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this talk attempts to highlight physics opportunities with electromagnetic and hard probes:
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this talk is not a comprehensive review of physics with ions at these future facilities

◦ at the Future Circular Collider [FCC],  

◦ at a high energy LHC [HE-LHC] 

◦ during the high luminosity phase of the LHC [HL-LHC]



TALK BASED ON…
•FCC Study Group documents 

◦ FCC-CDR Volume 1 (chapter 16)  

◦ Physics at the FCC-hh, a 100 TeV pp collider (YR) (Chapter 4) 

•Physics of the HL-LHC, and Perspectives at the HE-LHC Workshop 

◦ Report from Working Group 5 on the Physics of the HL-LHC, and Perspectives at the HE-LHC  

•Previous Talks 

◦ eA Physics [Armesto @ 3rd FCC Physics and Experiments workshop, Jan 2020] 

◦ Physics with  ions at the FCC [d’Enterria @ FCC week 2019, Jun 2019] 

◦ Ions at FCC-hh [Schaumann @ FCC week 2019, Jun 2019] 

◦ Physics with heavy ions at FCC [Apolinário @ Physics at FCC: overview of the CDR, Mar 2019] 

◦ Prospects with light ions in Run 5 and heavy ions at HE-LHC [Milhano @ HL/HE-LHC Physics Workshop: final jamboree, Mar 2019]  

◦ Future heavy ion facilities: FCC [Dainese @ Hard Probes 2018, Oct 2018] 

•European Particle Physics Strategy update 2018-2020 documents 

◦ Physics Briefing Book : Input for the European Strategy for Particle Physics Update 2020 + supporting note
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https://doi.org/10.1140/epjc/s10052-019-6904-3
https://doi.org/10.23731/CYRM-2017-003.635
https://doi.org/10.23731/CYRM-2019-007.1159
https://indico.cern.ch/event/838435/contributions/3640812/attachments/1969711/3276201/armesto_FCCPW2020.pdf
https://indico.cern.ch/event/727555/contributions/3462648/
https://indico.cern.ch/event/727555/contributions/3452761/
https://indico.cern.ch/event/789349/contributions/3298831/attachments/1805909/2947888/FCC_HIons.pdf
https://indico.cern.ch/event/783141/contributions/3310069/attachments/1804693/2945230/run5_HE_LHC_Milhano.pdf
https://indico.cern.ch/event/634426/contributions/3003653/
http://cds.cern.ch/record/2691414
http://cds.cern.ch/record/2705370?ln=en


FUTURE CIRCULAR COLLIDER [FCC] STUDY

•～100 km tunnel infrastructure in Geneva area, linked 
to CERN 

• a broad study including: 

◦ FCC-ee  

◦ FCC-hh (pp and ions)  

◦ HE-LHC  

◦ ep/eA colliding modes 

• 16 T magnets for pp@100 TeV :: PbPb@39TeV
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International FCC 
collaboration with  
CERN as host lab              
to study: 
� ~100 km tunnel 

infrastructure  in Geneva 
area, linked to CERN

� e+e- collider (FCC-ee),                
Æ potential first step

� pp-collider (FCC-hh)                      
Æ long-term goal, defining 
infrastructure requirements 

�

� HE-LHC with FCC-hh
technology

� Ions and lepton-hadron 
options with hadron colliders

~16 T � 100 TeV pp in 100 km

HE-LHC

Future Circular Collider Study - Scope  

s
A1A2

=
Z1Z2

A1A2
s

pp
s

𝖥𝖢𝖢

PbPb
= 39.4 𝖳𝖾𝖵

s
𝖥𝖢𝖢

A1A2

≃ 7 s
𝖫𝖧𝖢

A1A2

http://fcc-cdr.web.cern.ch

http://fcc-cdr.web.cern.ch


FUTURE CIRCULAR COLLIDER [FCC] STUDY
http://fcc-cdr.web.cern.ch

•Concept Design Report [4 volumes] published 

◦ 1350 contributors from 350 institutes
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FUTURE CIRCULAR COLLIDER [FCC] STUDY
http://fcc-cdr.web.cern.ch

•Concept Design Report [4 volumes] published 

◦ 1350 contributors from 350 institutes 

•FCC Physics Opportunities (Vol 1) 

◦ Chapter 16: Physics with heavy Ions 

•4 strategy documents submitted to the 
European Particle Physics Strategy Update
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http://fcc-cdr.web.cern.ch


EUROPEAN PARTICLE PHYSICS STRATEGY UPDATE 2018-2020
https://europeanstrategyupdate.web.cern.ch

•Extensive consultations: 2018-2019 

•Physics Briefing Book and its supporting 
note outline possible scenarios for 
future colliders: October 2019  

•Further national inputs for the Strategy 
Drafting Session: January 2020  

•Due to the COVID-19 pandemic, the 
Special session of CERN Council for 
approval of the Strategy, scheduled for 
25 May 2020, has been postponed
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“…The European Strategy for Particle Physics is the cornerstone of Europe’s decision-making process for the long-term future of the field. Mandated by the CERN 
Council, it is formed through a broad consultation of the grass-roots particle physics community, it actively solicits the opinions of physicists from around the world, 
and it is developed in close coordination with similar processes in the US and Japan in order to ensure coordination between regions and optimal use of resources 
globally…”

https://europeanstrategyupdate.web.cern.ch


SCENARIOS FOR FUTURE COLLIDERS
CERN-ESU-004; CERN-ESU-005

•FCC-AA [PbPb@39 TeV] is a prospect for 
2060 at the earliest 

•HE-LHC [PbPb@11 TeV] or LE-FCC [PbPb@14 
TeV] considered for 2040 or soon after 

•LHeC does not disrupt HL-LHC operation; small 
budget perturbation to the other large projects 

•many scenarios include e+e- collider for 
2040-2060 
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CERN-ESU-005  1 
 

 

Towards an update of the European Strategy for Particle Physics 
(29 Sept 2019) 

 
With a view to update the European Strategy for Particle Physics, the Briefing Book compiled 
by the Physics Preparatory Group (PPG), based on the submitted inputs and the discussions 
during the Open Symposium in Granada, provides a summary of the present landscape in the 
field. It summarises the scientific aspirations, opportunities, as well as technical challenges. 
Revolving around future major colliders in Europe, at this stage, five scenarios are defined to 
initiate the discussions within the European Strategy Group (ESG).  
 

 2020-2040 2040-2060 2060-2080 

   1st gen technology 2nd gen technology 

CLIC HL-LHC CLIC380-1500 CLIC3000 

CLIC-FCC-mixed HL-LHC CLIC380 FCC-h/e/A (Adv HF magnets) 

FCC HL-LHC FCC-ee (90-365) FCC-h/e/A (Adv HF magnets) 

LE-to-HE-FCC-h/e/A HL-LHC LE-FCC-h/e/A (LF magnets) FCC-h/e/A (Adv HF magnets) 

LHeC+FCC-h/e/A HL-LHC + LHeC LHeC FCC-h/e/A (Adv HF magnets) 
 
All elements related to the CLIC and FCC proposals are discussed in their respective CDRs. The 
LE-to-HE-FCC-h/e/A scenario moves from initially lower-field magnets in the window of 6-10T 
(e.g. adiabatically) to higher-field magnets, potentially HTS magnets. The LHeC+FCC-h/e/A 
scenario assumes that an electron-positron collider is built outside Europe and that the time 
gap between the end of HL-LHC and the realisation of the high-energy  FCC-h/e/A  can be 
used for the LHeC programme, potentially even starting in parallel with the HL-LHC. 
 
For each scenario a new collider would be operational in Europe in the 2040-2060 era, i.e. as 
short as possible after the HL-LHC or for the scenario including LHeC even before. The 
community needs to provide guidance for this strategy update for the technology it favours 
for the 1st generation collider at CERN, leaving options for the 2nd generation open. In general, 
around 2045 the community will have to consider which technologies are available for high-
energy and high-luminosity colliders in the 2060-2080 era and plan accordingly. No firm 
technology decision for the 2060-2080 era is required today.  
 
The chosen scenario will have to be reassessed at the time of the next strategy update, 
typically 7 years after the current one, taking into account the global context (e.g. ILC, CEPC, 
EIC, etc). 
 
Given significant investments in Accelerator R&D at CERN and elsewhere towards the 1st and 
2nd generation technologies, as well as adequate investments in a Scientific Diversity Program 
at CERN and elsewhere, the annual additional structural and/or in-kind financial effort 
required to realize the first three collider scenarios is equivalent to 10-13% of the CERN 
budget in the period from 2025 to about 2045. This assumes that the civil engineering of each 
scenario is funded from outside the regular CERN budget. For the LE-to-HE-FCC-h/e/A 
scenario the required investment is not fully understood at this stage, but initial studies 
indicate that in the period 2025-2045 an additional annual budget equivalent to 20% of the 
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Possible scenarios of future colliders
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FCC WITH IONS
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474 Page 32 of 161 Eur. Phys. J. C (2019) 79 :474

Table 2.3 Beam and machine
parameters for collisions with
heavy ions

Unit Baseline Ultimate

Operation mode – PbPb pPb PbPb pPb

Number of Pb bunches – 2760 5400

Bunch spacing ns 100 50

Peak luminosity (1 experiment) 1027 cm!2 s!1 80 13,300 320 55,500

Integrated luminosity (1 experiment, 30 days) nb!1 35 8000 110 29,000

PbPb and pPb operation. Two beam parameter cases were considered, baseline and ultimate, which differ in the !-function at
the interaction point, the optical function !" at the interaction point, and the assumed bunch spacing, defining the maximum
number of circulating bunches. The luminosity is shown for one experiment but the case of two experiments was also studied:
this decreases the integrated luminosity per experiment by 40%, but increases the total by 20%. The performance projections
assume the LHC to be the final injector synchrotron before the FCC [29]. A performance efficiency factor was taken into
account to include set-up time, early beam aborts and other deviations from the idealised running on top of the theoretical
calculations. Further details on the performance of the heavy-ion operation in FCC-hh can be found in Section 2.6 of the
FCC-hh CDR Volume.

2.4 FCC-eh

The FCC-eh is designed to run concurrently with the FCC-hh. The electron-hadron interaction has a negligible effect on
the multi TeV energy hadron beams, protons or ions. The electron beam is provided by an energy recovery linac (ERL) of
Ee = 60 GeV energy which emerges from a 3-turn racetrack arrangement of two linacs, located opposite to each other. This
ERL has been designed and studied in quite some detail with the LHeC design. For FCC-eh, for geological reasons, the ERL
would be positioned at the inside of the FCC tunnel and tangential to the hadron beam at point L. There will be one detector
only, but forming two data taking collaborations may be considered, for example, to achieve cross check opportunities for
this precision measurement and exploratory programme.

The choice of Ee = 60 GeV is currently dictated by limiting cost. Desirably one would increase it, to reduce the beam
energy uncertainty and access extended kinematics, but that would increase the cost and effort in a non-linear way. This could
happen, nevertheless, if one expected, for example, leptoquarks with a mass of 4 TeV which the FCC-eh would miss with a
60 GeV beam. Currently, the energy chosen, taken from the LHeC design, is ample and adequate for a huge, novel programme
in deep inelastic physics as has been sketched above.

In concurrent operation, the FCC-eh would operate for 25 years, with the FCC-hh. This provides an integrated luminosity
of O(2) ab!1, at a nominal peak luminosity above 1034 cm!2 s!1, at which the whole result of HERA’s 15 year programme
could be reproduced in about a day or two, with kinematic boundaries extended by a factor of 100. The pile-up at FCC-eh
is estimated to be just 1. The forward detector has to cope with multi-TeV electron and hadron final state energies, while
the backward detector (in the direction of the e beam) would only see energies up to Ee = 60 GeV. The size of the detector
corresponds to about that of CMS at the LHC.

Special runs are possible at much lower yet still sizeable luminosity, such as with reduced beam energies. There is also
the important programme of electron-ion scattering which extended the kinematic range of the previous lepton–nucleus
experiments by 4 orders of magnitude. This is bound to revolutionise the understanding of parton dynamics and substructure
of nuclei and it will shed light on the understanding of the formation and development of the Quark-Gluon Plasma.

The measurement potential

3 EW measurements

3.1 Introduction

The Standard Model (SM) allowed the prediction of the properties and approximate mass values of the W and Z, of the top
and of the Higgs boson, well before the actual observations of these particles. A long history of experiments and theoretical

123

up to ～10 times the integrated luminosity of full LHC PbPb programme per FCC month

s
𝖥𝖢𝖢

PbPb
= 39 𝖳𝖾𝖵

s
𝖥𝖢𝖢

pPb
= 63 𝖳𝖾𝖵

for the HE-LHC:

s
𝖧𝖤−𝖫𝖧𝖢

pPb
= 17 𝖳𝖾𝖵s

𝖧𝖤−𝖫𝖧𝖢

PbPb
= 11 𝖳𝖾𝖵

L𝗂𝗇𝗍 ≈ 6 𝗇𝖻−1 (1 exp, 1 month)

beam considerations may favour running with lighter ions with further gain in NN luminosity 



FCC WITH IONS

10

474 Page 132 of 161 Eur. Phys. J. C (2019) 79 :474

Table 16.1 Global properties
measured in central Pb–Pb
collisions (0–5% centrality
class) at

!
sNN = 2.76 TeV and

extrapolated to 5.5 and 39 TeV

Quantity Pb–Pb 2.76 TeV Pb–Pb 5.5 TeV Pb–Pb 39 TeV

dNch/d! at ! = 0 1600 2000 3600

dET/d! at ! = 0 1.8–2.0 TeV 2.3–2.6 TeV 5.2–5.8 TeV

Homogeneity volume 5000 fm3 6200 fm3 11,000 fm3

Decoupling time 10 fm/c 11 fm/c 13 fm/c

" at # = 1 fm/c 12–13 GeV/fm3 16–17 GeV/fm3 35–40 GeV/fm3

Fig. 16.1 Left: space-time
profile at freeze-out from
hydrodynamical calculations for
central PbPb collisions at!
sNN = 5.5 TeV and 39 TeV.

