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OUTLINE
•  Heavy-ion collisions at the LHC 

and open questions
•  The next ten years at the LHC
•  Expected performance on a few 

key observables

Disclaimer: It is impossible to cover all Run 3/4 heavy ion physics topics in 20 mins, 
so this talk covers only a small selection. 

Slides mainly based on HL-LHC WG5 yellow report: 
CERN-LPCC-2018-07  arXiv:1812.06772)
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Space-time Evolution of A+A Collisions

Evolution described by relativistic
hydrodynamic models, which 
need initial conditions as input. 

Simplest case: Symmetric
collisions (no elliptic flow), ideal
gas equation of state (bag model),
only longitudinal expansion (1D,
Bjorken)
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Initial state
•  Nuclear parton distributions not strongly constrained
•  Importance of initial state fluctuations
Ø  Characteristics of the initial state?

and open questions
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Macroscopic properties (long wavelength characterisation)
•  Description in terms of fluid- and thermodynamics
•  Next level of precision and new observables (flow correlations,…)
Ø  Properties of QCD matter and the transition between phases?

Initial state
•  Nuclear parton distributions not strongly constrained
•  Importance of initial state fluctuations
Ø  Characteristics of the initial state?
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Simplest case: Symmetric
collisions (no elliptic flow), ideal
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Microscopic dynamics (short wavelength characterisation)
•  Strong energy loss for hard partons 
•  New jet substructure observables (splitting function, jet mass,…)
•  Quarkonium suppression and regeneration
Ø  Degrees of freedom at which stage and their interactions?

Macroscopic properties (long wavelength characterisation)
•  Description in terms of fluid- and thermodynamics
•  Next level of precision and new observables (flow correlations,…)
Ø  Properties of QCD matter and the transition between phases?

Initial state
•  Nuclear parton distributions not strongly constrained
•  Importance of initial state fluctuations
Ø  Characteristics of the initial state?

Small systems
•  Surprises in pp and p-Pb collisions (“flow”, “strangeness 

enhancement”)
Ø  Is there a unified picture of QCD particle production from small 

(pp) to larger (p-A and A-A) systems?

and open questions
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•  13 nb−1 Pb-Pb collisions
•  ≈ 10 × combined Run 1/2 luminosity 
•  ≈ × 100 for soft probes (new ALICE read-out)

•  ︎ Complemented by (proposal of HL-LHC WG5)
•  Larger p-Pb samples: 1.2 pb−1 ATLAS/CMS, 0.6 pb−1 ALICE/LHCb & pp references
•  pp running for high-multiplicity events: 0.2 fb−1

•  Pilot-like O-O and p-O collisions run

•  Proposal for lighter ions, e.g. Ar–Ar (A = 40), running in Run 5 (2030+) to sample much 
larger luminosities

CERN-LPCC-2018-07 !
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Upgrades (LS 2):
•  50 kHz Pb-Pb readout (O2)
•  New Inner Tracking System (ITS2)
•  GEM readout for TPC
•  Muon Forward Tracker
•  Fast Interaction Trigger (FIT)

•  Fixed-target upgrade to 
sample 10-100 larger 
luminosity

•  New tracking detectors and 
read-out for 5× pp pile-up 

ALICE-TDR-017
ALICE-TDR-018

ALICE-TDR-016

LHCb-PUB-2018-015 LHCB-TDR-015LHCB-TDR-013

ALICE-TDR-019
ALICE-TDR-015
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Upgrades (LS 2): Upgrades (LS 3):

•  Fixed-target upgrade to 
sample 10-100 larger 
luminosity

•  New tracking detectors and 
read-out for 5× pp pile-up 

•  Upgrade of the ZDCs 
•  Larger tracking acceptance for 

ATLAS and CMS (|η| < 4) with 
better performance

•  Better charged particle tracking 
in high-multiplicity events, 
improving b-tagging of jets, and 
more selective photon, electron, 
and muon triggers 

•  Extended PID capabilties 

•  Forward Calorimeter?
•  Cylindrical silicon detector (ITS3)?

CMS-TDR-014

CMS-TDR-020

ATLAS-TDR-030

ATLAS-TDR-025

ALICE-PUBLIC-2018-013
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•  Nuclear PDFs not strongly constrained 
•  Probe lowest available Bjorken x 

Ø  Onset of gluon saturation?

•  High-luminosity p–Pb and Pb–Pb (γ–Pb) collisions
Ø  Highly-improved precision and kinematic coverage

4

shown [63,64] to carry some sensitivity to the flavour-
dependent EMC e↵ect. However, more stringent flavour-
dependence constraints at large x are provided by the
CHORUS (anti)neutrino-Pb DIS data [47], whose treat-
ment in the fit is detailedly explained in Section 3.2.

The present analysis is the first one to directly in-
clude LHC data. To this end, we use the currently pub-
lished pPb data for heavy-gauge boson [43,45,46] and
dijet production [34]. These observables have already
been discussed in the literature [65,66,67,68,36,41] in
the context of nuclear PDFs. Importantly, we include
the LHC pPb data always as forward-to-backward ra-
tios in which the cross sections at positive (pseudo)ra-
pidities ⌘ > 0 are divided by the ones at negative rapidi-
ties ⌘ < 0. This is to reduce the sensitivity to the chosen
free-proton baseline PDFs as well as to cancel the ex-
perimental luminosity uncertainty. However, upon tak-
ing the ratio part of the information is also lost as, for
example, the points near ⌘ = 0 are, by construction, al-
ways close to unity and carry essentially no information.
In addition, since the correlations on the systematic er-
rors are not available, all the experimental uncertainties
are added in quadrature when forming these ratios (ex-
cept for the CMS W measurement [43] which is taken
directly from the publication) which partly undermines
the constraining power of these data. The baseline pp
measurements performed at the same

p
s as the pPb

runs may, in the future, also facilitate a direct usage of
the nuclear modification factors d�pPb

/d�
pp. The tech-

nicalities of how the LHC data are included in our anal-
ysis are discussed in Section 3.3.

In Fig. 2 we illustrate the predominant x and Q
2 re-

gions probed by the data. Clearly, the LHC data probe
the nuclear PDFs at much higher in Q

2 than the ear-
lier DIS and DY data. For the wide rapidity coverage
of the LHC detectors the new measurements also reach
lower values of x than the old data, but for the lim-
ited statistical precision the constraints for the small-x
end still remain rather weak. All the exploited data sets
including the number of data points, their �2 contribu-
tion and references are listed in Table 3. We note that,
approximately half of the data are now for the 208Pb
nucleus while in the EPS09 analysis only 15 Pb data
points (NMC 96) were included. Most of this change is
caused by the inclusion of the CHORUS neutrino data.

3.1 Isoscalar corrections

Part of the charged-lepton DIS data that have been
used in the earlier global nPDF fits had been “cor-
rected”, in the original publications, for the isospin ef-
fects. That is, the experimental collaborations had tried
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Fig. 2 The approximate regions in the (x,Q2) plane at which
di↵erent data in the EPPS16 fit probe the nuclear PDFs.

to eliminate the e↵ects emerging from the unequal num-
ber of protons and neutrons when making the com-
parison with the deuteron data. In this way the ra-
tios F

A
2 /F

D
2 could be directly interpreted in terms of

nuclear e↵ects in the PDFs. However, this is clearly an
unnecessary operation from the viewpoint of global fits,
which has previously caused some confusion regarding
the nuclear valence quark modifications: the particu-
larly mild e↵ects found in the nDS [20] and DSSZ [31]
analyses (see Fig. 27 ahead) most likely originate from
neglecting such a correction.

The structure function of a nucleus A with Z pro-
tons and N neutrons can be written as

F
A
2 =

Z

A
F

p,A
2 +

N

A
F

n,A
2 , (10)

where F
p,A
2 and F

n,A
2 are the structure functions of

the bound protons and neutrons. The corresponding
isoscalar structure function is defined as the one con-
taining an equal number of protons and neutrons,

F̂
A
2 =

1

2
F

p,A
2 +

1

2
F

n,A
2 . (11)

Using Eq. (10), the isoscalar structure function reads
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A
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A
2 , (12)

where
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A
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Usually, it has been assumed that the ratio F
n,A
2 /F

p,A
2

is free from nuclear e↵ects,

F
n,A
2

F
p,A
2

=
F

n
2

F
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2

, (14)
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Fig. 26 The CMS dijet data [34] compared with the results
obtained with the EPPS16 (blue bands), nCTEQ15 [32] (red
bands) and DSSZ [31] (hatched bands) nuclear PDFs.

allowed to be partly flavour dependent in the nCTEQ15
analysis (although to a much lesser extent than in EPPS16),
hence we show the comparison for all parametrized par-
ton species. The two fits (as well as nCTEQ15 and our
Baseline fit in Fig. 22) can be considered compatible
since the uncertainty bands always overlap. For all the
sea quarks the nCTEQ15 uncertainties appear clearly
smaller than those of EPPS16 though less data was used
in nCTEQ15. This follows from the more restrictive as-
sumptions made in the nCTEQ15 analysis regarding
the sea-quark fit functions: nCTEQ15 has only 2 free
parameters for all sea quarks together, while EPSS16
has 9. Specifically, the nCTEQ15 analysis constrains
only the sum of nuclear ū+ d̄ with an assumption that
the nuclear s quarks are obtained from ū+ d̄ in a fixed
way. In contrast, EPPS16 has freedom for all sea quark
flavours separately, and hence also larger, but less bi-
ased, error bars. For the valence quarks, the nCTEQ15
uncertainties are somewhat larger than the EPPS16 er-
rors around the x-region of the EMC e↵ect which is
most likely related to the extra constraints the EPPS16
analysis has obtained from the neutrino DIS data. Es-
pecially the central value for dV is rather di↵erent than
that of EPPS16. The very small nCTEQ15 uncertainty
at x ⇠ 0.1 is presumably a similar fit-function arte-
fact as what we have for EPPS16 at slightly smaller
x. Such a small uncertainty is supposedly also the rea-
son why nCTEQ15 arrives at smaller uncertainties in
the shadowing region than EPPS16. For the gluons the
nCTEQ15 uncertainties are clearly larger than those of
EPPS16, except in the small-x region. While, in part,
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Fig. 27 Comparison of the EPPS16 nuclear modifications
(black central curve with light-blue uncertainty bands) to
those from the EPS09 analysis (purple curves with hatch-
ing) and DSSZ [31] (gray bands) at Q2 = 10GeV2. The up-
per panels correspond to the average valence and sea-quark
modifications of Eqs. (54) and (55), the bottom panel is for
gluons.

the larger uncertainties are related to the LHC dijet
data that are included in EPPS16 but not in nCTEQ15,
this is not the complete explanation as around x ⇠ 0.1
the nCTEQ15 uncertainties also largely exceed the un-
certainties from our Baseline fit (see Fig. 22). Since the
data constraints for gluons in both analyses are essen-
tially the same, the reason must lie in the more stringent
Q

2 cut (Q2
> 4GeV2) used in the nCTEQ15 analysis,

which cuts out low-Q2 data points where the indirect
e↵ects of gluon distributions via parton evolution are

EPPS16

Eskola et al., Eur.Phys.J. C77 (2017) no.3, 163
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Fig. 79: Pseudodata projections for the nuclear suppression factor by ALICE and CMS measured with
the photoproduction of three heavy vector mesons in Pb–Pb ultra-peripheral collisions are shown. The
pseudodata points are derived from EPS09-based photoproduction cross section projections following
the method described in Ref. [813].

coherent J/ photoproduction in UPCs was also studied in the kt-factorization approach [823] in terms
of the unintegrated nuclear gluon distribution, which determines the initial condition for the non-linear
evolution equation. In the case of ⇢ meson production, shadowing is a factor of ⇠ 2 stronger [824] than
in the approach based on the Glauber model and the vector meson dominance model.

