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FCC-AA Motivation
✦ Large increase in Centre-of-mass 

energies: 

✦ Why a heavy-Ion program? 

✦ Fundamental questions about nature 
of QCD matter at high temperature 
and density: 

✦ More info: https://fcc.web.cern.ch
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pp: √sNN = 100 TeV 

pPb: √sNN = 63 TeV 

PbPb: √sNN = 39 TeV

How collective phenomena emerge from a QFT? 

How is the partonic structure of nucleons and nuclei at small-x?

Ch.4 of CERN YR: arXiv:1605.01389

Section editors:  
N. Armesto, A. Dainese, D. d’Enterria, J. Jowett, J.P.Lansberg, G. 
Milhano, C. Salgado, M. Schaumann, M. van Leeuwen, U. Wiedemann

https://twiki.cern.ch/twiki/bin/
view/LHCPhysics/HeavyIons

https://fcc.web.cern.ch
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HeavyIons
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HeavyIons
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QGP Studies
✦ Heavy-Ion Collisions: 

✦ Study of nuclear matter in extreme 
regimes of temperature and density in 
a controlled environment; 

✦ Very short lifetime ⇒ Only indirect 

probing: 

✦ Direct decay products of its 
evolution (Soft Probes) 

✦ High momentum particles 
produced within the collision (Hard 
Probes)
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FCC HI Performance
✦ FCC parameters for PbPb and pPb collisions:
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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
p
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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vs LHC: 5.5 (PbPb) and 8.8 (pPb)

See Monday talks 
(D. Schulte and W. Riegler )

(ultimate scenario)  
1 month ~ 10x LHC
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Outline
✦ Focus on qualitative advances from the FCC:
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QGP bulk properties

Decay products of QGP 

⇪ Volume and Lifetime 

⇪ Temperature: charm thermal 
production 

⇪ Multiplicity: Collectivity in small 
systems

Hard probes

Indirect probing of the QGP 

⇪ Production Rate: tops, Higgs,… 

Boosted objects: QGP time evolution 
Quarkonia: QGP temperature 

evolution

Initial State

Fix initial conditions for 
collectivity 

⇪ Parton densities: 
Saturation Physics 

⇪ Energy:  nuclear PDFs in 
different kinematic range



QGP Bulk Properties
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Medium Bulk Properties
✦ Global properties: 

✦ Expected impact on medium bulk proprerties: 

✦ Denser medium ⇒ longer expansion and larger volume

!7

~ x 1.5-2 w.r.t  
(HE)-LHC TeV

(before freeze-out)

Thermalisation 
time
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Medium Bulk Properties
✦ Global properties: 

✦ Expected impact on medium bulk proprerties: 

✦ Denser medium ⇒ longer expansion and larger volume

!7

~ x 1.5-2 w.r.t  
(HE)-LHC TeV

(before freeze-out)

⇒ larger temperature and smaller✦ Higher initial energy

thermalisation time

What can this  
larger/denser/hotter 
medium do for us?

Thermalisation 
time
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Collectivity in Small Systems
✦ Collectivity signs in pA and high 

multiplicity pp? 

✦ System size dependence of flow needs 
higher order cumulants (large 
multiplicities)
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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
(N

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

offline
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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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

CMS [1009.4122]

pp@7TeV pp@7TeV
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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
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CMS [1009.4122]

pp@7TeV pp@7TeV

✓ Increase of multiplicity at FCC can 
help to answer this question!
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Thermal Charm Production
✦ Increase of temperature ⇒ Production of low pT cc pairs

!9

Zhou et al (16), Uphoff et al (10-14), Liu et al (16)_

Pb-Pb FCC 39 TeV

vs LHC 5.5 TeV:  
580 MeV at 𝛕 = 0.6 fm/c
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✓ FCC: handle on the QGP temperature evolution and formation time!
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Thermal Charm Production
✦ Increase of temperature ⇒ Production of low pT cc pairs

!9

Zhou et al (16), Uphoff et al (10-14), Liu et al (16)_

✓ FCC: charm start contribute to QCD equation of state!

LHC: 15%
FCC: 80%

✓ FCC: handle on the QGP temperature evolution and formation time!