Right: time evolution of the
QGP temperature as estimated
on the basis of the Bjorken
relation and the
Stefan–Boltzmann equation (see
text for details)

nucleus collisions have the advantage of a larger coverage at small x , e.g. down to x " 10#6 at a rapidity of |y| $ 5. On the
other hand, electron–nucleus collisions provide a fully constrained kinematics (precise determination of x and Q2).

16.2 QGP studies: bulk properties and soft observables

A central goal of a heavy-ion programme at a hadron collider is to explore how collective properties emerge from the
fundamental fields of QCD and their non-Abelian interactions. So-called “soft observables”, that is particles at low transverse
momentum, are important in this context since they are the experimentally accessible decay products of the medium that
is formed during the collision, and since they provide the most direct signals of collective behaviour. The QGP phase in
PbPb collisions at

!
sNN = 39 TeV is expected to have larger volume, lifetime, energy density and temperature than PbPb

collisions at LHC energy. Also, the enlarged spatio-temporal extension of the system created is expected to be accompanied
by larger collective effects and the larger multiplicity per event increases the statistical precision with which statements about
collectivity can be made.

16.2.1 Global characteristics of Pb–Pb collisions

Extrapolating measurements of charged particle multiplicity, transverse energy and femtoscopic correlations at lower energies,
one can obtain estimates for the growth of global event characteristics from LHC to FCC. In particular, up to the top LHC
energy, the growth of charged hadron event multiplicity per unit rapidity in PbPb collisions is consistent with a slowly-rising
power-law: dNch/d! (! = 0) % (

!
sNN)

0.3. As shown in Table 16.1, this amounts to an increase of a factor " 1.8 from LHC
to FCC.

Figure 16.1 (left) shows results for the freeze-out hypersurfaces of central PbPb collisions at different collision energies.
This figure quantifies the expectation that the denser system created at higher collision energy has to expand to a larger
volume and for a longer time before reaching the freeze-out temperature at which decoupling to hadrons sets in. The arrows
overlaid with the freeze-out hypersurface in Fig. 16.1 (left) indicate the transverse flow of the fluid element at decoupling.
This provides quantitative support for the qualitative expectation that in a larger and more long-lived system, collective effects
can grow stronger. In general, the global event characteristics listed in Table 16.1 determine the spatio-temporal extent of the
“cauldron” in which QCD matter evolved, and they constrain the thermodynamic conditions that apply after thermalisation.
The transverse energy per unit rapidity dET/d! (see Table 16.1) measured is of particular importance since it constrains the
initial energy density. The energy density is expected to increase by a factor of two from LHC to FCC, reaching a value of
35 # 40 GeV/fm3 at the time of 1 fm/c [28]. The time-dependence of the QGP plasma temperature for Pb–Pb collisions at
the LHC and at the FCC is plotted in Fig. 16.1 (right). The figure shows that while the increase at a given time is a modest
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increase in centre-of-mass energy leads to creation of initially hotter and denser QGP which expands for longer time and over larger volume 
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Table 16.1 Global properties
measured in central Pb–Pb
collisions (0–5% centrality
class) at

!
sNN = 2.76 TeV and

extrapolated to 5.5 and 39 TeV

Quantity Pb–Pb 2.76 TeV Pb–Pb 5.5 TeV Pb–Pb 39 TeV

dNch/d! at ! = 0 1600 2000 3600

dET/d! at ! = 0 1.8–2.0 TeV 2.3–2.6 TeV 5.2–5.8 TeV

Homogeneity volume 5000 fm3 6200 fm3 11,000 fm3

Decoupling time 10 fm/c 11 fm/c 13 fm/c

" at # = 1 fm/c 12–13 GeV/fm3 16–17 GeV/fm3 35–40 GeV/fm3

Fig. 16.1 Left: space-time
profile at freeze-out from
hydrodynamical calculations for
central PbPb collisions at!
sNN = 5.5 TeV and 39 TeV.

Right: time evolution of the
QGP temperature as estimated
on the basis of the Bjorken
relation and the
Stefan–Boltzmann equation (see
text for details)

nucleus collisions have the advantage of a larger coverage at small x , e.g. down to x " 10#6 at a rapidity of |y| $ 5. On the
other hand, electron–nucleus collisions provide a fully constrained kinematics (precise determination of x and Q2).

16.2 QGP studies: bulk properties and soft observables

A central goal of a heavy-ion programme at a hadron collider is to explore how collective properties emerge from the
fundamental fields of QCD and their non-Abelian interactions. So-called “soft observables”, that is particles at low transverse
momentum, are important in this context since they are the experimentally accessible decay products of the medium that
is formed during the collision, and since they provide the most direct signals of collective behaviour. The QGP phase in
PbPb collisions at

!
sNN = 39 TeV is expected to have larger volume, lifetime, energy density and temperature than PbPb

collisions at LHC energy. Also, the enlarged spatio-temporal extension of the system created is expected to be accompanied
by larger collective effects and the larger multiplicity per event increases the statistical precision with which statements about
collectivity can be made.

16.2.1 Global characteristics of Pb–Pb collisions

Extrapolating measurements of charged particle multiplicity, transverse energy and femtoscopic correlations at lower energies,
one can obtain estimates for the growth of global event characteristics from LHC to FCC. In particular, up to the top LHC
energy, the growth of charged hadron event multiplicity per unit rapidity in PbPb collisions is consistent with a slowly-rising
power-law: dNch/d! (! = 0) % (

!
sNN)

0.3. As shown in Table 16.1, this amounts to an increase of a factor " 1.8 from LHC
to FCC.

Figure 16.1 (left) shows results for the freeze-out hypersurfaces of central PbPb collisions at different collision energies.
This figure quantifies the expectation that the denser system created at higher collision energy has to expand to a larger
volume and for a longer time before reaching the freeze-out temperature at which decoupling to hadrons sets in. The arrows
overlaid with the freeze-out hypersurface in Fig. 16.1 (left) indicate the transverse flow of the fluid element at decoupling.
This provides quantitative support for the qualitative expectation that in a larger and more long-lived system, collective effects
can grow stronger. In general, the global event characteristics listed in Table 16.1 determine the spatio-temporal extent of the
“cauldron” in which QCD matter evolved, and they constrain the thermodynamic conditions that apply after thermalisation.
The transverse energy per unit rapidity dET/d! (see Table 16.1) measured is of particular importance since it constrains the
initial energy density. The energy density is expected to increase by a factor of two from LHC to FCC, reaching a value of
35 # 40 GeV/fm3 at the time of 1 fm/c [28]. The time-dependence of the QGP plasma temperature for Pb–Pb collisions at
the LHC and at the FCC is plotted in Fig. 16.1 (right). The figure shows that while the increase at a given time is a modest
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space-time profile at freeze-out
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Table 16.1 Global properties
measured in central Pb–Pb
collisions (0–5% centrality
class) at

!
sNN = 2.76 TeV and

extrapolated to 5.5 and 39 TeV

Quantity Pb–Pb 2.76 TeV Pb–Pb 5.5 TeV Pb–Pb 39 TeV

dNch/d! at ! = 0 1600 2000 3600

dET/d! at ! = 0 1.8–2.0 TeV 2.3–2.6 TeV 5.2–5.8 TeV

Homogeneity volume 5000 fm3 6200 fm3 11,000 fm3

Decoupling time 10 fm/c 11 fm/c 13 fm/c

" at # = 1 fm/c 12–13 GeV/fm3 16–17 GeV/fm3 35–40 GeV/fm3

Fig. 16.1 Left: space-time
profile at freeze-out from
hydrodynamical calculations for
central PbPb collisions at!
sNN = 5.5 TeV and 39 TeV.

Right: time evolution of the
QGP temperature as estimated
on the basis of the Bjorken
relation and the
Stefan–Boltzmann equation (see
text for details)

nucleus collisions have the advantage of a larger coverage at small x , e.g. down to x " 10#6 at a rapidity of |y| $ 5. On the
other hand, electron–nucleus collisions provide a fully constrained kinematics (precise determination of x and Q2).

16.2 QGP studies: bulk properties and soft observables

A central goal of a heavy-ion programme at a hadron collider is to explore how collective properties emerge from the
fundamental fields of QCD and their non-Abelian interactions. So-called “soft observables”, that is particles at low transverse
momentum, are important in this context since they are the experimentally accessible decay products of the medium that
is formed during the collision, and since they provide the most direct signals of collective behaviour. The QGP phase in
PbPb collisions at

!
sNN = 39 TeV is expected to have larger volume, lifetime, energy density and temperature than PbPb

collisions at LHC energy. Also, the enlarged spatio-temporal extension of the system created is expected to be accompanied
by larger collective effects and the larger multiplicity per event increases the statistical precision with which statements about
collectivity can be made.

16.2.1 Global characteristics of Pb–Pb collisions

Extrapolating measurements of charged particle multiplicity, transverse energy and femtoscopic correlations at lower energies,
one can obtain estimates for the growth of global event characteristics from LHC to FCC. In particular, up to the top LHC
energy, the growth of charged hadron event multiplicity per unit rapidity in PbPb collisions is consistent with a slowly-rising
power-law: dNch/d! (! = 0) % (

!
sNN)

0.3. As shown in Table 16.1, this amounts to an increase of a factor " 1.8 from LHC
to FCC.

Figure 16.1 (left) shows results for the freeze-out hypersurfaces of central PbPb collisions at different collision energies.
This figure quantifies the expectation that the denser system created at higher collision energy has to expand to a larger
volume and for a longer time before reaching the freeze-out temperature at which decoupling to hadrons sets in. The arrows
overlaid with the freeze-out hypersurface in Fig. 16.1 (left) indicate the transverse flow of the fluid element at decoupling.
This provides quantitative support for the qualitative expectation that in a larger and more long-lived system, collective effects
can grow stronger. In general, the global event characteristics listed in Table 16.1 determine the spatio-temporal extent of the
“cauldron” in which QCD matter evolved, and they constrain the thermodynamic conditions that apply after thermalisation.
The transverse energy per unit rapidity dET/d! (see Table 16.1) measured is of particular importance since it constrains the
initial energy density. The energy density is expected to increase by a factor of two from LHC to FCC, reaching a value of
35 # 40 GeV/fm3 at the time of 1 fm/c [28]. The time-dependence of the QGP plasma temperature for Pb–Pb collisions at
the LHC and at the FCC is plotted in Fig. 16.1 (right). The figure shows that while the increase at a given time is a modest
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Table 16.1 Global properties
measured in central Pb–Pb
collisions (0–5% centrality
class) at

!
sNN = 2.76 TeV and

extrapolated to 5.5 and 39 TeV

Quantity Pb–Pb 2.76 TeV Pb–Pb 5.5 TeV Pb–Pb 39 TeV

dNch/d! at ! = 0 1600 2000 3600

dET/d! at ! = 0 1.8–2.0 TeV 2.3–2.6 TeV 5.2–5.8 TeV

Homogeneity volume 5000 fm3 6200 fm3 11,000 fm3

Decoupling time 10 fm/c 11 fm/c 13 fm/c

" at # = 1 fm/c 12–13 GeV/fm3 16–17 GeV/fm3 35–40 GeV/fm3

Fig. 16.1 Left: space-time
profile at freeze-out from
hydrodynamical calculations for
central PbPb collisions at!
sNN = 5.5 TeV and 39 TeV.

Right: time evolution of the
QGP temperature as estimated
on the basis of the Bjorken
relation and the
Stefan–Boltzmann equation (see
text for details)

nucleus collisions have the advantage of a larger coverage at small x , e.g. down to x " 10#6 at a rapidity of |y| $ 5. On the
other hand, electron–nucleus collisions provide a fully constrained kinematics (precise determination of x and Q2).

16.2 QGP studies: bulk properties and soft observables

A central goal of a heavy-ion programme at a hadron collider is to explore how collective properties emerge from the
fundamental fields of QCD and their non-Abelian interactions. So-called “soft observables”, that is particles at low transverse
momentum, are important in this context since they are the experimentally accessible decay products of the medium that
is formed during the collision, and since they provide the most direct signals of collective behaviour. The QGP phase in
PbPb collisions at

!
sNN = 39 TeV is expected to have larger volume, lifetime, energy density and temperature than PbPb

collisions at LHC energy. Also, the enlarged spatio-temporal extension of the system created is expected to be accompanied
by larger collective effects and the larger multiplicity per event increases the statistical precision with which statements about
collectivity can be made.

