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Outline

I Motivation

I Current knowledge from HERA, RHIC and LHC

I EIC

I HL-LHC

I Summary

Not comprehensive:
→ focus on QGP-related topics and current perspective/interests
→ often observables can be recasted also in different contexts as
here
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Motivation: partonic structure, initial stage & more of
ion-ion

EPPS ’16, QCD and collider physics(adapted)

I nuclear parton density and correlations poorly known
I low-x : probe non-linear regime of QCD, so far not ambiguously observed
→ Color Glass Condensate: eff. field theory in the weak coupling limit
→ non-trivial emergent phenomena

I other effects as coherent energy loss
I initial conditions for QGP physics: one of largest uncertainties
→ nuclear partons over full Q2, x : densities, fluctuations and correlations
→ low-x : bulk particle and low pT heavy-flavour production

I QGP & saturation physics: ’background’ for each other
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Initial state in view of QGP physics

Quarkonium vector states
- two factorisation steps in pp
- deconfinement: redistribution in          
   phase space and total rate

Open beauty/charm 
- two factorisation steps in pp
- deconfinement: redistribution in       
   phase space and potentially           
   chemistry at time ofhadronisation

Drell Yan at quarkonium 
production scale  
- one factorisation step in pp
- no redistribution in phase space

Most easily accessible in experiment
Strongly sensitive to deconfinement 
Theoretically a lot of modelling

Most difficult experimentally
No sensitivity to deconfinement
Theoretically most straightforward

Total charm/beauty 
including baryons 
- one factorisation step in pp 
- phase space integrated conserved   
after initial hard scattering

example for heavy-flavour arxiv:1609.01135

I QGP physics at the LHC & beyond:
extract matter properties

I understanding of effects that are usually
tried to be elimimated:
initial state one of limiting factors

I chance at high energy in ’canonical’
picture:
1) time scales: crossing → shortest scale
2) eff. field theory for initial state
3) lattice QCD@µB = 0: thermal
properties

I precision required:
large statistics prerequisite
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https://arxiv.org/abs/1609.01135


Current knowledge from
HERA, RHIC and LHC
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LHC in Run 1 and 2
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LHC: correlations in pp, pA

Mark Mace at QM ’18

I pp ridge: first LHC-discovery, initially seen in view of saturation physics
I developments in recent years to interpret in hydro, initial state and

one-touch approaches/transport
→ quest still open, see small systems talk
→ fundamental for basic understanding of heavy-ion physics
→ requires more studies: not necessarily lumi, but ideas and hence time

Etretat 2018 low-x/nPDF 14/42

https://indico.cern.ch/event/656452/contributions/2869837/attachments/1649484/2637427/QM_051518_MACE_16x9.pdf


LHC as γ-hadron collider: QCD in Ultra-peripheral
collisions

ATLAS-CONF-2017-011, right compilation provided by E. Kryshen.

I coherent vector mesons: more and more results, start to exploit γA over
γp to cancel part of non-perturbative uncertainties on theory side

I first inclusive dijets just becoming available:
to be seen how far systematics can be pushed
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-011/


LHC: Heavy-flavour production
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I hard scale via mass, large potential for constraints down to low-x : 10−5,
but energy loss could be main effect

I universal factorisation broken in quarkonia & universal fragmentation
broken in heavy-flavour (latter however in pPb ≈ pp)
→ to be understood both for low-x and QGP physics

I updates with higher statistics still to come: beauty data down to low-pT
and with better baryon results

I excited states and beauty will eventually remain limited in discriminative
power with available data

Involvement of multiple French groups: interface with
heavy-flavour/quarkoniaEtretat 2018 low-x/nPDF 16/42



LHC: W, Z, Dijets as nPDF constraints

from EPPS paper

I clean probes at high Q2 with Run 1 data, will be updated with larger Run
2 data

I limited in kinematic reach down to low-x , need high-precision

Involvement of CMS heavy-ions: interface with high-pT
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Future opportunities
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Hadron and lepton-hadron colliders

I Hadron machines, see summary by Yen-Jie Lee at HL-LHC workshop:
→ "HL"-LHC: Run 3 & Run 4, till ≈ 2030
approved dedicated PbPb, pPb and pp programme in the 20ies
→ HL-LHC beyond Run 4 after 2030: ions runs to be seen
lighter ions attractive mainly to go to higher luminosities: factor 20-100

I Lepton-hadron machines:
→ Electron-ion collider, possible physics start ≈ 2030:
priority project of the nuclear US community: spin, TMD, GPD & low-x
LHeC: desirable for low-x , usually considering ALICEs IP2
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https://indico.cern.ch/event/686494/contributions/3044967/attachments/1671623/2682207/20180620-yenjie-CERNHL-LHCWorkshop-v6_final.pdf
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HL-LHC: schedule, luminosities, overview

I Run 3/4: luminosities in pPb 0.5-2 pb−1 for ATLAS/CMS/ALICE, LHCb
factor 3-10 less
5-10 more w.r.t. Run 2 at 8.8 TeV: significant improvements, to be
quantified

I beyond Run 4 for ion-running: lighter ions for higher nucleon-nucleon
luminosities ≈ 10-100 (see J. Jowett QM)
→ measurements as in pPb now, larger kinematic range, smaller A
→ smaller A: A-dependence of nuclear modification ad-hoc in
parameterisation, important for impact parameter dep.
→ thinking about new instrumentation:
lower-pT , larger rapidity coverage, forward instrumentation

I "energy scan": not very appealing in this context → rather low lumi per
step unless a lot time invested

I focus on current statistically demanding measurements in the following
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HL-LHC: low-x in pA in Run3/4
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Run 1 pp results.