The higher LHC luminosity and experimental upgrades will allow us to collect vastly improved
samples of UPC events. In particular, the planned ALICE continuous readout [825], will eliminate
many of the trigger-based constraints that have limited UPC data collection, allowing for high-efficiency
collection of large samples of photoproduced light mesons. The increases in sample sizes should be
considerably larger than one would expect from merely scaling the luminosity.

In order to conclude this section on the opportunities with vector meson production, we want to
give a list of not yet exploited measurements that provide further insight into photonuclear interactions
with heavy, light and multiple vector meson production:

– Extend substantially the x range for coherent J/ photoproduction on nuclei using information on
the impact parameter distribution in peripheral and ultra-peripheral collisions provided by forward
neutron production [812]. The impact parameter distribution can be accessed in the context of
UPCs by exploiting the properties of additional photon or hadronic interactions in addition to the
photon that produces the vector meson. The rates for the combined processed can be found in [826]
and the relationship between impact parameter and additional photon interactions is discussed
in [827]. The x-range can be also extended by using p–A collisions to probe the nucleus. In the
latter case, one would have to separate coherent J/ production in �A and �p using a much more
narrow pT distribution of J/ produced in coherent �A scattering and very good pT resolution for
the transverse momentum of the pair (LHCb).

– Measure with high enough statistics coherent U(1S) production in �p and �A scattering to check
the expectation of the 20% reduction of the coherent cross section, which would allow one to probe
gluon shadowing at a factor of ⇠ 10 higher Q2 than in J/ production.

– Study coherent production of two pions with masses above 1 GeV/c2to study an interplay of soft
and hard dynamics as a function of M⇡⇡ and pT(⇡).

– Measure the production of heavier 2⇡ [828], 4⇡ and other resonances on ion targets, and search
for the photoproduction of the observed exotic mesons. By using data from both proton targets (at

134

Nuclear PDFs:
•  Probe with quasi-real photon in ultra-

peripheral Pb-Pb collisions

ALICE-PUBLIC-2019-001 
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Fig. 81: Top row: Fiducial cross sections for W+ (left) and W� (right) boson production in p–Pb
collisions at psNN = 8.8 TeV differential in the charged lepton pseudorapidity measured in the laboratory
frame ⌘lab [7]. The cross sections are projected with nuclear effects described by the EPPS16 nPDF set
and without any nuclear effects. The boxes represent the projected total uncertainties (quadratic sum
of statistical and systematic uncertainties), while vertical bars represent statistical uncertainties (smaller
than the marker size). Botton row: Z boson rapidity (left) and transverse momentum (right) differential
cross sections [7].
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Fig. 82: Left: Uncertainties on measurments of the W+ (left) and W� (right) boson yield ratio of cen-
tral to peripheral collisions RCP. The boxes represent the projected total uncertainties (quadratic sum of
statistical and systematic uncertainties), while vertical bars represent statistical uncertainties [7]. Right:
Projected Z boson yields scaled by TAB as a function of the number of nucleon participants [7]. Sta-
tistical uncertainties are everywhere smaller than the marker size, and projected systematic uncertainties
(green) are described in the text. The projections are compared with a previous run 1 analysis [866].
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Fig. 79: Pseudodata projections for the nuclear suppression factor by ALICE and CMS measured with
the photoproduction of three heavy vector mesons in Pb–Pb ultra-peripheral collisions are shown. The
pseudodata points are derived from EPS09-based photoproduction cross section projections following
the method described in Ref. [813].

coherent J/ photoproduction in UPCs was also studied in the kt-factorization approach [823] in terms
of the unintegrated nuclear gluon distribution, which determines the initial condition for the non-linear
evolution equation. In the case of ⇢ meson production, shadowing is a factor of ⇠ 2 stronger [824] than
in the approach based on the Glauber model and the vector meson dominance model.

The higher LHC luminosity and experimental upgrades will allow us to collect vastly improved
samples of UPC events. In particular, the planned ALICE continuous readout [825], will eliminate
many of the trigger-based constraints that have limited UPC data collection, allowing for high-efficiency
collection of large samples of photoproduced light mesons. The increases in sample sizes should be
considerably larger than one would expect from merely scaling the luminosity.

In order to conclude this section on the opportunities with vector meson production, we want to
give a list of not yet exploited measurements that provide further insight into photonuclear interactions
with heavy, light and multiple vector meson production:

– Extend substantially the x range for coherent J/ photoproduction on nuclei using information on
the impact parameter distribution in peripheral and ultra-peripheral collisions provided by forward
neutron production [812]. The impact parameter distribution can be accessed in the context of
UPCs by exploiting the properties of additional photon or hadronic interactions in addition to the
photon that produces the vector meson. The rates for the combined processed can be found in [826]
and the relationship between impact parameter and additional photon interactions is discussed
in [827]. The x-range can be also extended by using p–A collisions to probe the nucleus. In the
latter case, one would have to separate coherent J/ production in �A and �p using a much more
narrow pT distribution of J/ produced in coherent �A scattering and very good pT resolution for
the transverse momentum of the pair (LHCb).

– Measure with high enough statistics coherent U(1S) production in �p and �A scattering to check
the expectation of the 20% reduction of the coherent cross section, which would allow one to probe
gluon shadowing at a factor of ⇠ 10 higher Q2 than in J/ production.

– Study coherent production of two pions with masses above 1 GeV/c2to study an interplay of soft
and hard dynamics as a function of M⇡⇡ and pT(⇡).

– Measure the production of heavier 2⇡ [828], 4⇡ and other resonances on ion targets, and search
for the photoproduction of the observed exotic mesons. By using data from both proton targets (at
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Fig. 84: Projected dijet ⌘ measurements in p–Pb collisions with combined Run 3 and Run 4 data [12].

reconstruct neutral pions in the forward direction and to reject the decay photon background for the direct
photon measurement.

Figure 86 shows the expected performance of the FOCAL detector for the direct photon measure-
ment in p–Pb collisions. The left panel shows the projected uncertainties, which are 7-8% at high pT and
increase at lower momentum due to the combinatorial background. The right panel shows the impact of
the measurement on our knowledge of the nuclear modification of the gluon distribution; the red lines
show the current uncertainty, based on the EPS09 nPDFs, but using a broader set of parametrisations for
the nuclear PDFs at the initial scale Q0, similar to [874]. The grey band shows the uncertainty after in-
cluding the FOCAL pseudo-data. The improvement in the uncertainty is about a factor 2, but it should be
noted that the direct photon measurements probes the gluon distribution at low x directly, while the most
of the existing data only probe x & 10�3 (see Fig. 78). At present, the only measurements that probe the
very low x region for nuclear PDFs are forward heavy flavour measurements from LHCb [755, 875] and
ALICE [876]; theoretical developments are under way to use these data to constrain the PDFs [325,877].
The FOCAL program will probe small x in different production channels (quark-gluon Compton scat-
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The FOCAL program will probe small x in different production channels (quark-gluon Compton scat-
tering vs gluon fusion) and therefore also further test universality and factorisation in this regime [874].
Future measurements of Drell-Yan production in LHCb, as shown in Fig. 91, will also probe this re-
gion, but will have a weaker impact for gluons at small Q2 according to current experimental uncertainty
estimates.

In addition to the inclusive direct photon measurement, the FOCAL program will measure forward
⇡0 production in pp, p–Pb and Pb–Pb collisions, which also provides important constraints for the
nuclear PDFs and parton energy loss in Pb–Pb collisions at large rapidity. Correlation measurements
of neutral pions and photons will be used to further probe the gluon density and to search for evidence
of multiple-gluon interactions which are expected to be important in the high gluon density of the Color
Glass Condensate [875, 876].
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Fig. 79: Pseudodata projections for the nuclear suppression factor by ALICE and CMS measured with
the photoproduction of three heavy vector mesons in Pb–Pb ultra-peripheral collisions are shown. The
pseudodata points are derived from EPS09-based photoproduction cross section projections following
the method described in Ref. [813].

coherent J/ photoproduction in UPCs was also studied in the kt-factorization approach [823] in terms
of the unintegrated nuclear gluon distribution, which determines the initial condition for the non-linear
evolution equation. In the case of ⇢ meson production, shadowing is a factor of ⇠ 2 stronger [824] than
in the approach based on the Glauber model and the vector meson dominance model.

The higher LHC luminosity and experimental upgrades will allow us to collect vastly improved
samples of UPC events. In particular, the planned ALICE continuous readout [825], will eliminate
many of the trigger-based constraints that have limited UPC data collection, allowing for high-efficiency
collection of large samples of photoproduced light mesons. The increases in sample sizes should be
considerably larger than one would expect from merely scaling the luminosity.

In order to conclude this section on the opportunities with vector meson production, we want to
give a list of not yet exploited measurements that provide further insight into photonuclear interactions
with heavy, light and multiple vector meson production:

– Extend substantially the x range for coherent J/ photoproduction on nuclei using information on
the impact parameter distribution in peripheral and ultra-peripheral collisions provided by forward
neutron production [812]. The impact parameter distribution can be accessed in the context of
UPCs by exploiting the properties of additional photon or hadronic interactions in addition to the
photon that produces the vector meson. The rates for the combined processed can be found in [826]
and the relationship between impact parameter and additional photon interactions is discussed
in [827]. The x-range can be also extended by using p–A collisions to probe the nucleus. In the
latter case, one would have to separate coherent J/ production in �A and �p using a much more
narrow pT distribution of J/ produced in coherent �A scattering and very good pT resolution for
the transverse momentum of the pair (LHCb).

– Measure with high enough statistics coherent U(1S) production in �p and �A scattering to check
the expectation of the 20% reduction of the coherent cross section, which would allow one to probe
gluon shadowing at a factor of ⇠ 10 higher Q2 than in J/ production.

– Study coherent production of two pions with masses above 1 GeV/c2to study an interplay of soft
and hard dynamics as a function of M⇡⇡ and pT(⇡).

