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Warnings:
● Although the focus was asked to be 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 I 
find more closely related to initial 
stages.
● Even with these restrictions, it is too 
much material…
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M. Schaumann at 
FCC Week 2019Including a performance 

efficiency factor of 50%
Baseline: Ultimate:

1 exp. Lint/run: 8pb-1 29pb-1

2 exp. Lint/run: 6pb-1 18pb-1

AA

pPb
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ep/eA colliders:
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● Projects of ep/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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See M. Wing’s talk for PEPIC and  VHEeP, 
and 1812.08110.



ep/eA colliders:
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ep

● 60 GeV e- (energy 
recovery linac) against 
the (HL/HE-)LHC/FCC 
hadron beams: eA to run 
either concurrently with 
pA/AA or in dedicated 
mode.

eD at LHeC:
LeN=ALeA~5×1032 cm-2s-1

Integrated lumi. in 10 y. (fb-1) ~~ 6 15 45

CERN-ACC-2017-0019

ePb

See M. Wing’s talk for PEPIC and  VHEeP, 
and 1812.08110.
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Kinematics:
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● 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;
➤ A more controlled theoretical setup - 
many first-principles calculations, 
factorisation tests.

Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1

10

210

310

410

510

610

710

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC



Kinematics:

 7N. Armesto, 28.06.2019 - CERN perspective: 1. Proposals.

● 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;
➤ A more controlled theoretical setup - 
many first-principles calculations, 
factorisation tests.

Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1

10

210

310

410

510

610

710

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC

Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1

10

210

310

410

510

610

710

Au(100)+e(20)197

Pb(2750)+e(60)208

Pb(5322)+e(60)208

Pb(19700)+e(60)208

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC



Kinematics:

 7N. Armesto, 28.06.2019 - CERN perspective: 1. Proposals.

● 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;
➤ A more controlled theoretical setup - 
many first-principles calculations, 
factorisation tests.

Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1

10

210

310

410

510

610

710

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC

Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1

10

210

310

410

510

610

710

Au(100)+e(20)197

Pb(2750)+e(60)208

Pb(5322)+e(60)208

Pb(19700)+e(60)208

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC

Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1

10

210

310

410

510

610

710
Au(100)+e(20)197

Pb(2750)+e(60)208

Pb(5322)+e(60)208

Pb(19700)+e(60)208

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC

7+2.75 TeV
=0,...,6.6

lab
y

50+19.7 TeV
=0,...,6.6

lab
y



Kinematics:

 7N. Armesto, 28.06.2019 - CERN perspective: 1. Proposals.

● 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;
➤ A more controlled theoretical setup - 
many first-principles calculations, 
factorisation tests.

Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1

10

210

310

410

510

610

710

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC

Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1

10

210

310

410

510

610

710

Au(100)+e(20)197

Pb(2750)+e(60)208

Pb(5322)+e(60)208

Pb(19700)+e(60)208

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC

Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1

10

210

310

410

510

610

710
Au(100)+e(20)197

Pb(2750)+e(60)208

Pb(5322)+e(60)208

Pb(19700)+e(60)208

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC

7+2.75 TeV
=0,...,6.6

lab
y

50+19.7 TeV
=0,...,6.6

lab
y

1605.01389

UPCs



Kinematics:

 7N. Armesto, 28.06.2019 - CERN perspective: 1. Proposals.

● 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;
➤ A more controlled theoretical setup - 
many first-principles calculations, 
factorisation tests.

Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1

10

210

310

410

510

610

710

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC

Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1

10

210

310

410

510

610

710

Au(100)+e(20)197

Pb(2750)+e(60)208

Pb(5322)+e(60)208

Pb(19700)+e(60)208

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC

Ax
8−10 7−10 6−10 5−10 4−10 3−10 2−10 1−10 1

)2
 (G

eV
2

Q

1

10

210

310

410

510

610

710
Au(100)+e(20)197

Pb(2750)+e(60)208

Pb(5322)+e(60)208

Pb(19700)+e(60)208

(x)2
sat,PbQ

Present
νDIS+DY+

dAu@

RHIC

pPb@LHC

7+2.75 TeV
=0,...,6.6

lab
y

50+19.7 TeV
=0,...,6.6

lab
y



Contents:

 8N. Armesto, 28.06.2019 - CERN perspective.

1. Proposals.

2. Partonic structure of the nucleus.

3. New dynamics at small x.

4. Pre-equilibrium dynamics and 
small systems.

5. Summary.

References:
● 1812.06772 (HL-LHC with ions);
● Future Circular Collider: Vol. 1 Physics 
opportunities, CERN-ACC-2018-0056 
(Eur. Phys. J. C79 (2019) no.6, 474), and 
1605.01389;
● 1901.09076 (diffraction in ep and eA);
● LHeC CDR, 1206.2913;
● 2018 LHeC and FCC-eh workshop, 
https://indico.cern.ch/event/698368/;
● LHeC talks at DIS 2019, https://
indico.cern.ch/event/749003/.
● Fixed target program at the HL-LHC, 
1807.00603.