Pb-Pb FCC 39 TeV

vs LHC 5.5 TeV:  
580 MeV at 𝛕 = 0.6 fm/c



Hard Probes
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Jet Quenching
✦ Current picture of a medium-modified jet:
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Jet Transverse momentum spectrum 
(pp/PbPb)

Energy is lost

ATLAS [1805.05635]
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Jet Quenching
✦ Current picture of a medium-modified jet:

!12

Energy is lost

Increase of outer region of the jet 
transverse profile/soft fragments

Jet radial profile 
(pp/PbPb)

Fraction of energy of 
jet fragments 

(pp/PbPb)

Reduction of intermediate region of the 
jet transverse profile/intermediate 

fragments

Core of the jet transverse 
profile/hard fragments 

unmodified

CMS [1310.0878 ]

@ LHC: Jets can provide a range of scales to probe the QGP! 
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Jet Quenching
✦ Current picture of a medium-modified jet:

!12

Energy is lost

Increase of outer region of the jet 
transverse profile/soft fragments

Jet radial profile 
(pp/PbPb)

Fraction of energy of 
jet fragments 

(pp/PbPb)

Reduction of intermediate region of the 
jet transverse profile/intermediate 

fragments

Core of the jet transverse 
profile/hard fragments 

unmodified

CMS [1310.0878 ]

@ FCC: What can it bring of new?

@ LHC: Jets can provide a range of scales to probe the QGP! 
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✦ Boson-Jet cross-section increases by x20 

Tops (and much more)
✦ Top cross section increases by x80 from 

5.5 TeV to 39 TeV

!13
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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,t
T

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

System
p
sNN Lint tt̄ ! bb `` ⌫⌫ tW ! b `` ⌫⌫

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 ⇠ ✓ 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

18

d’Enterria et al (15)

✦ Bottom cross-section increases by x6

LHC

LHC

FCC

FCC
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✦ Boson-Jet cross-section increases by x20 

Tops (and much more)
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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,t
T

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

System
p
sNN Lint tt̄ ! bb `` ⌫⌫ tW ! b `` ⌫⌫

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 ⇠ ✓ 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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T

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

System
p
sNN Lint tt̄ ! bb `` ⌫⌫ tW ! b `` ⌫⌫

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 ⇠ ✓ 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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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,t
T

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

System
p
sNN Lint tt̄ ! bb `` ⌫⌫ tW ! b `` ⌫⌫

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 ⇠ ✓ 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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more detailed study that includes also full consideration
of all heavy-ion e↵ects at a given specific collider.

Contributions to the average total delay time, h⌧toti
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FIG. 6. Total delay time and its standard deviation (mark-
ers and corresponding error bars), as given by Eq. (1), for
q̂ = 4GeV2/fm. The average contribution of each component
is shown as coloured stacked bands (see legend). For compar-
ison, the total delay time for q̂ = 1 GeV2/fm is shown as a
dashed line.

The result of Eq. (1) is shown as a function of the
reconstructed top jet transverse momentum in Fig. 6,
broken into its three components, represented as stacked
bands. The range of pt’s shown is guided by expectations
as to what will be accessible at widely discussed scenarios
of potential future colliders [38, 39]. The dispersion �⌧tot

of the sum of the three components is also represented
in Fig. 6, as vertical black lines. To illustrate the weak
dependence of h⌧toti on the value of q̂, the average total
delay time assuming a q̂ = 1 GeV2/ fm (rather than
q̂ = 4 GeV2/ fm) is shown as a dashed line. The larger
result for ⌧tot would translate to a larger reach in ⌧m
values for a given collider setup.

Control of the jet energy scale

To be able to identify the time-induced di↵erence be-
tween quenching of W jets in tt̄ events from full quench-
ing, it is crucial to have a reliable estimate of the expected
reconstructed W mass were quenching of the W jets to
be una↵ected by coherence delays and the W lifetime.

The procedure that we envisage for this purpose is to
use measurements of the Z-jet and �-jet balance in events
with cleanly identified (leptonic) Z bosons and photons
to determine the expectations for full quenching and to
then apply that determination to embedded tt̄ events.