16.2.1 Global characteristics of Pb–Pb collisions

Extrapolating measurements of charged particle multiplicity, transverse energy and femtoscopic correlations at lower energies,
one can obtain estimates for the growth of global event characteristics from LHC to FCC. In particular, up to the top LHC
energy, the growth of charged hadron event multiplicity per unit rapidity in PbPb collisions is consistent with a slowly-rising
power-law: dNch/d! (! = 0) % (

!
sNN)

0.3. As shown in Table 16.1, this amounts to an increase of a factor " 1.8 from LHC
to FCC.

Figure 16.1 (left) shows results for the freeze-out hypersurfaces of central PbPb collisions at different collision energies.
This figure quantifies the expectation that the denser system created at higher collision energy has to expand to a larger
volume and for a longer time before reaching the freeze-out temperature at which decoupling to hadrons sets in. The arrows
overlaid with the freeze-out hypersurface in Fig. 16.1 (left) indicate the transverse flow of the fluid element at decoupling.
This provides quantitative support for the qualitative expectation that in a larger and more long-lived system, collective effects
can grow stronger. In general, the global event characteristics listed in Table 16.1 determine the spatio-temporal extent of the
“cauldron” in which QCD matter evolved, and they constrain the thermodynamic conditions that apply after thermalisation.
The transverse energy per unit rapidity dET/d! (see Table 16.1) measured is of particular importance since it constrains the
initial energy density. The energy density is expected to increase by a factor of two from LHC to FCC, reaching a value of
35 # 40 GeV/fm3 at the time of 1 fm/c [28]. The time-dependence of the QGP plasma temperature for Pb–Pb collisions at
the LHC and at the FCC is plotted in Fig. 16.1 (right). The figure shows that while the increase at a given time is a modest
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large increase of all pQCD cross-sections with respect to LHC

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

✦ Boson-Jet cross-section increases by x20 

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

5.5 TeV to 39 TeV
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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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✦ Bottom cross-section increases by x6
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all yields benefit from additional 10-30 fold increase 
per running period due to higher luminosity
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Fig. 16.2 Left:
!
s-dependence of the cross sections for hard processes

of interest for a heavy-ion programme, calculated with MCFM [404] at
the highest available order. Right: expected top-quark pT distribution

in PbPb in the fully-leptonic decay modes at
!
sNN = 39 TeV after

acceptance and efficiency cuts with the statistical uncertainties for the
baseline scenario L int = 33 nb"1 (adapted from [392])

(using per-month luminosities from Sect. 2.3) with realistic analysis cuts and conservative 50% efficiency for b-jet tagging
are 3.1 (baseline L int) – 10.3 (ultimate) #105 in Pb–Pb collisions for tt $ bb !! !!.

As mentioned above, the pT reach of top quarks in Pb–Pb collisions is of special importance for QGP studies. Figure 16.2
(right) shows the estimated pT spectrum of the yields (per year) in Pb–Pb collisions for top-quark pair production. The figure
indicates that one could measure top quarks up to approximately pT % 1.8 TeV/c, even considering only one run in the
baseline luminosity scenario. At mid-rapidity, pT as large as this would correspond approximately to a factor of 10 time
dilation in the top decay (see next section).

Another potential novel probe of the QGP medium at FCC energies is the Higgs boson. The Higgs boson has a lifetime of
" % 50 fm/c, which is much larger than the time extent of the QGP phase. It has been argued that the Higgs boson interacts
strongly with the quarks and gluons of the QGP and the interactions induce its decay in the gluon–gluon or quark–antiquark
channels, thus depleting the branching ratio to the most common “observation” channels "" or ZZ# [394]. More recent detailed
theoretical calculations, including virtual corrections, predict however no visible suppression of the scalar boson [406]. The
cross section for Higgs boson production in Pb–Pb collisions is expected to increase by a factor larger than 20 when going
from

!
sNN = 5.5 TeV to

!
sNN = 39 TeV [393]. The statistical significance of the Higgs boson observation in the "" decay

channel in one Pb–Pb run at FCC-hh was estimated to be 5.5 (9.5) $ in the baseline (ultimate) luminosity scenarios [393].

Boosted tops and the space-time picture of the QGP

The FCC will provide large 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. It has been argued that the hadronically-decaying W
bosons in events with a tt̄ pair can provide unique insights into the time structure of the QGP [391]. This is because the time
decays of the top and the W bosons are followed by a time-delay in the interaction of the decay products of the W boson with
the surrounding medium due to a colour coherence effect. The sum of the three times, that reaches values of several fm/c for
boosted tops, would be the time at which the interaction with the QGP begins, providing a unique way to directly measure
the time structure of the QGP evolution. In addition, due to colour coherence effects, energy loss would be initially absent
for the colour-singlet qq decay products of a highly-boosted W boson: the two quarks would start to be quenched only when
their distance becomes larger than the colour correlation length of the medium, which depends on the transport coefficient q̂
(the average transverse momentum squared that particles exchange with the medium per unit mean-free path) [407].

The effect on the reconstructed masses of the top and W is studied, for tt̄ events decaying semileptonically, with different
energy loss scenarios as a proof of concept of the potential of these observables to access completely novel quantities in
heavy-ion collisions. As shown in Fig. 16.3 (left), times in the range 0.3 " 3 fm/c are obtained when adding the time delay
from Lorentz boosts of the decaying top quark and W boson and the time in which a singlet antenna remains in a colour
coherent state.
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As mentioned above, the pT reach of top quarks in Pb–Pb collisions is of special importance for QGP studies. Figure 16.2
(right) shows the estimated pT spectrum of the yields (per year) in Pb–Pb collisions for top-quark pair production. The figure
indicates that one could measure top quarks up to approximately pT % 1.8 TeV/c, even considering only one run in the
baseline luminosity scenario. At mid-rapidity, pT as large as this would correspond approximately to a factor of 10 time
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Another potential novel probe of the QGP medium at FCC energies is the Higgs boson. The Higgs boson has a lifetime of
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Boosted tops and the space-time picture of the QGP

The FCC will provide large 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. It has been argued that the hadronically-decaying W
bosons in events with a tt̄ pair can provide unique insights into the time structure of the QGP [391]. This is because the time
decays of the top and the W bosons are followed by a time-delay in the interaction of the decay products of the W boson with
the surrounding medium due to a colour coherence effect. The sum of the three times, that reaches values of several fm/c for
boosted tops, would be the time at which the interaction with the QGP begins, providing a unique way to directly measure
the time structure of the QGP evolution. In addition, due to colour coherence effects, energy loss would be initially absent
for the colour-singlet qq decay products of a highly-boosted W boson: the two quarks would start to be quenched only when
their distance becomes larger than the colour correlation length of the medium, which depends on the transport coefficient q̂
(the average transverse momentum squared that particles exchange with the medium per unit mean-free path) [407].

The effect on the reconstructed masses of the top and W is studied, for tt̄ events decaying semileptonically, with different
energy loss scenarios as a proof of concept of the potential of these observables to access completely novel quantities in
heavy-ion collisions. As shown in Fig. 16.3 (left), times in the range 0.3 " 3 fm/c are obtained when adding the time delay
from Lorentz boosts of the decaying top quark and W boson and the time in which a singlet antenna remains in a colour
coherent state.

123

fully benchmarked high precision jet quenching studies with abundant event-by-event calibrated probes

qualitatively novel hard probes
large increase of top cross-section gives access to significantly boosted tops which provide only known direct probe of QGP time-evolution 



BOOSTED TOPS AS PROBES OF QGP TIME-EVOLUTION 
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•jets from hadronically decaying W only start interacting with 
QGP after a time delay 

◦ reconstructed W mass depends on QGP remaining after 
delay 

◦ leptonically decaying t [tbar] allows event tagging 
[feasibility shown at LHC in pA and AA]
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more detailed study that includes also full consideration
of all heavy-ion e↵ects at a given specific collider.
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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. 4. Dependence of the reconstructed W mass on the
reconstructed top pt for HE-LHC (left) and FCC (right) col-
lisions. The quenched result corresponds to baseline full mod-
ification of the pp results, which would in practice be obtained
using knowledge of quenching from other measurements.

obtain when we carry out fits for a large number of replica
pseudo-experiments. Two of the bands are independent
of the PbPb luminosity: the top, unquenched band, cor-
responds to the result that would be obtained by embed-
ding 2 fb�1 of pp (unquenched) data into minimum-bias
PbPb events. The bottom band is obtained by a similar
procedure, but with the pp jets’ particles simply scaled
down by the quenching factor Q0, i.e. by the quenching
factor that would be expected if the W decay products
were present and started interacting from time 0. In a
real experiment, the corresponding scaling factor could
be obtained by measuring quenching in another quark-
jet dominated process (e.g. with �+jet or Z+jet balance),
as a function of the jet pt.

For short values of the e↵ective medium lifetime, ⌧m,
the mfit

W result is close to the unquenched result. This re-
flects the fact that theW decay products start interacting
only towards the end of the medium lifetime. For larger
values of ⌧m they instead still see most of the medium
duration, and most of the quenching. A very short-lived
medium, ⌧m = 1 fm/c, could be distinguished from the
full quenching baseline at the LHC with its currently ap-
proved LPbPb = 10 nb�1. However, to distinguish larger
values of ⌧m would require either higher luminosities or
higher energies. This is illustrated in the right-hand plot
of Fig. 3 for a future HE–LHC (

p
sNN = 11 TeV), where

the tt̄ cross section is 6 times larger.

At higher-energies it becomes advantageous to explore
the precot,top dependence of mfit

W , illustrated in Fig. 4 for the
HE–LHC and the FCC (

p
sNN = 39 TeV). For each bin

of precot,top, the upper axis shows the corresponding aver-
age ⌧tot. For a given band of ⌧m, when precot,top is large
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FIG. 5. The maximum medium quenching end-time, ⌧m, that
can be distinguished from full quenching with two standard
deviations, as a function of luminosity for di↵erent collider
energies and species. For the KrKr points, the LKrKr value
that is used is equal to LPbPb · (APb/AKr)

2, i.e. maintaining
an equal number of nucleon–nucleon collisions.

enough so that h⌧toti & ⌧m, the band merges with the
unquenched expectation. Thus the shape of the precot,top

dependence gives powerful information on the medium
time-structure.2

Fig. 5 shows our estimate of the maximum ⌧m that
can be distinguished at two standard deviations from the
baseline full quenched result, for di↵erent colliders as a
function of LPbPb. The number of standard deviations
takes into account the statistical uncertainty of mfit

W , for
both the actual heavy-ion data and a reference sample
as well as an additional 1% systematic uncertainty (see
supplemental material and Refs. [20, 34]). The reference
sample is obtained using the same procedure as for the
bottom bands in Figs. 3 and 4, i.e. using 2 fb�1 of pp
events with a rescaling of particle momenta by a factor
Q0 and inclusion of underlying-event fluctuations.
For each collider luminosity and energy the results are

obtained by choosing a precot,top cut so as to maximise the
significance. We have verified that if we increase the
fluctuations, �pt , the required luminosity scales as �2

pt
,

in line with expectations.
Lighter ions such as Kr are potentially promising, de-

spite their smaller quenching e↵ects [35], because of the
potential for order-of-magnitude higher e↵ective inte-
grated nucleon-nucleon luminosities [36, 37]. They are
discussed further in the supplemental material.

To conclude, in this work we have shown that the study
of top quarks and their decays has a unique potential to

2
The unquenched and baseline-quenched bands also have a precot,top
dependence, induced by the underlying jet and muon pt cuts,

as well as di↵erent amounts of final-state radiation outside the

R = 0.3 jet as a function of precot,top.
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full mapping of QGP time-evolution at FCC :: very modest sensitivity at LHC :: HE-LHC sensitive to early times
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d’Enterria [1701.08047]

Higgs discovery [5.5σ] in 1 month run

2

Thus, in the present study we take Lint = 1 fb�1 as the value potentially integrated under low-pileup conditions that
allow the reconstruction of exclusive photon-photon final states in p-p collisions. In all cases in Table I, one can see
that the maximum photon-photon c.m. energy reaches above the kinematical threshold for Higgs boson production,p

smax
� � & mH = 125 GeV, through the process depicted in Fig. I (left). The observation of the � � ! H process

would provide, first, an independent measurement of the H–photon loop-induced coupling based not on the Higgs
decay (as measured at the LHC [8]) but on its s-channel production mode. In addition, precise measurements of the
�(H! � �) partial width derived from �(� � ! H! bb̄) / �(H! � �) · BR(H! bb̄), and of the Higgs branching
ratio BR(H! � �) determined at a future e+e� collider, would also provide a model-independent extraction of the
total Higgs width, via �tot

H = �(H! � �)/BR(H! � �) [9].

FIG. 1. Diagrams for the exclusive two-photon production of the Higgs boson (followed by its bb̄ decay, left), and of b-,c-,light-
quark pairs (processes that share the same final state as the Higgs case, right) in ultraperipheral proton/nuclear collisions.

TABLE I. Summary of the characteristics of photon-photon collisions in ultraperipheral proton and nuclear collisions at the
HL-LHC, HE-LHC, and FCC [4–6]: (i) Nucleon-nucleon c.m. energy psnn , (ii) integrated luminosity per run Lint, (iii) beam
energies Ebeam, (iv) Lorentz factor �L, (v) e↵ective charge radius RA, (vi) photon “maximum” energy !max in the c.m. frame, and
(vii) “maximum” photon-photon c.m. energy

p
smax
� � . The last two columns list the � � ! H cross sections and the expected

number of Higgs events for the quoted Lint per system.

