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Heavy-ion program 2
High temperature and low μB: LHC, RHIC 

• Global properties (T, η/s…) and collectivity 

• Hard probes (jets, heavy quarks…)

Finite temperature and μB: RHIC-BES, NICA 

• Critical point search 

• Correlations, di-lepton production…

Low temperature and large μB: NICA, FAiR 

• Search rich structure of QCD phase diagram 

• Equation-of-state at large μB, chiral symmetry…
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Centrality dependence of hdNch/dhi in Pb–Pb at
p

sNN = 5.02 TeV ALICE Collaboration

Centrality hdNch/dhi hNparti 2
hNparti hdNch/dhi

0–2.5% 2035 ± 52 398 ± 2 10.2 ± 0.3
2.5–5.0% 1850 ± 55 372 ± 3 9.9 ± 0.3
5.0–7.5% 1666 ± 48 346 ± 4 9.6 ± 0.3
7.5–10% 1505 ± 44 320 ± 4 9.4 ± 0.3
10–20% 1180 ± 31 263 ± 4 9.0 ± 0.3
20–30% 786 ± 20 188 ± 3 8.4 ± 0.3
30–40% 512 ± 15 131 ± 2 7.8 ± 0.3
40–50% 318 ± 12 86.3 ± 1.7 7.4 ± 0.3
50–60% 183 ± 8 53.6 ± 1.2 6.8 ± 0.3
60–70% 96.3 ± 5.8 30.4 ± 0.8 6.3 ± 0.4
70–80% 44.9 ± 3.4 15.6 ± 0.5 5.8 ± 0.5

Table 1: The hdNch/dhi and 2
hNparti hdNch/dhi values measured in |h | < 0.5 for eleven centrality classes. The

values of hNparti obtained with the Glauber model are also given. The errors are total uncertainties, the statistical
contribution being negligible.

losses due to physical processes like absorption and scattering, which may result in a charged particle
not creating a tracklet. The fractions of active pixels in the inner and outer SPD layers were about 85%
and 97.5%, respectively. The estimated combinatorial background amounts to about 18% in the most
central (0–2.5%) and 1% in the most peripheral (70–80%) centrality classes. A correction of about 2%
for contamination by secondaries from weak decays is applied based on the same simulation.

Several sources of systematic uncertainty were investigated. The centrality determination introduces an
uncertainty via the fitting of the V0 amplitude distribution to the hadronic cross-section, due to the con-
tamination from electromagnetically induced reactions at small multiplicity. The fraction of the hadronic
cross-section (10%) at the lowest multiplicity, where the trigger and event selection are not fully efficient
and the contamination is non-negligible, was varied by an uncertainty of ±0.5%. This uncertainty was
estimated by varying NBD-Glauber fitting conditions and by fitting a different centrality estimator, based
on the hits in the SPD. The uncertainty from the centrality estimation results in an uncertainty of 0.5%
for central 0–2.5% collisions, increasing in the more peripheral collision classes, reaching 7.5% for the
70–80% sample, where it is the largest contribution. Conversely, the uncertainty due to the subtraction of
the background is largest for the central event sample, where it is about 2%, and becomes smaller as the
collisions become more peripheral, amounting to only 0.2% for the 70–80% event class. This uncertainty
is estimated by using an alternative method where fake hits are injected into real events.

All other sources of systematic uncertainty are independent of centrality. The uncertainty resulting from
the subtraction of the contamination from weak decays of strange hadrons is estimated, from the tuned
MC simulations, to amount to about 0.5% by varying the strangeness content by ±30%. The uncertainty
due to the extrapolation down to zero pT is estimated to be about 0.5% by varying the number of particles
below the 50 MeV/c low-pT cut-off by ±30%. An uncertainty of 1% for variations in detector acceptance
and efficiency was evaluated by carrying out the analysis for different slices of the z-position of the
interaction vertex distribution and with subsamples in azimuth.

Other effects due to particle composition, background events, pileup, material budget and tracklet selec-
tion criteria were found to be negligible. The final systematic uncertainties assigned to the measurements
are the quadratic sums of the individual contributions, and range from 2.6% in central 0–2.5% collisions
to 7.6% in 70–80% peripheral collisions, of which 2.3% and 7.5%, respectively, are centrality dependent
and 1.2% are centrality independent.

The results for hdNch/dhi are shown in Table 1. In order to compare bulk particle production at different
energies and in different collision systems, specifically for a direct comparison to pp and pp collisions,
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•  In central Pb-Pb collisions (5 TeV): 
� dN/dη ∼ 2000
� Energy density (ε ∼ 18 GeV/fm3) 

above deconfinement transition                  
(~1 GeV/fm3)

•  Caveat: only necessary not sufficient 
condition for QPG

11Estimate of energy density from dN/dη

Central collisions

arXiv:1202.3233

● System undergoes rapid evolution

● Using 1 fm/c as an upper limit 
for the time needed to “thermalization”

● Leads to densities above the 
transition region (also for AGS)

– However, only necessary not sufficient condition for QPG

Bjorken, PRD 27 (1983) 140

Bjorken estimate:

ALICE, Phys. Rev. Lett. 116 (2016) 222302

dN/dη
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• Npart scaling violation: known since long time ago
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• Npart scaling violation: known since long time ago


• Confirmed by new Xe–Xe data
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The results for hdNch/dhi are shown in Table 1. In order to compare bulk particle production at different
energies and in different collision systems, specifically for a direct comparison to pp and pp collisions,

4

•  In central Pb-Pb collisions (5 TeV): 
� dN/dη ∼ 2000
� Energy density (ε ∼ 18 GeV/fm3) 

above deconfinement transition                  
(~1 GeV/fm3)

•  Caveat: only necessary not sufficient 
condition for QPG

11Estimate of energy density from dN/dη

Central collisions

arXiv:1202.3233

● System undergoes rapid evolution

● Using 1 fm/c as an upper limit 
for the time needed to “thermalization”

● Leads to densities above the 
transition region (also for AGS)

– However, only necessary not sufficient condition for QPG

Bjorken, PRD 27 (1983) 140

Bjorken estimate:

ALICE, Phys. Rev. Lett. 116 (2016) 222302
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• Npart scaling violation: known since long time ago


• Confirmed by new Xe–Xe data


• Neither explained by participant quark scaling nor fully reproduced by models
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ALI-PUB-104920

Centrality dependence of hdNch/dhi in Pb–Pb at
p

sNN = 5.02 TeV ALICE Collaboration

Centrality hdNch/dhi hNparti 2
hNparti hdNch/dhi

0–2.5% 2035 ± 52 398 ± 2 10.2 ± 0.3
2.5–5.0% 1850 ± 55 372 ± 3 9.9 ± 0.3
5.0–7.5% 1666 ± 48 346 ± 4 9.6 ± 0.3
7.5–10% 1505 ± 44 320 ± 4 9.4 ± 0.3
10–20% 1180 ± 31 263 ± 4 9.0 ± 0.3
20–30% 786 ± 20 188 ± 3 8.4 ± 0.3
30–40% 512 ± 15 131 ± 2 7.8 ± 0.3
40–50% 318 ± 12 86.3 ± 1.7 7.4 ± 0.3
50–60% 183 ± 8 53.6 ± 1.2 6.8 ± 0.3
60–70% 96.3 ± 5.8 30.4 ± 0.8 6.3 ± 0.4
70–80% 44.9 ± 3.4 15.6 ± 0.5 5.8 ± 0.5

Table 1: The hdNch/dhi and 2
hNparti hdNch/dhi values measured in |h | < 0.5 for eleven centrality classes. The

values of hNparti obtained with the Glauber model are also given. The errors are total uncertainties, the statistical
contribution being negligible.

losses due to physical processes like absorption and scattering, which may result in a charged particle
not creating a tracklet. The fractions of active pixels in the inner and outer SPD layers were about 85%
and 97.5%, respectively. The estimated combinatorial background amounts to about 18% in the most
central (0–2.5%) and 1% in the most peripheral (70–80%) centrality classes. A correction of about 2%
for contamination by secondaries from weak decays is applied based on the same simulation.

