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QCD phase transition 2

• QCD running coupling constant

➡Quark confinement and asymptotic freedom

↵s(Q
2) =

12⇡

(33� 2nf) ln(Q2/⇤2
QCD)

Prog. Part. Nucl. Phys. 58 (2007) 351

Nobel Prize 2004

Quark-gluon plasma (QGP)



Ultra-relativistic heavy-ion collisions 3
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CEE
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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Collaboration of China 9

USA RHIC

CERN LHC

GSI FAiR

China HIRFL

Japan J-PARC HI

China HIAF

Rassia NICA

CEE

RHIC-STAR 

• 华中师范⼤学 

• 复旦⼤学 

• 湖州师范学院 

• 中科院近代物理研究所 

• 中国科学技术⼤学 

• ⼭东⼤学 

• 中科院应⽤物理研究所 

• 清华⼤学

RHIC-PHENIX 

• 北京⼤学

FAiR-CBM 

• 三峡⼤学 

• 华中师范⼤学 

• 清华⼤学 

• 重庆⼤学 

• 中国科学技术⼤学 

• 中科院近代物理研究所

NICA-MPD 

• 华中师范⼤学 

• 湖州师范学院 

• 中科院⾼能物理研究所 

• 中科院近代物理研究所 

• ⼭东⼤学 

• 中科院应⽤物理研究所 

• 三峡⼤学 

• 清华⼤学 

• 南华⼤学 

• 中国科学技术⼤学

LHC-ALICE 

• 华中师范⼤学 

• 中国科学技术⼤学 

• 复旦⼤学 

• 中国原⼦能研究院

LHC-LHCb 

• 清华⼤学 

• 华南师范⼤学（NEW） 

• 华中师范⼤学 

• 武汉⼤学



Azimuthal anisotropy 10Elliptic Flow of Muons From Heavy Flavour Decays
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• Quantify anisotropy: Fourier decomposition of particle azimuthal distribution relative 
to the reaction plane (ΨRP) — coefficients v2, v3, v4… vn


• Elliptic flow (v2): spatial anisotropy — pressure gradients leads to momentum 
anisotropy — hydrodynamics


• Higher order flow: bring additional constraints on the initial conditions, η/s, EoS, 
freeze-out conditions…
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Azimuthal anisotropy 11
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v2(!) versus v2(p)
Ø Model study indicates
with increasing hadronic 
cascade time (more hadronic 
re-scattering),
the v2(!)/v2(p) ratio
increases

Ø The ratio v2(ϕ)/v2(p)
is                              at
pT = 0.52 GeV/c in 0-30%
->
The effect of late hadronic 
interactions on the proton v2

Ø Energy dependence (200,
54.4 and 27 GeV): hadronic
contribution on the partonic
flow

STAR: Phys. Rev. Lett.116, 062301 (2016)
Model calculations: T. Hirano et al., ; PRC77, 044909 (2008), PRC92, 044907 (2015)

STAR Phys. Rev. Lett. 116 (2016) 062301
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LHC ALICE v2

LHC ALICE v3

• Flow is dominated by hydrodynamic evolution of the QCD medium


• At RHIC and LHC: 1 < (η/s)QGP ≲ 0.2 — prefect fluid



Hard probes: medium tomography 12
• Produced in the early stage of heavy-ion collisions

➡Experience the full evolution of the QCD medium, and interact with particles in 

the medium and loss energy


• Efficient probes for understanding the transport properties of the medium

RAA(pT) =
dNAA/dpT

< TAA > d�pp/dpT

• RAA = 1, if there is no medium modification

QCD vacuum

QCD medium

Shopping list 

• High pT particles, jets


• Open heavy flavours, quarkonia (J/ψ, ψ’… Υ…)

Nuclear modification factor: RAA — sensitive to the presence of the medium
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π0-hadron correlations 13