Talks by J. Lajoie and E. Sichtermann.



Status of nPDFs:

 9N. Armesto, 28.06.2019 - CERN perspective: 2. Partonic structure of the nucleus.

1904.00018
● 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.

EPPS16
Talks by P. Zurita and C. Keppel; N. Valle, M. 
Dumancic, E. Chapon, S. Hayashi,  M. Faggin, A. 
Bylinkin, I. B. Sanjuan, Y. Kim, N. Fomin, M. Rybar, 
S. Yang, Z. Chen,…



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

W

DY (LHCb)

1812.06772
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1812.06772

Dijets

Photons

Dijets in UPCs



nPDFs beyond HL-LHC:

 12N. Armesto, 28.06.2019 - CERN perspective: 2. Partonic structure of the nucleus.

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

D, B 
mesons 

and 
quarkonia 
in pXe in 

fixed target 
mode

1807.00603,
see the talk by P. 
Di Nezza.

Tops



nPDFs @ LHeC/FCC-eh:

 13N. Armesto, 28.06.2019 - CERN perspective: 2. Partonic structure of the nucleus.

● HF separation → glue.
● Missing: beauty, c-tagged CC 
for strange.
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NA at DIS18 
and DIS19
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in the proton, mostly unknown in nuclei. Talks by R. Boussarie, A. 

Dumitru and J. H. Lee
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Beyond collinear factorization (II):
● Incoherent diffraction sensitive to 
fluctuations: hot spots? that 
determine the initial stage of HIC, 
the distribution of MPIs,… (Talk by 
H. Mantyssari)
● Exclusive dijet production sensitive 
to the gluon Wigner distribution, 
forward DDbar to g TMDs.
● UPCs, even for larger energies, but 
for photoproduction (1702.07705, 
1902.01339).
● Also extensive studies in fixed 
target mode (1807.00603), main 
focus on spin.

● Diffractive PDFs on A never 
measured. (Talk by M. Walczak, pPb)

1812.06772
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Search in ep/eA:
● 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. (1702.00839)
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● High scales → small x @ FCC-AA: e.g. tops 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 in ep/eA:
● 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. (1702.00839)

● High scales → small x @ FCC-AA: e.g. tops in pPb sensitive to x 
~ 0.02-0.2 at HL-LHC and 0.0002-0.2 at the FCC-hh (1501.05879).

● Resummation 
becomes very 

sizeable 
(1710.05935 
and talk by M. 

Bonvini.). 
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Search in pA:

charged hadrons @ FCC

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

underlying event 
region

back-to-back 
region

photons @ FCC

● Single particle 
suppression increasing 
with rapidity was 
proposed as a signal 
of saturation.

● Suppression 
observed up to large 
transverse momenta.

● Search for tensions 
between different 
observables in 
collinear factorisation.
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Elastic VM production on p:

● Elastic J/ψ 
production may be 
a candidate to 
signal saturation 
effects at work.

p p′

r⃗

b⃗
x x′

z

(1 − z)r⃗
1 − z

γ∗ ELinear, 
sensitivity 
to (xg)2.

Non-linear, 
saturation.
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Elastic VM production on p:

● Elastic J/ψ 
production may be 
a candidate to 
signal saturation 
effects at work.

p p′

r⃗

b⃗
x x′

z

(1 − z)r⃗
1 − z

γ∗ ELinear, 
sensitivity 
to (xg)2.

Non-linear, 
saturation.

● Large uncertainties, e.g. charm mass (1402.4831). 
● UPCs are an alternative.
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Elastic VM production on A:
● Saturation (approach to the black disk limit) affects both energy 
and t (impact parameter) dependences of coherent exclusive VM 
production: softer energy dependence, shrinking of 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.

Mantysaari in DIS2018; LHeC CDR update to appear
EIC LHeC FCC-eh
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● Nuclear 
dependence may 
not be a signal of 
saturation by 
itself…
● Nuclear effects 
on quarkonium 
can be studied.



jet-jet in pPb
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Correlations in eA/pA:
● Dihadron azimuthal 
decorrelation: discussed at RHIC 
as suggestive of saturation.
● To be studied far from 
kinematical limits.

xA<<xp ΔΦ=Φ12

γ-π0 in pPb

pTlead>3 GeV
pTass>2 GeV
zlead=zass=0.3

y=0.7
Q2=4 GeV2 

h-h in ePb

Talk by D. Perepelitsa
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Correlations in eA/pA:
● Dihadron azimuthal 
decorrelation: discussed at RHIC 
as suggestive of saturation.
● To be studied far from 
kinematical limits.

xA<<xp ΔΦ=Φ12

γ-π0 in pPb central-forward exclusive
dijets in ep/eA, 1511.07452

pTlead>3 GeV
pTass>2 GeV
zlead=zass=0.3

y=0.7
Q2=4 GeV2 

h-h in ePb

Talk by D. Perepelitsa
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1. Proposals.