Several sources of systematic uncertainty were investigated. The centrality determination introduces an
uncertainty via the fitting of the V0 amplitude distribution to the hadronic cross-section, due to the con-
tamination from electromagnetically induced reactions at small multiplicity. The fraction of the hadronic
cross-section (10%) at the lowest multiplicity, where the trigger and event selection are not fully efficient
and the contamination is non-negligible, was varied by an uncertainty of ±0.5%. This uncertainty was
estimated by varying NBD-Glauber fitting conditions and by fitting a different centrality estimator, based
on the hits in the SPD. The uncertainty from the centrality estimation results in an uncertainty of 0.5%
for central 0–2.5% collisions, increasing in the more peripheral collision classes, reaching 7.5% for the
70–80% sample, where it is the largest contribution. Conversely, the uncertainty due to the subtraction of
the background is largest for the central event sample, where it is about 2%, and becomes smaller as the
collisions become more peripheral, amounting to only 0.2% for the 70–80% event class. This uncertainty
is estimated by using an alternative method where fake hits are injected into real events.

All other sources of systematic uncertainty are independent of centrality. The uncertainty resulting from
the subtraction of the contamination from weak decays of strange hadrons is estimated, from the tuned
MC simulations, to amount to about 0.5% by varying the strangeness content by ±30%. The uncertainty
due to the extrapolation down to zero pT is estimated to be about 0.5% by varying the number of particles
below the 50 MeV/c low-pT cut-off by ±30%. An uncertainty of 1% for variations in detector acceptance
and efficiency was evaluated by carrying out the analysis for different slices of the z-position of the
interaction vertex distribution and with subsamples in azimuth.

Other effects due to particle composition, background events, pileup, material budget and tracklet selec-
tion criteria were found to be negligible. The final systematic uncertainties assigned to the measurements
are the quadratic sums of the individual contributions, and range from 2.6% in central 0–2.5% collisions
to 7.6% in 70–80% peripheral collisions, of which 2.3% and 7.5%, respectively, are centrality dependent
and 1.2% are centrality independent.

The results for hdNch/dhi are shown in Table 1. In order to compare bulk particle production at different
energies and in different collision systems, specifically for a direct comparison to pp and pp collisions,

4

•  In central Pb-Pb collisions (5 TeV): 
� dN/dη ∼ 2000
� Energy density (ε ∼ 18 GeV/fm3) 

above deconfinement transition                  
(~1 GeV/fm3)

•  Caveat: only necessary not sufficient 
condition for QPG

11Estimate of energy density from dN/dη

Central collisions

arXiv:1202.3233

● System undergoes rapid evolution

● Using 1 fm/c as an upper limit 
for the time needed to “thermalization”

● Leads to densities above the 
transition region (also for AGS)

– However, only necessary not sufficient condition for QPG

Bjorken, PRD 27 (1983) 140

Bjorken estimate:

ALICE, Phys. Rev. Lett. 116 (2016) 222302

dN/dη

SMI – STEFAN MEYER INSTITUTE 

WWW:OEAW.AC.AT/SMI 

INITIAL ENERGY DENSITY

Michael Weber (SMI), VCES 2016, 02.12.2016 13

ALI-PUB-104920

Centrality dependence of hdNch/dhi in Pb–Pb at
p

sNN = 5.02 TeV ALICE Collaboration

Centrality hdNch/dhi hNparti 2
hNparti hdNch/dhi

0–2.5% 2035 ± 52 398 ± 2 10.2 ± 0.3
2.5–5.0% 1850 ± 55 372 ± 3 9.9 ± 0.3
5.0–7.5% 1666 ± 48 346 ± 4 9.6 ± 0.3
7.5–10% 1505 ± 44 320 ± 4 9.4 ± 0.3
10–20% 1180 ± 31 263 ± 4 9.0 ± 0.3
20–30% 786 ± 20 188 ± 3 8.4 ± 0.3
30–40% 512 ± 15 131 ± 2 7.8 ± 0.3
40–50% 318 ± 12 86.3 ± 1.7 7.4 ± 0.3
50–60% 183 ± 8 53.6 ± 1.2 6.8 ± 0.3
60–70% 96.3 ± 5.8 30.4 ± 0.8 6.3 ± 0.4
70–80% 44.9 ± 3.4 15.6 ± 0.5 5.8 ± 0.5

Table 1: The hdNch/dhi and 2
hNparti hdNch/dhi values measured in |h | < 0.5 for eleven centrality classes. The

values of hNparti obtained with the Glauber model are also given. The errors are total uncertainties, the statistical
contribution being negligible.

losses due to physical processes like absorption and scattering, which may result in a charged particle
not creating a tracklet. The fractions of active pixels in the inner and outer SPD layers were about 85%
and 97.5%, respectively. The estimated combinatorial background amounts to about 18% in the most
central (0–2.5%) and 1% in the most peripheral (70–80%) centrality classes. A correction of about 2%
for contamination by secondaries from weak decays is applied based on the same simulation.

Several sources of systematic uncertainty were investigated. The centrality determination introduces an
uncertainty via the fitting of the V0 amplitude distribution to the hadronic cross-section, due to the con-
tamination from electromagnetically induced reactions at small multiplicity. The fraction of the hadronic
cross-section (10%) at the lowest multiplicity, where the trigger and event selection are not fully efficient
and the contamination is non-negligible, was varied by an uncertainty of ±0.5%. This uncertainty was
estimated by varying NBD-Glauber fitting conditions and by fitting a different centrality estimator, based
on the hits in the SPD. The uncertainty from the centrality estimation results in an uncertainty of 0.5%
for central 0–2.5% collisions, increasing in the more peripheral collision classes, reaching 7.5% for the
70–80% sample, where it is the largest contribution. Conversely, the uncertainty due to the subtraction of
the background is largest for the central event sample, where it is about 2%, and becomes smaller as the
collisions become more peripheral, amounting to only 0.2% for the 70–80% event class. This uncertainty
is estimated by using an alternative method where fake hits are injected into real events.

All other sources of systematic uncertainty are independent of centrality. The uncertainty resulting from
the subtraction of the contamination from weak decays of strange hadrons is estimated, from the tuned
MC simulations, to amount to about 0.5% by varying the strangeness content by ±30%. The uncertainty
due to the extrapolation down to zero pT is estimated to be about 0.5% by varying the number of particles
below the 50 MeV/c low-pT cut-off by ±30%. An uncertainty of 1% for variations in detector acceptance
and efficiency was evaluated by carrying out the analysis for different slices of the z-position of the
interaction vertex distribution and with subsamples in azimuth.

Other effects due to particle composition, background events, pileup, material budget and tracklet selec-
tion criteria were found to be negligible. The final systematic uncertainties assigned to the measurements
are the quadratic sums of the individual contributions, and range from 2.6% in central 0–2.5% collisions
to 7.6% in 70–80% peripheral collisions, of which 2.3% and 7.5%, respectively, are centrality dependent
and 1.2% are centrality independent.