• Measurement has been extended to lower pT w. r. t. di-hadron correlations

➡Near side enhancement: modification of jet fragmentation, quark- / gluon-jet ratio 

and / or the bias on parton pT spectra…

➡Away side suppression at high pT: hard parton energy loss

➡Away side enhancement at low pT: favor the jet-medium excitation scenario

Near side
Away side

Near side

Away side

Trigger particle

ALICE Phys. Lett. B763 (2016) 238



Particle production in jets 14
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•Reference: PYTHIA smeared with 
background fluctuations


•KS0: consistent with PYTHIA within 
errors — hint of low-pT enhancement


•Λ: data significantly higher than 
PYTHIA at low pT

• Investigating medium modified fragmentation, effect seems to differ between 
baryons and mesons — further constraints on reference from data needed



Particle production in jets 15
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NEW ALICE LHC RUN-II data


• Higher statistics, precise measurements


• Extend to multi-strangeness sector
Ξ±



Open heavy-flavour production 16
Open heavy-flavours (open charm and beauty particles) 

• RAA: Radiative energy loss vs. collisional energy loss

➡Mass and color charge dependence

• Elliptic flow

➡ Low-pT: initial conditions and degree of thermalization of HF in QGP

➡High-pT: path-length dependence of HF in-medium energy loss



Open heavy-flavour production 17
Open heavy-flavours (open charm and beauty particles) 

• RAA: Radiative energy loss vs. collisional energy loss

➡Mass and color charge dependence

• Elliptic flow

➡ Low-pT: initial conditions and degree of thermalization of HF in QGP

➡High-pT: path-length dependence of HF in-medium energy loss
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•HF decay muons in 2.5 < y < 4


•Strong suppression in central collisions


•Non-zero flow in semi-central collisions


•Heavy quarks undergone significant 
interaction in the QCD medium

ALICE Phys. Lett. B753 (2016) 41, Phys. Rev. Lett. 109 (2012) 112301
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Open heavy-flavour production 18
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NEW ALICE LHC RUN-II data


• Higher statistics, precise measurements


• RAA of D mesons: collisional and radiative energy loss, coalescence and realistic 
medium evolution required to describe data


• HF decay muons: the most precise measurement of b-quark energy loss at high pT



Open heavy-flavour production 19

•STAR D mesons seem to follow the same number of constituent quarks (NCQ) 
and kET scaling as light hadrons — similar collective motion of charm quarks and 
light quarks (?) — charm thermalization (?)

➡Measurement has been extended to the strange D mesons (Ds) sector


•PHENIX First v2(e←b) measurement at RHIC — hint of bottom flow, too

STAR Rev. Lett. 118 (2017) 212301
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Ø Charm flows less than light-flavor hadrons
Ø Hint of bottom flow, too.

6/10/19M. Rosati – SQM2019 12
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Charmed baryon production 20

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
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RHIC STAR

LHC ALICE

• 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-)



Quarkonia production 21
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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STAR Phys. Lett. B797 (2019) 134917

• 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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The “pandora box” at the LHC 22

ALI-PUB-106878

ALICE Nature Physics 13 (2017) 535

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

➡Strangeness enhancement considered defining feature 

of heavy-ions — now seen in high-multiplicity pp / p–Pb!

• Where all this comes from?

➡ Initial stages effects?

➡Better understanding of the observables we 

use in heavy-ion for small systems?

➡Common mechanism of particle production?

➡Final state effects?



Particle production in small systems 23

ALI-PUB-106878

ALICE Nature Physics 13 (2017) 535

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

➡Strangeness enhancement considered defining feature 

of heavy-ions — now seen in high-multiplicity pp / p–Pb!

• Where all this comes from?

➡ Initial stages effects?

➡Better understanding of the observables we 

use in heavy-ion for small systems?

➡Common mechanism of particle production?

➡Final state effects?

