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Study of QGP in 
Pb-Pb collisions
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QGP characterisation
Vector mesons spin
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• polarises the quarks

• if vector mesons are 
produced via 
recombination
à their spin aligns
!00 ≄ 1/3

Ø measurement using K*0

à 3σ effect at low pT

ALICE, Phys.Rev.Lett. 125 (2020) 1, 012301

QGP in Pb-Pb à high angular momentum 
equivalent to the order of 1021 revolutions/s



QGP characterisation
(Almost) all particles flow: light flavours
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ALICE
JHEP 09 (2018) 006
arxiv: 2005.14639 [nucl-ex]
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Figure 6. (Colour online) The pT-differential v2 of π±, K±, p+p, Λ+Λ, K0
S, and the φ-meson for

various centrality classes. Statistical and systematic uncertainties are shown as bars and boxes,
respectively.

π± within statistical and systematic uncertainties. Furthermore, the nuclear modification

factor in this high pT region is found to be the same for the two particle species within

uncertainties [80].

Figures 7 and 8 present the v3(pT) and v4(pT) for different particle species in a given

centrality interval. Both v3 and v4 show a clear mass ordering at pT < 2–3GeV/c, con-

firming the interplay between triangular and quadrangular flow and radial flow. For

3 < pT < 8GeV/c, particles are grouped into mesons and baryons and, analogous to

the trend of v2 in this pT region, the flow of baryons is larger than that of mesons. The

crossing between meson and baryon v3 and v4 also exhibits a centrality and particle mass

dependence.

Figures 6 and 7 also show a comparison between K± and K0
S v2 and v3 as a function

of pT for various centrality classes. A difference in vn(pT) is found between the K± and K0
S

measurements: the magnitude of K0
S vn is systematically smaller than the magnitude of

K± vn. This difference in vn exhibits no pT dependence, but changes with centrality for v2.

For 0.8 < pT < 4.0 GeV/c, the difference in v2 ranges from 7% ± 3.5%(syst) ± 0.7%(stat)

in the most central collisions to 1.5%± 1.5%(syst)± 0.4%(stat) in peripheral collisions. In

the same kinematic range, a deviation in v3 of 6.5% ± 5%(syst) ± 1.7%(stat) is found in

the most central collisions and of 6%± 4.5%(syst)± 1%(stat) in peripheral collisions. This

difference is similar in magnitude and centrality dependence as the one reported by ALICE

in Pb-Pb collisions at
√
sNN = 2.76TeV in [27].
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Second order anisotropies in particle 
momentum arise from asymmetry in the 
initial almond geometry of the collision

• pT < 3 GeV/c mass ordering
from collective dynamics during hydro 
expansion (heavier particles have 
smaller vn)

• 3 < pT < 8-10 GeV/c baryons flow more 
than mesons
from coalescence hadronisation J
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Elliptic and triangular flow of (anti)deuterons ALICE Collaboration
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Figure 5: (Color online) Comparison of the elliptic flow of pions, kaons, protons, deuterons and (anti)3He in
different centrality intervals for Pb–Pb collisions at

√
sNN = 5.02 TeV. (Anti)3He v2 is measured using the Event

Plane method [19]. Vertical bars and boxes represent the statistical and systematic uncertainties, respectively.

ordering is observed for pT < 5 GeV/c.
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Figure 6: (Color online) Triangular flow (v3) of deuterons, pions, kaons, and protons [44] as a function of pT

for the centrality intervals 0–20% and 20–40%. Vertical bars and boxes represent the statistical and systematic
uncertainties, respectively.

4.1 Comparison with the blast-wave model predictions

The elliptic flow of deuterons is compared with the expectations of the blast-wave model [22, 48, 49],
which is based on the assumption that the system produced in heavy-ion collisions is locally thermal-
ized and expands collectively with a common velocity field. The system is assumed to undergo an
instantaneous kinetic freeze-out at the temperature Tkin and to be characterized by a common transverse
radial flow velocity at the freeze-out surface. A simultaneous fit of the v2 and the pT spectra of pions,
kaons, and protons [8, 44] with the blast-wave model is performed in the transverse-momentum ranges
0.5 ≤ pπ

T < 1 GeV/c, 0.7 ≤ pK
T < 2 GeV/c, and 0.7 ≤ p

p
T < 2.5 GeV/c. The four free parameters of the

blast-wave function are the kinetic freeze-out temperature (Tkin), the variation in the azimuthal density of
the source (s2), the mean transverse expansion rapidity (ρ0), and the amplitude of its azimuthal variation
(ρa), as described in [48]. The values of these parameters extracted from the fits are reported in Table 2
for each centrality interval. These values are employed to predict the elliptic flow of deuterons under the
assumption that the same kinetic freeze-out conditions apply for all particles produced in the collision.
The deuteron mass is taken from [30].