The results for hdNch/dhi are shown in Table 1. In order to compare bulk particle production at different
energies and in different collision systems, specifically for a direct comparison to pp and pp collisions,

4

•  In central Pb-Pb collisions (5 TeV): 
� dN/dη ∼ 2000
� Energy density (ε ∼ 18 GeV/fm3) 

above deconfinement transition                  
(~1 GeV/fm3)

•  Caveat: only necessary not sufficient 
condition for QPG

11Estimate of energy density from dN/dη

Central collisions

arXiv:1202.3233

● System undergoes rapid evolution

● Using 1 fm/c as an upper limit 
for the time needed to “thermalization”

● Leads to densities above the 
transition region (also for AGS)

– However, only necessary not sufficient condition for QPG

Bjorken, PRD 27 (1983) 140

Bjorken estimate:

ALICE, Phys. Rev. Lett. 116 (2016) 222302
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• Npart scaling violation: known since long time ago


• Confirmed by new Xe–Xe data


• Neither explained by participant quark scaling nor fully reproduced by models


• Collision geometry plays an important role on particle production
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Centrality dependence of hdNch/dhi in Pb–Pb at
p

sNN = 5.02 TeV ALICE Collaboration

Centrality hdNch/dhi hNparti 2
hNparti hdNch/dhi

0–2.5% 2035 ± 52 398 ± 2 10.2 ± 0.3
2.5–5.0% 1850 ± 55 372 ± 3 9.9 ± 0.3
5.0–7.5% 1666 ± 48 346 ± 4 9.6 ± 0.3
7.5–10% 1505 ± 44 320 ± 4 9.4 ± 0.3
10–20% 1180 ± 31 263 ± 4 9.0 ± 0.3
20–30% 786 ± 20 188 ± 3 8.4 ± 0.3
30–40% 512 ± 15 131 ± 2 7.8 ± 0.3
40–50% 318 ± 12 86.3 ± 1.7 7.4 ± 0.3
50–60% 183 ± 8 53.6 ± 1.2 6.8 ± 0.3
60–70% 96.3 ± 5.8 30.4 ± 0.8 6.3 ± 0.4
70–80% 44.9 ± 3.4 15.6 ± 0.5 5.8 ± 0.5

Table 1: The hdNch/dhi and 2
hNparti hdNch/dhi values measured in |h | < 0.5 for eleven centrality classes. The

values of hNparti obtained with the Glauber model are also given. The errors are total uncertainties, the statistical
contribution being negligible.

losses due to physical processes like absorption and scattering, which may result in a charged particle
not creating a tracklet. The fractions of active pixels in the inner and outer SPD layers were about 85%
and 97.5%, respectively. The estimated combinatorial background amounts to about 18% in the most
central (0–2.5%) and 1% in the most peripheral (70–80%) centrality classes. A correction of about 2%
for contamination by secondaries from weak decays is applied based on the same simulation.

Several sources of systematic uncertainty were investigated. The centrality determination introduces an
uncertainty via the fitting of the V0 amplitude distribution to the hadronic cross-section, due to the con-
tamination from electromagnetically induced reactions at small multiplicity. The fraction of the hadronic
cross-section (10%) at the lowest multiplicity, where the trigger and event selection are not fully efficient
and the contamination is non-negligible, was varied by an uncertainty of ±0.5%. This uncertainty was
estimated by varying NBD-Glauber fitting conditions and by fitting a different centrality estimator, based
on the hits in the SPD. The uncertainty from the centrality estimation results in an uncertainty of 0.5%
for central 0–2.5% collisions, increasing in the more peripheral collision classes, reaching 7.5% for the
70–80% sample, where it is the largest contribution. Conversely, the uncertainty due to the subtraction of
the background is largest for the central event sample, where it is about 2%, and becomes smaller as the
collisions become more peripheral, amounting to only 0.2% for the 70–80% event class. This uncertainty
is estimated by using an alternative method where fake hits are injected into real events.

All other sources of systematic uncertainty are independent of centrality. The uncertainty resulting from
the subtraction of the contamination from weak decays of strange hadrons is estimated, from the tuned
MC simulations, to amount to about 0.5% by varying the strangeness content by ±30%. The uncertainty
due to the extrapolation down to zero pT is estimated to be about 0.5% by varying the number of particles
below the 50 MeV/c low-pT cut-off by ±30%. An uncertainty of 1% for variations in detector acceptance
and efficiency was evaluated by carrying out the analysis for different slices of the z-position of the
interaction vertex distribution and with subsamples in azimuth.

Other effects due to particle composition, background events, pileup, material budget and tracklet selec-
tion criteria were found to be negligible. The final systematic uncertainties assigned to the measurements
are the quadratic sums of the individual contributions, and range from 2.6% in central 0–2.5% collisions
to 7.6% in 70–80% peripheral collisions, of which 2.3% and 7.5%, respectively, are centrality dependent
and 1.2% are centrality independent.

The results for hdNch/dhi are shown in Table 1. In order to compare bulk particle production at different
energies and in different collision systems, specifically for a direct comparison to pp and pp collisions,

4

•  In central Pb-Pb collisions (5 TeV): 
� dN/dη ∼ 2000
� Energy density (ε ∼ 18 GeV/fm3) 

above deconfinement transition                  
(~1 GeV/fm3)

•  Caveat: only necessary not sufficient 
condition for QPG

11Estimate of energy density from dN/dη

Central collisions

arXiv:1202.3233

● System undergoes rapid evolution

● Using 1 fm/c as an upper limit 
for the time needed to “thermalization”

● Leads to densities above the 
transition region (also for AGS)

– However, only necessary not sufficient condition for QPG

Bjorken, PRD 27 (1983) 140

Bjorken estimate:

ALICE, Phys. Rev. Lett. 116 (2016) 222302
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Centrality dependence of hdNch/dhi in Pb–Pb at
p

sNN = 5.02 TeV ALICE Collaboration

Centrality hdNch/dhi hNparti 2
hNparti hdNch/dhi

0–2.5% 2035 ± 52 398 ± 2 10.2 ± 0.3
2.5–5.0% 1850 ± 55 372 ± 3 9.9 ± 0.3
5.0–7.5% 1666 ± 48 346 ± 4 9.6 ± 0.3
7.5–10% 1505 ± 44 320 ± 4 9.4 ± 0.3
10–20% 1180 ± 31 263 ± 4 9.0 ± 0.3
20–30% 786 ± 20 188 ± 3 8.4 ± 0.3
30–40% 512 ± 15 131 ± 2 7.8 ± 0.3
40–50% 318 ± 12 86.3 ± 1.7 7.4 ± 0.3
50–60% 183 ± 8 53.6 ± 1.2 6.8 ± 0.3
60–70% 96.3 ± 5.8 30.4 ± 0.8 6.3 ± 0.4
70–80% 44.9 ± 3.4 15.6 ± 0.5 5.8 ± 0.5

Table 1: The hdNch/dhi and 2
hNparti hdNch/dhi values measured in |h | < 0.5 for eleven centrality classes. The

values of hNparti obtained with the Glauber model are also given. The errors are total uncertainties, the statistical
contribution being negligible.

losses due to physical processes like absorption and scattering, which may result in a charged particle
not creating a tracklet. The fractions of active pixels in the inner and outer SPD layers were about 85%
and 97.5%, respectively. The estimated combinatorial background amounts to about 18% in the most
central (0–2.5%) and 1% in the most peripheral (70–80%) centrality classes. A correction of about 2%
for contamination by secondaries from weak decays is applied based on the same simulation.