To estimate the potential precision of such an ap-
proach, we examined how well the average xjZ = ptj/ptZ
ratio could be determined at the HL-LHC. Ref. [34] from
CMS gives a projection for the uncertainties on the xjZ

distribution with LPbPb = 10 nb�1. We took that dis-
tribution and created replica distributions by fluctuating
each bin with a Gaussian uncertainty set by the projec-
tion. We then evaluated the standard deviation of the
hxjZi values across many replicas. The result for the
standard deviation was 1.2%. This guides our choice of
1% for the systematic uncertainty on the impact of stan-
dard quenching for the purpose of producing Fig. 5.
We also note that Ref. [20] from ATLAS, shows a 1%

uncertainty (blue lines, bottom panel of Fig.3) for the
cross-calibration uncertainty between PbPb and pp col-
lisions. One should keep in mind that other jet-energy
scale uncertainties that are common to the pp and PbPb
cases should largely cancel when considering the di↵er-
ence between embedded pp results and PbPb data (and
it is precisely this di↵erence that interests us).

Lighter ions

Following the recent successful XeXe machine-
development run at the LHC, the prospect has been
raised [36] that with ions lighter than Pb it might be
possible to achieve e↵ective nucleon-nucleon luminosities
(i.e. total number of hard collisions) that are up to an
order of magnitude larger than for PbPb, in part be-
cause of the reduction of e↵ects such as bound–free pair
production [37]. Generically, higher luminosities would
bring substantially increased sensitivity to the longer
time structure of the QGP medium.
Aside from luminosity considerations, smaller ion

species have both an advantage and a disadvantage. The
advantage is that the intrinsic time scales associated with
the smaller, cooler QGP might be shorter than for PbPb
and so more accessible with top-quark probes. However a
smaller, cooler QGP is also likely to result in less quench-
ing. It is for the purpose of illustrating the tradeo↵s as-
sociated with lighter species that in Fig. 5 we show a
curve labelled KrKr. It uses a quenching of 10% rather
than 15%, in line with observations in CuCu [35] that are
consistent with quenching that goes as A1/3, where A is
the nuclear mass. The reduced quenching means that the
equivalent of Fig. 3 for KrKr would have the bands more
closely spaced. Accordingly one needs to go to higher
luminosities in order to distinguish any two given time
scenarios. At low luminosities the extra factor is rel-
atively limited, about 1.5, while at higher luminosities
it increases to about 3. Note that at higher luminosi-
ties the systematic and pp statistical uncertainties on the
expected standard quenching results start to dominate,
since we have taken them to be independent of the PbPb
equivalent luminosity.
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FIG. 6. Total delay time and its standard deviation (mark-
ers and corresponding error bars), as given by Eq. (1), for
q̂ = 4GeV2/fm. The average contribution of each component
is shown as coloured stacked bands (see legend). For compar-
ison, the total delay time for q̂ = 1 GeV2/fm is shown as a
dashed line.

The result of Eq. (1) is shown as a function of the
reconstructed top jet transverse momentum in Fig. 6,
broken into its three components, represented as stacked
bands. The range of pt’s shown is guided by expectations
as to what will be accessible at widely discussed scenarios
of potential future colliders [38, 39]. The dispersion �⌧tot

of the sum of the three components is also represented
in Fig. 6, as vertical black lines. To illustrate the weak
dependence of h⌧toti on the value of q̂, the average total
delay time assuming a q̂ = 1 GeV2/ fm (rather than
q̂ = 4 GeV2/ fm) is shown as a dashed line. The larger
result for ⌧tot would translate to a larger reach in ⌧m
values for a given collider setup.

Control of the jet energy scale

To be able to identify the time-induced di↵erence be-
tween quenching of W jets in tt̄ events from full quench-
ing, it is crucial to have a reliable estimate of the expected
reconstructed W mass were quenching of the W jets to
be una↵ected by coherence delays and the W lifetime.

The procedure that we envisage for this purpose is to
use measurements of the Z-jet and �-jet balance in events
with cleanly identified (leptonic) Z bosons and photons
to determine the expectations for full quenching and to
then apply that determination to embedded tt̄ events.