I not yet fully exploited in pPb due to stat. limitations, to start with Run 2
I Drell-Yan at forward rapidity & midrapidity at low-masses + photons in

pp vs. pA
I dileptons including low-mass Drell-Yan and W: very precise based on data

driven calibrations
→ even after Run 3 and Run 4: further uncertainty reductions

I bb̄ and cc̄ correlations in pp vs. pA: Transverse Momentum Dependent
pdfs meets CGC

I non-statistical dominated observable classes can profit from theory
progress: observable redefinitions of correlation measures
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HL-LHC: low-x in UPC
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taken from Ilkka Helenius for UPC dijets, and Evgeny Kryshen for ALICE/CMS

I inclusive UPC-studies with dijets, including flavour tagged to increase
kinematic range down to lower pT

I large UPC vector mesons samples both in pA and AA for suppression
factor
measurements also with different mass scales: Υ first time at QM
incoherent production a lot of potential and stat. hungry, to be seen what
is feasible at hadron collider
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HL-LHC: nPDFs with high-Q2 in Run 3/4

final result on Z from Run 1 (in contrast to Run 2, ALICE got more lumi in Run 1 than LHCb), Run 2 first prelim.
for W, Run1 Dijets.

I unique kinematic range at perturbative scales at the LHC
I statistics increase: shrink syst. uncertainties in normalised distributions or

asymmetries
I enlarge kinematic coverage towards forward, backward rapidity and in pT
→ more statistics, but also larger tracker coverage at forward rapidity in
ATLAS/CMS from Run4 on

I top as add. check for DGLAP consistency
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HL-LHC: ALICE Focal in Run 4

I plan for a ultra-granular calorimeter at forward rapidity as an option for
ALICE

I measure photons in pPb at forward rapidity
I competition: current LHCb and future LHCb tracker/calo-upgrades
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Beyond Run 4: HL-LHC in view of nPDF & low-x

I ATLAS/CMS with HL-LHC detectors: fully profit from higher lumi for
hard nPDF probes

I LHCb upgrade II: similar pile-up as ATLAS/CMS now → precision
measurements at high luminosities in pp and pA at forward acceptance
→ in design phase

I ALICE to be seen, for ideas: p. 23
→ instrumentation ideas not focused on low-x aspect
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Fixed-target options at the LHC

I fixed-target: potential of high-luminosity compared to collider
→ "high-x frontier" → nPDF constraints in x -range as high Q2-collider
and energy loss studies with charm, beauty, Drell-Yan, photon
→ interesting (very) backward: EMC and even Fermi-motion with
relatively low-Q2

I LHCb internal gas target upgrade in next shutdown: 10-100 higher
instant. lumi’s than now (current about 1-100 /nb in one special run)

I ideas for ALICE (also with TPC) and LHCb for solid state and polarised
targets being considered
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Opportunities at the LHC and instrumentation

I for hard probes at high Q2: CMS and ATLAS most interesting,
lumi-hungry:
pp measurements can be used to see where ultimate limits

I for low-x clean reach in pPb: LHCb most interesting, clean DY as well as
photons, lumi-hungry
pp measurements to be done to know how far precision can be pushed

I UPC-dijets: ATLAS/CMS: just started
a lot of potential also extending to heavy-flavour as well as not only
inclusive dijets

I UPC-vector mesons: LHCb, ALICE:
so far focus on coherent production, extensions possible

I better forward instrumentation could be beneficial for exclusive studies to
improve and enlarge UPC program
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Current status and open questions

I exploring non-linear regime of QCD at low-x and other QCD effects in
collisions involving nuclei:
→ low-x : strong theory interest in France, strong intrinsic motivation
asking for asymptotic high energies
→ exp. community mainly interest driven by initial state ion-ion

I many open questions to be answered:
saturation unambiguously seen? low-x gluon/quarks in general?
How strong EMC for gluons? role of factorisation breaking, e-loss,
fragmentation non-universality?
→ all inputs for QGP physics, required for precision

I Run 1 with pioneering measurements, only Run 2 exploitation will make
contours fully visible
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Perspectives

20/30ies projects with interest in experimental French QGP community:
I approved ions@HL-LHC in 20ies:

enlarge kinematic reach/precision at high Q2

cleaner observables at low Q2 with pA and AA (UPC)
I ions@HL-LHC in the 30ies:

lighter ions for factor 10-100 increase in equivalent lumi
→ clean low and high-Q2 observale profitting a lot: pp experience

I EIC, physics starting time ≈ 2030:
control of kinematics and clean, very precise
less reach in kinematics than LHC

I lepton-ion programme:
profitting from "application" with contemporary ion-ion collisions as
motivation
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