Several sources of systematic uncertainty were investigated. The centrality determination introduces an
uncertainty via the fitting of the V0 amplitude distribution to the hadronic cross-section, due to the con-
tamination from electromagnetically induced reactions at small multiplicity. The fraction of the hadronic
cross-section (10%) at the lowest multiplicity, where the trigger and event selection are not fully efficient
and the contamination is non-negligible, was varied by an uncertainty of ±0.5%. This uncertainty was
estimated by varying NBD-Glauber fitting conditions and by fitting a different centrality estimator, based
on the hits in the SPD. The uncertainty from the centrality estimation results in an uncertainty of 0.5%
for central 0–2.5% collisions, increasing in the more peripheral collision classes, reaching 7.5% for the
70–80% sample, where it is the largest contribution. Conversely, the uncertainty due to the subtraction of
the background is largest for the central event sample, where it is about 2%, and becomes smaller as the
collisions become more peripheral, amounting to only 0.2% for the 70–80% event class. This uncertainty
is estimated by using an alternative method where fake hits are injected into real events.

All other sources of systematic uncertainty are independent of centrality. The uncertainty resulting from
the subtraction of the contamination from weak decays of strange hadrons is estimated, from the tuned
MC simulations, to amount to about 0.5% by varying the strangeness content by ±30%. The uncertainty
due to the extrapolation down to zero pT is estimated to be about 0.5% by varying the number of particles
below the 50 MeV/c low-pT cut-off by ±30%. An uncertainty of 1% for variations in detector acceptance
and efficiency was evaluated by carrying out the analysis for different slices of the z-position of the
interaction vertex distribution and with subsamples in azimuth.

Other effects due to particle composition, background events, pileup, material budget and tracklet selec-
tion criteria were found to be negligible. The final systematic uncertainties assigned to the measurements
are the quadratic sums of the individual contributions, and range from 2.6% in central 0–2.5% collisions
to 7.6% in 70–80% peripheral collisions, of which 2.3% and 7.5%, respectively, are centrality dependent
and 1.2% are centrality independent.

The results for hdNch/dhi are shown in Table 1. In order to compare bulk particle production at different
energies and in different collision systems, specifically for a direct comparison to pp and pp collisions,

4

•  In central Pb-Pb collisions (5 TeV): 
� dN/dη ∼ 2000
� Energy density (ε ∼ 18 GeV/fm3) 

above deconfinement transition                  
(~1 GeV/fm3)

•  Caveat: only necessary not sufficient 
condition for QPG

11Estimate of energy density from dN/dη

Central collisions

arXiv:1202.3233

● System undergoes rapid evolution

● Using 1 fm/c as an upper limit 
for the time needed to “thermalization”

● Leads to densities above the 
transition region (also for AGS)

– However, only necessary not sufficient condition for QPG

Bjorken, PRD 27 (1983) 140

Bjorken estimate:
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ALI-PREL-316435

• Similar trend seen in all collision systems


• Smooth evolution of particle production from small to large systems vs multiplicity

➡ Increases with strangeness content


• No significant energy and system dependence is observed at similar multiplicity

Where all this comes from? 

• Initial and / or stages effects?


• Common mechanism of particle production?


• Better understanding of the observables we 
use in heavy-ion for small systems?



Particle production in small systems 9

ALI-PREL-316435

• Similar trend seen in all collision systems


• Smooth evolution of particle production from small to large systems vs multiplicity

➡ Increases with strangeness content


• No significant energy and system dependence is observed at similar multiplicity

Where all this comes from? 

• Initial and / or stages effects?


• Common mechanism of particle production?


• Better understanding of the observables we 
use in heavy-ion for small systems?

Ø Good agreement with
§ Wounded nucleon 

model (M. Barej, A. Bzdak, 
and P. Gutowski Phys. Lett. B 
739, 308,2014).

§ 3-D hydro (P. Bozek and W. 
Broniowski, Phys. Lett. B 739, 308, 2014).

6/10/19M. Rosati – SQM2019 22

Phys. Rev. Lett. 121, 222301 (2018)
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J/ψ        vs. multiplicity 

12 

•         of J/ψ at forward y increases with the event 
multiplicity measured at mid rapidity  

•  Similar trend at √s = 5.02 and 13 TeV   
•  Complementary information to study of charmonium 

and bottomonium yields vs. multiplicity  

W. Shaikh 

Forward 
J/ψ

Event activity 
in |η|<1 

Strangeness in Quark Matter, 10-15 June 2019, Bari 

pT

pT

Τ𝐽 𝜓-from-b-hadrons at 8.16 TeV
nuclear modification factor in 𝑝Pb

• pp reference: interpolation of LHCb measurements at 7, 8 and 13 TeV
• Forward rapidity: smaller suppression up to 30% at low 𝑝T, reach unity at higher 𝑝T

• Backward: compatible with unity
• FONLL with EPS09NLO consistent with data
• Compatible with 5 TeV results

6/24/2019 14

EPS09 JHEP 04 (2009) 065
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PLB 774 (2017) 159
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Υሺ𝑛𝑆ሻ nuclear modification factor

𝑅ୠ ,∗ݕ ் ൌ ଵ

ൈ

Τୢఙౌౘሺ௬∗,, ௦ಿಿሻ ୢ௫
Τୢఙሺ௬∗,, ௦ಿಿሻ ୢ௫

,  A=208

pp reference: interpolation of LHCb measurements at 2.76, 7, 8 and 13 TeV
Forward rapidity: suppression for both states, compatible with nPDFs
Backward rapidity: Υ 2𝑆 more suppressed than Υ 1𝑆 , consistent with 
nPDFs+comovers calculation

JHEP 11 (2018) 194

6/24/2019
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HF production in fixed-target pN collision

• Differential cross-section (pNe @ 86.6GeV), differential yields (pAr @ 
110.4GeV)

• Reasonable agreement with Helac-Onia predictions in rapidity shape
• -2.53<y*<-1.73 Æ 0.17<x<0.37
• Little evidence of intrinsic charm observed

pNe
@ 

86.6GeV

pAr
@ 

110.4GeV

Phys. Rev. Lett. 122 (2019) 132002

6/24/2019
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LHCb Fix target

Charmed baryon/meson production ratio
𝑅 Τ௸శ బ at 5 TeV

• Forward:
• Consistent at lower 𝑝T

• Below theories at higher 𝑝T

• Backward: 
• Consistent for all 𝑝T

• Consistent with LHCb pp results ~0.3
• Lower than ALICE points in midrapidity

for both pp and pPb
全◼中槗俼㜷䅨䌅 8

Eur. Phys. J. C77 (2017) 1
Comput. Phys. Commun. 184 (2013) 2562
Comput. Phys. Commun. 198 (2016) 238

Forward Backward

6/24/2019

𝑅 Τ௸శ బ ൌ
ݕஃశሺߪ

∗, 𝑝ሻ
,∗ݕబሺߪ 𝑝ሻ

JHEP 02 (2019) 102

• Sensitive to charm hadronisation
mechanisms

• Model based on measured pp cross-section
• nPDF effects mostly cancel

• EPS09LO & EPS09NLO similar
• nCTEQ15 slightly lower.