To estimate the potential precision of such an ap-
proach, we examined how well the average xjZ = ptj/ptZ
ratio could be determined at the HL-LHC. Ref. [34] from
CMS gives a projection for the uncertainties on the xjZ

distribution with LPbPb = 10 nb�1. We took that dis-
tribution and created replica distributions by fluctuating
each bin with a Gaussian uncertainty set by the projec-
tion. We then evaluated the standard deviation of the
hxjZi values across many replicas. The result for the
standard deviation was 1.2%. This guides our choice of
1% for the systematic uncertainty on the impact of stan-
dard quenching for the purpose of producing Fig. 5.
We also note that Ref. [20] from ATLAS, shows a 1%

uncertainty (blue lines, bottom panel of Fig.3) for the
cross-calibration uncertainty between PbPb and pp col-
lisions. One should keep in mind that other jet-energy
scale uncertainties that are common to the pp and PbPb
cases should largely cancel when considering the di↵er-
ence between embedded pp results and PbPb data (and
it is precisely this di↵erence that interests us).

Lighter ions

Following the recent successful XeXe machine-
development run at the LHC, the prospect has been
raised [36] that with ions lighter than Pb it might be
possible to achieve e↵ective nucleon-nucleon luminosities
(i.e. total number of hard collisions) that are up to an
order of magnitude larger than for PbPb, in part be-
cause of the reduction of e↵ects such as bound–free pair
production [37]. Generically, higher luminosities would
bring substantially increased sensitivity to the longer
time structure of the QGP medium.
Aside from luminosity considerations, smaller ion

species have both an advantage and a disadvantage. The
advantage is that the intrinsic time scales associated with
the smaller, cooler QGP might be shorter than for PbPb
and so more accessible with top-quark probes. However a
smaller, cooler QGP is also likely to result in less quench-
ing. It is for the purpose of illustrating the tradeo↵s as-
sociated with lighter species that in Fig. 5 we show a
curve labelled KrKr. It uses a quenching of 10% rather
than 15%, in line with observations in CuCu [35] that are
consistent with quenching that goes as A1/3, where A is
the nuclear mass. The reduced quenching means that the
equivalent of Fig. 3 for KrKr would have the bands more
closely spaced. Accordingly one needs to go to higher
luminosities in order to distinguish any two given time
scenarios. At low luminosities the extra factor is rel-
atively limited, about 1.5, while at higher luminosities
it increases to about 3. Note that at higher luminosi-
ties the systematic and pp statistical uncertainties on the
expected standard quenching results start to dominate,
since we have taken them to be independent of the PbPb
equivalent luminosity.

Apolinário et al (18)



L. Apolinário for the FCC-hh heavy-ions working group, “Physics with heavy ions at FCC”

Boosted Tops: QGP Tomography
✦ Semi-leptonic decay of tt events produce 

jets that start interacting with the QGP only 
at later times

!14

QGP

Time (fm/c)

q

t

W

b

qbar

Lo
w

 p
t,

to
p

re
co

t W

b

q

qbar

H
ig

h 
p

t,
to

p
re

co

8

more detailed study that includes also full consideration
of all heavy-ion e↵ects at a given specific collider.

Contributions to the average total delay time, h⌧toti

0 100 200 300 400 500 600 700 800 900 1000
 (GeV)reco

t,top
p

0

1

2

3

4

5

6

> 
(fm

/c
)

to
t

τ<

)-1 fm2 = 4 GeVqTotal delay time and std. dev (
Coherence Time
W decay Time
Top decay Time

)-1 fm2 = 1 GeVqTotal delay time (

 b b - W+ W→ tt 

FIG. 6. Total delay time and its standard deviation (mark-
ers and corresponding error bars), as given by Eq. (1), for
q̂ = 4GeV2/fm. The average contribution of each component
is shown as coloured stacked bands (see legend). For compar-
ison, the total delay time for q̂ = 1 GeV2/fm is shown as a
dashed line.

The result of Eq. (1) is shown as a function of the
reconstructed top jet transverse momentum in Fig. 6,
broken into its three components, represented as stacked
bands. The range of pt’s shown is guided by expectations
as to what will be accessible at widely discussed scenarios
of potential future colliders [38, 39]. The dispersion �⌧tot

of the sum of the three components is also represented
in Fig. 6, as vertical black lines. To illustrate the weak
dependence of h⌧toti on the value of q̂, the average total
delay time assuming a q̂ = 1 GeV2/ fm (rather than
q̂ = 4 GeV2/ fm) is shown as a dashed line. The larger
result for ⌧tot would translate to a larger reach in ⌧m
values for a given collider setup.

