩nqnq̄,

Rgg→cc̄ =
1
2
⟨σgg→cc̄v⟩n2

g,

Rqq̄→cc̄g = ⟨σqq̄→cc̄gv⟩nqnq̄,

Rgg→cc̄g =
1
2
⟨σgg→cc̄gv⟩n2

g, (9)

where ng, nq and nq̄ denote the gluon, quark, and antiquark
densities in the quark-gluon plasma, respectively, and they
are taken to have their equilibrium values. The leading-order
cross sections σqq̄→cc̄ and σgḡ→cc̄ in above equation are com-
puted from the processes in Eq.(1), while the next-leading-
order cross sections σqq̄→cc̄g and σgḡ→cc̄g include both the
processes in Eq.(3) and the virtual corrections to the leading-
order processes.

In Fig. 3, we show the thermal charm production rate as a
function of temperature with massive quarks and gluons in a

Average & for charm production:
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medium and charm production with gain 
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ing charm quark production and annihilation in a quark-gluon
plasma, thermal averaged cross sections are needed. In terms
of the thermal distribution functions fi(p) of quarks and glu-
ons in the quark-gluon plasma and the relative velocity vab of
two initial interacting partons a and b, the thermal averaged
cross section σab→cd for the reaction ab→ cd is given by [34]
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R
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FIG. 2: (Color online) Thermal averaged cross sections for charm
pair production from quark-antiquark annihilation (left panel) and
gluon-gluon fusion in a quark-gluon plasma as functions of temper-
ature. The charm quark mass is taken to be mc = 1.3 GeV while
quarks and gluons are taken to have thermal masses given by Eq. (7).

In the quark-gluon plasma, quarks and gluons acquire ther-
mal masses. As an exploratory study, we include this effect in
their distribution functions but not in the calculation of their
scattering cross sections. For the thermal masses of quarks
and gluons, they are taken to be [35, 36]:

mq = gT/
√

6 and mg = gT/
√

2, (7)

where g is the QCD coupling constant and is taken to have
the value g =

√

4παs(2πT ). With the charm quark mass
mc = 1.3 GeV, the thermal averaged cross section for charm
production in a quark-gluon plasma is shown in Fig. 2 as
functions of the temperature of the quark-gluon plasma for
quark-antiquark annihilation (left panel) and gluon-gluon fu-
sion (right panel). For both reactions, thermal averaged cross
sections are significantly larger in the next-to-leading order
(solid line) than in the leading order (dashed line).

III. CHARM PRODUCTION IN HEAVY ION COLLISIONS
AT LHC

Using above thermal averaged charm production cross sec-
tions, we study in this section the time evolution of the abun-
dance of charm quark pairs in heavy ion collisions at LHC
using a kinetic model based on the rate equation that takes
into account both production and annihilation of charm quarks
in the produced quark-gluon plasma. For the dynamics of
the quark-gluon plasma, we describe it by a schematic hy-
drodynamic model and assume that both quarks and gluons
are in thermal and chemical equilibrium during the evolution.
We further assume that all produced charm quarks including
those produced directly from the initial hard collisions are also
in thermal equilibrium, although not in chemical equilibrium.
The latter is consistent with observed large elliptic flow of the
electrons from charmed meson decays in heavy ion collisions
at RHIC [37, 38], which requires that charm quarks interact
strongly in the quark-gluon plasma and thus are likely to reach
thermal equilibrium [39, 40, 41].

A. the rate equation

The time evolution of the number density of charm quark
pairs ncc̄ in an expanding quark-gluon plasma can be de-
scribed by the rate equation [42, 43]:

∂µ(ncc̄uµ) = Rqq̄→cc̄ +Rqq̄→cc̄g+Rgg→cc̄+Rgg→cc̄g

− Rcc̄→qq̄−Rcc̄g→qq̄−Rcc̄→gg−Rcc̄g→gg. (8)

In the above, uµ = γ(1,v) is the four velocity of a fluid ele-
ment in the quark-gluon plasma with velocity v and the cor-
responding Lorentz factor γ, and the terms on the left hand
side of above equation are the charm pair production and an-
nihilation rates. To the next-to-leading order, the charm pair
production rate is given by