• Slight increase with increasing 𝑝T

LHCb D, Λc

LHCb non-prompt J/ψ
LHCb Υ(1S) and Υ(2S)

ALICE muon flow

ALICE Υ(1S) and Υ(2S)

STAR Phys. Rev. Lett. 122 (2019) 172301
PHENIX Phys. Rev. Lett. 121 (2018) 222301



Particle correlations 10

Symmetric Cumulants (SC) 

• SC(3,2) Sensitive to initial conditions (IC)


• SC(4,2) Sensitive to both IC and η/s

• SC(3,2) Hint of similarity between small and large systems


• SC(4,2) Clearly higher correlations in smaller systems

ALICE Phys. Rev. Lett. 123 (2019) 142301 CMS Phys. Rev. Lett. 120 (2018) 092301



Particle yields vs thermal models 11

• Thermal models describe yields of 
light flavor hadrons qualitatively well 
over 7 orders of magnitude

➡ Including 3ΛHe and 3He


• Tension for protons and multi-
strange baryons

➡Binding energy << Tch (?)

• Chemical freeze-out temperature (Tch) ~153 MeV at LHC energies

➡Driven by protons (before was 156 MeV), K* resonances are not included
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• Chemical freeze-out temperature (Tch) ~153 MeV at LHC energies

➡Driven by protons (before was 156 MeV), K* resonances are not included

J. Phys. Conference Series 668 (2016) 012002
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Beam energy scan RHIC and SIS 18


• RHIC Region of intermediate μB covers possible critical point


• SIS 18 Explores the denser nuclear matter
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Ø First observation of the non-monotonic 
energy dependence of fourth order net-
proton fluctuations. Hint of entering 
Critical Region ?

M. Stephanov, PRL107, 052301(2011)
J. Phys. G: 38, 124147 (2011).
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Ø First observation of the non-monotonic 
energy dependence of fourth order net-
proton fluctuations. Hint of entering 
Critical Region ?

M. Stephanov, PRL107, 052301(2011)
J. Phys. G: 38, 124147 (2011).

STAR: Phys. Rev. Lett. 105, 022302 (2010).
Phys. Rev. Lett. 112, 032302 (2014).
PoS CPOD2014 (2015) 019.

STAR Phys. Rev. Lett. 105 (2010) 022302 

Phys. Rev. Lett. 112 (2014) 032302

Phys. Rev. Lett. 107 (2011) 052301

• First observation of the non-monotonic energy 
dependence of 4th order net-proton fluctuations 

➡Hint of entering Critical Region?

Recent established observables


• Light nuclei production


• Nucleon density fluctuations


• …



Charm quarks energy loss 15CMS:     Nuclear modification factor for 
D0 in PbPb collisions at �sNN = 5.02 TeV

(6)

More details in 
CheQg Chieh PeQg¶V WaON

Phys.Lett. B 782, 474 (2018) 

Charm quarks loose significant 
fraction of energy in QGP medium1 10 )c (GeV/
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• Strong suppression of D meson production observed in the most 10% central 
collisions at both RHIC and the LHC

➡Charm quark undergo significant interactions with the QCD medium

CMS Phys. Lett. B782 (2018) 474



Degree of thermalization of charm 16
 (GeV/c)

T
p

0 1 2 3 4 5 6

2
An

is
ot

ro
py

 P
ar

am
et

er
, v

0

0.1

0.2

0.3 0D
-U

R

SK
 = 200 GeVNNsSTAR Au+Au 

10-40%

a)

) 2 (GeV/cq) / n0 - m
T

(m
0 0.5 1 1.5 2 2.5

q
 / 

n
2

An
is

ot
ro

py
 P

ar
am

et
er

, v

0

0.05

0.1

0D
-U

R

SK
 = 200 GeVNNsSTAR Au+Au 

10-40%

b)

 (GeV)
T

p
0 2 4 6 8

su
b

2v

0.0

0.1

0.2

0.3
CMS pPb 8.16TeV

 < 250offline
trk N≤185 

 < 0.54cm-1.46 < y

0D
S
0K

Λ

-
Ξ

-
Ω

 (GeV)q/nTKE
0 1 2 3

q
/n

su
b

2v

0.00

0.05

0.10

CMS pPb 8.16TeV

 < 250offline
trk N≤185 

 < 0.54cm-1.46 < y

0D
S
0K

Λ

-Ξ -
Ω

 (GeV)
T

p
0 2 4 6 8

2v

0.0

0.1

0.2

0.3
CMS PbPb 5.02TeV

Centrality 30-50%
 = 919)〉offline

trk
N〈(

 < 1cm-1 < y

0D
S
0K

Λ

-
Ξ

-
Ω

 (GeV)q/nTKE
0 1 2 3

q
/n 2v

0.00

0.05

0.10

CMS PbPb 5.02TeV

Centrality 30-50%
 = 919)〉offline

trk
N〈(

 < 1cm-1 < y

0D
S
0K

Λ

-
Ξ

-
Ω

 [GeV]
T

p
4 6 8 10 12 14

  3v

0

0.02

0.04
0-10 %

 [GeV]
T

p
4 6 8 10 12 14

  3v

0

0.02

0.04 10-20 %

 [GeV]
T

p
4 6 8 10 12 14

  3v

0.05−

0

0.05 30-40 %

5 5.2 5.4 5.6 5.8 6
0

0.02

0.04

 | < 2η|

-1Pb+Pb, 0.14 nb
 = 2.76 TeVNNs

ATLAS

Event plane
Scalar product

 [GeV]
T

p
4 6 8 10 12 14

  3v

0

0.02

0.04 20-30 %

 [GeV]
T

p
4 6 8 10 12 14

  3v

0.05−

0

0.05 40-60 %

STAR Phys. Rev. Lett. 118 (2017) 212301 CMS Phys. Rev. Lett. 121 (2018) 082301 ATLAS Phys. Rev. C98 (2018) 044905

Triangle flow (v3) of HF decay muons 

• Additional constraints on initial conditions, 
η/s, EoS, freeze-out conditions…

• D mesons seem to follow the same number of 
constituent quarks (NCQ) and kET scaling as light 
hadrons — observed at both RHIC and LHC
➡Similar collective motion of charm 

and light quarks (?)

➡Hint of charm thermalization (?)
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8

Ko: Phys.Rev.C 79 (2009) 044905  
Greco: Eur.Phys.J.C (2018) 78:348 
SHM: Phys.Rev.C 79 (2009) 044905  

Sooraj Radhakrishnan

pT Dependence of /\c/D0 Ratio 

SHM

• Strong enhancement of /\c production compared to PYTHIA calculations
• Enhancement increases towards low pT
• Coalescence model predictions are closer to data, but the observed 

enhancement is larger than that predicted by models, particularly at higher pT
• Ratio not described by Statistical Hadronization Models

CMS: Production of /c
+ in pp and PbPb collisions 

at �sNN = 5.02 TeV

(5)

More details and 
more comparisons 
with the predictions ±
in RXi XiaR¶V Walk

CMS PAS HIN-18-009

More precise update 
with 2018 data!1 10
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• RHIC: Λc / D0 ratio is strongly enhanced compared to PYTHIA — enhancement 
increases towards low pT


• LHC: Hint of higher Λc / D0 ratio in 0-10% Pb–Pb collisions w. r. t. pp collisions


• Understanding of pp data is fundamental: not granted that Λc is “enhanced” in the 
same way in heavy-ion and pp (w. r. t. e+e-)

CMS arXiv:1906.03322
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ALI-PREL-319441

Open-beauty elliptic flow 

29 

•  v2 >0 (~3.5σ effect) for electrons from beauty-hadron decays in 20-40% centrality  
•  Similar v2 than for charm(+beauty) electrons 
•  From analysis of 2015 data  à can reduce uncertainties with 2018 data  

E. Gauger 

Strangeness in Quark Matter, 10-15 June 2019, Bari 
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• Hint of smaller suppression for beauty-decay electrons

➡Mass dependence of energy loss (?)