Control of the jet energy scale

To be able to identify the time-induced di↵erence be-
tween quenching of W jets in tt̄ events from full quench-
ing, it is crucial to have a reliable estimate of the expected
reconstructed W mass were quenching of the W jets to
be una↵ected by coherence delays and the W lifetime.

The procedure that we envisage for this purpose is to
use measurements of the Z-jet and �-jet balance in events
with cleanly identified (leptonic) Z bosons and photons
to determine the expectations for full quenching and to
then apply that determination to embedded tt̄ events.

To estimate the potential precision of such an ap-
proach, we examined how well the average xjZ = ptj/ptZ
ratio could be determined at the HL-LHC. Ref. [34] from
CMS gives a projection for the uncertainties on the xjZ

distribution with LPbPb = 10 nb�1. We took that dis-
tribution and created replica distributions by fluctuating
each bin with a Gaussian uncertainty set by the projec-
tion. We then evaluated the standard deviation of the
hxjZi values across many replicas. The result for the
standard deviation was 1.2%. This guides our choice of
1% for the systematic uncertainty on the impact of stan-
dard quenching for the purpose of producing Fig. 5.
We also note that Ref. [20] from ATLAS, shows a 1%

uncertainty (blue lines, bottom panel of Fig.3) for the
cross-calibration uncertainty between PbPb and pp col-
lisions. One should keep in mind that other jet-energy
scale uncertainties that are common to the pp and PbPb
cases should largely cancel when considering the di↵er-
ence between embedded pp results and PbPb data (and
it is precisely this di↵erence that interests us).

Lighter ions

Following the recent successful XeXe machine-
development run at the LHC, the prospect has been
raised [36] that with ions lighter than Pb it might be
possible to achieve e↵ective nucleon-nucleon luminosities
(i.e. total number of hard collisions) that are up to an
order of magnitude larger than for PbPb, in part be-
cause of the reduction of e↵ects such as bound–free pair
production [37]. Generically, higher luminosities would
bring substantially increased sensitivity to the longer
time structure of the QGP medium.
Aside from luminosity considerations, smaller ion

species have both an advantage and a disadvantage. The
advantage is that the intrinsic time scales associated with
the smaller, cooler QGP might be shorter than for PbPb
and so more accessible with top-quark probes. However a
smaller, cooler QGP is also likely to result in less quench-
ing. It is for the purpose of illustrating the tradeo↵s as-
sociated with lighter species that in Fig. 5 we show a
curve labelled KrKr. It uses a quenching of 10% rather
than 15%, in line with observations in CuCu [35] that are
consistent with quenching that goes as A1/3, where A is
the nuclear mass. The reduced quenching means that the
equivalent of Fig. 3 for KrKr would have the bands more
closely spaced. Accordingly one needs to go to higher
luminosities in order to distinguish any two given time
scenarios. At low luminosities the extra factor is rel-
atively limited, about 1.5, while at higher luminosities
it increases to about 3. Note that at higher luminosi-
ties the systematic and pp statistical uncertainties on the
expected standard quenching results start to dominate,
since we have taken them to be independent of the PbPb
equivalent luminosity.

Reconstructed 
W mass: mW  

will depend on 
the energy that is 

lost (medium 
length that jet is 
able to “see”)
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✦ Reconstructed W Mass as a function of 

the top pT: 

✦ Useful probe of the QGP density 
evolution 

!15

Apolinário et al (18)
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Boosted Tops: QGP Tomography
✦ Reconstructed W Mass as a function of 

the top pT: 

✦ Useful probe of the QGP density 
evolution 

✦ QGP tomography: 

✦ HE-LHC: Some discrimination between 
short vs long lived medium 

✓ FCC: able to scan entire QGP lifetime!

!15

Apolinário et al (18)
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New Hard Probe: Higgs
✦ Possible to measure Higgs→ɣɣ 

with 5.5σ in one Pb-Pb month 
with baseline Lint

!16

d’Enterria et al (18), Ghiglieri et al (19)
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New Hard Probe: Higgs
✦ Possible to measure Higgs→ɣɣ 

with 5.5σ in one Pb-Pb month 
with baseline Lint

!16

FCC: Higgs Suppression depends on EoS (but virtual 
corrections lead to a null impact in the Higgs hadronic width)

✦ Interaction with QGP will induce a decay to gg (reducing 
other boson decays) ⇒ Suppression of the Higgs yield 

d’Enterria et al (18), Ghiglieri et al (19)
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Quarkonia
✦ Quarkonia production in the presence of a medium:

✦ Sequential melting can be used as a thermometer of the QGP!