Rqq̄→cc̄ = ⟨σqq̄→cc̄v⟩nqnq̄,

Rgg→cc̄ =
1
2
⟨σgg→cc̄v⟩n2

g,

Rqq̄→cc̄g = ⟨σqq̄→cc̄gv⟩nqnq̄,

Rgg→cc̄g =
1
2
⟨σgg→cc̄gv⟩n2

g, (9)

where ng, nq and nq̄ denote the gluon, quark, and antiquark
densities in the quark-gluon plasma, respectively, and they
are taken to have their equilibrium values. The leading-order
cross sections σqq̄→cc̄ and σgḡ→cc̄ in above equation are com-
puted from the processes in Eq.(1), while the next-leading-
order cross sections σqq̄→cc̄g and σgḡ→cc̄g include both the
processes in Eq.(3) and the virtual corrections to the leading-
order processes.

In Fig. 3, we show the thermal charm production rate as a
function of temperature with massive quarks and gluons in a
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B. thermal averaged charm production cross sections

In the kinetic model to be used in the next section for study-
ing charm quark production and annihilation in a quark-gluon
plasma, thermal averaged cross sections are needed. In terms
of the thermal distribution functions fi(p) of quarks and glu-
ons in the quark-gluon plasma and the relative velocity vab of
two initial interacting partons a and b, the thermal averaged
cross section σab→cd for the reaction ab→ cd is given by [34]
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FIG. 2: (Color online) Thermal averaged cross sections for charm
pair production from quark-antiquark annihilation (left panel) and
gluon-gluon fusion in a quark-gluon plasma as functions of temper-
ature. The charm quark mass is taken to be mc = 1.3 GeV while
quarks and gluons are taken to have thermal masses given by Eq. (7).

In the quark-gluon plasma, quarks and gluons acquire ther-
mal masses. As an exploratory study, we include this effect in
their distribution functions but not in the calculation of their
scattering cross sections. For the thermal masses of quarks
and gluons, they are taken to be [35, 36]:

mq = gT/
√

6 and mg = gT/
√

2, (7)

where g is the QCD coupling constant and is taken to have
the value g =

√

4παs(2πT ). With the charm quark mass
mc = 1.3 GeV, the thermal averaged cross section for charm
production in a quark-gluon plasma is shown in Fig. 2 as
functions of the temperature of the quark-gluon plasma for
quark-antiquark annihilation (left panel) and gluon-gluon fu-
sion (right panel). For both reactions, thermal averaged cross
sections are significantly larger in the next-to-leading order
(solid line) than in the leading order (dashed line).

III. CHARM PRODUCTION IN HEAVY ION COLLISIONS
AT LHC

Using above thermal averaged charm production cross sec-
tions, we study in this section the time evolution of the abun-
dance of charm quark pairs in heavy ion collisions at LHC
using a kinetic model based on the rate equation that takes
into account both production and annihilation of charm quarks
in the produced quark-gluon plasma. For the dynamics of
the quark-gluon plasma, we describe it by a schematic hy-
drodynamic model and assume that both quarks and gluons
are in thermal and chemical equilibrium during the evolution.
We further assume that all produced charm quarks including
those produced directly from the initial hard collisions are also
in thermal equilibrium, although not in chemical equilibrium.
The latter is consistent with observed large elliptic flow of the
electrons from charmed meson decays in heavy ion collisions
at RHIC [37, 38], which requires that charm quarks interact
strongly in the quark-gluon plasma and thus are likely to reach
thermal equilibrium [39, 40, 41].

A. the rate equation

The time evolution of the number density of charm quark
pairs ncc̄ in an expanding quark-gluon plasma can be de-
scribed by the rate equation [42, 43]:

∂µ(ncc̄uµ) = Rqq̄→cc̄ +Rqq̄→cc̄g+Rgg→cc̄+Rgg→cc̄g

− Rcc̄→qq̄−Rcc̄g→qq̄−Rcc̄→gg−Rcc̄g→gg. (8)

In the above, uµ = γ(1,v) is the four velocity of a fluid ele-
ment in the quark-gluon plasma with velocity v and the cor-
responding Lorentz factor γ, and the terms on the left hand
side of above equation are the charm pair production and an-
nihilation rates. To the next-to-leading order, the charm pair
production rate is given by