10

J
H
E
P
0
9
(
2
0
1
8
)
0
0
6

0 2 4 6 8 10 12 14

 
|>

2
}

η
∆

{2
, 
|

2
v 

0

0.05

0.1

0.15 0-1%
±π
±K
pp+

φ
0
SK

Λ+Λ

0 2 4 6 8 10 12 14

 
|>

2
}

η
∆

{2
, 
|

2
v 

0

0.1

0.2

0.3 10-20%

)c (GeV/
T

p 
0 2 4 6 8 10 12 14

 
|>

2
}

η
∆

{2
, 
|

2
v 

0

0.1

0.2

0.3 40-50%

0 2 4 6 8 10 12 14

0

0.05

0.1

0.15 0-5% = 5.02 TeV
NN

sPb −ALICE Pb
| < 0.5y|

0 2 4 6 8 10 12 14

0

0.1

0.2

0.3 20-30%

)c (GeV/
T

p 
0 2 4 6 8 10 12 14

0

0.1

0.2

0.3 50-60%

0 2 4 6 8 10 12 14

0

0.05

0.1

0.15 5-10%

0 2 4 6 8 10 12 14

0

0.1

0.2

0.3 30-40%

)c (GeV/
T

p 
0 2 4 6 8 10 12 14

0

0.1

0.2

0.3 60-70%

Figure 6. (Colour online) The pT-differential v2 of π±, K±, p+p, Λ+Λ, K0
S, and the φ-meson for

various centrality classes. Statistical and systematic uncertainties are shown as bars and boxes,
respectively.

π± within statistical and systematic uncertainties. Furthermore, the nuclear modification

factor in this high pT region is found to be the same for the two particle species within

uncertainties [80].

Figures 7 and 8 present the v3(pT) and v4(pT) for different particle species in a given

centrality interval. Both v3 and v4 show a clear mass ordering at pT < 2–3GeV/c, con-

firming the interplay between triangular and quadrangular flow and radial flow. For

3 < pT < 8GeV/c, particles are grouped into mesons and baryons and, analogous to

the trend of v2 in this pT region, the flow of baryons is larger than that of mesons. The

crossing between meson and baryon v3 and v4 also exhibits a centrality and particle mass

dependence.

Figures 6 and 7 also show a comparison between K± and K0
S v2 and v3 as a function

of pT for various centrality classes. A difference in vn(pT) is found between the K± and K0
S

measurements: the magnitude of K0
S vn is systematically smaller than the magnitude of

K± vn. This difference in vn exhibits no pT dependence, but changes with centrality for v2.

For 0.8 < pT < 4.0 GeV/c, the difference in v2 ranges from 7% ± 3.5%(syst) ± 0.7%(stat)

in the most central collisions to 1.5%± 1.5%(syst)± 0.4%(stat) in peripheral collisions. In

the same kinematic range, a deviation in v3 of 6.5% ± 5%(syst) ± 1.7%(stat) is found in

the most central collisions and of 6%± 4.5%(syst)± 1%(stat) in peripheral collisions. This

difference is similar in magnitude and centrality dependence as the one reported by ALICE

in Pb-Pb collisions at
√
sNN = 2.76TeV in [27].

– 17 –

Elliptic and triangular flow of (anti)deuterons ALICE Collaboration

0 1 2 3 4 5 6
)c (GeV/

T
p

0

0.1

0.2

0.3

0.4

0.5

0.62v

d d + 
He3He + 3 

±π 
± K

p p + 

ALICE
20%− = 5.02 TeV, 0NNsPb, −Pb

0 1 2 3 4 5 6
)c (GeV/

T
p

40%−20

0 1 2 3 4 5 6
)c (GeV/

T
p

60%−40

Figure 5: (Color online) Comparison of the elliptic flow of pions, kaons, protons, deuterons and (anti)3He in
different centrality intervals for Pb–Pb collisions at
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Figure 6: (Color online) Triangular flow (v3) of deuterons, pions, kaons, and protons [44] as a function of pT

for the centrality intervals 0–20% and 20–40%. Vertical bars and boxes represent the statistical and systematic
uncertainties, respectively.

