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Warnings:
● Although the focus is on what goes beyond 
LS4, I will also be talking about the perspectives 
at Runs 3 and 4.
● This is a personal review, my apologies to 
those who find their work misrepresented.
● I am not giving a full review of the heavy-ion 
topics at energies higher that LHC, just focus on 
those aspects that are more closely related to 
high-energy QCD, not necessarily to QGP: 
exploration of the initial stages and small 
systems.
● Even with these restrictions, it is too much 
material…



Nuclear structure functions:
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6=● Bound nucleon   free 
nucleon: search for process 
independent nPDFs that 
realise this condition, within 
collinear factorisation. R =

fi/A
Afi/p

≈ measured
expected if no nuclear effects

Short versus long range 
correlations, pion cloud, 
intrinsic charm,…

Flavour dependence?; relation 
with shadowing and coherence

Multiple scattering, 
saturation,…; high-
energy QCD

How much does the structure 
of a hadron change when it is 
immersed in a nuclear medium?

ePb at LHeC/
FCC-eh

eAu 
at 
EIC

Perspectives for HD QCD beyond HL-LHC: ep/eA and pA/AA: 1. Introduction.

Superfast quarks



Dynamics in pA/AA:

 5 N. Armesto, 11.06.2019

[B
. C

ol
e]

● Nucleus ≠ Zp+(A-Z)n.
● Particle production at large 
scales similar to pp (dilute regime).

● Lack of information about small-
x partons,  correlations and 
transverse structure.
● We do not understand the 
dense regime.

➜ Nuclear WF and 
mechanism of particle 
production.

● Medium behaves very early like a 
low viscosity liquid: macroscopic 
description.

● How isotropised the system 
becomes?
● Why is hydro effective so fast, 
which dynamics?

➜ Initial conditions; how 
small can a system become 
and still show ‘collectivity’?

● Medium is very opaque to 
coloured particles traversing it.

● Dynamical mechanisms for such 
opacity? Weak or strong coupling?
● How to extract accurately 
medium parameters?

➜ In-medium QCD 
radiation, cold nuclear 
effects on hard probes.

Perspectives for HD QCD beyond HL-LHC: ep/eA and pA/AA: 1. Introduction.



DGLAP

BFKL

BK/JIMWLK

DILUTE
REGION

DENSE
REGION

sat
urat

ion sc
ale

 Q s(x
)

ln Q

ln
 1

/x

ln ΛQCD

no
n-

pe
rt

ur
ba

tiv
e 

re
gi

on
DILUTE
REGION

DENSE
REGION

ln A

ln
 1

/x

eA

ep

[fixed Q]

xGA(x,Q2
s)

�R2
AQ2

s

� 1 =⇥ Q2
s ⇤ A1/3x⇥�0.3

Small-x physics:
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● HERA found xg α x-0.3.
● Present data can be described by:

➜ Linear evolution approaches, either 
DGLAP or resummation at low x.
➜ Non-linear approaches - weak coupling 
but high density: saturation.

● Theory: at high energies (i.e. small x), 
non-linear dynamics must be present.
Where is it? At HERA:

➜ Hints of failure of DGLAP at small x, Q2, 
resummation?
➜ No ridge azimuthal structures yet found.

● Saturation is density-driven: ↓x/↑A ⇒ 

ep&eA + large range in 1/x & Q2 
essential for full understanding.
Perspectives for HD QCD beyond HL-LHC: ep/eA and pA/AA: 1. Introduction.
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Machines: pp/pA/AA
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● Other ideas:
➜ HE-LHC (16 T magnets): 27.5 TeV pp.
➜ 6 T magnets in the FCC tunnel: 37.5 TeV pp.
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Machines: ep/eA
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● Projects of eA colliders  with 
Ecm ~ 𝓞(0.1) TeV/A (EICs at US 

and China) and 𝓞(1) TeV/A 
(LHeC and FCC-eh at CERN) 
addressing different physics.
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Lepton-proton/nucleus scattering facilities
LHC

FCC-eh

CepC-
SppC-ep

Perspectives for HD QCD beyond HL-LHC: ep/eA and pA/AA: 1. Introduction.



Timeline:
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Only indicative…

Perspectives for HD QCD beyond HL-LHC: ep/eA and pA/AA: 1. Introduction.