Rqq̄→cc̄ = ⟨σqq̄→cc̄v⟩nqnq̄,

Rgg→cc̄ =
1
2
⟨σgg→cc̄v⟩n2

g,

Rqq̄→cc̄g = ⟨σqq̄→cc̄gv⟩nqnq̄,

Rgg→cc̄g =
1
2
⟨σgg→cc̄gv⟩n2

g, (9)

where ng, nq and nq̄ denote the gluon, quark, and antiquark
densities in the quark-gluon plasma, respectively, and they
are taken to have their equilibrium values. The leading-order
cross sections σqq̄→cc̄ and σgḡ→cc̄ in above equation are com-
puted from the processes in Eq.(1), while the next-leading-
order cross sections σqq̄→cc̄g and σgḡ→cc̄g include both the
processes in Eq.(3) and the virtual corrections to the leading-
order processes.

In Fig. 3, we show the thermal charm production rate as a
function of temperature with massive quarks and gluons in a
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Recombination proportional to rapidity density of charm pairs in the QGP

Expected to be larger at FCC: 
➡ Hard scattering &cc (x 2-2.5) 
➡ Thermal production (x 1.5)
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Fig. 14: Nuclear modification factor RAA of J/ 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 ⌥(1S)?
The measurement of ⌥ 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 ⌥ (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 ⌥ state, up to about twice
the critical temperature. However, should this trend persist, one could anticipate a strong suppression of
the fundamental state ⌥(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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temperature. Right: RAA for ⌥(1S) in Pb–Pb collisions at

p
sNN = 40 TeV as predicted by the Statistical

Hadronization Model [107, 110].

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 ⌥ 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 ⌥(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 d�bb/dy in nucleon–nucleon collisions at

p
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 ⌥(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 ⌥ RAA and elliptic flow v2.
The elliptic flow measurements would be particularly important because the regenerated ⌥ states could
exhibit a v2 such that 0 < v⌥2 < vB2 .
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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 ⌥ 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 ⌥(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 d�bb/dy in nucleon–nucleon collisions at
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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 ⌥(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 ⌥ RAA and elliptic flow v2.
The elliptic flow measurements would be particularly important because the regenerated ⌥ states could
exhibit a v2 such that 0 < v⌥2 < vB2 .
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Hard probes cross-section

✦ LHC (√sNN = 5.5 TeV) ⟼ FCC (√sNN = 39 TeV) 

✦ Ratio of different processes σ:
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Fig. 7: Left:
p
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 and W 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, |⌘| < 5; charged leptons: Risol = 0.3, pT > 20 GeV/c,
|⌘| < 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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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 and W 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
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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 and W 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, |⌘| < 5; charged leptons: Risol = 0.3, pT > 20 GeV/c,
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> 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
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Fig. 8: Left: Computed total cross sections for top-pair and single-top (sum of t-,s-, and tW -channels)
production in pp, p–Pb and Pb–Pb collisions as a function of

p
sNN (the boxes indicate the LHC and

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

p
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 t¯t and tW production in p–Pb and Pb–Pb collisions
at FCC energies [86].

System
p
sNN Lint t¯t ! bb `` ⌫⌫ tW ! b `` ⌫⌫

Pb–Pb 39 TeV 33 nb�1
3.1⇥ 10

5
8.6⇥ 10

3

p–Pb 63 TeV 8 pb�1
8⇥ 10

5
2.1⇥ 10

4

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 ⇠ ✓ t, where ✓ is the angle between the gluon and the hard parton; for a qq pair produced in a W or
Z decay, ✓ 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/

p
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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pseudodata with the statistical uncertainties expected for Lint = 33 nb�1. The figures are adapted from
Ref. [86].
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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 ⇠ ✓ t, where ✓ is the angle between the gluon and the hard parton; for a qq pair produced in a W or
Z decay, ✓ 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/
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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

18

(b jets - 50% eff: anti-kT, R = 0.5, pT > 30 GeV/c, |η| < 5;  
charged leptons: Risol = 0.3, pT > 20 GeV, |η| < 5;  
neutrinos: Missing energy > 40 GeV)

✦ Estimated yields:

d’Enterria et al, 15
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Top production
✦ Motivation: 