System psnn Lint Ebeam1 + Ebeam2 �L RA !max
p

smax
� � �(�� ! H) N(�� ! H)

Pb-Pb 5.5 TeV 10 nb�1 2.75 + 2.75 TeV 2950 7.1 fm 80 GeV 160 GeV 15 pb 0.15
Xe-Xe 5.86 TeV 30 nb�1 2.93 + 2.93 TeV 3150 6.1 fm 100 GeV 200 GeV 7 pb 0.21
Kr-Kr 6.46 TeV 120 nb�1 3.23 + 3.23 TeV 3470 5.1 fm 136 GeV 272 GeV 3 pb 0.36
Ar-Ar 6.3 TeV 1.1 pb�1 3.15 + 3.15 TeV 3400 4.1 fm 165 GeV 330 GeV 0.36 pb 0.40
O-O 7.0 TeV 3.0 pb�1 3.5 + 3.5 TeV 3750 3.1 fm 240 GeV 490 GeV 35 fb 0.11
p-Pb 8.8 TeV 1 pb�1 7.0 + 2.75 TeV 7450, 2950 0.7, 7.1 fm 2.45 TeV, 130 GeV 2.6 TeV 0.17 pb 0.17
p-p 14 TeV 1 fb�1 7.0 + 7.0 TeV 7450 0.7 fm 2.45 TeV 4.5 TeV 0.18 fb 0.18
Pb-Pb 10.6 TeV 10 nb�1 5.3 + 5.3 TeV 5700 7.1 fm 160 GeV 320 GeV 150 pb 1.5
Xe-Xe 11.5 TeV 30 nb�1 5.75 + 5.75 TeV 6200 6.1 fm 200 GeV 400 GeV 60 pb 1.8
Kr-Kr 12.5 TeV 120 nb�1 6.25 + 6.25 TeV 6700 5.1 fm 260 GeV 530 GeV 20 pb 2.4
Ar-Ar 12.1 TeV 1.1 pb�1 6.05 + 6.05 TeV 6500 4.1 fm 320 GeV 640 GeV 1.7 pb 1.9
O-O 13.5 TeV 3.0 pb�1 6.75 + 6.75 TeV 7300 3.1 fm 470 GeV 940 GeV 0.11 pb 0.33
p-Pb 18.8 TeV 1 pb�1 13.5 + 5.3 TeV 14 400, 5700 0.7, 7.1 fm 4.1 TeV, 160 GeV 4.2 TeV 0.45 pb 0.45
p-p 27 TeV 1 fb�1 13.5 + 13.5 TeV 14 400 0.7 fm 4.1 TeV 8.2 TeV 0.30 fb 0.30
Pb-Pb 39 TeV 110 nb�1 19.5 + 19.5 TeV 21 000 7.1 fm 600 GeV 1.2 TeV 1.8 nb 200
p-Pb 63 TeV 29 pb�1 50. + 19.5 TeV 53 300, 21 000 0.7,7.1 fm 15.2 TeV, 600 GeV 15.8 TeV 1.5 pb 45
p-p 100 TeV 1 fb�1 50. + 50. TeV 53 300 0.7 fm 15.2 TeV 30.5 TeV 0.70 fb 0.70

The possibility to produce the Higgs boson by exploiting the huge photon fields in UPCs of ions, AA
����!(A)H(A),

where the scalar boson is produced at midrapidity and the colliding ions (A) survive their electromagnetic interaction
(Fig. 1 left), was first considered 30 years ago in several works [10]. Detailed studies of the actual measurement
of UPC-production of the Higgs boson in its dominant bb̄ decay mode, including realistic experimental acceptance
and e�ciencies for the signal and the � � ! bb̄, cc̄, qq̄ continuum backgrounds (Fig. 1 right), were first presented in
Ref. [11] for ultraperipheral proton-nucleus (p-A) and nucleus-nucleus (A-A) collisions at LHC energies. This work
showed that, for the nominal integrated luminosities, the scalar boson was unobservable in UPCs at the LHC unless
one integrated at least 300 times more luminosity than that expected for the standard 1-month heavy-ion operation.
On the other hand, similar studies [12] carried out within the FCC project, have indicated that the observation
of Higgs production in UPCs was clearly possible in just the first nominal run of Pb-Pb and p-Pb collisions atps

nn
= 39 and 63 TeV respectively. We note also that detailed studies of � � !H were performed in the past in

7

observation of � � !H production requires in this case to run for ⇠8 months (107 s), instead of the nominal 1-month,
or running 4 months and combining two experiments (Fig. 4, left).
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FIG. 4. Expected invariant mass distributions for b-jet pairs from the photon-fusion Higgs signal (hatched red Gaussian) and
bb̄ + cc̄ + qq̄ continuum (blue curve) in ultraperipheral p-Pb (psnn = 63 TeV, left) and Pb-Pb (psnn = 39 TeV, right) collisions,
after event selection criteria and with the quoted integrated luminosities (see text). The red stars show the expected signal-plus-
background invariant mass counts.

All the derived number of events and significances are based on the aforementioned simple set of kinematical
cuts and signal-over-background estimates, and can be likely further improved by using more advanced multivari-
ate studies and a full parametric shape analysis for the significance calculation. Notwithstanding such potential
improvements, the numbers presented here provide realistic estimates of the feasibility of the UPC Higgs boson
measurements at all currently (planned or under consideration) future CERN hadron colliders.

V. SUMMARY

We have presented prospect studies for the measurement of the two-photon production of the Higgs boson in
ultraperipheral Pb-Pb, Xe-Xe, Kr-Kr, Ar-Ar, O-O, p-Pb, and p-p collisions at three planned CERN future hadron
colliders: HL-LHC, HE-LHC, and FCC. Cross sections have been obtained with madgraph 5, modified to include the
corresponding nuclear equivalent photon fluxes with no hadronic overlap of the colliding beams, for nucleon-nucleon
c.m. energies over ps

nn
= 3–100 TeV. The Higgs cross sections roughly rise by a factor of ten (one hundred) when

increasing the c.m. energy from the HL-LHC to the HE-LHC (FCC). At the HL-LHC and HE-LHC, although Pb-Pb
features the largest Higgs cross section, �(� � ! H) = 15, and 150 pb thanks to its Z4-amplified photon fluxes, the
most competitive systems to try a measurement of UPC Higgs production are Ar-Ar and Kr-Kr respectively, thanks
to the larger available beam luminosities for such lighter species.

The observation of the Higgs boson in UPCs, via its dominant bb̄ decay channel, relies on the measurement of
two exclusive b-jets with invariant masses peaked at mH, on top of a background of �� ! bb̄, cc̄, qq̄ continuum pairs,
where charm and light (q = u, d, s) quarks are misidentified as b-quarks. The same madgraph 5 setup used to compute
Higgs cross sections and generate the corresponding events has been employed for the exclusive two-photon produc-
tion of bb̄, cc̄, and qq̄ dijets. The HL-LHC and HE-LHC analyses have been carried out at the parton level, whereas
for FCC energies the b-quarks have been showered and hadronized with pythia 8, and reconstructed in a exclusive
two-jet final-state with the kT algorithm. Given the simplicity of the exclusive final states considered, no significant
di↵erences between hadron- and parton-level results exist. By assuming realistic jet acceptance, reconstruction
performances, and (mis)tagging e�ciencies, and applying appropriate kinematical cuts on the jet pT and angles, it
has been shown that the H(bb̄) signal can be reconstructed on top of the � � ! bb̄, cc̄, qq̄ continuum backgrounds.
On the one hand, reaching 3� evidence of UPC Higgs-production at HL-LHC and at HE-LHC, requires factors of
about ⇥200 and ⇥30 more integrated luminosities in Ar-Ar and Kr-Kr collisions, respectively, than currently planned
for both machines. Factors of ten in integrated luminosity can be gained running for the duration (107 s) typical of a

Higgs from γγ [UPC] for independent [from production] 
measurement of Hγ coupling 

d’Enterria et al.[1904.11936]

many further SM/BSM possibilities with UPCs 
[competitive axion-like particles and monopole searches] 
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based on Andronic et al [1106.6321]
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Fig. 16.5 Nuclear modification factor RAA of J/! (left) and!(1S)mesons (right) at LHC and FCC energies as a function of the collision centrality
(number of participant nucleons) [414,415]

16.4 Nuclear PDF measurements and search for saturation

16.4.1 Studies in hadronic pA and AA collisions

Small-x PDFs, factorisation, saturation

Parton saturation [418,419] is based on the idea that standard linear parton branching leads, at small values of momentum
fraction x , to parton densities so high that non-linear dynamics (like gluon recombination) becomes important and parton
densities are tamed to grow from power-like to logarithmically. Non-linear effects are expected to become important when
the density of gluons per unit transverse area exceeds a certain limit, the saturation density. This regime of QCD is interesting
in its own right, to study non-linear dynamics of gluon fields in a controlled environment, but it is also important as an initial
state for collisions of nuclei in which a Quark-Gluon Plasma is formed.

In the framework of QCD collinear factorisation, Parton Distribution Functions of nucleons inside nuclei (nuclear PDFs)
can be obtained in standard global fit analysis with the usual linear evolution equations. The differences with respect to free
nucleon PDFs are parameterised in a nuclear modification factor RA

i (x, Q
2) with i = g, qvalence, qsea (see e.g. Ref. [420]).

The description of present data with this approach is excellent and no sign of tension has been found yet. However, collinear
factorisation is expected to break down when the gluon phase-space becomes saturated. In these conditions, the small-x
partons in the nuclear wave function would act coherently, not independently as assumed with factorisation. The Colour Glass
Condensate (CGC) is the non-perturbative, but weak coupling description of such a system, which relies on resummation of
powers of parton density (see e.g. Ref. [421]). The onset of saturation is usually discussed in terms of the saturation momen-
tum Q2

S, defined as the scale at which the transverse area of the nucleus is completely saturated and gluons start to overlap.

It can be shown that Q2
S ! A1/3!"sNN

""e"y , with " # 0.3 [28]. Saturation affects the processes in the region Q2 <! Q2
S

therefore, the regime of high gluon density is best accessed at a high-
"
sNN hadron collider with measurements at low pT and

forward rapidity, which probe small x and small Q2. At present, no conclusive evidence has been provided for the existence
of parton saturation, although a number of observations are consistent with its expectations [28]. In order to firmly establish
the existence of this new high-energy regime of QCD and clarify the validity of the different approaches to factorisation and
evolution, new kinematic regions must be explored using higher collision energies in order to have a large lever arm in Q2 in a
region that, while perturbative, lies inside the saturation domain. The FCC offers the energies and the possibility of combining
proton and nuclear beams, as are required for a detailed understanding of the mechanism underlying saturation, see Fig. 16.6.

There is a strong complementarity between the physics programmes at hadron colliders and at the proposed electron–
hadron colliders (Electron-Ion Collider in the USA [422], Large Hadron Electron Collider LHeC [69] and FCC-eh). With a
kinematic reach in the TeV scale in the c.m.s. (Fig. 16.6, left), the latter two projects are well-positioned to reach conclusive
evidence for the existence of a new non-linear regime of QCD. They are clearly complementary to the FCC-hh, providing a
precise knowledge of the partonic structure of nucleons and nuclei and of small-x dynamics.

123

large perturbative charm yield + thermal 
production leads to J/Ψ enhancement 
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Fig. 16.5 Nuclear modification factor RAA of J/! (left) and!(1S)mesons (right) at LHC and FCC energies as a function of the collision centrality
(number of participant nucleons) [414,415]

16.4 Nuclear PDF measurements and search for saturation

16.4.1 Studies in hadronic pA and AA collisions

Small-x PDFs, factorisation, saturation

Parton saturation [418,419] is based on the idea that standard linear parton branching leads, at small values of momentum
fraction x , to parton densities so high that non-linear dynamics (like gluon recombination) becomes important and parton
densities are tamed to grow from power-like to logarithmically. Non-linear effects are expected to become important when
the density of gluons per unit transverse area exceeds a certain limit, the saturation density. This regime of QCD is interesting
in its own right, to study non-linear dynamics of gluon fields in a controlled environment, but it is also important as an initial
state for collisions of nuclei in which a Quark-Gluon Plasma is formed.

In the framework of QCD collinear factorisation, Parton Distribution Functions of nucleons inside nuclei (nuclear PDFs)
can be obtained in standard global fit analysis with the usual linear evolution equations. The differences with respect to free
nucleon PDFs are parameterised in a nuclear modification factor RA

i (x, Q
2) with i = g, qvalence, qsea (see e.g. Ref. [420]).

The description of present data with this approach is excellent and no sign of tension has been found yet. However, collinear
factorisation is expected to break down when the gluon phase-space becomes saturated. In these conditions, the small-x
partons in the nuclear wave function would act coherently, not independently as assumed with factorisation. The Colour Glass
Condensate (CGC) is the non-perturbative, but weak coupling description of such a system, which relies on resummation of
powers of parton density (see e.g. Ref. [421]). The onset of saturation is usually discussed in terms of the saturation momen-
tum Q2

S, defined as the scale at which the transverse area of the nucleus is completely saturated and gluons start to overlap.

It can be shown that Q2
S ! A1/3!"sNN

""e"y , with " # 0.3 [28]. Saturation affects the processes in the region Q2 <! Q2
S

therefore, the regime of high gluon density is best accessed at a high-
"
sNN hadron collider with measurements at low pT and

forward rapidity, which probe small x and small Q2. At present, no conclusive evidence has been provided for the existence
of parton saturation, although a number of observations are consistent with its expectations [28]. In order to firmly establish
the existence of this new high-energy regime of QCD and clarify the validity of the different approaches to factorisation and
evolution, new kinematic regions must be explored using higher collision energies in order to have a large lever arm in Q2 in a
region that, while perturbative, lies inside the saturation domain. The FCC offers the energies and the possibility of combining
proton and nuclear beams, as are required for a detailed understanding of the mechanism underlying saturation, see Fig. 16.6.

There is a strong complementarity between the physics programmes at hadron colliders and at the proposed electron–
hadron colliders (Electron-Ion Collider in the USA [422], Large Hadron Electron Collider LHeC [69] and FCC-eh). With a
kinematic reach in the TeV scale in the c.m.s. (Fig. 16.6, left), the latter two projects are well-positioned to reach conclusive
evidence for the existence of a new non-linear regime of QCD. They are clearly complementary to the FCC-hh, providing a
precise knowledge of the partonic structure of nucleons and nuclei and of small-x dynamics.
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γ(1S) melts for T > 350 MeV 
[maybe only achievable at FCC] 

can large bbar yields (～20 pairs in 
central PbPb) lead to recombination 

and enhancement?