• v2 > 0 (~3.5σ effect) for e←b in 20-40% centrality

➡Beauty thermalization (?)
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Open-beauty elliptic flow 
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•  v2 >0 (~3.5σ effect) for electrons from beauty-hadron decays in 20-40% centrality  
•  Similar v2 than for charm(+beauty) electrons 
•  From analysis of 2015 data  à can reduce uncertainties with 2018 data  
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CMS Phys. Lett. B796 (2019) 168

• Indication of less Bs suppression

➡Coalescence (?)

• Hint of smaller suppression for beauty-decay electrons

➡Mass dependence of energy loss (?)

• v2 > 0 (~3.5σ effect) for e←b in 20-40% centrality

➡Beauty thermalization (?)



J/ψ production 20
Quarkonia (J/ψ and Υ families) 

• Sequential melting (Debye screening) vs. recombination


• Sensitive to medium temperature

QCD@work 2016 Alberica Toia 22

Quarkonia

Suppression (Debye screening) → Sequential melting
Color charge of one quark masked by surrounding quarks.
Prevents qq binding in the QGP.
Debye screening radius (λ

D
) vs 

quarkonium radius (r).
λ

D
 < r the quarks are effectively 

masked from each other. 
→ depending on the binding energies of the quarkonium states

Recombination 
Increasing the collision energy the cc pair multiplicity 
increases (RHIC: ~10; LHC: ~100).
Regeneration of J/ψ pairs from independently cc.
Leads to an enhancement of J/ψ (or less suppression).
No/small regeneration is expected for bottomonia.

Digal,Petrecki,Satz  PRD 64(2001) 0940150

Bound states of charm or beauty quark and its anti-quark
Heavy and tightly bound
Heavy quark pairs produced in the initial hard partonic collisions.

P. Braun-Munzinger,J. Stachel, PLB 490(2000) 196 
R. Thews et al, Phys.Rev.C63:054905(2001)

See poster
G. Trombetta
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ALICE Phys. Lett. B766 (2017) 212

• Suppression is insensitive on centrality in central 
and semi-central collisions

• Recombination plays important roles on J/ψ 
production on top of the Debye screening at the 
LHC energies
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Quarkonia (J/ψ and Υ families) 

• Sequential melting (Debye screening) vs. recombination


• Sensitive to medium temperature
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Quarkonia (J/ψ and Υ families) 

• Sequential melting (Debye screening) vs. recombination


• Sensitive to medium temperature
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• High pT: similar suppression of 
open and hidden charm

• Suppression of J/ψ at high pT 

driven by parton energy loss (?)

ATLAS Eur. J. Phys. C78 (2018) 762
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ALI-PUB-157789

Υ(1S) nuclear-modification factor 

30 

PLB790	(2019)	89	

•  Significant Υ(1S) suppression, increasing from 
peripheral to central collisions 

•  No significant variation observed as a function 
of pT and rapidity 

•  Transport models reproduce data within 
uncertainties 

•  Hint of opposite y trend in Krouppa? 
•  Stronger suppression measured for Υ(2S) in          

       0-90%: 

W. Shaikh 
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ALI-PUB-157801

Strangeness in Quark Matter, 10-15 June 2019, Bari 

Zhou et al., NPA931  (2014) 654-658 
Du et al., PRC 96, no. 5, (2017) 054901 

PRD97, no1. (2017) 016017 

RAA
ϒ(2S) / RAA

ϒ(1S) = 0.28± 0.12(stat)± 0.03(syst)

ALICE Phys. Lett. B790 (2019) 89 CMS Phys. Lett. B790 (2019) 270

• Clear hierarchy of suppression, but no sudden turn-on

➡T does not change rapidly with centrality (?)
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Martin Spousta - Recent results from ATLAS: Onia, heavy-flavor, and more 22

Jet RAA in 5.02 TeV data.

Central collisions

(0-10%): RAA ~ 0.6

up to TeV scale.

Peripheral collisions

(60-70%): still significant 

suppression. 

More suppression in the 

forward region (not 

shown).

No �sNN dependence

(not shown).

Jet RAA

PLB 790 (2019) 108-128

Martin Spousta - Recent results from ATLAS: Onia, heavy-flavor, and more 25

Internal structure of jets

in g-jet system
arXiv: 1902.10007

Photon-tagged jet fragmentation: quark/gluon dependence.

More peripheral bin: ratios similar between photon-tagged and inclusive.

Central bin: ratios different between photon-tagged and inclusive.

Result fully corrected to particle level.

ALI-PUB-326400 22

Jets and parton energy loss

Motivation: understand parton energy loss by tracking the gluon radiation

Qualitatively two scenarios: 
1) In-cone radiation: RAA = 1, change of fragmentation 
2) Out-of-cone radiation: RAA < 1

• Jet: a spray of particles from hard parton fragmentation

➡Get closer access to parton energy

ALICE JHEP 10 (2018) 139

ATLAS Phys. Lett. B790 (2019) 108
ATLAS Phys. Rev. Lett. 123 (2019) 042001

ALI-PREL-307073
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Directed flow with open heavy flavours

E. Bruna (INFN To) 10

Varying magnetic field will influence moving charges à charge-dependent directed 
flow, asymmetric in rapidity

HF particles expected to have larger v1 wrt light flavours because they are 
produced when magnetic field is maximum, while light quarks might be produced later

à Very promising sensitivity to the effect of the early time magnetic field 
in heavy-ion collisions, can help constrain QGP properties

Assumption: 
arXiv:1608.02231

Das, Greco et al., arXiv:1608.02231

STAR Phys. Rev. Lett. 123 (2019) 132301

Photon interactions in A+A

= +

Electromagnetic interaction
Photon-photon 

interactions
Photon-nucleus

interactions

V=r , Z  , f ,  J/\

z This large flux of quasi-real photons makes a hadron collider 
also a photon collider!
9 Photon-nucleus interactions: Vector meson
9 Photon-photon interactions: dileptons «

Ann. Rev. Nucl. 
Part. Sci.55:271
(2005)

ಎࣞෝ核ၑఱ会 ---查王ཽ

zStudied in ultra-peripheral collisions (UPC) to reject hadronic 
background.

22019ා6月24

Physics 
Today 70, 
10, 40 
(2017)

Vector meson photon-production 

3

z Vector meson production:
9 chargeless µPomeron H[FKaQJH¶
9 Light meson production usually 

treated via vector meson 
dominance model:
U, direct p+p-, Z«.