✦ Probe (and constrain) nuclear PDFs 
in unexplored ranges so far: 

✦  x~mtop/√s~10-2; Q~m~173 GeV 

✦ Main decay channel: W + b 

✦ W leptonic decay: best resolved 
in a heavy-ion background
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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 ⇠ ✓ t, where ✓ is the angle between the gluon and the hard parton; for a qq pair produced in a W or
Z decay, ✓ 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/
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q̂ t. Here, q̂ is the transport coefficient of

the medium, that translates the average transverse momentum squared that particles exchange with the
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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 ⇠ ✓ t, where ✓ is the angle between the gluon and the hard parton; for a qq pair produced in a W or
Z decay, ✓ is the angle between the q and the q. The spatial resolution r? has to be compared with the
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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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(b jets - 50% eff: anti-kT, R = 0.5, pT > 30 GeV/c, |η| < 5;  
charged leptons: Risol = 0.3, pT > 20 GeV, |η| < 5;  
neutrinos: Missing energy > 40 GeV)

✦ Estimated yields:

It will be possible to measure a 
sizeable sample of ttbar and 
single top events at the FCC

d’Enterria et al, 15
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see Daniel Stolarski’s talk (Th)
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top quarks and W’s have finite lifetime (and decay to jets)

➤ you can control the lifetime by selecting the pT of the top (or 
W) and exploiting time dilation 

➤ colour singlet qqbar from W doesn’t start interacting with 
medium right away — the q and qbar need to decohere

7

top quark @ rest ~0.15 fm/c

W boson @ rest ~0.10 fm/c

Resolving the time structure of the quark-gluon plasma

with boosted top quarks

Liliana, Guilherme, Gavin and Carlos

July 18, 2016

Abstract

Abstract still to be written

1 Key formulas and numbers

FCC: 39 TeV, 30 nb�1, A = 208
LHC: 5.5 TeV, 10 nb�1, A = 208
Factors to consider

• assume 50% e�ciency for two b-tags

• assume no background

• assume about 50% of cross section for 10% centrality

• People typically assume a medium lifetime of 5 fm/c – but of course it gets quite
diluted over that time.

Decoherence time. Ref. [1] gives this without the leading numerical factors. With the
numerical factors we should have

td =

✓
3

q̂✓2qq̄

◆1/3

(1)

A sensible value for q̂ is q̂ = 4 GeV2/ fm. If we translate that just to units of distance (or
time) we get

td = 0.31 fm⇥ ✓�2/3
qq̄ (2)

Pictures

• CMS event display http://media4.s-nbcnews.com/j/MSNBC/Components/Photo/

_new/101130-cern-RhoPhi-huge.grid-6x2.jpg

1

q̂ is parameter of medium ⇠ 4GeV

2/fm

✓qq̄ is quark-antiquark opening angle

Mehtar-Tani, Salgado & Tywoniuk, 1205.5739

(De)Coherence
✦ Motivation: 

✦ Decay inside the QGP, within different timescales (depending of the 
boost) 

✦ Main decay channel: W + b: 

✦ W hadronic decay (antenna): a colour singlet state propagating 
inside QGP 

✦ Stay in singlet state:

19

Medium able to “see” both particles 
Color correlation is broken 

Both particle emit independently

Qs < θqqL

Medium “sees” both particles 
as one single emitter 

Particles emit coherently

Qs ~ θqqL

Saturation 
scale of the 

medium:

Decoherence a high gluon energies
(A two scale problem)

• The decoherence parameter 
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Qs:  characteristic momentum 
scale of the medium

Q2
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Transport 
coefficient:: 

Medium 
length: L

top quarks and W’s have finite lifetime (and decay to jets)

➤ you can control the lifetime by selecting the pT of the top (or 
W) and exploiting time dilation 

➤ colour singlet qqbar from W doesn’t start interacting with 
medium right away — the q and qbar need to decohere
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W boson @ rest ~0.10 fm/c

Resolving the time structure of the quark-gluon plasma

with boosted top quarks
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Abstract
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1 Key formulas and numbers

FCC: 39 TeV, 30 nb�1, A = 208
LHC: 5.5 TeV, 10 nb�1, A = 208
Factors to consider

• assume 50% e�ciency for two b-tags

• assume no background

• assume about 50% of cross section for 10% centrality

• People typically assume a medium lifetime of 5 fm/c – but of course it gets quite
diluted over that time.