!17
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Quarkonia
✦ Quarkonia production in the presence of a medium:

✦ Sequential melting can be used as a thermometer of the QGP!

✦ Final yield is a competition between QGP melting and 
regeneration with QGP thermal quarks

!17



L. Apolinário for the FCC-hh heavy-ions working group, “Physics with heavy ions at FCC”

Quarkonia
✦ Quarkonia production in the presence of a medium:

✦ Sequential melting can be used as a thermometer of the QGP!

✦ Final yield is a competition between QGP melting and 
regeneration with QGP thermal quarks

!17

Expected changes 
at the FCC?
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Quarkonia
✦ J/ψ regeneration depends 

✦ QGP thermal cc production 

✦ Larger hard cross-section

!18

Liu et al (09), Zhao et al (11), Andronic et al, 11
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Quarkonia
✦ J/ψ regeneration depends 

✦ QGP thermal cc production 

✦ Larger hard cross-section

!18

x1.5 w.r.t LHC

x2-2.5 w.r.t LHC

FCC

Liu et al (09), Zhao et al (11), Andronic et al, 11
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Quarkonia
✦ J/ψ regeneration depends 

✦ QGP thermal cc production 

✦ Larger hard cross-section

!18

x1.5 w.r.t LHC

x2-2.5 w.r.t LHC

FCC

✓ FCC: Striking evidence of cc recombination  

Liu et al (09), Zhao et al (11), Andronic et al, 11

RAA > 1!
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Quarkonia
✦ J/ψ regeneration depends 

✦ QGP thermal cc production 

✦ Larger hard cross-section

!18

x1.5 w.r.t LHC

x2-2.5 w.r.t LHC

FCC ✦ Υ(2S) Υ(3S): partial/total suppression at 
LHC 

✦ Υ(1S): interplay between regeneration and 
melting provide a range of possibilities

✓ FCC: Striking evidence of cc recombination  
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Fig. 15: Left: the spectral functions for the ⌥ at different temperatures, obtained using the maximum
entropy method, from Ref. [109]; the (leftmost) 1S state is progressively disappearing with increasing
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
< vB

2
.

25

Liu et al (09), Zhao et al (11), Andronic et al, 11

RAA > 1!
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Constraining Initial Conditions
✦ Extraction of QGP properties highly dependent on initial conditions 

✦ Need a precise determination of nuclear PDFs!

!20

d’Enterria et al (15)
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Constraining Initial Conditions
✦ Extraction of QGP properties highly dependent on initial conditions 

✦ Need a precise determination of nuclear PDFs!
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Constraining Initial Conditions
✦ Extraction of QGP properties highly dependent on initial conditions 

✦ Need a precise determination of nuclear PDFs!

!20

✓ FCC: Small-x reach 10x larger than LHC with bosons

✓ FCC: As in pp, top quarks can be used to 
reduce nPDF uncertainties (x2)

d’Enterria et al (15)

EPS09

x1,2 =

✓
MW/Zp

s

◆
e±y
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Small-x & Saturation
✦ Non-linear phenomena to tame the growth of parton 

densities 

✦ Onset of saturation: 

✦ Collinear factorization: non-linear effects absorbed by 
nuclear PDFs

!21

Increase √s, y and/or A
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48 A heavy ion phenomenology primer

In short, these observations support a picture in which highly energetic par-
tons are produced in high momentum transfer processes in heavy ion collisions
as if they were produced in vacuum, but instead they find themselves propagat-
ing through a strongly coupled medium which causes them to lose a significant
fraction of their initial energy. Jet quenching is a partonic final state effect that
depends on the length of the medium through which the parton must propagate.
It is expected to have many consequences in addition to the strong suppression of
single inclusive hadron spectra, which tend to be dominated by the most ener-
getic hadronic fragments of parent partons. As discussed at the beginning of
this section, the entire parton fragmentation process is expected to be modified,
with consequences for observables including multi-particle jet-like correlations
and for calorimetric jet measurements including the dijet imbalance shown in
Fig. 2.12.