– Measure the production of heavier 2⇡ [828], 4⇡ and other resonances on ion targets, and search
for the photoproduction of the observed exotic mesons. By using data from both proton targets (at
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with the red dashed line. These would correspond to a minimum bias Pb–Pb integrated luminosity
of 12.5 nb�1 in Runs 3 and 4. Results obtained with the Pearson curve method indicate that more
than 200 million 0-5 % central events (corresponding to a minimum bias Pb–Pb integrated luminosity
of 0.5 nb�1) would be sufficient in order to claim a significant deviation from unity in favour of the
corresponding expected value. This difference in the estimation of the required statistics for 6/2 comes
mainly from the different baseline values of -1.43 and -0.27 used in the Pearson and double-Gaussian
methods, respectively. In addition, the value of 2 used in the Pearson method is about two times smaller
than measured in the experiment and used in the double Gaussian method. Track reconstruction and
particle identification efficiency in the fiducial acceptance in ⌘ and pT efficiencies, which would increase
the required number of events for a given statistical precision, are not included in the study presented
here because they depend on the details of the analysis. Considering that these efficiencies are expected
to range from 60% to 80%, we conclude that the Pb–Pb integrated luminosity of 13 nb�1 foreseen in
Runs 3 and 4 (see Ch. 12) will be sufficient to probe the critical phenomena contained in 6/2.
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Fig. 7: Simulated values of 4/2 (left panel) and 6/2 (right panel) as functions of the generated
number of events. Full symbols represent results obtained with the double Gaussian approach adjusted
to reproduce critical fluctuations (CF) predicted in the PQM model [137]. Open symbols are obtained
with the Pearson Curve Method [152].
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with the red dashed line. These would correspond to a minimum bias Pb–Pb integrated luminosity
of 12.5 nb�1 in Runs 3 and 4. Results obtained with the Pearson curve method indicate that more
than 200 million 0-5 % central events (corresponding to a minimum bias Pb–Pb integrated luminosity
of 0.5 nb�1) would be sufficient in order to claim a significant deviation from unity in favour of the
corresponding expected value. This difference in the estimation of the required statistics for 6/2 comes
mainly from the different baseline values of -1.43 and -0.27 used in the Pearson and double-Gaussian
methods, respectively. In addition, the value of 2 used in the Pearson method is about two times smaller
than measured in the experiment and used in the double Gaussian method. Track reconstruction and
particle identification efficiency in the fiducial acceptance in ⌘ and pT efficiencies, which would increase
the required number of events for a given statistical precision, are not included in the study presented
here because they depend on the details of the analysis. Considering that these efficiencies are expected
to range from 60% to 80%, we conclude that the Pb–Pb integrated luminosity of 13 nb�1 foreseen in
Runs 3 and 4 (see Ch. 12) will be sufficient to probe the critical phenomena contained in 6/2.
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Fig. 7: Simulated values of 4/2 (left panel) and 6/2 (right panel) as functions of the generated
number of events. Full symbols represent results obtained with the double Gaussian approach adjusted
to reproduce critical fluctuations (CF) predicted in the PQM model [137]. Open symbols are obtained
with the Pearson Curve Method [152].
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5.3.2 Constraining the heavy-quark diffusion coefficient 2⇡TDs

Many theoretical efforts have been recently undertaken to understand the properties of the QGP medium
and the interaction between heavy quarks and the medium constituents, see Refs. [258–260] for recent
reviews. Although the interaction mechanism can widely vary among different theoretical models, the
reduction to a few transport coefficients allows one to compare these models and evaluate different mi-
croscopic pictures. Most of the present theoretical models explain the interactions of heavy quarks as
dominated by collisional (elastic) processes in the low transverse momentum region (up to about 5–
10 GeV/c) and by radiative energy loss (inelastic process with gluon radiation off the heavy quark) at
higher pT.

The extraction of the heavy-quark spatial diffusion coefficient, which is one of the main QGP
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with the red dashed line. These would correspond to a minimum bias Pb–Pb integrated luminosity
of 12.5 nb�1 in Runs 3 and 4. Results obtained with the Pearson curve method indicate that more
than 200 million 0-5 % central events (corresponding to a minimum bias Pb–Pb integrated luminosity
of 0.5 nb�1) would be sufficient in order to claim a significant deviation from unity in favour of the
corresponding expected value. This difference in the estimation of the required statistics for 6/2 comes
mainly from the different baseline values of -1.43 and -0.27 used in the Pearson and double-Gaussian
methods, respectively. In addition, the value of 2 used in the Pearson method is about two times smaller
than measured in the experiment and used in the double Gaussian method. Track reconstruction and
particle identification efficiency in the fiducial acceptance in ⌘ and pT efficiencies, which would increase
the required number of events for a given statistical precision, are not included in the study presented
here because they depend on the details of the analysis. Considering that these efficiencies are expected
to range from 60% to 80%, we conclude that the Pb–Pb integrated luminosity of 13 nb�1 foreseen in
Runs 3 and 4 (see Ch. 12) will be sufficient to probe the critical phenomena contained in 6/2.
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Fig. 7: Simulated values of 4/2 (left panel) and 6/2 (right panel) as functions of the generated
number of events. Full symbols represent results obtained with the double Gaussian approach adjusted
to reproduce critical fluctuations (CF) predicted in the PQM model [137]. Open symbols are obtained
with the Pearson Curve Method [152].
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Characterising the macroscopic long wavelength properties:

unprecedented precision

I constrain heavy-quark di�usion via precision heavy-flavour hadron
production and azimuthal correlations

I measure temperature with electro-magnetic radiation via dileptons
I probe the QCD transition with dileptons and net-conserved charges

fluctuations
I precision correlation measurements to constrain matter properties
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Temperature
•  Measured with (virtual) photons
•  Possible improvement with further ALICE 

upgrade (ITS3)
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Figure 14: Expected relative uncertainty of the extraction of the T parameter from a fit to the
invariant mass excess spectrum in 1.1 <Mee < 2.0 GeV/c2 (see text). The results are shown for
the ITS2 and ITS3 scenarios, with a tight cut on the quadratic sum of the impact parameters
of the lepton pair, and for 0 –10 % event centrality. Error bars show the statistical uncertain-
ties. The green boxes show the systematic uncertainties from the combinatorial background
subtraction, the magenta boxes indicate systematic uncertainties related to the subtraction of
the charm-decay electron contribution.

ation from the QGP and the medium-modified spectral function of the r0 meson. Information
on the early temperature of the system can be derived from the invariant-mass dependence of
the dilepton yield at masses Mee > 1.1 GeV/c2 where the yield is dominated by the thermal
radiation from the QGP if the charm component can be effectively reduced. In order to quan-
tify the sensitivity of the anticipated measurement, an exponential fit to the simulated spectra
in the invariant mass region 1.1 < Mee < 2.0 GeV/c2 was used. The fit function employed was
dNee/dMee µ M

3/2
ee exp(�Mee/Tfit). The fit parameter Tfit is compared to Treal, which is derived

from the same fit to the input thermal spectrum. The ratio Tfit/Treal for Pb–Pb collisions in the
0 –10 % centrality class is shown in Fig. 14. With respect to the ITS2, the ITS3 upgrade reduces

• the statistical uncertainty by a factor 1.3;

• the systematic uncertainty from the subtraction of the combinatorial background by a fac-
tor 2;

• the systematic uncertainty from the subtraction of the light-hadron and charm decay back-
grounds by a factor 2.
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Strong electromagnetic fields
•  Measurable in the charge dependent 

direct flow of charged particles
•  A larger effect is predicted for heavy 

quarks
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Fig. 13: Charge difference of vodd1 as a function of pseudorapidity measured by the ALICE collabora-
tion in Pb–Pb collisions at psNN = 5.02 TeV [242] (red symbols) and the projection for a 5 ⇥ 10�5

difference [230] from 10 nb�1 (black symbols) together with linear fits (dashed lines). Error bars (open
boxes) represent the statistical (systematic) uncertainties.

4.6 Summary

The measurements of inclusive hadron vn by traditional methods such as two-particle correlations, event-
plane/scalar-product methods, multi-particle cumulants etc. have been performed with high precision by
the ALICE, ATLAS and CMS experiments at the LHC. These inclusive hadron vn measurements are not
statistically limited across most of the centrality-pT phase space and further improvement in the mea-
surements is not a high priority for Run 3 and 4. However, in the case of identified hadrons the increased
statistics will lead to further improvement in the vn measurements. This is true for both light hadrons
such as pions, protons, �-mesons as shown in Figure 8, as well as for heavy-flavor particles such as D0,
D±, J/ , ⌥ which are discussed in Chapters 5 and 7, respectively. Significant improvements are expected
in measurements of longitudinal flow fluctuations, which have only been briefly investigated in Run 1
and 2. These are largely driven by the increases ⌘ acceptance of the ATLAS and CMS tracking detec-
tors in Run 4, the acceptance is planned to reach ±5 units. The study of longitudinal flow fluctuations
will allow comparisons to predictions of 3+1D hydro models. Flow measurements in light ions such as
Ar–Ar and O–O, will lead to stronger constraints on theoretical models describing different stages of
a heavy ion collision – initial conditions, equation of state, transport coefficients etc. This is difficult
presently, as flow observables are dependent on all of these, so it becomes difficult to constrain any one
of these without full knowledge of the others. Flow measurements across a variety of colliding species
will provide independent data that will improve our understanding of the different stages of heavy ion
collisions. Further physics motivations for colliding light ions are discussed in Chapter 11.1.

Other observables related to collective phenomena where current measurements are statistics lim-
ited and are expected to improve considerably are related to effects of vorticity and magnetic fields. The
current measurements of ⇤ polarization from ALICE are statistics limited and consistent with both the
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Figure 14: Expected relative uncertainty of the extraction of the T parameter from a fit to the
invariant mass excess spectrum in 1.1 <Mee < 2.0 GeV/c2 (see text). The results are shown for
the ITS2 and ITS3 scenarios, with a tight cut on the quadratic sum of the impact parameters
of the lepton pair, and for 0 –10 % event centrality. Error bars show the statistical uncertain-
ties. The green boxes show the systematic uncertainties from the combinatorial background
subtraction, the magenta boxes indicate systematic uncertainties related to the subtraction of
the charm-decay electron contribution.

ation from the QGP and the medium-modified spectral function of the r0 meson. Information
on the early temperature of the system can be derived from the invariant-mass dependence of
the dilepton yield at masses Mee > 1.1 GeV/c2 where the yield is dominated by the thermal
radiation from the QGP if the charm component can be effectively reduced. In order to quan-
tify the sensitivity of the anticipated measurement, an exponential fit to the simulated spectra
in the invariant mass region 1.1 < Mee < 2.0 GeV/c2 was used. The fit function employed was
dNee/dMee µ M

3/2
ee exp(�Mee/Tfit). The fit parameter Tfit is compared to Treal, which is derived

from the same fit to the input thermal spectrum. The ratio Tfit/Treal for Pb–Pb collisions in the
0 –10 % centrality class is shown in Fig. 14. With respect to the ITS2, the ITS3 upgrade reduces

• the statistical uncertainty by a factor 1.3;

• the systematic uncertainty from the subtraction of the combinatorial background by a fac-
tor 2;

• the systematic uncertainty from the subtraction of the light-hadron and charm decay back-
grounds by a factor 2.
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•  Effective constituents of QCD matter (characteristic length scales)?
•  Interaction with medium?

•  Use multi-differential jet measurements 
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Figure 1: Left: The kinematical Lund plane spanned by ln 1/✓ and ln z✓ for jets with opening angle
R, see text for details. Right: clustering history with the formation time of primary emissions in the
kinematical Lund plane.

the dipole splitting angle, we find that the dipole invariant mass reads

M2 = z(1� z)p2T✓
2 , (1)

where pT is the total momentum of the dipole, corresponding roughly to the transverse momentum in
the detector. The characteristic time-scale of the splitting is usually referred to as the formation time,
and is related to the finite energy resolution, tf ⇠ �E�1. It is explicitly given by

tf =
2z(1� z)pT

k2T
=

2pT

M2
, (2)

where kT = z(1�z)pT✓ is the (relative) transverse momentum of the dipole in the small angle limit. This
formula can easily be understood as the time-scale for decaying in the rest frame of the parent times its
boost factor ⇠ (1/M)⇥ (pT/M).

The Lund diagram exists in various forms, the common feature being that the variables spanning the
plane exploit the logarithmic phase space due to the soft, 1/z, and collinear, 1/✓, divergences of typical
QCD splittings (except g ! qq̄). Here, the phase-space for emission from each particle is represented in
the Lund map, as a triangle in a ln 1/✓ and ln kT/pT plane, where ✓ and kT are respectively the angle and
transverse momentum of an emission with respect to its emitter In the soft and collinear limit, usually
referred to as the double-logarithmic regime, the differential probability dP of one splitting is given by
[35, 2]

dP = 2
↵sCi

⇡
d ln z✓ d ln

1

✓
, (3)

in terms of its kinematical variables, and approximating kT ⇡ zpT✓, and in arbitrary color representation
(Ci = CF for quark and Ci = Nc for gluon splitting, respectively). Due to the self-similar nature of the
phase space (3), the effect of multiple splittings corresponds to higher-order corrections.4 Hence, the area
spanned below the line z = 1, see Figure 1 (left), is uniformly populated by emissions with the weight
2↵sCi/⇡ where emissions can take place up to the jet opening angle R. The density at fixed kT is mainly
modulated by running coupling effects, down to the QCD scale, kT ⇠ ⇤QCD, where non-perturbative
effects will dominate. In Figure 1 (left) we have also explicitly denoted the regimes of soft, large-angle
and hard, collinear radiation.