LHC

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

Color Glass Condensate @ FCC
✦ x-Q2 phase space accessible at FCC:

!22

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

Color Glass Condensate @ FCC
✦ x-Q2 phase space accessible at FCC:

!22

✓ FCC able to probe saturation at mid-rapidity

•substantial increase of kinematic coverage for 
constraining nPDFs 

•lever-arm in Q2 at small-x :: probe saturation 
at perturbative scales at mid-rapidity :: stress-
test collinear factorization

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

Color Glass Condensate @ FCC
✦ x-Q2 phase space accessible at FCC:

!22

✓ FCC able to probe saturation at mid-rapidity
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•lever-arm in Q2 at small-x :: probe saturation 
at perturbative scales at mid-rapidity :: stress-
test collinear factorization 

•complementarity with FCC-eA [LHeC] where 
kinematics fully constrained
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Fig. 16.10 Uncertainty in the determination of the ratio of the gluon
distribution in a Pb nucleus over that in a proton, at the FCC-eh, the
LHeC and its combination. Also show is the result of a recent analysis
[442]. Note that while at the FCC-eh a tolerance criterium!"2 = 1 can
be used, it being a single experiment, present analyses use a much larger

value (! 50) in order to accommodate data from different experiments
and types of collisions. Note also that in present analysis the glue is
basically unknown both for x < 0.01 and for x > 0.2, with the shape
of the uncertainty band dictated by the functional form of the initial
conditions

Fig. 16.11 Reduced cross
sections for inclusive diffraction
in ePb in different kinematic
regions that could be measured
at the FCC-eh (see Sect. 5.3.2),
# being the fraction of the
nucleon momentum taken by the
diffractive system and $ the
fraction of momentum of the
diffractive system taken by the
parton struck. Red and green
points correspond to two
different models for the nuclear
effects on DPDFs [443]
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PDF CONSTRAINING WITH TOPS
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•measurements of top production in pPb and PbPb provide substantial constraints to gluon 
nPDF at Q=mtop, particularly so in the EMC region (x>0.1)

Eur. Phys. J. C (2019) 79 :474 Page 139 of 161 474

Fig. 16.7 Left: ratio of direct photons at forward rapidities ! = 2, 4, 6 obtained in the CGC formalism in pPb collisions [423,424]. Middle:
Forward dijet"# correlation in pPb compared to pp collisions at FCC [426]. Right: nuclear modification factor of back-to-back dijets at LHC and
FCC energies

Fig. 16.8 Left: FCC pseudodata for the nuclear modification factor
for top production in PbPb collisions. Middle and right: original EPS09
gluon nuclear modification at Q = mtop and estimated improvement

obtained by reweighting using the PbPb (middle panel) and pPb (right
panel). The figures are adapted from Ref. [392]

and theoretically well-controlled fashion. To estimate the impact that the FCC would have on nuclear gluon densities, the
computed top-pair cross sections in pp, pPb and PbPb with analysis cuts (see [28]) have been binned in the rapidity, y$, of
the decay leptons of t ! W ! $. Figure 16.8 (left) shows PbPb pseudodata for the expected nuclear modification factors of
the decay leptons. The effects that these, and the pPb, pseudodata would have in the EPS09 [428] global fit of nuclear PDFs
are quantified via the Hessian reweighting technique [429] and shown in the middle and right panels of the figure. The nPDF
uncertainties are reduced by more than 50% over a large range of x .

16.4.2 Exclusive photoproduction of heavy quarkonia

Charged particles accelerated at high energies generate electromagnetic fields that can be considered as quasireal ! beams of
very low virtuality Q2 < 1/R2 [430–432], where R is the radius of the charge, i.e., Q2 " 0.08 GeV2 for protons (R " 0.7 fm),
and Q2 < 4 · 10#3 GeV2 for nuclei (RA " 1.2 A1/3 fm). Given that the photon flux scales with the square of the emitting
charge (Z2), the emission of quasireal photons from the Pb-ion is strongly enhanced compared to that from proton beams
(although the latter feature large photon energies). The maximum centre-of-mass energies of photon-induced interactions in
“ultraperipheral” collisions (UPCs) of proton [433] and lead (Pb) beams [434] – occurring at impact parameters larger than
the sum of their radii – at the FCC are Wmax

% p = 10 TeV and Wmax
% A = 7 TeV.

Exclusive photoproduction of vector mesons in UPCs of protons or ions is depicted in Fig. 16.9 (left). Since the gluon
couples directly to the c or b quarks and the cross section is proportional to the gluon density squared in such processes, they
provide a very clean probe of the gluon density in the “target” hadron, with the large mass of quarkonia providing a hard scale
for pQCD calculations. Their measured cross sections rise steeply with photon-hadron centre-of-mass energy W% p, following
a power-law dependence W &

% p with & = 0.7–1.2 [435,436], reflecting the steep rise in the gluon density in the hadrons at

123

d’Enterria et al [1501.05879]



FCC SUMMARY
•FCC-AA [PbPb@39TeV + pPb@63TeV] provides an integrated luminosity two orders of magnitude higher 

than the LHC programme 

◦ breadth of unparalleled QGP studies 

•higher temperature; larger volume; longer life 

•abundance of hard probes, including qualitatively novel ones 

◦ unique access to ultra-dense partonic systems 

◦ novel uses of HI collisions, e.g. for competitive BSM searches [axion-like particles, monopoles, …]

23

FCC is a multi-generational project with a broad, ambitious and evolving Physics programme.  

Importantly, FCC studies have been instrumental in identifying increases in Physics reach from 
higher luminosities, shaping priorities for the near future. 

Bruce et al.[1812.07688]



IONS BEYOND LHC LS4 [2032] 

no Ion runs currently scheduled for beyond Long Shutdown 4 [HL-LHC]

24

approved HI programme to be concluded by Run 4 [previous talk by Inna Kucher]



LIGHT[ER] IONS
HL-LHC WG5 report [1812.06772]

25

species choice dictated by cost [smaller QGP effects] / benefit [higher luminosity] balance 

collisions of heaviest nuclei 
[PbPb@LHC]

collisions of lighter nuclei 
[                ]A ≪ APb

hottest, denser and longest-lived QGP

measurement of key physical parameters 
bridging PbPb and pPb 

•XeXe [run 2] 
•OO [run 3/4 ]  
•AlightAlight [run 5]

substantially higher NN luminosity 
•increased precision in standard observables 
•access to rare(r) probes :: Z+jet, ttbar, …  
•increased accuracy [lower background]



HIGH-LUMINOSITY WITH LIGHT-IONS

26

integrated luminosity in ion runs limited by bunch intensity limits in injector chain strongly dependent on ion charge
Nb(Z, A) = Nb(82,208)( Z

82 )
−p

1.9 × 1081.5 ≤ p ≤ 1.9
reasonable optimistic

Table 3: Parameters and performance for a range of light nuclei with a moderately optimistic value of
the scaling parameter p = 1.5 in (5).

16O8+ 40Ar18+ 40Ca20+ 78Kr36+ 129Xe54+ 208Pb82+

� 3760. 3390. 3760. 3470. 3150. 2960.
p
sNN/TeV 7. 6.3 7. 6.46 5.86 5.52

�had/b 1.41 2.6 2.6 4.06 5.67 7.8

�BFPP/b 2.36⇥ 10�5 0.00688 0.0144 0.88 15. 280.

�EMD/b 0.0738 1.24 1.57 12.2 51.8 220.

�tot/b 1.48 3.85 4.18 17.1 72.5 508.

Nb 6.24⇥ 109 1.85⇥ 109 1.58⇥ 109 6.53⇥ 108 3.56⇥ 108 1.9⇥ 108

✏xn/µm 2. 1.8 2. 1.85 1.67 1.58

fIBS/(m Hz) 0.0662 0.0894 0.105 0.13 0.144 0.167

Wb/MJ 68.9 45.9 43.6 32.5 26.5 21.5

LAA0/cm�2s�1 1.46⇥ 1031 1.29⇥ 1030 9.38⇥ 1029 1.61⇥ 1029 4.76⇥ 1028 1.36⇥ 1028

LNN0/cm�2s�1 3.75⇥ 1033 2.06⇥ 1033 1.5⇥ 1033 9.79⇥ 1032 7.93⇥ 1032 5.88⇥ 1032

PBFPP/W 0.0031 0.179 0.303 5.72 43.4 350.

PEMD1/W 4.98 16.5 16.9 40.5 76.7 141.

⌧L0/h 16.4 21.3 23. 13.5 5.87 1.57

Topt/h 9.04 10.3 10.7 8.23 5.42 2.8

hLAAi cm
�2s�1 8.99⇥ 1030 8.34⇥ 1029 6.17⇥ 1029 9.46⇥ 1028 2.23⇥ 1028 3.8⇥ 1027

hLNNi cm
�2s�1 2.3⇥ 1033 1.33⇥ 1033 9.87⇥ 1032 5.76⇥ 1032 3.71⇥ 1032 1.64⇥ 1032R

month LAA dt/nb�1 1.17⇥ 104 1080. 799. 123. 28.9 4.92R
month LNN dt/pb�1 2980. 1730. 1280. 746. 481. 213.

Rhad/kHz 2.07⇥ 104 3340. 2440. 653. 270. 106.

µ 1.64 0.266 0.194 0.0518 0.0215 0.00842

relative gain factors in integrated nucleon-nucleon luminosity by changing from Pb to a lighter nucleus.

2.5 Short run for p–O
As discussed in Section 11.3, a short p–O collision run is of interest for cosmic-ray physics. This could
be scheduled with rapid set-up in LHC on the successful model of the 2012 p–Pb run which was later
re-used in the 2017 Xe–Xe run [3]. Each of those runs took about 16 h of LHC operation time, including
set-up and physics data-taking.

Because oxygen is used as the carrier gas in the CERN heavy-ion source, the idea has been mooted
that it may be possible to switch from Pb to 16O8+ beams for the LHC, and back, somewhat more rapidly
than other species. However it appears that the process is still not quick enough to allow, say, a short p–O
run at the end of one of the annual Pb–Pb runs. A more practical possibility would be to schedule the run
earlier in the year in order to provide time for the source to be switched back to Pb operation afterwards
for the one-month run later in the year. Commissioning of the O beam in the injectors for single-bunch
injection into the LHC would need to be scheduled in parallel with p-p operation in the weeks before the
p–O run.

2.6 Heavy-ion performance of HE-LHC
Heavy-ion operation of HE-LHC awaits a fully detailed study. First results were presented in [31]. Since
the HE-LHC would occupy the same tunnel as the LHC, one can, for the moment, assume the same
injected beams as HL-LHC. Future possible upgrades to the injectors might improve this. The total
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Table 4: Parameters and performance for a range of light nuclei with an optimistic value of the scaling
parameter p = 1.9 in (5).

16O8+ 40Ar18+ 40Ca20+ 78Kr36+ 129Xe54+ 208Pb82+

� 3760. 3390. 3760. 3470. 3150. 2960.
p
sNN/TeV 7. 6.3 7. 6.46 5.86 5.52

�had/b 1.41 2.6 2.6 4.06 5.67 7.8

�BFPP/b 2.36⇥ 10�5 0.00688 0.0144 0.88 15. 280.

�EMD/b 0.0738 1.24 1.57 12.2 51.8 220.

�tot/b 1.48 3.85 4.18 17.1 72.5 508.

Nb 1.58⇥ 1010 3.39⇥ 109 2.77⇥ 109 9.08⇥ 108 4.2⇥ 108 1.9⇥ 108

✏xn/µm 2. 1.8 2. 1.85 1.67 1.58

fIBS/(m Hz) 0.168 0.164 0.184 0.18 0.17 0.167

Wb/MJ 175. 84.3 76.6 45.2 31.4 21.5

LAA0/cm�2s�1 9.43⇥ 1031 4.33⇥ 1030 2.9⇥ 1030 3.11⇥ 1029 6.66⇥ 1028 1.36⇥ 1028

LNN0/cm�2s�1 2.41⇥ 1034 6.93⇥ 1033 4.64⇥ 1033 1.89⇥ 1033 1.11⇥ 1033 5.88⇥ 1032

PBFPP/W 0.0199 0.601 0.935 11. 60.6 350.

PEMD1/W 32. 55.6 52.2 78.3 107. 141.

⌧L0/h 6.45 11.6 13.1 9.74 4.96 1.57

Topt/h 5.68 7.62 8.08 6.98 4.98 2.8

hLAAi cm
�2s�1 4.54⇥ 1031 2.45⇥ 1030 1.69⇥ 1030 1.68⇥ 1029 2.95⇥ 1028 3.8⇥ 1027

hLNNi cm
�2s�1 1.16⇥ 1034 3.93⇥ 1033 2.71⇥ 1033 1.02⇥ 1033 4.91⇥ 1032 1.64⇥ 1032R

month LAA dt/nb�1 5.89⇥ 104 3180. 2190. 218. 38.2 4.92R
month LNN dt/pb�1 1.51⇥ 104 5090. 3510. 1330. 636. 213.

Rhad/kHz 1.33⇥ 105 1.12⇥ 104 7540. 1260. 378. 106.