4.1 Comparison with the blast-wave model predictions

The elliptic flow of deuterons is compared with the expectations of the blast-wave model [22, 48, 49],
which is based on the assumption that the system produced in heavy-ion collisions is locally thermal-
ized and expands collectively with a common velocity field. The system is assumed to undergo an
instantaneous kinetic freeze-out at the temperature Tkin and to be characterized by a common transverse
radial flow velocity at the freeze-out surface. A simultaneous fit of the v2 and the pT spectra of pions,
kaons, and protons [8, 44] with the blast-wave model is performed in the transverse-momentum ranges
0.5 ≤ pπ

T < 1 GeV/c, 0.7 ≤ pK
T < 2 GeV/c, and 0.7 ≤ p

p
T < 2.5 GeV/c. The four free parameters of the

blast-wave function are the kinetic freeze-out temperature (Tkin), the variation in the azimuthal density of
the source (s2), the mean transverse expansion rapidity (ρ0), and the amplitude of its azimuthal variation
(ρa), as described in [48]. The values of these parameters extracted from the fits are reported in Table 2
for each centrality interval. These values are employed to predict the elliptic flow of deuterons under the
assumption that the same kinetic freeze-out conditions apply for all particles produced in the collision.
The deuteron mass is taken from [30].
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4.1 Comparison with the blast-wave model predictions

The elliptic flow of deuterons is compared with the expectations of the blast-wave model [22, 48, 49],
which is based on the assumption that the system produced in heavy-ion collisions is locally thermal-
ized and expands collectively with a common velocity field. The system is assumed to undergo an
instantaneous kinetic freeze-out at the temperature Tkin and to be characterized by a common transverse
radial flow velocity at the freeze-out surface. A simultaneous fit of the v2 and the pT spectra of pions,
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the source (s2), the mean transverse expansion rapidity (ρ0), and the amplitude of its azimuthal variation
(ρa), as described in [48]. The values of these parameters extracted from the fits are reported in Table 2
for each centrality interval. These values are employed to predict the elliptic flow of deuterons under the
assumption that the same kinetic freeze-out conditions apply for all particles produced in the collision.
The deuteron mass is taken from [30].
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The elliptic flow of deuterons is compared with the expectations of the blast-wave model [22, 48, 49],
which is based on the assumption that the system produced in heavy-ion collisions is locally thermal-
ized and expands collectively with a common velocity field. The system is assumed to undergo an
instantaneous kinetic freeze-out at the temperature Tkin and to be characterized by a common transverse
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kaons, and protons [8, 44] with the blast-wave model is performed in the transverse-momentum ranges
0.5 ≤ pπ

T < 1 GeV/c, 0.7 ≤ pK
T < 2 GeV/c, and 0.7 ≤ p

p
T < 2.5 GeV/c. The four free parameters of the

blast-wave function are the kinetic freeze-out temperature (Tkin), the variation in the azimuthal density of
the source (s2), the mean transverse expansion rapidity (ρ0), and the amplitude of its azimuthal variation
(ρa), as described in [48]. The values of these parameters extracted from the fits are reported in Table 2
for each centrality interval. These values are employed to predict the elliptic flow of deuterons under the
assumption that the same kinetic freeze-out conditions apply for all particles produced in the collision.
The deuteron mass is taken from [30].

10

+ nuclei



QGP characterisation
(Almost) all particles flow: heavy flavours
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ALICE
Phys. Rev. Lett. 123, 192301 (2019)
arXiv: 2005.11130 [nucl-ex]
arxiv: 2005.14518 [nucl-ex]

Second order anisotropies in particle 
momentum arise from asymmetry in the 
initial almond geometry of the collision

Heavy flavours are produced in the hard 
scattering à travel through the QGP
• D and J/ѱ flow
• e from b-hadron decay flow

à b flow < c flow
• #(1S) large mass + small recombination

à flow consistent with zero

LHCP2020, Overview of heavy flavour and quarkonia 20

Charm and beauty “flow” in AA collisions
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→ seems likely that the charm quarks are “flowing”
→ v2> 0 for open beauty and ~ 0 for bottomonium! Effect of recombination processes?

arXiv.2005.11130
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QGP characterisation
Jets are quenched
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The jet RAA exhibits strong suppression
• visible pT,jet dependence in the case of jet angular aperture of R = 0.2
• RAA for R = 0.2 and 0.4 are consistent à energy loss radiated outside the cone

MEASUREMENTS OF INCLUSIVE JET SPECTRA IN pp … PHYSICAL REVIEW C 101, 034911 (2020)

FIG. 6. Jet RAA at
√

sNN = 5.02 TeV for R = 0.2 (left) and R = 0.4 (right). In the top panel, a leading track requirement is imposed on
the pp reference, while in the bottom panel no such requirement is imposed on the pp reference. The combined 〈TAA〉 uncertainty and pp
luminosity uncertainty of 2.8% is illustrated as a band on the dashed line at RAA = 1.