Decoherence time. Ref. [1] gives this without the leading numerical factors. With the
numerical factors we should have

td =
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Boosted objects
✦ Timescales to probe the medium with expected cross-sections:
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± RMS(q = 4 GeV2fm-1)

(2 or more b jets - 50% eff: anti-kT, R = 0.3, pT > 30 GeV/c, |η| < 2.5;  
muon: pT > 25 GeV, |η| < 2.5)
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✦ LHC-HL: up to 1.2 fm;

✦ FCC-hh: up to 2.5-3 fm;

(q = 4 GeV2fm-1)

Expected shift in the jet 
reconstructed mass

(2 or more b jets - 50% eff: anti-kT, R = 0.3, pT > 30 GeV/c, |η| < 2.5;  
muon: pT > 25 GeV, |η| < 2.5)

“Quenched”: Hadronic particles lose 10% energy
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Assessing QGP profile
✦ Very simple model: W decay products lose energy as 

✦ ΔE/E = ('-t)/' * 0.1 

✦ Remaining hadronic particles lose 10%
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Expected shift on the jet reconstructed 
mass depends on the boost

Should be possible to get information 
on the QGP evolution profile

Apolinário et al, in prep.

(Reconstruction method not optimized…)
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AFTER@FCC
✦ ⇪ Centre-of-mass energy (200-300 GeV, for Pb or p) and ⇪ Luminosity 

(1-60 fb−1 yr−1 for p and 0.002-40 nb−1 yr−1 for Pb):  

✦ Enough statistics for vector boson production close to threshold; 

✦ Probe large x content in the proton and nucleus;
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Only some 
highlights…

Facility that 
complement 

measurements 
at RHIC and 

lower energies
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Conclusions
✦ FCC-hh study aimed to assess physics potential at a centre-of-mass energy 

7 times larger than the nominal LHC energies; 

✦ This talk: First ideas on the physics opportunities to study the formed 
QGP: 

✦ Soft Probes: Larger (x 1.8), longer-lived (x 1.2-1.5), denser (x 1.8) and 
hotter (x 1.3) medium 

✦ Establish the smallest length and timescale for QCD thermalisation 
and its dependency with the energy density; 

✦ Statistical precision tests to disentangle flow effects from non-flow 
effects (small systems, such as pPb and pp); 

✦ Understand dependencies of transport coefficients; 

✦ Baseline to investigate the dynamical mechanisms of kinetic and 
chemical equilibration.
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Conclusions
✦ FCC-hh study aimed to assess physics potential at a centre-of-mass energy 

7 times larger than the nominal LHC energies; 

✦ This talk: First ideas on the physics opportunities to study the formed 
QGP: 

✦ Hard Probes: increase in several processes yield (x10 - x100) 

✦ Understand mechanisms of dissociation and recombination of 
quarkonia states (c and b); 

✦ Accurate jet energy loss (Z + jet; ɣ + jet); 

✦ Study of coherence/decoherence role in the in-medium jet 
development; 

✦ Assessment of the QGP temperature and time evolution profile
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Thank you!
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Detector considerations
✦ No detailed detector requirements so far… but: 

✦ Soft probes physics program require:

27

✦ Charged-hadron 
identification to measure 
independently: 

✦ Low-pT charged mesons 
and baryons 

✦ Low-pT c and b mesons 

✦ Track reconstruction down to 
low pT, (starting from few 
MeV)

Combination of methods that include: 
- specific energy deposition in silicon 

trackers; 
- time-of-flight; 
- Cherenkov radiation, 

Delicate interplay between material 
thickness of the inner tracker and 
strong magnetic field 
- General-purpose detector operated 

at B ≈ 1 T (?)
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Detector considerations
✦ No detailed detector requirements so far… but: 

✦ Hard probes physics program should match the same for the pp 
program of the FCC: 

✦ Hadronic and electromagnetic calorimeters with: 

✦ Large acceptance; 

✦ High energy resolution at high pT 

✦ High performance up to very large event multiplicities;
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