µ 10.6 0.893 0.598 0.1 0.03 0.00842

integrated luminosity obtainable per fill, summed over all experiments, is bounded by the total intensity
divided by the burn-off cross-section and will therefore be similar to the HL-LHC. The same can be said
for time taken to inject a fill. Only a modest increase in integrated luminosity, given by somewhat shorter
times spent in collision and, most likely, a reduction in the number of experiments, can be envisaged. For
purposes of this report, we estimate that the integrated luminosity obtained by each of two experiments
in a one-month run will be of order 6 nb�1. However, the BFPP power with Pb–Pb collisions will be
very high and this could be a strong argument for running with somewhat lighter species. In that case,
one can expect the luminosity to scale similarly to HL-LHC in Sect. 2.4.
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ℒ𝖠𝗋𝖠𝗋
𝖭𝖭 = (8 − 25) × ℒ𝖯𝖻𝖯𝖻

𝖭𝖭 order of magnitude increase in number of hard processesArAr as test-case

results from simplified parametrisation 
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to what extent are QGP effects reduced in light-ion collisions ?

0-10% most central ArAr

⟨N𝗉𝖺𝗋𝗍⟩ ∼ 70

40-50% centrality PbPb

existence of QGP effects confirmed experimentally

[central] ArAr collisions provide suitable setting for study of QGP effects 
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QGP IN LIGHT-ION COLLISIONS
to what extent are QGP effects reduced in light-ion collisions ?

sizeable QGP effects expected in central ArAr collisions 
[40-50% PbPb gives ultra-conservative bound] 

smaller background allows for increased precision 

jet nuclear modification factor: 
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Fig. 41: Projections of the relative difference of the Lund diagram onto momentum imbalance of the
splittings for two selections of jet pT. Left: selection of splittings for different 1

pT t . Right: selection of
splittings for different t.

Rjet

AA
=

(dNjets/dpT)
med

(dNjets/dpT)
vac . (22)

Table 6 summarizes the parameters used in JEWEL to calculate this quantity in 0–10% centrality Ar–Ar
collisions, compared with the parameterization for Pb–Pb and Xe–Xe. The T v1

i values were obtained
assuming the same pre-factors as in [400]:

T (t) =

✓
✏(t)

30

47.5⇡2

◆
1/4

, (23)

where the energy density ✏(t) follows a Bjorken evolution:

✏(t) =
1

⇡R2

nuclt

dE

d⌘
. (24)

The energy per unit of pseudo-rapidity is taken from centrality-dependent measurements in Pb–Pb colli-
sions. Finally the temperature T v1

i is evaluated at ⌧i.

Table 6: Energy and medium parameter used in JEWEL simulation of dijets and Z+jet events.

Pb–Pb Xe–Xe Ar–Ar
p
sNN (TeV) 5.02 5.80 6.30⌦
Npart

↵
353 210 66

Rnucl (fm) 6.6 5.4 3.6
⌧i (fm/c) 0.6 0.57 0.63

T v1
i (MeV) 360 350 318

T v2
i (MeV) 260 250 218

With these medium parameters, JEWEL results lie quite below the ATLAS RAA results for the
Pb–Pb 0–10% centrality class [401]. JEWEL was run with medium recoil effects off, although they are
known to contribute to increase the jet RAA by ⇠ 0.1–0.2 in the most central events [402]. This may
explain the discrepancy. Alternatively, the discrepancy can be eliminated by reducing the temperature
in JEWEL. Starting from the Pb–Pb temperature changed in order to match the ATLAS results for the

77

z
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

va
c

ρ
) /

 
va

c
ρ

 - 
m

ed
ρ(

0.6−

0.4−

0.2−

0

0.2

0.4

0.6

0.8 -3 < 10-1 t)
T

 0.01 < (p
T

low-p

-3 < 10-1 t)
T

 0.01 < (p
T

high-p

-4 < 10-1 t)
T

 < (p-3 10
T

low-p

-4 < 10-1 t)
T

 < (p-3 10
T

high-p

JEWEL (no recoils) + PYTHIA 

 = 5 TeV NNspp 

 R=0.4; C/A structure Tanti-k

 < 120 (GeV/c) jet
T

: 80 < p
T

low-p

 < 250 (GeV/c)jet
T

: 200 < p
T

high-p

z
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

va
c

ρ
) /

 
va

c
ρ

 - 
m

ed
ρ(

0.6−

0.4−

0.2−

0

0.2

0.4

0.6

0.8  for t < 10
T

low-p

 for t < 10
T

high-p

 for t > 10
T

low-p

 for t > 10
T

high-p

JEWEL (no recoils) + PYTHIA 

 = 5 TeV NNspp 

 R=0.4; C/A structure Tanti-k

 < 120 (GeV/c) jet
T

: 80 < p
T

low-p

 < 250 (GeV/c)jet
T

: 200 < p
T

high-p

Fig. 41: Projections of the relative difference of the Lund diagram onto momentum imbalance of the
splittings for two selections of jet pT. Left: selection of splittings for different 1

pT t . Right: selection of
splittings for different t.

Rjet

AA
=

(dNjets/dpT)
med

(dNjets/dpT)
vac . (22)

Table 6 summarizes the parameters used in JEWEL to calculate this quantity in 0–10% centrality Ar–Ar
collisions, compared with the parameterization for Pb–Pb and Xe–Xe. The T v1

i values were obtained
assuming the same pre-factors as in [400]:

T (t) =

✓
✏(t)
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where the energy density ✏(t) follows a Bjorken evolution:
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The energy per unit of pseudo-rapidity is taken from centrality-dependent measurements in Pb–Pb colli-
sions. Finally the temperature T v1

i is evaluated at ⌧i.

Table 6: Energy and medium parameter used in JEWEL simulation of dijets and Z+jet events.

Pb–Pb Xe–Xe Ar–Ar
p
sNN (TeV) 5.02 5.80 6.30⌦
Npart

↵
353 210 66

Rnucl (fm) 6.6 5.4 3.6
⌧i (fm/c) 0.6 0.57 0.63

T v1
i (MeV) 360 350 318

T v2
i (MeV) 260 250 218

With these medium parameters, JEWEL results lie quite below the ATLAS RAA results for the
Pb–Pb 0–10% centrality class [401]. JEWEL was run with medium recoil effects off, although they are
known to contribute to increase the jet RAA by ⇠ 0.1–0.2 in the most central events [402]. This may
explain the discrepancy. Alternatively, the discrepancy can be eliminated by reducing the temperature
in JEWEL. Starting from the Pb–Pb temperature changed in order to match the ATLAS results for the
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Fig. 42: Jet RAA obtained from a JEWEL simulations using the medium parameters listed in Table 6,
with the temperatures listed as T v2

i . On the left, the jet RAA is shown as a function of the jet pT, and on
the right as a function of

⌦
Npart

↵
for a jet 100 < pT < 126 GeV/c.

Pb–Pb 0–10% centrality class, temperatures for Xe–Xe and Ar–Ar are obtained by assuming that the
energy density scales with A1/3. Thus, for an arbitrary collision system XX one has:

✓
TXX

TPb�Pb

◆
4

=

✓
AXX

APb

◆
1/3

. (25)

This parameterisation is used to obtain the T v2
i values listed in Table 6 which are used to calculate the

jet RAA shown in Figure 42. The figure shows the JEWEL calculations for Pb–Pb, Xe–Xe, and Ar–Ar
along with ATLAS Pb–Pb measurements in centrality classes chosen to match the

⌦
Npart

↵
values in

Table 6.
To further investigate jet energy loss in Ar–Ar collisions, Z boson + jet events are studied within

the same JEWEL framework. The importance of boson + jet events for the precision study of energy loss
is discussed in Sect. 6.2. Events with a Z boson decaying into µ+µ� associated with a jet were simulated
with JEWEL + PYTHIA Monte Carlo [403]. Events were selected for a reconstructed Z boson with a
mass within 70–110 GeV, a minimum pT of 10 GeV/c for its decay muons, and an associated jet with a
pT > 30 GeV/c and a |�'| > 7⇡/8 with respect to the boson momentum direction. The resulting energy
asymmetry distributions, xjZ = pjet

T
/pZT, normalized to the number of reconstructed Z bosons are shown

in Figure 43.The distribution for central Ar–Ar collisions is similar to those for central and semi-central
Pb–Pb collisions. The effect of jet quenching is very significant, as apparent in the comparison with the
distribution in pp collisions.
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Fig. 43: Boson-Jet energy asymmetry, xjZ obtained from JEWEL simulations using the medium parame-
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Fig. 42: Jet RAA obtained from a JEWEL simulations using the medium parameters listed in Table 6,
with the temperatures listed as T v2

i . On the left, the jet RAA is shown as a function of the jet pT, and on
the right as a function of
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for a jet 100 < pT < 126 GeV/c.

Pb–Pb 0–10% centrality class, temperatures for Xe–Xe and Ar–Ar are obtained by assuming that the
energy density scales with A1/3. Thus, for an arbitrary collision system XX one has:
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This parameterisation is used to obtain the T v2
i values listed in Table 6 which are used to calculate the

jet RAA shown in Figure 42. The figure shows the JEWEL calculations for Pb–Pb, Xe–Xe, and Ar–Ar
along with ATLAS Pb–Pb measurements in centrality classes chosen to match the
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Table 6.
To further investigate jet energy loss in Ar–Ar collisions, Z boson + jet events are studied within

the same JEWEL framework. The importance of boson + jet events for the precision study of energy loss
is discussed in Sect. 6.2. Events with a Z boson decaying into µ+µ� associated with a jet were simulated
with JEWEL + PYTHIA Monte Carlo [403]. Events were selected for a reconstructed Z boson with a
mass within 70–110 GeV, a minimum pT of 10 GeV/c for its decay muons, and an associated jet with a
pT > 30 GeV/c and a |�'| > 7⇡/8 with respect to the boson momentum direction. The resulting energy
asymmetry distributions, xjZ = pjet

T
/pZT, normalized to the number of reconstructed Z bosons are shown

in Figure 43.The distribution for central Ar–Ar collisions is similar to those for central and semi-central
Pb–Pb collisions. The effect of jet quenching is very significant, as apparent in the comparison with the
distribution in pp collisions.
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[energy density             ]∼ A1/3

caveat: event generator [JEWEL] not 
extensively tested for light nuclei geometry 
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JET-QUENCHING STUDIES (EXAMPLE):: Z+JET
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• luminosity estimate [p=1.5] 

•extended reach on pTZ 

•1000 (100) events above 

✓200 (280) GeV [ArAr 3 months] 

✓150 (240) GeV [ArAr 1 month] 

✓120 (200) GeV [PbPb run 3+4]
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Fig. 95: The number of Z bosons as a function of hNparti expected for one month of O–O,Ar–Ar, and
Kr–Kr collisions at the LHC and for the full expected Pb–Pb and p–Pb programmes. The Z bosons
are reconstructed via the di-lepton decay channel with leptonic pT > 20 GeV/c and |⌘| < 2.5, and a
mass selection of 66 < M`` < 116 GeV. The bands shown indicate the range of the expected luminosity
ranging from p = 1.5 to p = 1.9, as discussed in section 2.4.
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Fig. 96: The kinematic reach of Z+jet events as a function of Pb–Pb equivalent luminosity. The curves
indicate the maximum pT of the Z boson for which 100 (or 1000) events are expected from 0–10%
centrality collisions for a given Pb–Pb equivalent luminosity. 25 and 80 nb�1, corresponding to the
upper and lower expectations for one month of Ar–Ar collisions, are indicated by the vertical lines.
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high precision access to full jet distribution recoiling against fixed high pT Z boson  
[no jets lost below jet reconstruction threshold]



30

WG5 regards high-luminosity runs with intermediate-mass nuclei as an appealing case for extending the 
heavy-ion programme at the LHC after LS4. This case, including the choice of the optimal nuclear 
species, should be studied further from the theoretical and operational points of view, both of which 
could be informed with one or two pilot runs with different species.

•Upgrades for HL-LHC [parallel G4]  

◦ CMS MIP Timing Detector (LS3) [Oh]   

◦ ALICE FoCal (LS3) [Chiba, poster]; 
ITS3 (LS3) and all-Si (LS4) [van 
Leeuwen] 

◦ LHCb central PbPb(LS3-4) [Belin]

Shower'Pixel'Detector'(SPD)

~100cm

~400cm

Time'Of'Flight'
(TOF)

insert>able'
conversion'layer

Figure 1: Longitudinal view of the experimental apparatus. The detector is em-
bedded in a solenoid magnet (not shown in the figure). The central barrel, which
covers the pseudorapidity region |h | < 1.4, is composed of the IT, inside the
beampipe (blue layers in the figure), the OT (yellow and green layers), the TOF
(orange layers) and the SPD (outermost blue layers). Two endcaps, each consist-
ing of a set of tracking disks and an SPD disk, extend the rapidity coverage to the
region |h |< 4.

The IT barrel is based on curved wafer-scale ultra-thin CMOS MAPS arranged
in truly cylindrical layers, featuring an unprecedented low material budget of
0.05 % X0 per layer, with the innermost layer positioned at only 18 mm radial
distance from the beam line. The pixel sensor contains approximately 106 pixels
per square centimeter, each measuring about 10 µm⇥10 µm, featuring a position
resolution of better than 3 µm. The IT layers will be located either in the sec-
ondary vacuum of a larger vacuum chamber, as shown in Fig. 1, or outside the
beam pipe, with the innermost layers at a radial distance of 2 mm from its outer
wall. Four end-cap disks on each side complement the central barrel layers. A
system of seven barrel layers and six endcap disks form the OT. They are based
on the same technology as the sensors for the vertex detector, but their pixel size
is increased to about 30 µm⇥30 µm in order to reduce the power density. These
layers will provide a spatial resolution of about 5 µm. The material budget of the
OT layers will be about 0.5 % X0 per layer.