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
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Τୢఙ೛೛ሺ௬∗,௣౐, 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
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全◼中槗俼㜷䅨䌅

22

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

Τ𝐽 𝜓

Τ𝐽 𝜓 𝐷0

𝐷0

全◼中槗俼㜷䅨䌅

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 ൌ
ݕஃ೎శሺߪ

∗, 𝑝୘ሻ
,∗ݕ஽బሺߪ 𝑝୘ሻ

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
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Fourth Order Net-Proton Fluctuations
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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.
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Fourth Order Net-Proton Fluctuations
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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


• …



Charge dependence of direct flow 25
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D0 and D0 v1 can offer insight into the early time EM fields

            

              Provide constraint for CME related physics

Das et. al., Phys Lett B 768, 260 (2017)

Gursoy et. al., Phys Rev C 89, 054905 (2014)

Subhash Singha,

Directed flow (v1) for heavy quarks due to EM fields

• The moving spectators can produce enormously large electromagnetic field 
(eB ~ 1018 G at RHIC)


• Due to early production of heavy quarks (τCQ ~ 0.1 fm/c) positive and 
negative charm quarks (CQs) can get deflected by the initial EM force

• Model predicts opposite v1 for charm and anti-charm quarks induced by this 
initial EM field


    This induced v1 depends on the balance between E and B fields

    The magnitude of such induced v1 for heavy quarks is much larger than the

    light quarks

τCQ

Pb+Pb 2.76 TeV

Pb+Pb 2.76 TeV

!4

• Recent hydro model with initial EM field predicts v1-split between the D and D meson

• D meson v1 greater than the D

• Predicted difference in v1 is about 10 times smaller than the average v1

Interplay between the drag by tilted  
bulk and the EM field

1− 0 13−
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3
 = 200 GeVNNsAu+Au, 

1.5 T∝ γ
 = 0.4 fm0τ

-1 = 0.035 fmσ

 D
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1v

Directed flow (v1) for heavy quarks from hydro + EM field
Hydro+EM

Subhash Singha,

Chatterjee, Bozek: 1804.04893v1

• Sensitive to the early time EM fields in the collisions

➡Provide constraint for CME related physics


• Charm dragged by tilted bulk: production points are 
shifted from the bulk at y ≠ 0 — probe the longitudinal 
profile of the initial matter
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ALICE Upgrade projection

-1 = 5.02 TeV, 10 nbNNs30-50% Pb-Pb, 

ALI−SIMUL−140060

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 arXiv:1905.02052 (submitted to Phys. Rev. Lett.)



Most vertical fluid ever observed 26
• Non-central heavy-ion collisions produce a state of matter with strong vortical fluid


• Restoration of fundamental symmetries of quantum chromo-dynamics is expected to 
produce novel physical effects in the presence of strong vorticity [Prog. Part. Nucl. Phys. 88 (2016) 1]

Global Λ hyperon polarization

STAR Nature 548 (2017) 62
STAR Phys. Rev. Lett. 123 (2019) 132301

Λ polarization alone beam axis



Photon interactions in heavy-ion collisions 27Photon 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 ൌ
𝑀௏𝑒േ௬

𝑠
𝑄2 ൌ 𝑀௏

2/4

2019ා6月24඾

EPJC 77 (2017) 163

PRD 93 (2016) 085037

Huge uncertainties!
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STAR

Au+Au 60-80%
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Au+Au 20-40%
U+U 60-80%
U+U 40-60%
p+p baseline uncertainty

 uncertaintycoll60-80% N
 uncertaintycoll40-60% N
 uncertaintycoll20-40% N

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



Mass difference of (anti-)nuclei 28
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



On going and upcoming projects… 29

USA RHIC

CERN LHC

GSI FAiR

China HIRFL

Japan J-PARC HI

China HIAF

Rassia NICA

CEE

RHIC 
STAR BES-II, iTPC, eTOF, Forward upgrade 
sPHENIX…RHIC BES II Program (2019-2021)