For a full-fledged jet, the diagram is built up by mapping every branching to a point on the Lund
plane. In Figure 1 (right), we illustrate how to fill this plane for multiple, primary emissions off the
main branch—three in the illustrated case. Resolving subsequent splittings along the primary branches
will, in turn, generate new, orthogonal Lund planes, and so on. Simplifying the graphical representation,

4For a given phase space point with {z, ✓}, the feed-down contribution from one additional splitting yields a contribution
⇠ O

�
↵2
s ln 1/z lnR/✓

�
which contributes at higher-logarithmic order.

5

 !

Jets in heavy-ion collisions

I Hard scattered partons produce

collimated sprays of particles

(back-to-back, pT balanced)

I Jet is a phenomenological object

defined via algorithm

I Well understood theoretically in

pQCD in elementary reactions

I Jet quenching

p+p

F. Krizek 4

CMS, Phys. Rev. Lett. 107 (2011) 132001

Parton (in-medium) radiation
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Jet structure measurements
•  Momentum sharing fraction zg
•  Constrain in-medium radiation

Sm
ea

re
d 

pp
Pb

Pb

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

gz
0 0.1 0.2 0.3 0.4

gz
0 0.1 0.2 0.3 0.4 0.5

Projection CMS

-1PbPb 10 nb = 5.02 TeVNNs

| < 1.3
jet
η0-10%, anti-kt R = 0.4, |

 > 0.1
12

RΔ = 0.0, β = 0.1, 
cut

Soft drop z

 < 160 GeVjet
T

140 < p  < 300 GeVjet
T

250 < p

PbPb / pp

HT
Coherent
Incoherent

BDMPS
2 = 1 GeV/fmq
2 = 2 GeV/fmq

gSCET
g = 1.8
g = 2.2

Fig. 36: Performance of jet splitting function measurement with HL-LHC data in Pb–Pb collisions for
two different selections in jet transverse momentum. [8]

6.4.3 Radiation phase space with Lund diagram
Recently, a theoretical representation of the radiation phase space within jets inspired by Lund dia-
grams [403] has been proposed [381] to study medium modification of the radiation pattern. The so-
called Lund jet plane [404] - a portrayal of the internal structure of jets - was designed to build a concep-
tual connection between manually constructed observables and approaches that use Machine Learning
techniques to study QCD jets and/or discriminate between signal and background jets. The diagram is
constructed by mapping the available phase-space within a jet to a triangle in a two dimensional (log-
arithmic) plane that shows the transverse momentum and the angle of any given emission with respect
to its emitter. Such a triangular diagram, a representation of the radiation within any given jet, can be
created through repeated Cambridge/Aachen declustering.

To demonstrate the potential of future measurements at the LHC we constructed Lund diagrams
using the JEWEL Monte Carlo event generator [386]. To study the differences in the Lund diagram due
to medium effects the results are compared to a vacuum reference (jets produced in pp collisions). For
the simulations the JEWEL generator with the default settings is used without the optional calculation of
the so-called medium response retaining the partons / scattering centres that interacted with the jet was
not used (i.e. recoils off setting of the MC generator was used). The substructure of jets was analysed by
reclustering the constituents of the jet with the Cambridge/Aachen (C/A) algorithm as implemented in
the FASTJET package [405, 406] for two selections of jet pT 80–120 GeV/c and 200–250 GeV/c.

The Lund diagram density can be constructed experimentally and compared to analytic predictions
and parton-shower Monte-Carlo simulations, such as JEWEL. For this purpose a density map of points
(emissions) is defined following formulations in [404]:

⇢̄(�,) =
1

Njet

dnemission

d ln d ln 1/�
, (21)

where for two clusters 1 and 2 labeled such that pT,1 > pT,2, �2 = (y1 � y2)
2 + ('1 � '2)

2 with '

being the azimuthal angle and y the rapidity of a cluster, and  =
pT,2

pT,1+pT,2
�. Figure 38 shows the

density ⇢̄ from the JEWEL simulation without (left panels) and with (right panels) medium effects. The
zg variable which was defined in [399] and studied in heavy-ion collisions [360] is related to the variables
in the Lund plane in the following way: zg = /� from the first of the entries (1...i...N ) in the primary
declustering sequence that satisfies z(i) � zcut(�

(i))� [404] resulting in diagonal lines with negative
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Lund diagrams

Features such as mass, angle and momentum can easily be read from a
Lund diagram.
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Quasi particle structure
•  Rutherford-type large angle jet–medium scattering
•  Detection of recoil or of large angle deflections gives 

insight into the microscopic structure of the 
produced matter

Jet structure measurements
•  Momentum sharing fraction zg
•  Constrain in-medium radiation
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Fig. 36: Performance of jet splitting function measurement with HL-LHC data in Pb–Pb collisions for
two different selections in jet transverse momentum. [8]

6.4.3 Radiation phase space with Lund diagram
Recently, a theoretical representation of the radiation phase space within jets inspired by Lund dia-
grams [403] has been proposed [381] to study medium modification of the radiation pattern. The so-
called Lund jet plane [404] - a portrayal of the internal structure of jets - was designed to build a concep-
tual connection between manually constructed observables and approaches that use Machine Learning
techniques to study QCD jets and/or discriminate between signal and background jets. The diagram is
constructed by mapping the available phase-space within a jet to a triangle in a two dimensional (log-
arithmic) plane that shows the transverse momentum and the angle of any given emission with respect
to its emitter. Such a triangular diagram, a representation of the radiation within any given jet, can be
created through repeated Cambridge/Aachen declustering.

To demonstrate the potential of future measurements at the LHC we constructed Lund diagrams
using the JEWEL Monte Carlo event generator [386]. To study the differences in the Lund diagram due
to medium effects the results are compared to a vacuum reference (jets produced in pp collisions). For
the simulations the JEWEL generator with the default settings is used without the optional calculation of
the so-called medium response retaining the partons / scattering centres that interacted with the jet was
not used (i.e. recoils off setting of the MC generator was used). The substructure of jets was analysed by
reclustering the constituents of the jet with the Cambridge/Aachen (C/A) algorithm as implemented in
the FASTJET package [405, 406] for two selections of jet pT 80–120 GeV/c and 200–250 GeV/c.

The Lund diagram density can be constructed experimentally and compared to analytic predictions
and parton-shower Monte-Carlo simulations, such as JEWEL. For this purpose a density map of points
(emissions) is defined following formulations in [404]:

⇢̄(�,) =
1

Njet

dnemission

d ln d ln 1/�
, (21)

where for two clusters 1 and 2 labeled such that pT,1 > pT,2, �2 = (y1 � y2)
2 + ('1 � '2)

2 with '

being the azimuthal angle and y the rapidity of a cluster, and  =
pT,2

pT,1+pT,2
�. Figure 38 shows the

density ⇢̄ from the JEWEL simulation without (left panels) and with (right panels) medium effects. The
zg variable which was defined in [399] and studied in heavy-ion collisions [360] is related to the variables
in the Lund plane in the following way: zg = /� from the first of the entries (1...i...N ) in the primary
declustering sequence that satisfies z(i) � zcut(�

(i))� [404] resulting in diagonal lines with negative
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Fig. 31: JEWEL simulation of the angular distribution of charged jet yield in the ALICE acceptance for
40 < pchT,jet < 45 GeV/c and R = 0.4 recoiling from a high-pT reference hadron (20 < pT,trig < 50

GeV/c), for central Pb–Pb collisions at psNN = 5.02 TeV with 10 nb�1 int. luminosity, and pp collisions
at

p
s = 5.02 TeV with 6 pb�1 int. luminosity. The recoil jet azimuthal angle �' is defined with

respect to the reference axis. The observable shown is �(�') which incorporates statistical suppression
of uncorrelated background. Figure from Ref. [1].

and central Pb–Pb collisions, we integrate the �(�') from ⇡/2 to a threshold angle �'thresh [354],

⌃(�'thresh) =

Z ⇡��'thresh

⇡/2
�(�')d�'. (20)

Figure 32 shows ⌃(�'thresh) for the �(�') distributions in Fig. 31, together with their ratio. In this
calculation, the value of ⌃ at �'thresh = 0 is around 0.5, which is the yield suppression averaged over
the full recoil hemisphere. The ratio grows to ⌃ ⇠ 1 at �'thresh = 1.2, indicating a factor two enhance-
ment in large-angle yield relative to the hemisphere average. The statistics of the measurement are clearly
sufficient to measure the effect predicted by this calculation. However, the calculation in [384] predicts
a difference of only a few percent in these distributions for GLV-like and BDMPS-like in-medium scat-
tering, which is more difficult to discriminate. The statistical error in the ratio in Fig. 32 is around 5% at
�'thresh ⇠ 1, due predominantly to the statistical precision of the pp distribution.
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•  QCD potential and modification in color-
deconfined medium

•  Quarkonium melting and regeneration  

in the chapter 5 on open heavy-flavor production. Information from pT spectra and elliptic flow will help
to complete the picture.

Regarding bottomonia, the current understanding suggests that (re)generation is less important for
U(1S), but possibly figures as a major component in the strongly suppressed yield of excited states [422,
423]. It is therefore of great importance to obtain additional information about the typical time at which
quarkonia are produced, in particular through pT spectra and elliptic flow which contain information
about the fireball collectivity imprinted on the quarkonia by the time of their decoupling. A schematic
illustration of the current knowledge extracted from in-medium quarkonium spectroscopy, i.e., their pro-
duction systematics in heavy-ion collisions is shown in Fig. 44.

Fig. 44: The vacuum heavy-quark potential as a function of QQ̄ separation. The horizontal lines indi-
cate the approximate locations of the vacuum bound states while the vertical arrows indicate the minimal
screening distances of the media produced at the SPS, RHIC and LHC, as deduced from approximate ini-
tial temperatures reached in these collisions extracted from data (indicated above the arrows in MeV) and
from quarkonium production systematics in Pb–Pb and Au-Au collisions. Figure taken from Ref. [420].

On the theoretical side, the basic objects are the quarkonium spectral functions which encode
the information on the quarkonium binding energies, in-medium HQ masses and the (inelastic) reaction
rates. Ample constraints on the determination of the quarkonium spectral functions are available from
thermal lQCD, e.g., in terms of the heavy-quark free energy, euclidean and spatial quarkonium correlation
functions, and HQ susceptibilities, and are being implemented into potential model calculations [424–
430]. In particular, the role of dissociation reactions has received increasing attention. Early calculations
of gluo-dissociation [431, 432] or inelastic parton scattering [433] have been revisited and reformulated,
e.g., as a singlet-to-octet transition mechanism [427] or in terms of an imaginary part of a two-body
potential [434], respectively. In particular, the latter accounts for interference effects which reduce the
rate relative to “quasi-free” dissociation [433] in the limit of small binding; interference effects can also
be calculated diagrammatically [435]; they ensure that, in the limit of vanishing size, a Color-neutral QQ̄
dipole becomes “invisible” to the Color charges in the QGP.