A TOF detector consisting of three layers of CMOS MAPS with time resolution
of the order of 20 ps will surround the central tracker. Low-Gain Avalanche De-
tectors (LGAD) featuring such a time precision, which are being developed for

6
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Proposed Run Schedule
Year Systems, time, Lint Total per Run (3 and 4)

R
U
N
3

2021 (4 weeks) Pb-Pb 5.5 TeV, 3 weeks
pp 5.5 TeV, 1 week

Pb-Pb: 6.2/nb ALICE/ATLAS/CMS, 1/nb LHCb
p-Pb: 0.6/pb ATLAS/CMS, 0.3/pb ALICE/LHCb
pp 5.5: 300/pb ATLAS/CMS, 25/pb LHCb, 3/pb ALICE
pp 8.8: 100/pb ATLAS/CMS/LHCb, 1.5/pb ALICE
O-O: 500/ b
p-O: 200/ b

2022 (6 weeks) p-O + O-O 7 TeV, 1 week (after EYETS?)
Pb-Pb 5.5 TeV, 5 weeks

2023 (4 weeks) pp 8.8 TeV, few days
p-Pb 8.8 TeV, 3.x weeks

LS3 ATLAS/CMS upgrades, ALICE: ITS3? FoCal?

R
U
N
4

2027 (4 weeks) Pb-Pb 5.5 TeV, 3 weeks
pp 5.5 TeV, 1 week

Pb-Pb: 6.8/nb, ALICE/ATLAS/CMS, 1/nb LHCb
p-Pb: 0.6/pb ATLAS/CMS, 0.3/pb ALICE/LHCb
pp 5.5: 300/pb ATLAS/CMS, 25/pb LHCb, 3/pb ALICE
pp 8.8: 100/pb ATLAS/CMS/LHCb, 1.5/pb ALICE

2028 (6 weeks) Pb-Pb 5.5 TeV, 2 weeks
p-Pb 8.8 TeV, 3.x weeks
pp 8.8 TeV, few days

2029 (4 weeks) Pb-Pb 5.5 TeV, 4 weeks

LS4

R U N 5 Intermediate A-A, 11 weeks
pp reference, 1 week

E.g. Ar-Ar 3-9/pb (optimal species to be defined)

This is a proposal agreed in WG5 and reflects the physics discussed in the YR. The final run schedule is decided by the LHCC upon discussion with the experiments.

looking forward to post 2030 LHC runs

all to be read as likely +1 year
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AA FCC-hh reference detector

HP2018, Aix-Les-Bains, 04.10.18                                                             A. Dainese for the FCC HI wg 6

u pp with pile-up of 1000 more challenging than Pb-Pb environment  

u Excellent performance for hard probes also in HI collisions 

u Coverage for forward measurements up to |h| = 6

u Operation with reduced field would give access to low-pT observables

u Silicon timing layers for pile-up rejection could be used for hadron PID

u Detector concept; could be implemented in two experiments

u Central solenoid (4T) + two forward solenoids (4T)

u Si-tracker 400 m2 surface |h|<6

u ECAL&HCAL |h|<6, granularity about x4 ATLAS/CMS

u Muon system à la ATLAS/CMS

Same detector for heavy ions?
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high temperature leads to thermal production of ccbar pairs

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

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 ! = 0.6 fm/cL. Apolinário for the FCC-hh heavy-ions working group, “Physics with heavy ions at FCC”

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 ! = 0.6 fm/c

FCC

Fig. 108: Time-evolution of the cc yield (per unit of rapidity at midrapidity) for central Pb–Pb collisions
at psNN = 10.6 TeV, obtained as described in Ref. [1048].

The measurement of U production would be particularly interesting at the high energies and tem-
peratures reached at the HE-LHC. 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 60% could be explained by
the lack of feed-down from the (melted) higher states and the effect of nuclear PDF suppression (see
e.g. Ref. [244] for a recent review). At HE-LHC 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 U (re)generation. 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 and of the B meson and U RAA and elliptic flow
v2 (the regenerated U states could exhibit a v2 such that 0 < vU

2
< vB2 ).

13.4 Nuclear PDF measurements and search for parton saturation
Parton saturation [776, 777] is based on the idea that standard linear parton branching leads, at small
values of momentum fraction x, to parton densities so high that non-linear dynamics (like gluon recom-
bination) becomes important and parton densities are tamed to grow from power-like to logarithmically.
Non-linear effects are expected to become important when the density of gluons per unit transverse area
exceeds a certain limit, the saturation density.

In the framework of QCD collinear factorization, Parton Distribution Functions of nucleons inside
nuclei (nuclear PDFs) can be obtained in standard global fit analysis with usual linear evolution equa-
tions. The differences with respect to free nuclon PDFs are parametrized in a nuclear modification factor
RA

i (x,Q
2) with i = g, qvalence, qsea (see e.g. Ref. [1052]). Collinear factorization is expected to break

down when the gluon phase-space becomes saturated. The onset of saturation is usually discussed in
terms of the saturation momentum Q2

S, defined as the scale at which the transverse area of the nucleus
is completely saturated and gluons start to overlap. It can be shown that Q2

S ⇠ A1/3�psNN

��
e�y, with

� ⇡ 0.3 [400]. Therefore, the regime of high gluon density is best accessed at a high-psNN hadron
collider with measurements at low pT and forward rapidity, which probe small x and small Q2. In order
to firmly establish the existence of this new high-energy regime of QCD and clarify the validity of the
different approaches to factorisation and evolution, new kinematic regions must be explored using higher
collision energies in order to have a large lever arm in Q2 in a region that, while perturbative, lies inside
the saturation domain. The HE-LHC extends the small-x coverage by a factor of two with respect to the
LHC, as shown in Fig. 109.
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HE-LHC

hard-scattering cross-section

hard-scattering cross-section



BOOSTED TOPS AS PROBES OF QGP TIME-EVOLUTION
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large increase of top cross-section gives access to significantly boosted tops which provide only known direct probe of QGP time-evolution 474 Page 134 of 161 Eur. Phys. J. C (2019) 79 :474

Fig. 16.2 Left:
!
s-dependence of the cross sections for hard processes

of interest for a heavy-ion programme, calculated with MCFM [404] at
the highest available order. Right: expected top-quark pT distribution

in PbPb in the fully-leptonic decay modes at
!
sNN = 39 TeV after

acceptance and efficiency cuts with the statistical uncertainties for the
baseline scenario L int = 33 nb"1 (adapted from [392])

(using per-month luminosities from Sect. 2.3) with realistic analysis cuts and conservative 50% efficiency for b-jet tagging
are 3.1 (baseline L int) – 10.3 (ultimate) #105 in Pb–Pb collisions for tt $ bb !! !!.

As mentioned above, the pT reach of top quarks in Pb–Pb collisions is of special importance for QGP studies. Figure 16.2
(right) shows the estimated pT spectrum of the yields (per year) in Pb–Pb collisions for top-quark pair production. The figure
indicates that one could measure top quarks up to approximately pT % 1.8 TeV/c, even considering only one run in the
baseline luminosity scenario. At mid-rapidity, pT as large as this would correspond approximately to a factor of 10 time
dilation in the top decay (see next section).

Another potential novel probe of the QGP medium at FCC energies is the Higgs boson. The Higgs boson has a lifetime of
" % 50 fm/c, which is much larger than the time extent of the QGP phase. It has been argued that the Higgs boson interacts
strongly with the quarks and gluons of the QGP and the interactions induce its decay in the gluon–gluon or quark–antiquark
channels, thus depleting the branching ratio to the most common “observation” channels "" or ZZ# [394]. More recent detailed
theoretical calculations, including virtual corrections, predict however no visible suppression of the scalar boson [406]. The
cross section for Higgs boson production in Pb–Pb collisions is expected to increase by a factor larger than 20 when going
from

!
sNN = 5.5 TeV to

!
sNN = 39 TeV [393]. The statistical significance of the Higgs boson observation in the "" decay

channel in one Pb–Pb run at FCC-hh was estimated to be 5.5 (9.5) $ in the baseline (ultimate) luminosity scenarios [393].

Boosted tops and the space-time picture of the QGP

The FCC will provide large 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. It has been argued that the hadronically-decaying W
bosons in events with a tt̄ pair can provide unique insights into the time structure of the QGP [391]. This is because the time
decays of the top and the W bosons are followed by a time-delay in the interaction of the decay products of the W boson with
the surrounding medium due to a colour coherence effect. The sum of the three times, that reaches values of several fm/c for
boosted tops, would be the time at which the interaction with the QGP begins, providing a unique way to directly measure
the time structure of the QGP evolution. In addition, due to colour coherence effects, energy loss would be initially absent
for the colour-singlet qq decay products of a highly-boosted W boson: the two quarks would start to be quenched only when
their distance becomes larger than the colour correlation length of the medium, which depends on the transport coefficient q̂
(the average transverse momentum squared that particles exchange with the medium per unit mean-free path) [407].

The effect on the reconstructed masses of the top and W is studied, for tt̄ events decaying semileptonically, with different
energy loss scenarios as a proof of concept of the potential of these observables to access completely novel quantities in
heavy-ion collisions. As shown in Fig. 16.3 (left), times in the range 0.3 " 3 fm/c are obtained when adding the time delay
from Lorentz boosts of the decaying top quark and W boson and the time in which a singlet antenna remains in a colour
coherent state.
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very large photon-photon cross-sections and EM fluxes at FCCEur. Phys. J. C (2019) 79 :474 Page 143 of 161 474

Fig. 16.13 Left: effective luminosities as a function of !! c.m. energy
(W! ! ) for five colliding systems at FCC and LHC energies and their
nominal luminosities. Right: expected dijet invariant mass distribu-

tion for !! production of H(bb̄) (hatched Gaussian) and qq̄ continuum
(dashed line) in PbPb (

!
sNN = 39 TeV) UPCs, after event selection

and reconstruction [447]

The very rare elastic scattering of two photons in vacuum !! " !! was recently observed for the first time in UPCs
at the LHC [452,453]. The increase in !! " !! yields from LHC to FCC is of O(200) thanks to factors of #30 larger
cross sections times luminosities, and #2 in the experimental acceptance [454,455]. At the FCC, due to the higher diphoton
masses reached, this process may be sensitive to physics beyond the SM through new heavy charged particles contributing to
the virtual loop such as, e.g., from SUSY particles [456]. Light-by-light (LbyL) scattering has also been proposed as a tool
to search for monopoles [457], axions [458,459], unparticles [460], low-scale gravity effects [461], and non-commutative
interactions [462].

16.5.2 Fixed-target collisions using the FCC proton and Pb beams

The fixed-target mode offers specific advantages compared to the collider mode such as accessing the high Feynman xF
domain, achieving high luminosities yet in parasitic way, varying the atomic mass of the target almost at will, and polarising
the target [28,463]. The c.m.s. energy in the fixed-target mode is about 200–300 GeV for Pb and proton beams, respectively.
The region of central c.m.s. rapidities is highly boosted at an angle with respect to the beam axis of about one degree in the
laboratory frame such that the entire backward hemisphere, yc.m.s. < 0, becomes easily accessible with standard experimental
techniques at 2 < "lab < 6. A fixed-target setup would allow one to significantly extend a large number of measurements
carried out at RHIC towards very backward rapidities with much larger luminosities. As it was discussed in [463], RHIC
luminosities in pp collisions at 200 GeV are limited and do not allow the study of vector boson production close to threshold
which probes the large x content in the proton and nucleus, 0.7 and above. These studies become possible with fixed-
target collisions at FCC. With a longitudinally polarised target, vector boson production gives access to (anti)quark helicity
distributions in the proton at very large x . With deuterium and helium targets, measurements can also be carried out on the
neutron. Using a transversely polarised target allows one to access transverse-momentum dependent distributions (TMDs)
which are connected to the orbital angular momentum carried by the partons at larger scales than with any other facilities.
Given the similarities with a setup like AFTER@LHC, the reader is also guided to Refs. [464] for more in-depth discussions
on the physics reach of the fixed-target mode above the 100 GeV domain.
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JET-QUENCHING STUDIES AT HL-LHC WITH LIGHTER IONS:: Z+JET
pTZ is not modified by QGP and approximates the pT of the parton that initiated the jet 

golden channel for pT-differential study of jet energy loss and jet substructure modifications 
[full potential when pTZ significantly larger than minimal reconstructable pTjet]
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Fig. 42: Jet RAA obtained from a JEWEL simulations using the medium parameters listed in Table 6,
with the temperatures listed as T v2

i . On the left, the jet RAA is shown as a function of the jet pT, and on
the right as a function of

⌦
Npart

↵
for a jet 100 < pT < 126 GeV/c.