SQM2019, Bari, Italy Zhenyu Ye 7

• QCD critical point
• first order phase transition
• turn-off of QGP signatures

Collider mode

Beam Energy Scan II with STAR iTPC, eTOF and EPD
• Low energy √sNN = 7.7, 9.1, 11.5, 14.5, 19.6 GeV Au+Au with electron cooling
• Fixed target runs at 3.0, 3.5, 3.9, 4.5, 5.2, 6.2, 7.7 GeV
• Search for signs of critical phenomena in event-by-event fluctuations

Spin run with STAR Forward Upgrade
• 500 GeV polarized p+p
• Spin physics measurements complementary to EIC

Runs with sPHENIX and STAR:
• Top energy √sNN = 200 GeV Au+Au, p+p, p+Au
• Precision measurements of open heavy flavor, Upsilon states and fully resolved jets
• Longitudinal structure of initial stage, global polarization, nuclear PDFs, gluon saturation

RHIC Run Plan for 2019-2025

SQM2019, Bari, Italy Zhenyu Ye 13

2019
-

2021

2022

2023
-

2025

Outer 
HCAL

Inner 
HCAL

sPHENIX Experiment

SQM2019, Bari, Italy Zhenyu Ye 17

TPC

INTT

MVTX

Large acceptance ( % < 1.1, full 2H) 
High DAQ rate (15kHz)
Good p resolution for charged particles and jets

LHC 
ALICE and LHCb RUN-III, beyond RUN-IV upgradeALICE Upgrades in LS2 (2019-2020) – Layout and key systems 

New Inner Tracking System (ITS)
• CMOS Active Pixel Sensors 
g improved resolution, less material, faster readout

New Muon Forward Tracker (MFT) 
• CMOS Active Pixel Sensors 
g vertex tracker at forward rapidity

New TPC Readout Planes
• 4-GEM detectors, new electronics 
g continuous readout 

New trigger detectors (FIT, AD)
• Centrality, event plane

Upgrades readout for TOF, TRD, MUON, ZDC, Calor.

Integrated Online-Offline system (O2)
• Record minimum-bias Pb-Pb data at > 50kHz 

(currently ~ 1 kHz)

ITS+MFT+FIT

Largest GEM application

Novel MAPS technology

4L. Musa (CERN) – SQM, Bari, 10-15 June 2019

Pb-Pb (dN/dh = 2200),  B = 0.2 Tesla  

Operation at reduced B field for tracking low pT particles

Efficiency requiring that all particles reach the outermost layer at 1m  (10 layers)

a optimization possible (e.g. using only layers up to 40cm)

a improvement for lower dN/dh

dN/dh = 440,  B = 0.2 Tesla 

15

Further layout optimization possible!

R. Shahoyan - 2018 R. Shahoyan - 2018

L. Musa (CERN) – SQM, Bari, 10-15 June 2019

FAiR-CBM 
Capability of particle identification 
Performance of di-lepton measurments

22Ilya Selyuzhenkov     CBM @ FAIR, SQM2019   15/06/2019

Particle identification: electrons and light nuclei 

RICH (electrons) TRD+TOF

CBM Simulations, central AuAu@10AGeV

Clear separation between pions and electrons, and light nuclei

27Ilya Selyuzhenkov     CBM @ FAIR, SQM2019   15/06/2019
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CERN LHC
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China HIRFL

Japan J-PARC HI

China HIAF
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• CMOS Active Pixel Sensors 
g improved resolution, less material, faster readout
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• 4-GEM detectors, new electronics 
g continuous readout 

New trigger detectors (FIT, AD)
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Integrated Online-Offline system (O2)
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Largest GEM application
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Particle identification: electrons and light nuclei 

RICH (electrons) TRD+TOF
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Clear separation between pions and electrons, and light nuclei
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Thanks for your attention!
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QCD phase transition 32
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Phys. Rev. D90 (2014) 094503
Lattice QCD