2.3.2 Analyzing jet quenching

For concreteness, we shall focus in this section on those aspects of the analysis of
jet quenching that bear upon the calculation of the nuclear modification factor RAA

defined in (2.28). We shall describe other aspects of the analysis of jet quenching
more briefly, as needed, in subsequent sections. The single inclusive hadron spectra
which define RAA are typically calculated upon assuming that the modification of
the spectra in nucleus–nucleus collisions relative to that in proton–proton collisions
arises due to parton energy loss. This assumption is well supported by data, as we
have described above. But, from a theoretical point of view it is an assumption,
not backed up by any formal factorization theorem. Upon making this assumption,
we write

dσ AA→h+rest
(med) =

!

f

dσ AA→ f +X
(vac) ⊗ Pf ("E, L , q̂ , . . .) ⊗ D(vac)

f →h(z, µ
2
F) . (2.29)

Here, ⊗ denotes convolution in the energy fraction of the parton f ,

dσ AA→ f +X
(vac) =

!

i jk

fi/A(x1, Q2) ⊗ f j/A(x2, Q2) ⊗ σ̂i j→ f +k , (2.30)

where fi/A(x, Q2) are the nuclear parton distribution functions and σi j→ f +k are the
perturbatively calculable partonic cross-sections. The medium dependence enters
via the function Pf ("E, L , q̂ , . . .), which characterizes the probability that a
parton f produced with cross-section σi j→ f +k loses energy "E while propagat-
ing over a path length L in a medium. This probability depends of course on
properties of the medium, which are represented schematically in this formula
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the spectra in nucleus–nucleus collisions relative to that in proton–proton collisions
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where fi/A(x, Q2) are the nuclear parton distribution functions and σi j→ f +k are the
perturbatively calculable partonic cross-sections. The medium dependence enters
via the function Pf ("E, L , q̂ , . . .), which characterizes the probability that a
parton f produced with cross-section σi j→ f +k loses energy "E while propagat-
ing over a path length L in a medium. This probability depends of course on
properties of the medium, which are represented schematically in this formula
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which define RAA are typically calculated upon assuming that the modification of
the spectra in nucleus–nucleus collisions relative to that in proton–proton collisions
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via the function Pf ("E, L , q̂ , . . .), which characterizes the probability that a
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properties of the medium, which are represented schematically in this formula
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where fi/A(x, Q2) are the nuclear parton distribution functions and σi j→ f +k are the
perturbatively calculable partonic cross-sections. The medium dependence enters
via the function Pf ("E, L , q̂ , . . .), which characterizes the probability that a
parton f produced with cross-section σi j→ f +k loses energy "E while propagat-
ing over a path length L in a medium. This probability depends of course on
properties of the medium, which are represented schematically in this formula
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single inclusive hadron spectra, which tend to be dominated by the most ener-
getic hadronic fragments of parent partons. As discussed at the beginning of
this section, the entire parton fragmentation process is expected to be modified,
with consequences for observables including multi-particle jet-like correlations
and for calorimetric jet measurements including the dijet imbalance shown in
Fig. 2.12.

2.3.2 Analyzing jet quenching

For concreteness, we shall focus in this section on those aspects of the analysis of
jet quenching that bear upon the calculation of the nuclear modification factor RAA

defined in (2.28). We shall describe other aspects of the analysis of jet quenching
more briefly, as needed, in subsequent sections. The single inclusive hadron spectra
which define RAA are typically calculated upon assuming that the modification of
the spectra in nucleus–nucleus collisions relative to that in proton–proton collisions
arises due to parton energy loss. This assumption is well supported by data, as we
have described above. But, from a theoretical point of view it is an assumption,
not backed up by any formal factorization theorem. Upon making this assumption,
we write

dσ AA→h+rest
(med) =

!

f

dσ AA→ f +X
(vac) ⊗ Pf ("E, L , q̂ , . . .) ⊗ D(vac)

f →h(z, µ
2
F) . (2.29)

Here, ⊗ denotes convolution in the energy fraction of the parton f ,

dσ AA→ f +X
(vac) =

!