Pb–Pb 0–10% centrality class, temperatures for Xe–Xe and Ar–Ar are obtained by assuming that the
energy density scales with A1/3. Thus, for an arbitrary collision system XX one has:

✓
TXX

TPb�Pb

◆
4

=

✓
AXX

APb

◆
1/3

. (25)

This parameterisation is used to obtain the T v2
i values listed in Table 6 which are used to calculate the

jet RAA shown in Figure 42. The figure shows the JEWEL calculations for Pb–Pb, Xe–Xe, and Ar–Ar
along with ATLAS Pb–Pb measurements in centrality classes chosen to match the

⌦
Npart

↵
values in

Table 6.
To further investigate jet energy loss in Ar–Ar collisions, Z boson + jet events are studied within

the same JEWEL framework. The importance of boson + jet events for the precision study of energy loss
is discussed in Sect. 6.2. Events with a Z boson decaying into µ+µ� associated with a jet were simulated
with JEWEL + PYTHIA Monte Carlo [403]. Events were selected for a reconstructed Z boson with a
mass within 70–110 GeV, a minimum pT of 10 GeV/c for its decay muons, and an associated jet with a
pT > 30 GeV/c and a |�'| > 7⇡/8 with respect to the boson momentum direction. The resulting energy
asymmetry distributions, xjZ = pjet

T
/pZT, normalized to the number of reconstructed Z bosons are shown

in Figure 43.The distribution for central Ar–Ar collisions is similar to those for central and semi-central
Pb–Pb collisions. The effect of jet quenching is very significant, as apparent in the comparison with the
distribution in pp collisions.
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Fig. 43: Boson-Jet energy asymmetry, xjZ obtained from JEWEL simulations using the medium parame-
ters listed in table 6, with the temperatures listed as T v2
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JET-QUENCHING STUDIES AT HL-LHC WITH LIGHTER IONS:: Z+JET

• abundant production of Z bosons [higher luminosity 
+ higher CM energy] 

• (one month ArAr) ≫ (Run 3+4 PbPb) 

• allows scan over [unknown] onset of jet quenching 
phenomena 

10 210 〉part N〈

310

410

510

610

Nu
m

be
r o

f Z
 B

os
on

 C
an

di
da

te
s

Glauber Simulation

=7.0 TeV,  1 monthNNs  O+O,  
=6.3 TeV,  1 monthNNs Ar+Ar,  
=6.0 TeV,  1 monthNNs Kr+Kr,  

,-1=5.5 TeV,  3 months, 10 nbNNsPb+Pb, 
,-1=8.8 TeV,  3 months,  2 pbNNs  p+Pb,  

Fig. 95: The number of Z bosons as a function of hNparti expected for one month of O–O,Ar–Ar, and
Kr–Kr collisions at the LHC and for the full expected Pb–Pb and p–Pb programmes. The Z bosons
are reconstructed via the di-lepton decay channel with leptonic pT > 20 GeV/c and |⌘| < 2.5, and a
mass selection of 66 < M`` < 116 GeV. The bands shown indicate the range of the expected luminosity
ranging from p = 1.5 to p = 1.9, as discussed in section 2.4.
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ttbar at HL-LHC and HE-LHC with lighter ions 
maximum QGP lifetime that can be distinguished [2σ] from a no-delay baseline

39
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STUDIES OF SYSTEM SIZE DEPENDENCE HL-LHC:: FLOW OBSERVABLES

40

• system size dependence of flow coefficients accessed in PbPb via centrality dependence 
which is biased by strong variation of spatial eccentricity of nuclear overlap 

•varying size at highest centrality is cleaner [and model independent] and further allows 
for disentanglement of event-averaged eccentricity from its EbE fluctuations  

important for testing different dynamical pictures of hadronization. In particular since fragmentation is
expected to be the dominant hadronization mechanism at high pT while recombination becomes relevant
at lower pT, extending these PID measurements with precision over the largest possible transverse mo-
mentum range will be of interest. To this end, figure 8 shows projections from the ALICE collaboration
for the v2 and v3 of several light-flavor species, that are expected for an integrated luminosity of 10 nb�1

expected in Run 3 and 4. The projected statistical uncertainties are typically negligible over the entire pT
range and in most cases the systematic uncertainties are quite small as well. These measurements will be
much more precise compared to those in Run 1 and 2, and will allow for the recombination/fragmentation
descriptions to be examined with unprecedented accuracy. Similar projections for heavy-flavor particles
are discussed further in Chapter 5 together with their physics implications.

4.3.2 System size dependence
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Fig. 9: Left panels: comparisons of the centrality dependence of the vn measured in Pb–Pb collisions
at psNN=5.02 TeV to Xe–Xe measurements. The plots are for the 0.5–5 GeV/c pT interval. From top
to bottom each row corresponds to a different harmonic order n. The ratios are compared to theoretical
predictions from Ref. [215]. Also shown are theory calculations of the ratios for Ar–Ar and O–O.
ATLAS Data taken from Ref. [216].

In Pb–Pb collisions, previous vn measurements at the LHC have accessed the system size depen-
dence of flow via the centrality dependence. However, this centrality dependence is biased by a strong
variation of the spatial eccentricity of the nuclear overlap. While modelling allows one to control this ec-
centricity dependence to some extent, studying smaller collision systems at highest centrality (i.e. impact
parameter close to zero) remains conceptually the cleanest way of establishing the system size depen-
dence of flow. It also provides a way of disentangling the event-averaged spatial eccentricity from the

40

important for testing different dynamical pictures of hadronization. In particular since fragmentation is
expected to be the dominant hadronization mechanism at high pT while recombination becomes relevant
at lower pT, extending these PID measurements with precision over the largest possible transverse mo-
mentum range will be of interest. To this end, figure 8 shows projections from the ALICE collaboration
for the v2 and v3 of several light-flavor species, that are expected for an integrated luminosity of 10 nb�1

expected in Run 3 and 4. The projected statistical uncertainties are typically negligible over the entire pT
range and in most cases the systematic uncertainties are quite small as well. These measurements will be
much more precise compared to those in Run 1 and 2, and will allow for the recombination/fragmentation
descriptions to be examined with unprecedented accuracy. Similar projections for heavy-flavor particles
are discussed further in Chapter 5 together with their physics implications.

4.3.2 System size dependence

Centrality [%]

0 20 40 60

{2
P

C
}

2
v

0.05

0.1

0.15 =5.02 TeV (ATLAS Data)
NN

sPb+Pb 

=5.44 TeV (ATLAS Data)
NN

sXe+Xe 

<5 GeVb

T
p0.5<

Centrality [%]

0 20 40 60

 r
a

tio
{2

P
C

}
2

v

0.5

1

1.5

2
XeXe/PbPb: ATLAS Data

et alXeXe/PbPb: Theory, Giacalone 

et alArAr/PbPb: Theory, Giacalone 

et alOO/PbPb: Theory, Giacalone 

Centrality [%]

0 20 40 60

{2
P

C
}

3
v

0.02

0.04

0.06

=5.02 TeV (ATLAS Data)
NN

sPb+Pb 

=5.44 TeV (ATLAS Data)
NN

sXe+Xe 

<5 GeVb

T
p0.5<

Centrality [%]

0 20 40 60

 r
a

tio
{2

P
C

}
3

v

0.5

1

1.5
XeXe/PbPb: ATLAS Data

et alXeXe/PbPb: Theory, Giacalone 

et alArAr/PbPb: Theory, Giacalone 

et alOO/PbPb: Theory, Giacalone 

Centrality [%]

0 20 40 60

{2
P

C
}

4
v

0.01

0.02

0.03
=5.02 TeV (ATLAS Data)

NN
sPb+Pb 

=5.44 TeV (ATLAS Data)
NN

sXe+Xe 

<5 GeVb

T
p0.5<

Centrality [%]

0 20 40 60

 r
a

tio
{2

P
C

}
4

v

0.5

1

1.5

XeXe/PbPb: ATLAS Data
et alXeXe/PbPb: Theory, Giacalone 

et alArAr/PbPb: Theory, Giacalone 

et alOO/PbPb: Theory, Giacalone 

Fig. 9: Left panels: comparisons of the centrality dependence of the vn measured in Pb–Pb collisions
at psNN=5.02 TeV to Xe–Xe measurements. The plots are for the 0.5–5 GeV/c pT interval. From top
to bottom each row corresponds to a different harmonic order n. The ratios are compared to theoretical
predictions from Ref. [215]. Also shown are theory calculations of the ratios for Ar–Ar and O–O.
ATLAS Data taken from Ref. [216].

In Pb–Pb collisions, previous vn measurements at the LHC have accessed the system size depen-
dence of flow via the centrality dependence. However, this centrality dependence is biased by a strong
variation of the spatial eccentricity of the nuclear overlap. While modelling allows one to control this ec-
centricity dependence to some extent, studying smaller collision systems at highest centrality (i.e. impact
parameter close to zero) remains conceptually the cleanest way of establishing the system size depen-
dence of flow. It also provides a way of disentangling the event-averaged spatial eccentricity from the

40

important for testing different dynamical pictures of hadronization. In particular since fragmentation is
expected to be the dominant hadronization mechanism at high pT while recombination becomes relevant
at lower pT, extending these PID measurements with precision over the largest possible transverse mo-
mentum range will be of interest. To this end, figure 8 shows projections from the ALICE collaboration
for the v2 and v3 of several light-flavor species, that are expected for an integrated luminosity of 10 nb�1

expected in Run 3 and 4. The projected statistical uncertainties are typically negligible over the entire pT
range and in most cases the systematic uncertainties are quite small as well. These measurements will be
much more precise compared to those in Run 1 and 2, and will allow for the recombination/fragmentation
descriptions to be examined with unprecedented accuracy. Similar projections for heavy-flavor particles
are discussed further in Chapter 5 together with their physics implications.
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important for testing different dynamical pictures of hadronization. In particular since fragmentation is
expected to be the dominant hadronization mechanism at high pT while recombination becomes relevant
at lower pT, extending these PID measurements with precision over the largest possible transverse mo-
mentum range will be of interest. To this end, figure 8 shows projections from the ALICE collaboration
for the v2 and v3 of several light-flavor species, that are expected for an integrated luminosity of 10 nb�1

expected in Run 3 and 4. The projected statistical uncertainties are typically negligible over the entire pT
range and in most cases the systematic uncertainties are quite small as well. These measurements will be
much more precise compared to those in Run 1 and 2, and will allow for the recombination/fragmentation
descriptions to be examined with unprecedented accuracy. Similar projections for heavy-flavor particles
are discussed further in Chapter 5 together with their physics implications.
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expected to be the dominant hadronization mechanism at high pT while recombination becomes relevant
at lower pT, extending these PID measurements with precision over the largest possible transverse mo-
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expected in Run 3 and 4. The projected statistical uncertainties are typically negligible over the entire pT
range and in most cases the systematic uncertainties are quite small as well. These measurements will be
much more precise compared to those in Run 1 and 2, and will allow for the recombination/fragmentation
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In Pb–Pb collisions, previous vn measurements at the LHC have accessed the system size depen-
dence of flow via the centrality dependence. However, this centrality dependence is biased by a strong
variation of the spatial eccentricity of the nuclear overlap. While modelling allows one to control this ec-
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stricter constraints on initial condition from which collective behaviour emerges
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•nuclear data is scarce 

• large uncertainties  

•nPDF for single nucleus not feasible [A-dependence is modelled]  

•dedicated pAlight run may help constrain such models 

• impact parameter dependence of nPDF inherits uncertainties from A dependence 

• lighter ions ideal testing ground for impact parameter dependence without resorting 
to centrality selection [at least as problematic as in pPb] 
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Fig. 93: The EPPS16 and nCTEQ15 nuclear PDF modifications for gluons at Q2 = 10GeV2. Left-hand
panel corresponds to the Argon nucleus and the right-hand panel to the Lead nucleus. From Ref. [942]

at psNN = 5.5TeV, the per-nucleon cross section is �n�n ⇡ 1200 fb which translates to around 2000
reconstructed events for 13nb�1 ion-ion luminosity. In the Ar–Ar option, the c.m. energy is slightly
higher,

p
s = 6.3TeV, which increases the cross section by some 50%. In addition, the achievable

ion-ion luminosity is much higher, 3000nb�1-8800 nb�1 within 2.75 months of running, see Tables in
Chapter 2.4. Thus, the estimated amount of tt events is clearly larger, around 30000. The right-hand
panel of Fig. 92 shows the event distributions as a function of top-quark transverse momentum pT(t).
This shows that, the HL-LHC may allow to probe the space-time picture of heavy-ion collisions using
top quarks [941] up to pT(t) ⇡ 400 GeV/c in the Pb–Pb case, and up to pT(t) ⇡ 700 GeV/c in the
Ar–Ar alternative.

10.5 Perspectives with lighter ions
Lighter ions, with the possibility to achieve large integrated luminosities in modest running times, see
Sect. 2.4 in the accelerator chapter, offer several interesting opportunities for the study of the initial
stage of ion collisions, for small-x physics and for the determination of nuclear parton densities, see
Section 10.1.

First, concerning nPDFs, it should be noted that due to the scarcity of nuclear data, a PDF fit
or a single nucleus is impossible as discussed in Section 10.1. The different groups [782–784] have
adopted different strategies but, generically, they give the parameters in the initial condition to be fitted
a dependence on the nuclear mass number. Such dependence acquires different functional forms and,
therefore, it constitutes part of the parametrisation bias in the nPDF set. Data on lighter nuclei may help
to constrain such parametrisations, see the discussions for UPCs and p–A collisions in Section 10.4.
To highlight the current unknowns, Fig. 93 compares the nuclear modifications for Argon and Lead, as
given by the EPPS16 and nCTEQ15 global analyses. In particular, the nCTEQ15 prediction varies, even
qualitatively, quite significantly between Argon and Lead. This underscores the usefulness of e.g. a p-Ar
run at the LHC.

On the other hand, the impact parameter dependence of nPDFs is linked to their dependence on
nuclear size. Several models exist (see e.g. [943, 944]), and even less model-dependent approaches
like the EPS09s analysis [945] where the dependence on nuclear size was used to constrain the impact
parameter dependence. First-principle calculations combining the Gribov theory of inelastic shadowing
and factorisation theorems for hard diffraction and DIS relate diffraction in electron-proton collisions
with nuclear shadowing. This has been used to predict nuclear shadowing [786,787], including its nuclear
size and impact parameter dependence. While such relation is exact for the deuteron, its extension
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