• Lattice QCD prediction

➡A phase transition at Tc ≈ 175 MeV

↵s(Q
2) =

12⇡

(33� 2nf) ln(Q2/⇤2
QCD)

Prog. Part. Nucl. Phys. 58 (2007) 351

Nobel Prize 2004

• QCD running coupling constant

➡Quark confinement and asymptotic freedom



QCD phase diagram 33
Prog. Part. Nucl. Phys. 72 (2013) 99 • High temperature at μB ≈ 0


➡Early universe

➡Chiral symmetry restoration

• Continuous heating / compressing the hadronic matter — a phase transition into a 
new state of matter: the quark-gluon plasma (QGP)

• Finite μB

➡Rich structure

➡Neutron star etc.

• Critical point (?)

➡ 1st order phase transition 

or crossover (?)



Heavy-ion program 34

USA RHIC

CERN LHC

GSI FAiR

China HIRFL

Japan J-PARC HI

China HIAF

Rassia NICA

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…



Jet production at RHIC and LHC 35
• Jet: a spray of particles from hard parton fragmentation

➡Get closer access to parton energy


• Aim Hard partons produced before the QCD medium forms


• Interact with the hot and dense medium 

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 Le3cia$Cunqueiro$ 2$

Jets%in%pp,%p*Pb%and%Pb*Pb%

Measure$$jets$in$pKPb$and$PbKPb$collisions$and$study,$rela3ve$to$pp,$$
$$$
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$K$jet$yield$suppression$
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$K$modifica3on$of$the$transverse$energy$profile$or$broadening$
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$K$dijet$or$hadronKjet$acoplanarity$$
$
to$understand$mechanisms$of$energy$loss$of$partonic$projec3les$in$(colored/nuclear)$medium$
$
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

• Out-of-cone radiation: energy loss in jet cone

➡ Jet yield suppression, dijet or hadron–jet 

acoplanarity…


• In-cone radiation: medium modified fragmentation

➡ Jet shape broadening, modification of 

transverse energy profile…
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• Neutral pion spectrum is measured up to pT = 40 GeV/c

➡Thanks to the new shower shape method for high-pT 
π0 identification developed by ALICE-China group


➡New constraint on QCD predictions, especially on 
understanding the QCD long-range properties such as 
PDFs and vacuum FFs


➡ Important baseline for heavy-ion collisions

• Neutral pions — unique trigger particles for the gluon jet 
tagging, baseline for the γ-jet
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• Jet mass: Pb–Pb distribution is shifted towards smaller 
masses w. r. t. p–Pb collisions


• Indicate large angle out-of-cone radiation in the medium

ALICE Phys. Lett. B763 (2016) 238
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Probing JQ phenomena
๏ Different quenching means different jet structure:
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Can put strong constraints to the jet quenching model!!

• Q-PYTHIA Radiation energy loss of BDMPS-Z type — modification of parton splitting function in vacuum


• JEWEL Elastic + radiative energy loss — implemented the Landau-Pomeranchuck-Migdal effect

• Challenge to describe data by models


• Important constraints on jet in-cone radiations
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Open heavy-flavours (open charm and beauty particles) 

• RAA: Radiative energy loss vs. collisional energy loss

➡Mass and color charge dependence

• Elliptic flow

➡ Low-pT: initial conditions and degree of thermalization of HF in QGP

➡High-pT: path-length dependence of HF in-medium energy loss

ΔEg >ΔEq >ΔEc>ΔEb

➡RAA(light hadron) < RAA(D) < RAA(B) ?

• Medium modification of heavy-flavour hadron formation

➡Hadronization via quark coalescence and / or enhancement of di-quark state
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Consistent with sequential melting in QGP


• Υ(1S) RAA: similar at RHIC and LHC


• Υ(2S+3S) RAA: smaller than Υ(1S) in the most 10% central collisions

➡Results at RHIC energies are systematically larger than Υ(2S) at the LHC

Combined 2011 di-electron and 
2014 + 2016 dimuon datasets