R = 0.4), and it therefore does not convey additional informa-
tion beyond the reported RAA.

We compare these results to four theoretical predictions:
the linear Boltzmann transport (LBT) model [25,75], soft
collinear effective theory with Glauber gluons (SCETG)
[29,76–78], the hybrid model [79–82], and JEWEL [83,84].
The RAA predictions of these models are compared to the
measured data (with the leading track requirements imposed)
in Fig. 7 for R = 0.2 and R = 0.4. The predictions were all
computed using the anti-kT jet algorithm with |ηjet| < 0.7 −
R. Leading track requirements were only applied by JEWEL
(as in data) and the hybrid model (with 5 GeV/c for both
radii), for both pp and Pb-Pb collisions.

JEWEL is a Monte Carlo implementation of BDMPS jet
energy loss with a parton shower, and allows the option

to include the recoiling thermal medium particles in the
jet energy (“recoil on”) or to ignore the recoiling medium
particles (“recoil off”) [24]. In the case of including the
recoils, the recoil particles free stream and do not interact
again with the medium. If recoils are included, we perform
background subtraction according to the recommended op-
tion “4MomSub.” JEWEL contains several free parameters
that are fixed by independent measurements, none of which
use high-pT LHC measurements; we take T = 440 MeV
and t0 = 0.4 fm/c [84]. Note that these predictions do not
include systematic uncertainties, but rather only statistical
uncertainties.

The linear Boltzmann transport (LBT) model implements
pQCD energy loss based on a higher twist gluon radiation
spectrum induced by elastic scattering and describes the

034911-11



QGP characterisation
Heavy-flavour jets are quenched
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0Prompt D

 = 5.02 TeVNNsPb-Pb, 
|<0.5y0-10%, |

ALICE Preliminary

ALI−PREL−345870

Heavy flavours are produced in the hard scattering à travel through the QGP

Energy loss depends on quark mass
à prompt D-mesons (from c quarks) more 
suppressed than non-prompt ones (from b quarks)



QGP characterisation
Jets have modified angular scale 
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Measurements of qg, zg in pp and Pb–Pb collisions at
p

sNN = 5.02 TeV 11

which is disfavored by comparisons to jet RAA). The calculation labeled “q̂L” is an implementation of
transverse momentum broadening. The latter is rejected by the data, whereas the calculations pointing
towards strong modifications of the quark-to-gluon ratio in Pb–Pb collisions reproduce the narrowing
reasonably well. This prompts further investigations of quenching effects targeting exclusive studies for
quark and gluon induced jets in Pb–Pb collisions [14, 61].
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Fig. 4: The unfolded qg results in 0–10% central Pb–Pb compared to pp for R = 0.2 (left) and R = 0.4 (right).
The ftagged indicated on the figures is the fraction of splittings that were tagged to pass the SD condition out of the
total number of jets in the selected pT, ch jet range. The ratios in the bottom panel are compared to the following
theoretical predictions in the colors: JETSCAPE [54], Caucal et al. [31, 55], Pablos et al. [33, 56, 57], and Yuan
et al. [28].

5.3 Discussion

The measurements presented in this work are consistent with models implementing a version of so-
called incoherent interaction of the jet shower constituents with the medium. This is well illustrated by
calculations of Pablos et al. and supported by Caucal et al. and JETSCAPE. It was shown that in vacuum,
using Pythia simulations [33], a large Rg correlates with high intra-jet multiplicity. In the models where
the amount of energy lost by the jet in the medium depends on the number of sources from the vacuum
shower, the suppression of large-Rg jets is naturally explained.

On the other hand, the Yuan et al. calculation with medium-modified “quark/gluon” fractions indicate
that the data could be explained by the stronger suppression of on average broader and more abundant
splittings in gluon showers, with fully coherent energy loss.

These two physics mechanisms – the degree of incoherent energy loss, and the relative quark/gluon
suppression – both lead to a suppression of wide-angle splittings. Of course, these effects are merely two
aspects originating from the same underlying jet quenching mechanism – other aspects of which may be
equally important, such as the total rate of medium-induced emissions.