The information from the spectral functions can then be utilised in heavy-ion phenomenology via
transport models. The latter provide the connection between first-principles information from lQCD and
experiment that greatly benefits the extraction of robust information on the in-medium QCD force and
its emergent transport properties, most notably the (chemical) equilibration rates of quarkonia. Thus far
most transport models are based on rate equations and/or semiclassical Boltzmann equations. In recent
years quantum transport approaches have been developed using, e.g., a Schrödinger-Langevin [436–439]
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Fig. 47: Production ratio y(2S)/J/ vs. Npart for |y| < 0.9 (left) and 2.5 < y < 4 (right) [2, 473].
Model predictions in the transport approach [468] and from statistical hadronisation [428] are included.
The values of the ratio used for the projections are quasi-arbitrary. Figures from Ref. [1].
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Fig. 48: Centrality dependence of U(1S), U(2S) and U(3S) RAA, as projected by the CMS [8,480] (left)
and ALICE [1] (right) experiments, and from a transport model [429]

directly produced U(1S) might be needed to explain the data in addition to cold nuclear matter effects and
melting of the excited U and cb states. The excited states U(2S) and U(3S) show higher suppression wrt
the ground state, with RAA values which respect the hierarchy expected based on their binding energies.
The U(3S) is still unobserved in Pb–Pb collisions (RAA(U(3S)) < 0.094 at 95% confidence level, for
p
sNN = 5.02TeV [477, 479]). No significant dependence of the suppression of U states is found at the

LHC on collision energy or rapidity.
Differences exist between models in the theoretical treatment of the suppression of the bottomonia

in the medium, as summarised earlier in Section. 7.1. Different assumptions are used regarding the
production mechanism, the heavy quark potential, or the evolution of the quarkonia with the medium.
The understanding of hot medium effects will be also improved thanks to higher precision measurements
in pp collisions of the feed-down fractions and to stronger constrains of the cold nuclear matter and initial
state effects (including nPDF or coherent energy loss effects [481]) from p–Pb collision measurements.
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Color screening and regeneration
•  RAA and v2 of charmonia and bottomonia
•  Sensitive to details of heavy quark production, e.g. 

thermalisation, time dependence of regeneration, 
energy loss, rescattering,…
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Fig. 51: v2 projections for the CMS [291] (left and centre) and ALICE (right) experiments for the U(1S)
and U(2) mesons, assuming the predictions from a transport model [422].

such a local maximum in the RAA, but Runs 3 & 4 data will allow to conclude.
Almost no rapidity dependence is expected at the LHC for the nuclear modification factor of U

mesons within the acceptance of ATLAS and CMS (|⌘| . 2.5 � 3), which can be better tested using
Runs 3 & 4 data. This will be further made significant considering the ALICE acceptance (2.5 < y < 4),
allowing to confirm or disprove the prediction of the hydrodynamic model, see Fig. 50.

Coming back to the matter of regeneration, much can be learnt about it by a measurement of
the elliptic flow of U(1S) mesons [476], unmeasured to date in any collision system. A parallel can
be drawn with that of J/ , which is still not properly described by models. This observable requires
a more detailed implementation of the dynamics of the interactions between the quarkonium and the
medium: thermalisation of the heavy quarks, time dependence of regeneration, path length dependence
of energy loss, as well as initial geometry fluctuations and elastic rescattering of the quarkonia in the
medium. Thus, collective flow brings complementary information to the RAA, and its measurement can
help disentangle some effects. In the case of U(1S) mesons, a small v2 (order of 1–2%) is expected [422,
477, 478], as can be seen in Fig. 51. The elliptic flow of U(2S) could be significantly higher [422,
478], both from the regenerated and primordial components. For both states, projections show that
experimental precision may not be enough for a significant v2 measurement, assuming v2 values as
in Ref. [422]. For this reason, combining results between the different LHC experiments would be
beneficial to reach a better sensitivity.

While we have focused on the RAA and v2 in this section, bottomonium production can be studied
using other observables. For instance, fully corrected yields or cross sections in Pb–Pb can be studied,
without making the ratio to a pp measurement in a RAA. Such a measurement, already reported in some
of the available experimental results [471], can directly be compared to production models.

7.4 Quarkonia in p–Pb and pp collisions
7.4.1 p–Pb collisions
Quarkonium-production studies in high-energy p–Pb collisions are usually carried out to measure how
much specific nuclear effects, those which do not result from the creation of a deconfined state of matter,
can alter the quarkonium yields. They should indeed be accounted for in the interpretation of Pb–
Pb results. They are also interesting on their own as they provide means to probe the modification of
the gluon densities in the nuclei, the interaction between such pure heavy-quark bound states and light
hadrons, or phenomena such as the coherent medium-induced energy loss of these quark-antiquark pairs.
The measurements as a function of event activity brought several surprises, hotly discussed presently.

Usually, a separation into initial-state and final-state effects is done (coherent energy loss effects

87

ALICE-PUBLIC-2019-001 



SMI – STEFAN MEYER INSTITUTE 

WWW:OEAW.AC.AT/SMI 

MICROSCOPIC DYNAMICS

Michael Weber (SMI), SQM 2019, 14.06.2019 14

Formation of hadrons and light nuclei
•  Coalescence or by statistical hadronization?
•  Precise measurements of nuclei and hyper-

nuclei (A=3,4)
•  Possible observation of exotic baryonic 

states 
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Fig. 51: v2 projections for the CMS [291] (left and centre) and ALICE (right) experiments for the U(1S)
and U(2) mesons, assuming the predictions from a transport model [422].

such a local maximum in the RAA, but Runs 3 & 4 data will allow to conclude.
Almost no rapidity dependence is expected at the LHC for the nuclear modification factor of U

mesons within the acceptance of ATLAS and CMS (|⌘| . 2.5 � 3), which can be better tested using
Runs 3 & 4 data. This will be further made significant considering the ALICE acceptance (2.5 < y < 4),
allowing to confirm or disprove the prediction of the hydrodynamic model, see Fig. 50.

Coming back to the matter of regeneration, much can be learnt about it by a measurement of
the elliptic flow of U(1S) mesons [476], unmeasured to date in any collision system. A parallel can
be drawn with that of J/ , which is still not properly described by models. This observable requires
a more detailed implementation of the dynamics of the interactions between the quarkonium and the
medium: thermalisation of the heavy quarks, time dependence of regeneration, path length dependence
of energy loss, as well as initial geometry fluctuations and elastic rescattering of the quarkonia in the
medium. Thus, collective flow brings complementary information to the RAA, and its measurement can
help disentangle some effects. In the case of U(1S) mesons, a small v2 (order of 1–2%) is expected [422,
477, 478], as can be seen in Fig. 51. The elliptic flow of U(2S) could be significantly higher [422,
478], both from the regenerated and primordial components. For both states, projections show that
experimental precision may not be enough for a significant v2 measurement, assuming v2 values as
in Ref. [422]. For this reason, combining results between the different LHC experiments would be
beneficial to reach a better sensitivity.

While we have focused on the RAA and v2 in this section, bottomonium production can be studied
using other observables. For instance, fully corrected yields or cross sections in Pb–Pb can be studied,
without making the ratio to a pp measurement in a RAA. Such a measurement, already reported in some
of the available experimental results [471], can directly be compared to production models.

7.4 Quarkonia in p–Pb and pp collisions
7.4.1 p–Pb collisions
Quarkonium-production studies in high-energy p–Pb collisions are usually carried out to measure how
much specific nuclear effects, those which do not result from the creation of a deconfined state of matter,
can alter the quarkonium yields. They should indeed be accounted for in the interpretation of Pb–
Pb results. They are also interesting on their own as they provide means to probe the modification of
the gluon densities in the nuclei, the interaction between such pure heavy-quark bound states and light
hadrons, or phenomena such as the coherent medium-induced energy loss of these quark-antiquark pairs.
The measurements as a function of event activity brought several surprises, hotly discussed presently.

Usually, a separation into initial-state and final-state effects is done (coherent energy loss effects
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Fig. 3: Left: (raw) yield of anti-nuclei in the 2 < pT < 10 GeV/c interval, detectable in 0–10% central
Pb–Pb collisions with the ALICE detector as a function of the minimum bias luminosity. Right: Pro-
jected significance of anti-hyper-nuclei measurements in central Pb–Pb collisions in Runs 3 and 4 with
ALICE as a function of the integrated minimum-bias luminosity. In both panels, the arrow represents the
minimum bias Pb–Pb luminosity anticipated for the end of Run 2. The dashed vertical line marks the
projections with Lint = 10 nb�1. The bands represents the uncertainty on model prediction for the yield
(see text for details).

tices and charged-hadron (light nucleus) identification. The upgraded ALICE detector after LS2 [55–58]
fulfills these requirements, developing further the potential already explored in Runs 1 and 2. The yields
of (hyper-)nuclei (d, 3He, 4He, 3

⇤H, 4

⇤H, 4

⇤He) and their anti-particles in Pb–Pb collisions at the LHC
in Runs 3 and 4 have been estimated for measurements with ALICE. The detectable yield and signifi-
cance for (anti-)(hyper-)nuclei have been estimated for 0–10% central Pb–Pb collisions considering the
acceptance and detection efficiency in the nominal magnetic field of the ALICE detector (B = 0.5 T).
These projections are reported for anti-particles in Fig. 3 as a function of the minimum-bias integrated
luminosity. The detectable particle and anti-particle yields are equivalent in the considered pT range. All
projections have been extracted in the 2 < pT < 10 GeV/c range, where the lower limit is given by the
pT down to which nuclei with A � 3 can be reconstructed without ambiguity in ALICE. In a scenario
in which ALICE will take data with a central-barrel low-field configuration (B = 0.2 T), it will be possi-
ble to extend the low-pT limit for (anti-)nuclei identification down to 1 GeV/c, increasing the expected
number of detectable light (anti-)(hyper-)nuclei (by about 20% for 3He). In Fig. 3, the bands indicate
the uncertainty on the yield (significance) associated with different model predictions: the central line is
obtained assuming statistical-thermal production with Tchem = 156 MeV [36], the upper line is the yield
(significance) assuming thermal production at Tchem = 158 MeV, and the lower one using for the yields
the expectation from coalescence (see Sec. 3.2.1). The arrow represents the recorded luminosity at the
end of the LHC Run 2. It has to be noted that for this study, the geometry of the ALICE Inner Tracking
System (ITS) in Run 2 has been considered. The new geometry and acceptance of the upgraded ITS
system [55] are expected to increase the detection efficiency by up to 20%.

The expected yield per unit of rapidity at mid-rapidity are reported for d, 3He and 4He in left
panel of Fig. 3. With Lint = 10 nb�1 recorded with the nominal magnetic field, a measurement of the
elliptic flow (v2) of 3He and 3H (and anti-nuclei) in Pb–Pb collisions will become feasible with ALICE
with a statistical precision better than 5% in the 2–10 GeV/c transverse momentum range in at least
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Small systems (pp, p-A) complement studies in A-A collisions
Ø  Is there a unified picture of QCD particle production?

•  Initial state: gluon saturation, Color Glass Condensate 
•  Macroscopic: fluid- and thermodynamics, thermal limit (grand canonical ensemble)
•  Microscopic: energy loss

Ø  Extended and more precise measurements in different collision systems needed
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Figure 11: Projected 4-particle cumulants c3{4} with 3-subevent method for pp as a function of Nch. The projections
are estimated using particles from |⌘ | < 2.5 and |⌘ | < 4.0. In order for the Figure to be comparable with Figure
10 the x-axis, Nch, is defined with particles within |⌘ | < 2.5. Only statistical uncertainties are shown in the figure,
with c3{4} assumed to be zero. The yellow, red and green dash lines represent 1.0%, 1.5% and 2.0% v3{4} signals
separately. The vertical line in the left panel indicates the transition between prescaled high-multiplicity track
triggered events and unprescaled ones.