Xe-Xe Short O-O run?
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Timeline:
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Only indicative…

Perspectives for HD QCD beyond HL-LHC: ep/eA and pA/AA: 1. Introduction.



Timeline:
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Yoshida at DIS2019

Only indicative…

Perspectives for HD QCD beyond HL-LHC: ep/eA and pA/AA: 1. Introduction.



Kinematics:
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UPCs 1605.01389

● Extension of several orders of magnitude in x and 
Q2 w.r.t. existing DIS data.
● DIS versus hh:
➜ pA/AA covers largest range in kinematics.
➜ DIS offers:

➤ A clean experimental environment - low multiplicity, no 
pileup, fully constrained kinematics x,Q2 reconstructing the 
outgoing lepton;
➤ A more controlled theoretical setup - many first-
principles calculations, factorisation tests.

Perspectives for HD QCD beyond HL-LHC: ep/eA and pA/AA: 1. Introduction.
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nPDFs: status
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● Large uncertainties for x<0.01 and for large x glue (parametrisation 
biases); small impact of LHC data (large-x glue).
● Few data for any single A e.g. Pb (15 DIS+30 pPb+νA): A-dependence of 
I.C. mandatory; flavour decomposition weakly constrained (~ isoscalarity).
● Impact parameter dependence modelled.

SET
EPS09

JHEP 0904 
(2009) 065

DSSZ
PRD85 (2012) 

074028

nCTEQ15
PRD93 (2016) 

085037

KA15
PRD93 (2016) 

014036

EPPS16
EPJC C77 
(2017)163 

nNNPDF1.0
1904.00018

eDIS ✔ ✔ ✔ ✔ ✔ ✔

DY ✔ ✔ ✔ ✔ ✔ ✘

π0 ✔ ✔ ✔ ✘ ✔ ✘

νDIS ✘ ✔ ✘ ✘ ✔ ✘

pPb ✘ ✘ ✘ ✘ ✔ ✘

# data 929 1579 740 1479 1811 451

order NLO NLO NLO NNLO NLO NNLO

proton 
PDF CTEQ6.1 MSTW2008 ~CTEQ6.1 JR09 CT14NLO NNPDF3.1

mass 
scheme ZM-VFNS GM-VFNS GM-VFNS ZM-VFNS GM-VFNS FONLL-B

comments

Δχ2=50, 
ratios, huge 
shadowing-

antishadowing

Δχ2=30, ratios,  
medium-

modified FFs for 
π0

Δχ2=35, PDFs,  
valence flavour 
sep., not enough 

sensitivity

PDFs,  deuteron 
data included

Δχ2=52, 
flavour sep., 
ratios, LHC 

pPb data

NNPDF 
methodology, 
isoscalarity 
assumed

da
ta

1904.00018

EPPS16

Ri/A(x, Q2) =
fi/A(x, Q2)

Afi/p(x, Q2)

N. Armesto, 11.06.2019



nPDFs: status
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uv

dbar

dv ubar

sbar g

● nCTEQ15 vs. 
EPPS16: note the 
parametrisation 
bias.

uv

dbar

dv

ubar

sbar g

● Presently 
available LHC 
(dijets, W/Z in pPb) 
data seem not to 
have a large effect: 
large-x glue 
(baseline=no ν, no 
LHC data).

Perspectives for HD QCD …: 2. Partonic structure of the nucleus.

EPPS16

N. Armesto, 11.06.2019
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nPDFs @ LHC: present
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RgPb

● Theoretical control in PT over 
forward D or J/ψ under debate: 
scales, DPS, non-linear dynamics,
… E.g. quarkonium: superposition 
of nPDFs + eloss/absorption + 
comovers for ψ’,…
● Collectivity (flow for D in pPb 
as for charged hadrons in pPb and 
PbPb?) would limit the use of low 
pT data for extraction of nPDFs. 1712.07024D mesons, 1906.02512

● UPCs offer possibilities 
for constraining both 
nPDFs: they were the first 
indication of nuclear 
shadowing.

1307.4526

d’Enterria
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nPDFs @ HL-LHC:

 21Perspectives for HD QCD …: 2. Partonic structure of the nucleus.

● Inclusive W for s/u.
● Dijets for glue.
● Z and γ at forward rapidity (glue).
● W asymmetries for gluon (evolution).
● Low mass forward DY for sea and gluon.
● Top requires higher statistics: lighter ions in the 30’s?
● UPCs will also contribute: quarkonium, inclusive dijets 
(1902.05126).