i jk

fi/A(x1, Q2) ⊗ f j/A(x2, Q2) ⊗ σ̂i j→ f +k , (2.30)

where fi/A(x, Q2) are the nuclear parton distribution functions and σi j→ f +k are the
perturbatively calculable partonic cross-sections. The medium dependence enters
via the function Pf ("E, L , q̂ , . . .), which characterizes the probability that a
parton f produced with cross-section σi j→ f +k loses energy "E while propagat-
ing over a path length L in a medium. This probability depends of course on
properties of the medium, which are represented schematically in this formula
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Color Glass Condensate @ FCC
✦ x-Q2 phase space accessible at FCC:

!22

✓ FCC able to probe saturation at mid-rapidity
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L. Apolinário for the FCC-hh heavy-ions working group, “Physics with heavy ions at FCC”

Color Glass Condensate @ FCC
✦ Where can we see saturation phenomena?

✦ Dijets at forward rapidity;

✦ Recoil from direct photon;

!23

LHC: no 
effect

FCC: large supression 
(pT,jet > 100 GeV)

pPb

pPb

A. van Hameren et al (14), Rezaeian (12)
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ɣ-ɣ Collisions
✦ Effective ɣɣ luminosity:
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✓ FCC-AA: largest ɣɣ luminosity!

d’Enterria et al (17) Knapen et al (17)
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ɣ-ɣ Collisions
✦ Effective ɣɣ luminosity:

!25

✓ FCC-AA: largest ɣɣ luminosity!

d’Enterria et al (17) Knapen et al (17)

FCC-AA

LHC

FCC-pp

LHC-pp

✦ Light-by-light scattering measurement at 
FCC: 

✓ Sensitivity to BSM physics (e.g: new 
heavy-charged SYSY particles) 

✓ Axion-like particles 

✓ …
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Summary
✦ FCC-hh study aimed to assess physics potential at a: 

✦ √s 7 x larger than nominal LHC energies; Lint projections >100 x LHC programme; 

✦ FCC offers the possibility for an accurate determination of the QCD behaviour at large densities 
and temperatures: 

✦ Addressing current open questions: 

✦ Collectivity in small systems, Determination of saturation effects,… 

✦ Unique physics opportunities: 

✦ Soft probes sector: e.g: thermal charm production 

✦ Hard probes sector: e.g: top and Higgs to probe the QGP 

✦ Initial state sector: e.g: nPDFs up to a small-x reach

!27
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Summary
✦ FCC-hh study aimed to assess physics potential at a: 

✦ √s 7 x larger than nominal LHC energies; Lint projections >100 x LHC programme; 

✦ FCC offers the possibility for an accurate determination of the QCD behaviour at large densities 
and temperatures: 

✦ Addressing current open questions: 

✦ Collectivity in small systems, Determination of saturation effects,… 

✦ Unique physics opportunities: 

✦ Soft probes sector: e.g: thermal charm production 

✦ Hard probes sector: e.g: top and Higgs to probe the QGP 

✦ Initial state sector: e.g: nPDFs up to a small-x reach
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Thank you!
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Jet Quenching
✦ Current picture of a medium-modified jet:

!30

Energy is lost

Core of the jet transverse 
profile/hard fragments 

unmodified

Increase of outer region of the jet 
transverse profile/soft fragments

Reduction of intermediate region of the 
jet transverse profile/intermediate 

fragments
Finite size angular ordered structures 

(not resolved by the medium)

Evolve as pp-like structures (angular 
ordered) and radiate in-medium radiation 

 (+anti-angular ordered)

Soft fragments: 
momentum broadening

@ FCC: What can it bring of new?

@ LHC: Jets can provide a range of scales to probe the QGP! 



L. Apolinário for the FCC-hh heavy-ions working group, “Physics with heavy ions at FCC”

FCC: Boosted Tops
✦ Maximum timescales that can be distinguishable at each collider:

!31
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FCC: UPCs for x-Q2

✦ Regions of x-Q2 plane covered with quarkonia in ultra peripheral ion collisions

!32
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FCC: Saturation Signals
✦ The recoil suppression can be also be explored using 

dijets at forward rapidity:  

✦ Expected broadening of the ∆φ distribution in pPb vs 
pp collisions:

!33
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✦ No detailed detector requirements so far… but: 

✦ Soft probes physics program require: 

✦ 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)

Detector considerations

!34

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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