Summary

This note presents projections for several ATLAS measurements of the bulk properties of the medium
created in heavy-ion collisions at the LHC in the upcoming Runs 3 and 4. A key part of future measurements
is the installation of the ITk for Run 4, and its performance in the heavy-ion environment is discussed. The
tracking performance results demonstrate the excellent potential of the ITk detector for the future LHC
heavy ion physics program. Projections are made for flow decorrelation and heavy flavor elliptic flow
measurements in Pb+Pb collisions, as well as forward-backward multiplicity correlations and Hanbury-
Brown Twiss radii in p+Pb collisions. These projections are representative of many measurements which
can be performed with the ATLAS detector with the high luminosity available in Runs 3 and 4 and are
sensitive to the properties of the QGP.
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Flow measurements in pp and p-Pb collisions
•  Larger tracking acceptances for ATLAS and CMS 

available in Run 4. 
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10 the x-axis, Nch, is defined with particles within |⌘ | < 2.5. Only statistical uncertainties are shown in the figure,
with c3{4} assumed to be zero. The yellow, red and green dash lines represent 1.0%, 1.5% and 2.0% v3{4} signals
separately. The vertical line in the left panel indicates the transition between prescaled high-multiplicity track
triggered events and unprescaled ones.

Summary

This note presents projections for several ATLAS measurements of the bulk properties of the medium
created in heavy-ion collisions at the LHC in the upcoming Runs 3 and 4. A key part of future measurements
is the installation of the ITk for Run 4, and its performance in the heavy-ion environment is discussed. The
tracking performance results demonstrate the excellent potential of the ITk detector for the future LHC
heavy ion physics program. Projections are made for flow decorrelation and heavy flavor elliptic flow
measurements in Pb+Pb collisions, as well as forward-backward multiplicity correlations and Hanbury-
Brown Twiss radii in p+Pb collisions. These projections are representative of many measurements which
can be performed with the ATLAS detector with the high luminosity available in Runs 3 and 4 and are
sensitive to the properties of the QGP.
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Strangeness production
•  Bridge the present gap between pp 

and Pb–Pb collisions
•  Sensitive to origin of enhancement

Flow measurements in pp and p-Pb collisions
•  Larger tracking acceptances for ATLAS and CMS 

available in Run 4. 
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Fig. 71: ⌦/⇡ ratio as a function of dNch/d⌘ for pp, p–Pb, and Pb–Pb collisions. The existing data
(from Ref. [632]) is shown in open black symbols (pp), grey diamonds (p–Pb) and grey squares (Pb–
Pb), while the extrapolation for pp collision is shown in blue filled circles. Two scenarios are shown:
a) assuming that the ratio continues increasing following the measured trend, and b) assuming that the
value stays the same as at the largest measured dNch/d⌘.

projection in Fig. 71, depends on the details of the assumed scaling law. At this point simulations are not
precise enough to provide quantitative predictions of such a crossover, and HL-LHC experimental results
on strangeness enhancement will as such be driving the theoretical development. The scenario with a
clear crossover will be immediately distinguishable from a scenario where the ⌦/⇡ ratio flattens, and
connects smoothly with the Pb–Pb result. Such a result will in itself also be groundbreaking, as it will
indicate that the thermal limit reached in Pb–Pb collisions will already be realized in high-multiplicity
pp collision.

9.8 Energy loss
As discussed in Sect. 9.2, inclusive high-pT hadron and jet yields show at present no evidence of medium-
induced energy loss in p–Pb collisions, and suffer from selection biases if measured in event classes.
Inclusive measurements with the large event set expected at HL-LHC therefore do not help to resolve the
question of energy loss in small systems. However, coincidence measurements of jets recoiling against a
trigger object are not subject to such biases, and have the potential to identify small energy-loss effects or
put stringent upper limits. In this section, projections are given for correlations between high-pT hadrons
and jets, as well as jets and � and Z.

Figure 72 shows a projection of the measurement of semi-inclusive hadron–jet correlations in LHC
Run 3 and 4, for pp collisions at

p
s = 14 TeV and p–Pb collisions at psNN = 5.02 TeV. The figure

shows the ratio of trigger-normalized recoil spectra for events selected on high and low event-activity
(EA) classes. This projection is based on Pythia simulations for pp collisions, which gives the expected
number of charged-hadron triggers in the interval 15 < pT,trig < 20 GeV (scaled by A to model p–Pb
collisions), and the per-trigger recoil jet spectrum. The measured enhancement in the per-event high-pT
hadron yield for pp collisions in high-multiplicity collisions [649] has been taken into account.

The projection represents the case where no energy loss occurs for high-EA relative to low-EA
collisions, and demonstrates the statistically achievable limit. The 90% confidence level for a possible
EA-dependent spectrum shift due to large-angle energy transport from jet quenching [732] is 70 MeV/c
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Energy loss
•  Correlation of jets and photons  
•  A potential energy loss acting on the 

jet would directly alter the 
momentum fraction xjX distribution 
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Fig. 73: Left panel: CMS projection of the measurement of the jet–� momentum fraction xj� in pp
collisions for selected high-multiplicity bins. A jet with pT > 30 GeV/c is required to be back-to-back
(�' > 7/8⇡) with a � with pT > 60 GeV/c. The shape is based on Pythia and shifts due to selection
biases as a function of multiplicity (see text). Figure from Ref. [767]. Right panel: ATLAS projection
of the measurement of the Z–jet momentum fraction xjZ in p–Pb collisions in different pseudorapidity
intervals. The momentum requirements are also 30 GeV/c for the jet and at least 60 GeV/c for the Z,
with the same back-to-back requirement (�' > 7/8⇡). The projection is based on Powheg + Pythia 8
Monte Carlo samples with the CT10 PDF set. Figure from Ref. [768].
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Fig. 74: Projection of the measurement of the medium temperature extracted from thermal dileptons in p–
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relative to the prediction based on Ref. [548] denoted by Nee(thermal radiation). It is expressed as
the minimum thermal photon Nee(thermal radiation) to ⇡0 ratio (left axis) and scaling of Nee(thermal
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Thermal radiation
•  Direct access to temperature of a potential 

emitting medium 
Ø  10% stat. uncertainty in Run 3 for 

predicted thermal yield

Energy loss
•  Correlation of jets and photons  
•  A potential energy loss acting on the 

jet would directly alter the 
momentum fraction xjX distribution 
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Fig. 73: Left panel: CMS projection of the measurement of the jet–� momentum fraction xj� in pp
collisions for selected high-multiplicity bins. A jet with pT > 30 GeV/c is required to be back-to-back
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biases as a function of multiplicity (see text). Figure from Ref. [767]. Right panel: ATLAS projection
of the measurement of the Z–jet momentum fraction xjZ in p–Pb collisions in different pseudorapidity
intervals. The momentum requirements are also 30 GeV/c for the jet and at least 60 GeV/c for the Z,
with the same back-to-back requirement (�' > 7/8⇡). The projection is based on Powheg + Pythia 8
Monte Carlo samples with the CT10 PDF set. Figure from Ref. [768].
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Fig. 73: Left panel: CMS projection of the measurement of the jet–� momentum fraction xj� in pp
collisions for selected high-multiplicity bins. A jet with pT > 30 GeV/c is required to be back-to-back
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biases as a function of multiplicity (see text). Figure from Ref. [767]. Right panel: ATLAS projection
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intervals. The momentum requirements are also 30 GeV/c for the jet and at least 60 GeV/c for the Z,
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Monte Carlo samples with the CT10 PDF set. Figure from Ref. [768].
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Lighter ions:
•  ︎Larger NN luminosities, e.g. x8-25 with Ar-Ar

Ø  New probes of the QGP accessible, e.g. 
boosted top, onset of jet quenching in small 
systems 

Ø  With new heavy-ion detector: ultrasoft 
photons, multi-heavy-flavour hadrons,… 

•  Nuclei choice based on physics and accelerator 
considerations 
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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. 106: Left:
p
s-dependence of the cross sections for hard processes of interest for a heavy-ion pro-

gramme, calculated with MCFM [1043] at the highest available order. The yields for a one month Pb–Pb
run (Lint = 6 nb�1) are also shown. Right: invariant mass distribution for Higgs boson search in the ��
decay channel in Pb–Pb collisions at the HE-LHC with Lint = 70 nb�1 using the selections described in
Ref. [1040].

Lorentz time dilated (see next section). For example, the estimated measurable yields for tt̄ ! bb̄ `` ⌫⌫
(using the per-month luminosities discussed in Section 13.1) with realistic analysis cuts and conservative
50% efficiency for b-jet tagging are about 104 in Pb–Pb collisions and 3⇥ 104 in Xe–Xe collisions (for
the case of three-fold increase of NN integrated luminosity with respect to Pb–Pb).

Another potential novel probe of the QGP medium at HE-LHC and 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 [1045, 1046]. In Ref. [1045] 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” chan-
nels �� or ZZ?. This “suppression” could potentially be used to accurately determine the final-state
density of the produced QGP. Taking a different perspective, in Ref. [1046] it has been argued that
nucleus–nucleus collisions could offer a more favourable environment than pp collisions for the study
of the Higgs hadronic decays, because of a larger signal-to-background ratio. The cross section for
Higgs boson production in Pb–Pb collisions is expected to increase by a factor about 4 when going from
p
sNN = 5.5 TeV to p

sNN = 10.6 TeV [1040]. A statistically-significant Higgs boson observation in the
�� decay channel in Pb–Pb collisions at the HE-LHC requires an integrated luminosity of 70 nb�1 (esti-
mated as in Ref. [1040]), which corresponds to about 12 months with the present machine performance
projections. The analysis used similar photon selections as used by ATLAS and CMS in pp collisions:
pT > 30, 40 GeV/c, |⌘| < 4, Risol = 0.3. The backgrounds included the irreducible QCD diphoton
continuum plus 30% of events coming from misidentified �-jet and jet-jet processes. The corresponding
invariant mass distribution is shown in the right-hand panel of Fig. 106. With Xe–Xe collisions the same
statistical significance could be reached in 4 months.

13.3.2 Boosted tops and the time evolution of QGP opacity
The HE-LHC would 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 [941]. This is because the time decays of the top and the W bosons are

176

And much more topics
•  Light-by-light collision studies
•  ︎p-O collisions for cosmic ray related studies
•  Further beyond SM physics (e.g. thermal 

production of magnetic monopoles)
•  …

arXiv:1812.07688 [hep-ph]

Back-up: Further opportunities with heavy-ion beams

Right: ATL-PHYS-PUB-2018-018.

I larger statistics for light-by-light collision studies
ATLAS and CMS with Run 2 data: evidence with 2015 data, Nature Physics 13 (2017) 852, ATLAS,

arXiv:1810.04602, CMS, observation with 2018 data arXiv:1904.03536, ATLAS

I p-O collisions for cosmic ray related studies
I Further beyond Standard model searches explored in arXiv:1812.07688

exploiting low pile-up, strong e.m. fields and thermal production

26 / 26
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Summary

This note presents projections for several ATLAS measurements of the bulk properties of the medium
created in heavy-ion collisions at the LHC in the upcoming Runs 3 and 4. A key part of future measurements
is the installation of the ITk for Run 4, and its performance in the heavy-ion environment is discussed. The
tracking performance results demonstrate the excellent potential of the ITk detector for the future LHC
heavy ion physics program. Projections are made for flow decorrelation and heavy flavor elliptic flow
measurements in Pb+Pb collisions, as well as forward-backward multiplicity correlations and Hanbury-
Brown Twiss radii in p+Pb collisions. These projections are representative of many measurements which
can be performed with the ATLAS detector with the high luminosity available in Runs 3 and 4 and are
sensitive to the properties of the QGP.
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two different selections in jet transverse momentum. [8]

6.4.3 Radiation phase space with Lund diagram
Recently, a theoretical representation of the radiation phase space within jets inspired by Lund dia-
grams [403] has been proposed [381] to study medium modification of the radiation pattern. The so-
called Lund jet plane [404] - a portrayal of the internal structure of jets - was designed to build a concep-
tual connection between manually constructed observables and approaches that use Machine Learning
techniques to study QCD jets and/or discriminate between signal and background jets. The diagram is
constructed by mapping the available phase-space within a jet to a triangle in a two dimensional (log-
arithmic) plane that shows the transverse momentum and the angle of any given emission with respect
to its emitter. Such a triangular diagram, a representation of the radiation within any given jet, can be
created through repeated Cambridge/Aachen declustering.