W

DY
(LHCb)

1812.06772
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Dijets
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nPDFs @ HL-LHC:
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nPDFs @ HL-LHC:
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● Inclusive W for s/u.
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W

DY
(LHCb)

1812.06772

Dijets in UPCs

Dijets

Photons
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nPDFs in pA beyond HL-LHC:
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● Top studies become feasible at the 
FCC: gluon in pPb.
● UPCs will also contribute: quarkonium, 
inclusive dijets (1902.05126).
● Fixed target mode to constrain the 
high-x glue.

Top

D, B mesons 
and quarkonia 
in pXe in FT 

mode



nPDFs @ eA colliders:
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● LHeC/FCC-eh 
ePb and EIC eAu 
pseudodata 
included in 
EPPS16-like 
global fits and 
HERAPDF DIS-
only fits: large 
impact.
● HF separation 
has sizeable 
impact (on glue).
● Not yet 
included: beauty, 
c-tagged CC for 
strange. 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

1−10

1

10

210

310

410

510

610

710

x

)2 (GeV2Q

LHeC NC+CC, EPPS16*, Pb
LHeC charm, EPPS16*, Pb
LHeC NC+CC, xFitter, Pb
FCC-eh NC+CC, xFitter, Pb

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC

+

sea

glue

sea glue1708.05654

NA at DIS18 and DIS19

Perspectives for HD QCD …: 2. Partonic structure of the nucleus. N. Armesto, 11.06.2019
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NA at DIS18 and DIS19
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Ultimate 
experimental 

precision
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● Coherent exclusive production (γ/VM) ⇒ q/g GPDs, 

transverse profile.

● The extraction of 3D-structure (GPDs and TMDs and their evolution equations) is a huge 
undergoing program: scarcely known in the proton, mostly unknown in nuclei.

● It can be done at the EIC/LHeC/FCC-eh in a large range of x and Q2 ⇒ evolution.
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Mantysaari in DIS2018; LHeC 
CDR update to appear

Perspectives for HD QCD …: 2. Partonic structure of the nucleus.
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● Coherent exclusive production (γ/VM) ⇒ q/g GPDs, 

transverse profile.

● The extraction of 3D-structure (GPDs and TMDs and their evolution equations) is a huge 
undergoing program: scarcely known in the proton, mostly unknown in nuclei.

● It can be done at the EIC/LHeC/FCC-eh in a large range of x and Q2 ⇒ evolution.

eAu at EIC, 1211.3048

Perspectives for HD QCD …: 2. Partonic structure of the nucleus.
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● Coherent exclusive production (γ/VM) ⇒ q/g GPDs, 

transverse profile.

● The extraction of 3D-structure (GPDs and TMDs and their evolution equations) is a huge 
undergoing program: scarcely known in the proton, mostly unknown in nuclei.

● It can be done at the EIC/LHeC/FCC-eh in a large range of x and Q2 ⇒ evolution.
Perspectives for HD QCD …: 2. Partonic structure of the nucleus.
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 32 N. Armesto, 11.06.2019Perspectives for HD QCD …: 2. Partonic structure of the nucleus.

3D - GPDs and TMDs (I):
● Incoherent diffraction sensitive to 
fluctuations: hot spots? that determine 
the initial stage of HIC, the distribution 
of MPIs,…
● Exclusive dijet production and 
sensitive to the gluon Wigner 
distribution, forward DDbar to g TMDs.

1608.07559

● Most of these observables can, in principle, be 
studied in UPCs, even for larger energies, but for 
photoproduction: separation of coherent and 
incoherent diffraction, reach and resolution in t,…?

● Also extensive studies in FT mode (1807.00603), 
mainly focused on spin physics.
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! Diffractive PDFs give the conditional probability of measuring a parton in the hadron with the 
hadron remaining intact: ~10 % events at HERA are diffractive!
! Never measured in nuclei, incoherent diffraction dominant above relatively small -t: interplay 
between multiple scattering and survival probability of the colourless exchange (rapidity gap), 
relation between diffraction in ep and nuclear shadowing ⇒ MPIs, CEP.