9 Heavy meson production 
treated with pQCD:
J/\, \¶, U(1S), U(2S), U(3S)« 

z Sensitive to the gluon 
distribution:

ಎࣞෝ核ၑఱ会 ---查王ཽ

𝑥 ൌ
𝑀𝑒േ௬

𝑠
𝑄2 ൌ 𝑀

2/4

2019ා6月24

EPJC 77 (2017) 163

PRD 93 (2016) 085037

Huge uncertainties!
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Electromagnetic 
interactions 

Photon–proton 
interactions

Photon–photon 
Interactions

• Exceed J/ψ at low-pT: 
coherent photo-production


• Sensitive to gluon 
distribution function at very 
low Bjorken-x

Ann. Rev. Nucl. Part. Sci. 55 (2005) 271

ALICE Phys. Rev. Lett. 116 (2016) 222301 STAR Phys. Rev. Lett. 123 (2019) 132302 Eur. Phys. J. C77 (2017) 163

ALICE Nature Phys. 11 (2015) 811

STAR arXiv:1904.10520 (submitted to Nature Phys.)

• New STAR Measure hypertriton binding 
energy (best ever) and systematically 
larger than previous measured 

➡Opened the hyper-nuclei window

• Test of CPT invariance of residual nuclear 
force by measuring mass difference in the 
nuclei sector 

• Confirms CPT invariance for (light) nuclei

Jet and jet structure

Magnetic and vortical effects

Exotic particle production

Photon–Photon interactions

And many 
many 

others…



Topics which are not covered…

Martin Spousta - Recent results from ATLAS: Onia, heavy-flavor, and more 22

Jet RAA in 5.02 TeV data.

Central collisions

(0-10%): RAA ~ 0.6

up to TeV scale.

Peripheral collisions

(60-70%): still significant 

suppression. 

More suppression in the 

forward region (not 

shown).

No �sNN dependence

(not shown).

Jet RAA

PLB 790 (2019) 108-128

Martin Spousta - Recent results from ATLAS: Onia, heavy-flavor, and more 25

Internal structure of jets

in g-jet system
arXiv: 1902.10007

Photon-tagged jet fragmentation: quark/gluon dependence.

More peripheral bin: ratios similar between photon-tagged and inclusive.

Central bin: ratios different between photon-tagged and inclusive.

Result fully corrected to particle level.

ALI-PUB-326400 22

Jets and parton energy loss

Motivation: understand parton energy loss by tracking the gluon radiation

Qualitatively two scenarios: 
1) In-cone radiation: RAA = 1, change of fragmentation 
2) Out-of-cone radiation: RAA < 1

• Jet: a spray of particles from hard parton fragmentation

➡Get closer access to parton energy

ALICE JHEP 10 (2018) 139

ATLAS Phys. Lett. B790 (2019) 108
ATLAS Phys. Rev. Lett. 123 (2019) 042001

ALI-PREL-307073
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Directed flow with open heavy flavours

E. Bruna (INFN To) 10

Varying magnetic field will influence moving charges à charge-dependent directed 
flow, asymmetric in rapidity

HF particles expected to have larger v1 wrt light flavours because they are 
produced when magnetic field is maximum, while light quarks might be produced later

à Very promising sensitivity to the effect of the early time magnetic field 
in heavy-ion collisions, can help constrain QGP properties

Assumption: 
arXiv:1608.02231

Das, Greco et al., arXiv:1608.02231

STAR Phys. Rev. Lett. 123 (2019) 132301

Photon interactions in A+A

= +

Electromagnetic interaction
Photon-photon 

interactions
Photon-nucleus

interactions

V=r , Z  , f ,  J/\

z This large flux of quasi-real photons makes a hadron collider 
also a photon collider!
9 Photon-nucleus interactions: Vector meson
9 Photon-photon interactions: dileptons «

Ann. Rev. Nucl. 
Part. Sci.55:271
(2005)

ಎࣞෝ核ၑఱ会 ---查王ཽ

zStudied in ultra-peripheral collisions (UPC) to reject hadronic 
background.

22019ා6月24

Physics 
Today 70, 
10, 40 
(2017)

Vector meson photon-production 

3

z Vector meson production:
9 chargeless µPomeron H[FKaQJH¶
9 Light meson production usually 

treated via vector meson 
dominance model:
U, direct p+p-, Z«.

9 Heavy meson production 
treated with pQCD:
J/\, \¶, U(1S), U(2S), U(3S)« 

z Sensitive to the gluon 
distribution:

ಎࣞෝ核ၑఱ会 ---查王ཽ
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EPJC 77 (2017) 163

PRD 93 (2016) 085037

Huge uncertainties!
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• New STAR Measure hypertriton binding 
energy (best ever) and systematically 
larger than previous measured 

➡Opened the hyper-nuclei window

• Test of CPT invariance of residual nuclear 
force by measuring mass difference in the 
nuclei sector 

• Confirms CPT invariance for (light) nuclei

Jet and jet structure

Magnetic effect

Exotic particle production

Photon–Photon interactions

And many 
many 

others…

Thanks for your attention!
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Experimental facilities: LHC 27
System Central-of-mass energy (TeV)
Pb–Pb 2.76, 5.02

Xe–Xe 5.44

p–Pb 5.02, 8.16

pp 0.9, 2.76, 5.02, 7, 8, 13

Possibly other nuclei O–O, S–S…

• ALICE Dedicated heavy-ion experiment


• ATLAS and CMS General-purpose detector with heavy-ion capabilities


• LHCb Forward beauty experiment, heavy-ion and fixed target capabilities



Experimental facilities: RHIC 28
System Central-of-mass energy (GeV)

Au–Au From 7.7 up to 200
Cu–Cu 22, 62, 200

U–U 193
Gu–Au, Zr–Zr, Ru–Ru 200

p–Au, He–Au 200
d–Au 19.7, 39, 62, 200

pp 62, 200, 400, 500, polarized

Possibly fixed target Beam energy scan

• STAR Multipurpose heavy-ion detector, capability for hadron measurements


• PHENIX Multipurpose heavy-ion detector, capability for lepton measurements



Experimental facilities: SPS, SIS18… 29
CERN-SPS 

• NA61 / SHINE Follow-up of NA49


• Pb–Pb collisions up to √sNN = 17 GeV, pp collisions up to √s = 29 GeV

➡Many other combinations from fragmented beams (energy scan)

GSI-SIS 18 

• HADES High acceptance spectrometer for di-electrons and hadrons


• FOPI 4π spectrometer, hadron identification


• U–U, Ne–Ne and pp collisions up to 1.4, 1.9 and 2.9 GeV, respectively

…
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Centrality dependence of hdNch/dhi in Pb–Pb at
p

sNN = 5.02 TeV ALICE Collaboration

Centrality hdNch/dhi hNparti 2
hNparti hdNch/dhi

0–2.5% 2035 ± 52 398 ± 2 10.2 ± 0.3
2.5–5.0% 1850 ± 55 372 ± 3 9.9 ± 0.3
5.0–7.5% 1666 ± 48 346 ± 4 9.6 ± 0.3
7.5–10% 1505 ± 44 320 ± 4 9.4 ± 0.3
10–20% 1180 ± 31 263 ± 4 9.0 ± 0.3
20–30% 786 ± 20 188 ± 3 8.4 ± 0.3
30–40% 512 ± 15 131 ± 2 7.8 ± 0.3
40–50% 318 ± 12 86.3 ± 1.7 7.4 ± 0.3
50–60% 183 ± 8 53.6 ± 1.2 6.8 ± 0.3
60–70% 96.3 ± 5.8 30.4 ± 0.8 6.3 ± 0.4
70–80% 44.9 ± 3.4 15.6 ± 0.5 5.8 ± 0.5

Table 1: The hdNch/dhi and 2
hNparti hdNch/dhi values measured in |h | < 0.5 for eleven centrality classes. The

values of hNparti obtained with the Glauber model are also given. The errors are total uncertainties, the statistical
contribution being negligible.

losses due to physical processes like absorption and scattering, which may result in a charged particle
not creating a tracklet. The fractions of active pixels in the inner and outer SPD layers were about 85%
and 97.5%, respectively. The estimated combinatorial background amounts to about 18% in the most
central (0–2.5%) and 1% in the most peripheral (70–80%) centrality classes. A correction of about 2%
for contamination by secondaries from weak decays is applied based on the same simulation.