To demonstrate the potential of future measurements at the LHC we constructed Lund diagrams
using the JEWEL Monte Carlo event generator [386]. To study the differences in the Lund diagram due
to medium effects the results are compared to a vacuum reference (jets produced in pp collisions). For
the simulations the JEWEL generator with the default settings is used without the optional calculation of
the so-called medium response retaining the partons / scattering centres that interacted with the jet was
not used (i.e. recoils off setting of the MC generator was used). The substructure of jets was analysed by
reclustering the constituents of the jet with the Cambridge/Aachen (C/A) algorithm as implemented in
the FASTJET package [405, 406] for two selections of jet pT 80–120 GeV/c and 200–250 GeV/c.

The Lund diagram density can be constructed experimentally and compared to analytic predictions
and parton-shower Monte-Carlo simulations, such as JEWEL. For this purpose a density map of points
(emissions) is defined following formulations in [404]:

⇢̄(�,) =
1

Njet

dnemission

d ln d ln 1/�
, (21)

where for two clusters 1 and 2 labeled such that pT,1 > pT,2, �2 = (y1 � y2)
2 + ('1 � '2)

2 with '

being the azimuthal angle and y the rapidity of a cluster, and  =
pT,2

pT,1+pT,2
�. Figure 38 shows the

density ⇢̄ from the JEWEL simulation without (left panels) and with (right panels) medium effects. The
zg variable which was defined in [399] and studied in heavy-ion collisions [360] is related to the variables
in the Lund plane in the following way: zg = /� from the first of the entries (1...i...N ) in the primary
declustering sequence that satisfies z(i) � zcut(�

(i))� [404] resulting in diagonal lines with negative
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Fig. 84: Projected dijet ⌘ measurements in p–Pb collisions with combined Run 3 and Run 4 data [12].

reconstruct neutral pions in the forward direction and to reject the decay photon background for the direct
photon measurement.

Figure 86 shows the expected performance of the FOCAL detector for the direct photon measure-
ment in p–Pb collisions. The left panel shows the projected uncertainties, which are 7-8% at high pT and
increase at lower momentum due to the combinatorial background. The right panel shows the impact of
the measurement on our knowledge of the nuclear modification of the gluon distribution; the red lines
show the current uncertainty, based on the EPS09 nPDFs, but using a broader set of parametrisations for
the nuclear PDFs at the initial scale Q0, similar to [874]. The grey band shows the uncertainty after in-
cluding the FOCAL pseudo-data. The improvement in the uncertainty is about a factor 2, but it should be
noted that the direct photon measurements probes the gluon distribution at low x directly, while the most
of the existing data only probe x & 10�3 (see Fig. 78). At present, the only measurements that probe the
very low x region for nuclear PDFs are forward heavy flavour measurements from LHCb [755,875] and
ALICE [876]; theoretical developments are under way to use these data to constrain the PDFs [325,877].
The FOCAL program will probe small x in different production channels (quark-gluon Compton scat-
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Initial state
Probing nuclear PDFs in a broad range, 
onset of parton saturation.

Small systems
Unified picture of the underlying QCD 
from small to large systems.
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Figure 14: Expected relative uncertainty of the extraction of the T parameter from a fit to the
invariant mass excess spectrum in 1.1 <Mee < 2.0 GeV/c2 (see text). The results are shown for
the ITS2 and ITS3 scenarios, with a tight cut on the quadratic sum of the impact parameters
of the lepton pair, and for 0 –10 % event centrality. Error bars show the statistical uncertain-
ties. The green boxes show the systematic uncertainties from the combinatorial background
subtraction, the magenta boxes indicate systematic uncertainties related to the subtraction of
the charm-decay electron contribution.

ation from the QGP and the medium-modified spectral function of the r0 meson. Information
on the early temperature of the system can be derived from the invariant-mass dependence of
the dilepton yield at masses Mee > 1.1 GeV/c2 where the yield is dominated by the thermal
radiation from the QGP if the charm component can be effectively reduced. In order to quan-
tify the sensitivity of the anticipated measurement, an exponential fit to the simulated spectra
in the invariant mass region 1.1 < Mee < 2.0 GeV/c2 was used. The fit function employed was
dNee/dMee µ M

3/2
ee exp(�Mee/Tfit). The fit parameter Tfit is compared to Treal, which is derived

from the same fit to the input thermal spectrum. The ratio Tfit/Treal for Pb–Pb collisions in the
0 –10 % centrality class is shown in Fig. 14. With respect to the ITS2, the ITS3 upgrade reduces

• the statistical uncertainty by a factor 1.3;

• the systematic uncertainty from the subtraction of the combinatorial background by a fac-
tor 2;

• the systematic uncertainty from the subtraction of the light-hadron and charm decay back-
grounds by a factor 2.
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Macroscopic properties
Characterizing the macroscopic long-
wavelength properties of the QGP with 
unprecedented precision.

Microscopic dynamics
Accessing the microscopic parton dynamics 
underlying QGP properties. 



SMI – STEFAN MEYER INSTITUTE 

WWW:OEAW.AC.AT/SMI Michael Weber (SMI), SQM 2019, 14.06.2019 36

Thank you
 Citron, Z. (Ben Gurion U. of Negev) ; Dainese, A. (INFN, Padua) ; Grosse-Oetringhaus, J.F. (CERN) ; Jowett, J.M. (CERN) ; Lee, Y.-J. (MIT) ; Wiedemann, U.A. (CERN) ; 
Winn, M. (AIM, Saclay ; Orsay, LAL) ; Andronic, A. (Munster U.) ; Bellini, F. (CERN) ; Bruna, E. (INFN, Turin) ; Chapon, E. (CERN) ; Dembinski, H. (Heidelberg, Max 
Planck Inst.) ; d'Enterria, D. (CERN) ; Grabowska-Bold, I. (AGH-UST, Cracow) ; Innocenti, G.M. (CERN ; MIT) ; Loizides, C. (LBL, Berkeley) ; Mohapatra, S. (Columbia 
U.) ; Salgado, C.A. (Santiago de Compostela U., IGFAE) ; Verweij, M. (RIKEN BNL ; Vanderbilt U.) ; Weber, M. (Stefan Meyer Inst. Subatomare Phys.) ; Aichelin, J. 
(SUBATECH, Nantes) ; Angerami, A. (LLNL, Livermore) ; Apolinario, L. (Lisbon, IST ; LIP, Lisbon) ; Arleo, F. (Ecole Polytechnique) ; Armesto, N. (Santiago de 
Compostela U., IGFAE) ; Arnaldi, R. (INFN, Turin) ; Arslandok, M. (U. Heidelberg (main)) ; Azzi, P. (INFN, Padua) ; Bailhache, R. (Frankfurt U.) ; Bass, S.A. (Duke U.) ; 
Bedda, C. (Utrecht U.) ; Behera, N.K. (Inha U.) ; Bellwied, R. (Houston U.) ; Beraudo, A. (INFN, Turin) ; Bi, R. (MIT) ; Bierlich, C. (Lund U. ; Bohr Inst.) ; Blum, K. (CERN ; 
Weizmann Inst.) ; Borissov, A. (Munster U.) ; Braun-Munzinger, P. (Darmstadt, EMMI) ; Bruce, R. (CERN) ; Bruno, G.E. (Bari Polytechnic ; INFN, Bari) ; Bufalino, S. 
(INFN, Turin) ; Castillo Castellanos, J. (IRFU, Saclay, DPHN) ; Chatterjee, R. (Calcutta, VECC) ; Chen, Y. (CERN) ; Chen, Z. (Rice U.) ; Cheshkov, C. (Lyon, IPN) ; Chujo, 
T. (Tsukuba U.) ; Conesa del Valle, Z. (Orsay, IPN) ; Contreras Nuno, J.G. (Prague, Tech. U.) ; Cunqueiro Mendez, L. (LBL, Berkeley) ; Dahms, T. (Munich, Tech. U., 
Universe) ; Dang, N.P. (Louisville U.) ; De la Torre, H. (Michigan State U.) ; Dobrin, A.F. (CERN) ; Doenigus, B. (Frankfurt U.) ; Van Doremalen, L. (Utrecht U.) ; Du, X. 
(Texas A-M) ; Dubla, A. (Darmstadt, EMMI) ; Dumancic, M. (Weizmann Inst.) ; Dyndal, M. (DESY) ; Fabbietti, L. (Munich, Tech. U.) ; Ferreiro, E.G. (Santiago de 
Compostela U., IGFAE) ; Fionda, F. (Bergen U.) ; Fleuret, F. (Ecole Polytechnique) ; Floerchinger, S. (U. Heidelberg (main)) ; Giacalone, G. (IPhT, Saclay) ; Giammanco, A. 
(Louvain U.) ; Gossiaux, P.B. (SUBATECH, Nantes) ; Graziani, G. (INFN, Florence) ; Greco, V. (Catania U. ; INFN, LNS) ; Grelli, A. (Utrecht U.) ; Grosa, F. (INFN, Turin) ; 
Guilbaud, M. (CERN) ; Gunji, T. (Tsukuba, Graduate U. Adv. Studies) ; Guzey, V. (Helsinki Inst. of Phys. ; St. Petersburg, INP ; Jyvaskyla U.) ; Hadjidakis, C. (Orsay, 
IPN) ; Hassani, S. (IRFU, Saclay, DPP) ; He, M. (Nanjing U. Sci. Tech.) ; Helenius, I. (Tubingen U. ; Jyvaskyla U.) ; Huo, P. (SUNY, Stony Brook) ; Jacobs, P.M. (LBL, 
Berkeley) ; Janus, P. (AGH-UST, Cracow) ; Jebramcik, M.A. (CERN ; Frankfurt U.) ; Jia, J. (Brookhaven Natl. Lab. ; SUNY, Stony Brook) ; Kalweit, A.P. (CERN) ; Kim, H. 
(Chonnam Natl. U.) ; Klasen, M. (Munster U.) ; Klein, S.R. (LBL, Berkeley) ; Klusek-Gawenda, M. (Cracow, INP) ; Kremer, J. (AGH-UST, Cracow) ; Krintiras, G.K. 
(Louvain U.) ; Krizek, F. (Prague, Inst. Phys.) ; Kryshen, E. (St. Petersburg, INP) ; Kurkela, A. (CERN ; Stavanger U.) ; Kusina, A. (Cracow, INP) ; Lansberg, J.-P. (Orsay, 
IPN) ; Lea, R. (INFN, Trieste ; Trieste U.) ; van Leeuwen, M. (CERN ; Nikhef, Amsterdam ; Utrecht U.) ; Li, W. (Rice U.) ; Margutti, J. (Utrecht U.) ; Marin, A. (Darmstadt, 
EMMI) ; Marquet, C. (Ecole Polytechnique, CPHT) ; Martin Blanco, J. (Ecole Polytechnique) ; Massacrier, L. (Orsay, IPN) ; Mastroserio, A. (Bari U. ; INFN, Bari) ; 
Maurice, E. (Ecole Polytechnique) ; Mayer, C. (Cracow, INP) ; Mcginn, C. (MIT) ; Milhano, G. (CERN ; Lisbon, IST ; LIP, Lisbon) ; Milov, A. (Weizmann Inst.) ; Minissale, 
V. (INFN, LNS) ; Mironov, C. (MIT) ; Mischke, A. (Utrecht U.) ; Mohammadi, N. (CERN) ; Mulders, M. (CERN) ; Murray, M. (Kansas U.) ; Narain, M. (Brown U.) ; Di 
Nezza, P. (Frascati) ; Nisati, A. (INFN, Rome) ; Noronha-Hostler, J. (Rutgers U., Piscataway) ; Ohlson, A. (U. Heidelberg (main)) ; Okorokov, V. (Moscow Phys. Eng. 
Inst.) ; Olness, F. (Southern Methodist U.) ; Paakkinen, P. (Jyvaskyla U.) ; Pappalardo, L. (Ferrara U. ; INFN, Ferrara) ; Park, J. (Korea U.) ; Paukkunen, H. (Helsinki Inst. 
of Phys. ; Jyvaskyla U.) ; Peng, C.C. (Purdue U.) ; Pereira Da Costa, H. (IRFU, Saclay, DPHN) ; Perepelitsa, D.V. (Colorado U.) ; Peresunko, D. (Kurchatov Inst., 
Moscow) ; Peters, M. (MIT) ; Pettersson, N.E. (Massachusetts U., Amherst) ; Piano, S. (INFN, Trieste) ; Pierog, T. (KIT, Karlsruhe) ; Pires, J. (Lisbon, CFTP ; Lisbon, IST) ; 
Płoskoń, M. (LBL, Berkeley) ; Plumari, S. (Catania U. ; INFN, LNS) ; Prino, F. (INFN, Turin) ; Puccio, M. (INFN, Turin ; Turin U.) ; Rapp, R. (Texas A-M) ; Redlich, K. 
(Darmstadt, EMMI ; Wroclaw U.) ; Reygers, K. (U. Heidelberg (main)) ; Ristea, C.L. (Bucharest, Inst. Space Science) ; Robbe, P. (Orsay, LAL) ; Rossi, A. (INFN, Padua) ; 
Rustamov, A. (Darmstadt, EMMI ; U. Heidelberg (main) ; NNRC, Baku) ; Rybar, M. (Columbia U.) ; Schaumann, M. (CERN) ; Schenke, B. (Brookhaven Natl. Lab.) ; 
Schienbein, I. (LPSC, Grenoble) ; Schoeffel, L. (IRFU, Saclay, DPP) ; Selyuzhenkov, I. (Darmstadt, EMMI ; Moscow Phys. Eng. Inst.) ; Sickles, A.M. (Illinois U., Urbana) ; 
Sievert, M. (Rutgers U., Piscataway) ; Silva, P. (CERN) ; Song, T. (Giessen U.) ; Spousta, M. (Charles U.) ; Stachel, J. (U. Heidelberg (main)) ; Steinberg, P. (Brookhaven 
Natl. Lab.) ; Stocco, D. (SUBATECH, Nantes) ; Strickland, M. (Kent State U.) ; Strikman, M. (Penn State U.) ; Sun, J. (Tsinghua U., Beijing) ; Tapia Takaki, D. (Kansas U.) ; 
Tatar, K. (MIT) ; Terrevoli, C. (Houston U.) ; Timmins, A. (Houston U.) ; Trogolo, S. (INFN, Turin ; Turin U.) ; Trzeciak, B. (Utrecht U.) ; Trzupek, A. (Cracow, INP) ; 
Ulrich, R. (KIT, Karlsruhe) ; Uras, A. (Lyon, IPN) ; Venugopalan, R. (Brookhaven Natl. Lab.) ; Vitev, I. (Los Alamos) ; Vujanovic, G. (Ohio State U. ; Wayne State U.) ; 
Wang, J. (MIT) ; Wang, T.W. (MIT) ; Xiao, R. (Purdue U.) ; Xu, Y. (Duke U.) ; Zampolli, C. (CERN ; INFN, Bologna) ; Zanoli, H. (Sao Paulo U.) ; Zhou, M. (SUNY, Stony 
Brook) ; Zhou, Y. (Bohr Inst.)