● At the LHeC/FCC-eh, extractable in nuclei with the same accuracy as in proton.
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Search for new dynamics at small x in ep/eA:
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● Saturation modifies evolution: tension between the description in DGLAP analyses of 
different inclusive observables (with different sensitivities to glue and sea, e.g. F2 and FL or σrHQ), 
if enough lever arm in Q2 at small x available.

● High scales are small x at the FCC-AA: e.g. top production in pPb sensitive to x ~ 0.02-0.2 at 
HL-LHC and 0.0002-0.2 at the FCC-hh (1501.05879).
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Search for new dynamics at small x in pA:
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● Single particle suppression increasing with rapidity was proposed as a signal of saturation.

● To be contrasted with an extraction of PDFs in collinear factorisation: tensions?

charged hadrons

RpA =
yield in eA/pA

scaled yield in ep/pp

dijet yield modification pPb/pp, anti-kT, R=0.5

underlying event regionback-to-back region



Elastic VM production in ep/eA and UPCs:
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● Elastic J/ψ production 
may be a candidate to 
signal saturation effects 
at work.
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1 − z

γ∗ E

Linear, 
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Non-linear, 
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Elastic VM production in ep/eA and UPCs:

 39 N. Armesto, 11.06.2019Perspectives for HD QCD …: 3. New dynamics at small x.

● Elastic J/ψ production 
may be a candidate to 
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● UPCs are an alternative, though less precise.
● Large uncertainties, e.g. charm mass (1402.4831).
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signal saturation effects 
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● Large uncertainties, e.g. charm mass (1402.4831).



0 1000 2000 3000 4000 5000
!

"!

#!

$!

%!

&!!

&"!

&#!

&$! e+p(Pb) ➝ e+p(Pb)+J/ψ
Q2=10-100 GeV2

ep
ePb

1/
A2  

dσ
/d

t(t
=0

) [
nb

/G
eV

2 ]
W [GeV]

EIC LHeC FCC-eh

Elastic VM production in ep/eA and UPCs:

 41 N. Armesto, 11.06.2019

● Saturation (the approach to the black disk limit) affects both the energy and the t (impact 
parameter)-dependence of coherent exclusive VM production: softer energy dependence, 
shrinking of the diffractive peak.
● Saturation results in a larger diffractive over inclusive cross section (Nikolaev et al., Z.Phys. 
A351 (1995) 435): interplay between non-linear phenomena and survival probability.
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A351 (1995) 435): interplay between non-linear phenomena and survival probability.
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Correlations en eA/pA (I):
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pTlead>3 GeV
pTass>2 GeV
zlead=zass=0.3

y=0.7
Q2=4 GeV2 

γ-π0 in pPb jet-jet in pPb h-h in ePb

● Dihadron azimuthal decorrelation:
currently discussed at RHIC as
suggestive of saturation.
● To be studied far from kinematical limits.

xA<<xp ΔΦ=Φ12
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pTlead>3 GeV
pTass>2 GeV
zlead=zass=0.3

y=0.7
Q2=4 GeV2 

γ-π0 in pPb h-h in ePb

● Dihadron azimuthal decorrelation:
currently discussed at RHIC as
suggestive of saturation.
● To be studied far from kinematical limits.

central-forward exclusive
dijets in ep/eA, 1511.07452

xA<<xp ΔΦ=Φ12



 46 N. Armesto, 11.06.2019

●Nuclear and saturation effects on usual BFKL signals (e.g. dijet azimuthal 
decorrelation, Mueller-Navelet jets) has not been extensively addressed: A-dependence contrary 
to linear resummation?

 k  = 0t

∆φ∗ < 120  
o

∆φ∗ 

j1

j2

j2

j1

Perspectives for HD QCD …: 3. New dynamics at small x.

Correlations en eA/pA (II):
● Studying dijet azimuthal 
decorrelation or forward jets 
(pT∼Q)  in ep/eA/pp/pAwould 
allow to understand the 
mechanism of radiation:
➜ kT-ordered: DGLAP.
➜ kT-disordered: BFKL.
➜ Saturation?
● Further imposing a rapidity gap
(diffractive jets) would be most
interesting: perturbatively
controllable observable.
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Small systems:
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Collective 
expansion
(hydro-like)

Collective 
hadronisation

Final state 
interactions
(non-hydro)

Direct 
photons

● Observables measured in small systems: pp and pA, that in AA are taken as QGP signals:



Small systems:
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● Azimuthal correlations extended in η (the ridge) are found in all systems from almost minimum 
bias pp (10) to central AA (2000) and are describable by viscous relativistic hydro (with suitable 
ICs):

➜ Final state interactions, so QGP-like physics in
all systems?
➜ Correlations already present in the hadron or
nucleus wave functions, as in CGC calculations?