In qualitative terms, disregarding the differences in actual parton shower implementations between the
models, the agreement with data depends on the physical properties of the medium. The presented mea-
surements of the angular structure clearly indicate that the medium has a significant resolving power for
splittings with a particular dependence on the angular (or coherence) scale promoting narrow structures
and/or filtering out (via quenching) the “wide” splits in groomed jets or wider jets altogether.

Groomed jet: removing soft wide-angle radiation
Soft Drop alogorithm
• clustering a jet
• re-clustering the constituents of that jet
• identifying a splitting that satisfies the grooming condition

The θg distributions are narrower 
in Pb–Pb collisions compared to 
pp collisions



QCD-related 
measurements



QCD properties in pp and AA
Strangeness enhancement
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• In pp, the production of strange hadrons is
suppressed relative to hadrons containing only
light quarks due to quark s mass

• In AA particle ratios are described by a grand-
canonical approach within the statistical
hadronsation model

Ø What is the microscopic mechanism that
explains strangeness enhancement? 
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Strangeness enhancement
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Define relative transverse
activity classifier
in the plateau region
5 < pT leading< 40 GeV/c

$! =
&"#$%&'()*%(*
&"#$%&'()*%(*

(almost) jet–free multiplicity estimator
Ø use it as tool for particle-production studies

Martin, Skands, Farrington
Eur.Phys.J.C 76 (2016) 5, 299

ALICE, JHEP 04 (2020) 192



QCD properties in pp and AA
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Particle production vs RT

• transverse
o no enhancement

• toward
o enhancement
o for high RT values

à same ratio yields
as transverse

!! =
#"#$%&'()*%(*
#"#$%&'()*%(*

Ø Strangeness enhacement
observed in 

• jet+UE
• high UE activity



QCD properties in pp
Baryon-hadronisation studies
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Modelling baryons is difficult due to their colour topology 
Ø are not included in leading-colour approximations à interesting probes!

• p/$0 (|S|=0) 
o models are flatter than data

• %/K0S (|S|=1)
o EPOS LHC off
o PYTHIA overestimates data

by factor 3

• &/' (|S|=2) and (/' (|S|=3, all s)
o EPOS LHC good
o PYTHIA off

ALICE, arXiv: 2005.11120 [nucl-ex]



QCD properties in pp
Baryon-hadronisation studies
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Modelling baryons is difficult due to their colour topology 
Ø are not included in leading-colour approximations à interesting probes!

Same trend for %C/D0 (|C|=1)

o is mid-pT enhancement
a baryon/meson feature?

o PYTHIA Mode2 (QCD-CR) works
for !C/D0…



QCD properties in pp
Baryon-hadronisation studies
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Modelling baryons is difficult due to their colour topology 
Ø are not included in leading-colour approximations à interesting probes!

Same trend for %C/D0 (|C|=1)

o is mid-pT enhancement
a baryon/meson feature?

o PYTHIA Mode2 (QCD-CR) works
for !C/D0…

o …but not for "C/D0!

18



Conclusions and outlook

Valentina Zaccolo – SIF2020 2© Klaus Barth

Extensive results for LHC Run 1 and 2:

• detailed QGP characterisation 
(spin, flow, jet quenching…)

• advanced QCD studies 
(strangeness, baryons and 
mesons hadronisation…)

Looking forward to Run 3!
…see next talk by Domenico
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1. Measurement of (anti-)^{3}He absorption cross-section with ALICE – P. Larionov
2. Measurement of charmed baryon production with ALICE experiment at LHC 

– M. Faggin
3. Azimuthal correlations of D mesons with charged particles in pp 

collisions at 13TeV13TeV with ALICE – A. Palasciano
4. Produzione di D*+ in collisioni pp con ALICE a √s=13 TeV in LHC 

– M. Giacalone
5. Hunting hypertritons in heavy ion collisions with 

the ALICE experiment using a machine learning
approach – P. Fecchio

6. Measurement of light (anti-)nuclei production 
with ALICE – A. Balbino

7. Measurement of quarkonium polsarization in 
Pb--Pb collisions at the LHC with ALICE 
– L. Micheletti

8. Studio delle anisotropie azimutali del charm 
con l'esperimento ALICE a LHC – S. Trogolo

9. Electroweak bosons production in heavy ion
collisions with ALICE – N. Valle

10. Measurements of hadronic resonance
production with ALICE – A. Rosano
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