SMI – STEFAN MEYER INSTITUTE 

WWW:OEAW.AC.AT/SMI 

BACKUP

Michael Weber (SMI), SQM 2019, 14.06.2019



SMI – STEFAN MEYER INSTITUTE 

WWW:OEAW.AC.AT/SMI 

THE NEXT TEN YEARS

Michael Weber (SMI), SQM 2019, 14.06.2019

Proposed Run Schedule for Run 3 and 4
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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/mb
p-O: 200/mb

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

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.
Run 5 will be discussed in the next talk
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MATERIAL
•  Public notes:

•  ALICE-PUBLIC-2019-001 (ALICE RUN 3/4)

•  LHCB-CONF-2018-005 (P-PB)
•  LHCB-PUB-2018-015 (FIXED TARGET)

•  ATL-PHYS-PUB-2018-018 (UPC)
•  ATL-PHYS-PUB-2018-019 (JETS)
•  ATL-PHYS-PUB-2018-020 (BULK)
•  ATL-PHYS-PUB-2018-039 (NUCLEAR PARTON DISTRIBUTIONS)

•  CMS-PAS-FTR-17-002 (HEAVY IONS)
•  CMS-PAS-FTR-18-024 (HF)
•  CMS-PAS-FTR-18-025 (JETS)
•  CMS-PAS-FTR-18-026 (SMALL SYSTEMS)
•  CMS-PAS-FTR-18-027 (NUCLEAR PARTON DISTRIBUTIONS)
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Partonic content of nuclei: initial conditions and the low-x

limit

I nuclear parton distributions not strongly constrained as initial condition of
heavy-ion collision

I extreme kinematics probing onset of non-linear e�ects
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Fig. 78: Left: x-Q2 plane to be explored in proton-nucleus at the LHC and the FCC, and in proposed
electron-nucleus colliders, compared with the regions where the experimental data presently used in the
EPPS16 analysis [782] lie. Right: x-Q2 plane to be explored in UPCs, taken from [577].

nPDFs extraction in hadronic collisions and UPCs, these are the only experimental collision systems
where the nPDFs can be constrained before electron-ion colliders become available. The most up to date
analyses include between 1000 and 2000 data points for 14 nuclei and are performed at next-to-leading
accuracy [782–784], there even exists a first attempt at next-to-next-to-leading [785]. Differences be-
tween them mainly arise from the different sets of data included in the analysis and from the different
functional forms employed for the initial conditions. All in all, all parton species are very weakly con-
strained at small x < 10�2, gluons at large x > 0.2, and the flavour decomposition is largely unknown
- a natural fact for u and d due to the approximate isospin symmetry in nuclei. The impact of presently
available LHC data, studied in [782], is quite modest with some constrains on the gluon in the region
0.01 < x < 0.3. On the other hand, theoretical predictions for nuclear shadowing of quark and gluon
PDFs based on s-channel unitarity and diffractive nucleon PDFs are available down to x ⇠ 10�4 –
10�5 [786, 787].

In the context of phenomena beyond collinear factorisation and PDF evolution in ln(Q2), there
have been recent claims [788, 789] that resummation of logarithms of x may be required for a better
description of DIS data from HERA at small x, and searches for long range azimuthal correlations are
undergoing [790]. But no conclusive evidence of saturation, i.e., of non-linear dynamics, has been found
in hadronic collisions. While the CGC provides a calculational framework for several observables in pp,
p–A and Å, see e.g. the reviews [791,792], like the ridge, back-to-back hadron correlations in the forward
region, multiplicities and transverse momentum distributions,. . . , there is no consensus in the field in the
interpretation of these results, or they involve non-perturbative modeling, or they are affected by large
theoretical uncertainties and, for some of them, higher-order calculations are missing, or the data lie at
the border of phase space where extracting clear conclusions is very delicate. Therefore, high-energy
p–A collisions and UPCs are two promising systems where data can offer clear evidences of non-linear
effects.

In Fig. 78, the kinematic regions covered by proton-nucleus collisions at the LHC and the FCC (the
left panel, [400]) and UPCs at the LHC (right) are shown and compared with the regions where data
currently used to constrain nPDFs lie. A huge enlargement is evident with respect to the presently
existing data at the LHC. The HL-LHC offers new improved detectors and larger statistics for some
observables like dijets or photon-jet correlations. The HE-LHC would enlarge the kinematic plane in a
region intermediate between the LHC and the FCC. On the other hand, electron-nucleus collisions [793,
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MICROSCOPIC DYNAMICS
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•  Effective constituents of QCD matter
•  Characteristic length scales
•  Use multi-differential jet measurements 
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Figure 1: Left: The kinematical Lund plane spanned by ln 1/✓ and ln z✓ for jets with opening angle
R, see text for details. Right: clustering history with the formation time of primary emissions in the
kinematical Lund plane.

the dipole splitting angle, we find that the dipole invariant mass reads

M2 = z(1� z)p2T✓
2 , (1)

where pT is the total momentum of the dipole, corresponding roughly to the transverse momentum in
the detector. The characteristic time-scale of the splitting is usually referred to as the formation time,
and is related to the finite energy resolution, tf ⇠ �E�1. It is explicitly given by

tf =
2z(1� z)pT

k2T
=

2pT

M2
, (2)

where kT = z(1�z)pT✓ is the (relative) transverse momentum of the dipole in the small angle limit. This
formula can easily be understood as the time-scale for decaying in the rest frame of the parent times its
boost factor ⇠ (1/M)⇥ (pT/M).

The Lund diagram exists in various forms, the common feature being that the variables spanning the
plane exploit the logarithmic phase space due to the soft, 1/z, and collinear, 1/✓, divergences of typical
QCD splittings (except g ! qq̄). Here, the phase-space for emission from each particle is represented in
the Lund map, as a triangle in a ln 1/✓ and ln kT/pT plane, where ✓ and kT are respectively the angle and
transverse momentum of an emission with respect to its emitter In the soft and collinear limit, usually
referred to as the double-logarithmic regime, the differential probability dP of one splitting is given by
[35, 2]

dP = 2
↵sCi

⇡
d ln z✓ d ln

1

✓
, (3)

in terms of its kinematical variables, and approximating kT ⇡ zpT✓, and in arbitrary color representation
(Ci = CF for quark and Ci = Nc for gluon splitting, respectively). Due to the self-similar nature of the
phase space (3), the effect of multiple splittings corresponds to higher-order corrections.4 Hence, the area
spanned below the line z = 1, see Figure 1 (left), is uniformly populated by emissions with the weight
2↵sCi/⇡ where emissions can take place up to the jet opening angle R. The density at fixed kT is mainly
modulated by running coupling effects, down to the QCD scale, kT ⇠ ⇤QCD, where non-perturbative
effects will dominate. In Figure 1 (left) we have also explicitly denoted the regimes of soft, large-angle
and hard, collinear radiation.

For a full-fledged jet, the diagram is built up by mapping every branching to a point on the Lund
plane. In Figure 1 (right), we illustrate how to fill this plane for multiple, primary emissions off the
main branch—three in the illustrated case. Resolving subsequent splittings along the primary branches
will, in turn, generate new, orthogonal Lund planes, and so on. Simplifying the graphical representation,

4For a given phase space point with {z, ✓}, the feed-down contribution from one additional splitting yields a contribution
⇠ O

�
↵2
s ln 1/z lnR/✓

�
which contributes at higher-logarithmic order.
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Jets in heavy-ion collisions

I Hard scattered partons produce

collimated sprays of particles

(back-to-back, pT balanced)

I Jet is a phenomenological object

defined via algorithm

I Well understood theoretically in

pQCD in elementary reactions

I Jet quenching

p+p

F. Krizek 4

CMS, Phys. Rev. Lett. 107 (2011) 132001