Several sources of systematic uncertainty were investigated. The centrality determination introduces an
uncertainty via the fitting of the V0 amplitude distribution to the hadronic cross-section, due to the con-
tamination from electromagnetically induced reactions at small multiplicity. The fraction of the hadronic
cross-section (10%) at the lowest multiplicity, where the trigger and event selection are not fully efficient
and the contamination is non-negligible, was varied by an uncertainty of ±0.5%. This uncertainty was
estimated by varying NBD-Glauber fitting conditions and by fitting a different centrality estimator, based
on the hits in the SPD. The uncertainty from the centrality estimation results in an uncertainty of 0.5%
for central 0–2.5% collisions, increasing in the more peripheral collision classes, reaching 7.5% for the
70–80% sample, where it is the largest contribution. Conversely, the uncertainty due to the subtraction of
the background is largest for the central event sample, where it is about 2%, and becomes smaller as the
collisions become more peripheral, amounting to only 0.2% for the 70–80% event class. This uncertainty
is estimated by using an alternative method where fake hits are injected into real events.

All other sources of systematic uncertainty are independent of centrality. The uncertainty resulting from
the subtraction of the contamination from weak decays of strange hadrons is estimated, from the tuned
MC simulations, to amount to about 0.5% by varying the strangeness content by ±30%. The uncertainty
due to the extrapolation down to zero pT is estimated to be about 0.5% by varying the number of particles
below the 50 MeV/c low-pT cut-off by ±30%. An uncertainty of 1% for variations in detector acceptance
and efficiency was evaluated by carrying out the analysis for different slices of the z-position of the
interaction vertex distribution and with subsamples in azimuth.

Other effects due to particle composition, background events, pileup, material budget and tracklet selec-
tion criteria were found to be negligible. The final systematic uncertainties assigned to the measurements
are the quadratic sums of the individual contributions, and range from 2.6% in central 0–2.5% collisions
to 7.6% in 70–80% peripheral collisions, of which 2.3% and 7.5%, respectively, are centrality dependent
and 1.2% are centrality independent.

The results for hdNch/dhi are shown in Table 1. In order to compare bulk particle production at different
energies and in different collision systems, specifically for a direct comparison to pp and pp collisions,

4

•  In central Pb-Pb collisions (5 TeV): 
� dN/dη ∼ 2000
� Energy density (ε ∼ 18 GeV/fm3) 

above deconfinement transition                  
(~1 GeV/fm3)

•  Caveat: only necessary not sufficient 
condition for QPG

11Estimate of energy density from dN/dη

Central collisions

arXiv:1202.3233

● System undergoes rapid evolution

● Using 1 fm/c as an upper limit 
for the time needed to “thermalization”

● Leads to densities above the 
transition region (also for AGS)

– However, only necessary not sufficient condition for QPG

Bjorken, PRD 27 (1983) 140

Bjorken estimate:

ALICE, Phys. Rev. Lett. 116 (2016) 222302

dN/dη
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Centrality dependence of hdNch/dhi in Pb–Pb at
p
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values of hNparti obtained with the Glauber model are also given. The errors are total uncertainties, the statistical
contribution being negligible.
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for contamination by secondaries from weak decays is applied based on the same simulation.
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uncertainty via the fitting of the V0 amplitude distribution to the hadronic cross-section, due to the con-
tamination from electromagnetically induced reactions at small multiplicity. The fraction of the hadronic
cross-section (10%) at the lowest multiplicity, where the trigger and event selection are not fully efficient
and the contamination is non-negligible, was varied by an uncertainty of ±0.5%. This uncertainty was
estimated by varying NBD-Glauber fitting conditions and by fitting a different centrality estimator, based
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the background is largest for the central event sample, where it is about 2%, and becomes smaller as the
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All other sources of systematic uncertainty are independent of centrality. The uncertainty resulting from
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MC simulations, to amount to about 0.5% by varying the strangeness content by ±30%. The uncertainty
due to the extrapolation down to zero pT is estimated to be about 0.5% by varying the number of particles
below the 50 MeV/c low-pT cut-off by ±30%. An uncertainty of 1% for variations in detector acceptance
and efficiency was evaluated by carrying out the analysis for different slices of the z-position of the
interaction vertex distribution and with subsamples in azimuth.

Other effects due to particle composition, background events, pileup, material budget and tracklet selec-
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are the quadratic sums of the individual contributions, and range from 2.6% in central 0–2.5% collisions
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and 1.2% are centrality independent.

The results for hdNch/dhi are shown in Table 1. In order to compare bulk particle production at different
energies and in different collision systems, specifically for a direct comparison to pp and pp collisions,

4

•  In central Pb-Pb collisions (5 TeV): 
� dN/dη ∼ 2000
� Energy density (ε ∼ 18 GeV/fm3) 

above deconfinement transition                  
(~1 GeV/fm3)
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– However, only necessary not sufficient condition for QPG
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Bjorken estimate:
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ALICE Pb–Pb 
at 5.02 TeV

• Central Pb–Pb collisions at 5.02 TeV dN/dη ~ 2000

➡Energy density ε ~18 GeV/fm3


➡Above deconfinement transition  (~1 GeV/fm3)

• ALICE: Pb–Pb at 5.02 TeV — highest energy so far

➡For 0–5% most central collisions, confirms trend from lower energies

ALICE Phys. Rev. Lett. 116 (2016) 222302
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• Newest measurement in Xe–Xe collisions: confirms Npart scaling violation


• Central collisions of medium-size nuclei produce more particles per Npart than 
mid-central collisions of large nuclei at the same Npart


➡Neither explained by participant quark scaling nor fully reproduced by models

ALICE Phys. Lett. B790 (2019) 35

Charged-particle	multiplicity	vs	Npart	in	pp,		
	p-Pb,	Pb-Pb	and	Xe-Xe	

•  Charged-particle	multiplicity	density	and	total	multiplicity	as	a	function	of	centrality		
•  Deviation	from	Npart	scaling		
•  Steeper	rise	in	most	central	Xe-Xe	and	Pb-Pb	collisions	due	to	upward	fluctuations	

•  Comparison	to	scaling	(~Npart,	~Ncoll,	core+corona,	~Nqpart)	shows	that	collision	geometry	
plays	an	important	role	in	particle	production	
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• Similar trend seen in all collision systems


• Smooth evolution of particle production from small to 
large systems vs charge multiplicity

➡ Increases with strangeness content


• No significant energy and system dependence is 
observed at similar multiplicity

Where all this comes from? 

• Initial and / or stages effects?


• Common mechanism of particle production?


• Better understanding of the observables we use in 
heavy-ion for small systems?
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• Heavy quarks — the unique probes of the QCD medium since ~20 years ago

RHIC Phys. Rev. Lett. 98 (2007) 172301 LHC Phys. Rev. Lett. 120 (2018) 102301

Heavy quark diffusion 
coefficient 

• RHIC (4 – 6) / 2πT 
for 0.2 < T < 0.4 GeV


• LHC (1.5 – 7) / 2πT 
for T = Tc