2. Partonic structure of the nucleus.

3. New dynamics at small x.

4. Pre-equilibrium dynamics and 
small systems (talks by many 
people…).

5. Summary.

References:
● 1812.06772 (HL-LHC with ions);
● Future Circular Collider: Vol. 1 Physics 
opportunities, CERN-ACC-2018-0056 
(Eur. Phys. J. C79 (2019) no.6, 474), and 
1605.01389;
● 1901.09076 (diffraction in ep and eA);
● LHeC CDR, 1206.2913;
● 2018 LHeC and FCC-eh workshop, 
https://indico.cern.ch/event/698368/;
● LHeC talks at DIS 2019, https://
indico.cern.ch/event/749003/.
● Fixed target program at the HL-LHC, 
1807.00603.

Talks by J. Lajoie and E. Sichtermann.
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Pre-equilibrium dynamics:

Talk by J. 
Berges

Charged multiplicity distribution
|η|<1.5, 1605.01389

ZEUS at DIS2019, talk by A. Baty
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Charged multiplicity distribution
|η|<1.5, 1605.01389

ZEUS at DIS2019, talk by A. BatyTalk by B. D. Seidlitz
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Pre-equilibrium dynamics:

Talk by J. 
Berges

1605.01389

PbPb@FCC
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Hard probes:
● Recent activity on the use of hard probes to study the initial stages 
of hadronic collisions (1902.03231, talk by C. Andres). 
● Large energies and statistics (lighter ions at HL-LHC; FCC-AA) 
make boosted tops available (1711.03105).

τm

Apolinario at 
HP2018
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Lighter ions beyond LS4:
● There has been a proposal to collide lighter ions in Runs 5 to:
➜ Get larger statistics: gains of factors 2 (Xe) to 10 (Ar), for e.g. top studies, 
Z+jet,… 
➜ Test size dependences of QGP properties and dynamics, without centrality 
definitions (strong biases in peripheral collisions and pA) → link to small systems.
➜ Get rid of centrality dependence for nPDFs, ridge, etc., that introduce 
additional correlations.

See also M. 
Schaumann at FCC 

Week 2019 for 
lighter ions at FCC.

1812.06772, p=1.5
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Lighter ions beyond LS4:
● There has been a proposal to collide lighter ions in Runs 5 to:
➜ Get larger statistics: gains of factors 2 (Xe) to 10 (Ar), for e.g. top studies, 
Z+jet,… 
➜ Test size dependences of QGP properties and dynamics, without centrality 
definitions (strong biases in peripheral collisions and pA) → link to small systems.
➜ Get rid of centrality dependence for nPDFs, ridge, etc., that introduce 
additional correlations.

1812.06772

● We may have new detectors/experiments there: LHCb Upgrade II, new detector 
in IP2 (heavy-ion detector focused on thermal radiation, rare c,b hadrons, ultrasoft 
particles (1902.01211), or LHeC offering ep/eA at the same time as pp/pA/AA).



Announcements:
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● LHeC/FCC-eh 2019 Workshop, October 24th-25th 
2019 in Chavannes-de-Bogis near CERN.
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● I have done an incomplete, personal 
overview of the future possibilities for 
initial stages at CERN: FCC as 
representative of AA colliders, ep/eA and 
fixed target programmes.

➜ Partonic structure of the nucleus, in the 
collinear framework and beyond.
➜ New dynamics at small x.
➜ Pre-equilibrium and small systems.
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Timelines:
➜ Disclaimer: train 
timelines are written 
only to show how late 
trains arrive (Herwig 
Schopper);
➜ Warning: they may 
contain traces of politics.
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Many thanks to:
➜ My HL-LHC, FCC-AA, LHeC/FCC-eh (and 
EIC) colleagues for discussions and the 
opportunity to work with them;
➜ A. Dainese, M. Klein, G. Milhano, C. A. 
Salgado and M. Winn for comments;
➜ The organisers for the invitation to provide 
this talk;
➜ You all for your attention.

Timelines:
➜ Disclaimer: train 
timelines are written 
only to show how late 
trains arrive (Herwig 
Schopper);
➜ Warning: they may 
contain traces of politics.
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Status of nPDFs:
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Talks by N. Valle, M. Dumancic, E. Chapon, S. Hayashi,  
M. Faggin, A. Bylinkin, I. B. Sanjuan, Y. Kim, N. Fomin, M. 
Rybar, S. Yang, Z. Chen,…

● 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 and J/ψ as in 
charged hadrons in pPb and PbPb) would limit 
the use of low pT data for extraction of nPDFs.
● UPCs offer possibilities for constraining both 
nPDFs: first indication of nuclear shadowing 
(talk by J. Seger).

D mesons,1906.02512

17
12

.0
70

24

RgPb

d’Enterria

1307.4526
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Correlations in 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.

●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?
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