● One way to proceed: go to even smaller systems, ep/eA, down to a point where final state 
interactions cannot be justified.

➜ Correlations appear (e.g. in eA) for large multiplicities: final state interactions?
➜ No correlations: initial state effects?

● Note: preliminary analysis by ZEUS and ALEPH put strong limits on azimuthal 2-particle 
correlations in ep at HERA and e+e- at LEP.
Perspectives for HD QCD …: 4. Evolution of the medium in pp/pA/AA
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1906.00489

ZEUS at DIS2019

Perspectives for HD QCD …: 4. Evolution of the medium in pp/pA/AA

Charged multiplicity distribution
|η|<1.5



Initial stages though hard probes:
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● Recent activity on the use of hard probes to study the initial stages of hadronic collisions 
(1902.03231). 
● Large energies and statistics (lighter ions at HL-LHC?; FCC-AA) make boosted tops available 
(1711.03105).

Apolinario 
at HP2018

τm

Perspectives for HD QCD …: 4. Evolution of the medium in pp/pA/AA
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● Recent activity on the use of hard probes to study the initial stages of hadronic collisions 
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Lighter ions in Runs 5 and 6:
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● There has been a proposal to collider lighter ions: O(Z=8,A=16), Ar(Z=18,A=40), 
Kr(Z=36,A=78), Xe(Z=52,A=129),…, in Runs 5 and 6 to:
➜ Test size dependencies of QGP properties and dynamical mechanisms, getting rid of centrality definitions 
that introduce strong biases in peripheral collisions and pA → link to small systems.
➜ Get rid of centrality dependence for nPDFs, ridge, etc., that introduce additional correlations.
➜ Get larger statistics: gains of factors 2 (Xe) to 15 (O), for e.g. top studies, Z+jet,…
● We may have new detectors/experiments there: LHCb Upgrade II, new detector in IP2 (HI 
detector focused on soft physics (1902.01211), or LHeC that would offer ep/eA at the same 
time as pp/pA/AA).

Perspectives for HD QCD …: 4. Evolution of the medium in pp/pA/AA
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● I have done an incomplete, personal overview of 
the possibilities for high-density QCD with ions at the 
HL-LHC and beyond: FCC as representative of AA 
colliders, ep/eA and fixed target possibilities.

➜ Partonic structure of the nucleus, in the collinear 
framework and beyond.
➜ New dynamics at small x.
➜ Some discussion on medium evolution.

● Hadron/DIS machines are complementary in terms 
of ‘reach’/‘precision’.

● Both proton and nuclear targets will be required to 
unravel the existence of a new regime of QCD.

● Most interesting things are waiting for us!!!
Perspectives for HD QCD beyond HL-LHC: ep/eA and pA/AA.
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● I have done an incomplete, personal overview of 
the possibilities for high density QCD with ions at the 
HL-LHC and beyond: FCC as representative of AA 
colliders, ep/eA and fixed target possibilities.

➜ Partonic structure of the nucleus, in the collinear 
framework and beyond.
➜ New dynamics at small x.
➜ Some discussion on medium evolution.

● Hadron and DIS machines are complementary in 
terms of ‘discovery’/‘precision’.

● Both proton and nuclear targets will be required to 
unravel the existence of a new regime of QCD.

● Most interesting things are waiting for us!!!
Perspectives for HD QCD beyond HL-LHC: ep/eA and pA/AA.
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nPDFs: implications on HI physics
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● Lack of data ⇒ large uncertainties for 

the nuclear glue at small scales and x: 
problem for benchmarking in HIC in 
order to extract medium parameters.

1506.03981

R =
fi/A
Afi/p

≈ measured
expected if no nuclear effects

Perspectives for HD QCD beyond HL-LHC: ep/eA and pA/AA: 1. Introduction.
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● Extraction of transport properties and hydrodynamisation times finds its key 
limitation in the uncertainties in the initial conditions for hydrodynamical evolution.

1808.02106 


