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QGP signatures in heavy-ion collisions

It has been announced that QGP has been found at

RHIC in heavy-ion collisions.

P. Huovinen, etc,a.PLB,503 (2001)

Collective flow

STAR, PRC, 92, 014904 (2005).

Au+Au @200 GeV

𝒑𝑻/𝒏

NCQ scaling

RHIC, BNL 
Jet quenching
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``The Frontiers of Nuclear Science, A Long Range Plan,''arXiv:0809.3137



Hydrodynamics and Collectivity in A-A collision 
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Hybrid model

Initial conditions  viscous hydro hadron cascade  

QGP Hadron
Gas

Input: 

1. EOS

2. Initial conditions

Hydrodynamic evolution:
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• Event-plane correlations

• Non-linear response coefficients

• Decorrelations at 𝑝𝑇 direction. 

• … … 

Other flow observables 

• Hydrodynamic model does a
great job in describing the
hydrodynamic evolutions of
heavy-ion collisions.

W. Zhao, H. j. Xu and H. Song, Eur. Phys. J. C 77, no. 

9, 645 (2017).

Conclusion



Extract the QGP transport coefficients by Bayesian global fitting  
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• Using Bayesian global fitting within the framework of TRENTo+iEBE-
VISHNU to extract the QGP specific shear viscosity and bulk viscosity.

• LHC of Pb+Pb collisions flow data show good constraining power on the
temperature dependence of QGP shear and bulk viscosity.

• The extracted 𝜂/𝑠 is close to the KSS bound of 1/4π.

J. Bernhard, etc.al. PRC 94, 024907 (2016). Nature Phys.15 (2019) 11, 1113.



Collectivity & QGP signatures in small systems 
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CMS, PLB765, 193 (2017).

p-p@13TeV

“Collectivity” in p-Pb and p-p collisons
• “ridge" structures in p+p, p+Pb and Pb + Pb

ATLAS, PRC 96,024908.

• Multi-particle correlations
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ALICE , PLB726, 164 (2013).

• Mass ordering of 𝑣2(𝐩𝐓)

CMS, PLB765, 193 (2017).

p-Pb@5.02TeV

•

• 𝑣2 𝑛 and 𝑐2{4}

• 𝑣2



One fluid rules all?  (two-particle correlations)
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• Hydro simulations (TRENTo+iEBE-VISHNU) nicely describe the two-particle correlations in Pb+Pb, 
p+Pb and p+p collisions with the same parameter set.

Duke parameter: Phys.Rev.C101 (2020) 2, 024911;    PKU parameter: (smaller fluctuations):   Fu, Zhao & Song, in preparation.   

𝒗𝒏 𝟐 = 𝒗𝒏
𝟐 = 𝒗𝒏

𝟐 + 𝝈𝒗𝒏
𝟐 , 

(𝒗𝒏= 𝒗𝒏 + 𝝈𝒗𝒏)



One fluid rules all?  (four-particle correlations)
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• Hydro simulations (TRENTo+iEBE-VISHNU) parameters fails to reproduce negative 𝑐2{4} in p-p collisions.

• More effects are required to understand the observed negative 𝑐2{4} in p-p collisions.

Duke parameter: Phys.Rev.C101 (2020) 2, 024911;    PKU parameter: (smaller fluctuations):  Fu, Zhao & Song, in preparation.   
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• To get the real value of 𝑣2 4 , 
𝑐2 4 should be negative.



Hydrodynamic simulations in p-p

W. Zhao, Y. Zhou, K.Murase, and H. Song, Eur. Phys. J.C  80, no. 9, 846 (2020) 
. K. Welsh, J. Singer,  and U. W. Heinz, PRC 94,024919 (2016).
J. S.Moreland, J.E.Bernhard and S.A.Bass, PRC  101, 024911 (2020). 11

•

• 𝑐2
𝜀 4 < 0

QGP Hadron
Gas

iEBE-VISHNU hybrid model 

HIJING Super-MC TRENTo



2-particle correlation in p-p collisions

• 𝑣𝑛 2 𝑣2 2 (𝑝𝑇) 12

𝒗𝒏 𝟐 = 𝒗𝒏
𝟐 = 𝒗𝒏

𝟐 + 𝝈𝒗𝒏
𝟐 , 

(𝒗𝒏= 𝒗𝒏 + 𝝈𝒗𝒏)

W. Zhao, Y. Zhou, H. Xu, W. Deng and H. Song, 

Phys. Lett. B 780, 495 (2018).

W. Zhao, Y. Zhou, K.Murase, and H. Song, Eur. 

Phys. J.C  80, no. 9, 846 (2020) 



B. Schenke, C. Shen, P. Tribedy, arXiv:1908.06212.

𝒄𝟐{𝟒} from hydro with various initial conditions on market

HIJING

Super-MC TRENTo

W. Zhao, Y. Zhou, K.Murase, and H. Song, Eur. Phys. J.C  80, 9, 846 (2020) 

iEBE-VISHNU

IP-Glasma+MUSIC

•

𝑐2{4}.

•

𝒄𝟐{𝟒} puzzle in p-p collisions 
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• To get the real value of 𝑣2 4 , 
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eV



𝑷(𝒗𝟐) and 𝑷(𝜀𝟐 ) distributions: from  𝒄𝟐
𝜀{𝟒} to 𝒄𝟐

𝑣{𝟒}

W. Zhao, Y. Zhou, K.Murase, and H. Song, Eur. Phys. J.C  80, 9, 846. (2020) . 
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𝐶2 4 = −2 𝑣2
2 2

+ 𝑣2
4

= − 𝑣2
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2 𝑣2
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2

(𝑣2= 𝑣2 + 𝜎𝑣2)

𝑣2 4 = −𝑐2 4
1
4

• To get the real value of 𝑣2 4 , 
𝑐2 4 should be negative.

Linear term + cubic term fit: 𝑣2 = 0.110 × 𝜀2 + 0.105 × 𝜀2
3

• 𝜀2, 𝜀2
• 𝑃(𝑣2/⟨𝑣2⟩) 𝑃(𝜀2/⟨𝜀2 ⟩)

• 𝐶2
𝑣 4 𝐶2

𝜀 {4



Is QGP formed in the small systems?
(p-Pb collisions)
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Reminder: QGP signatures in heavy-ion collisions

It has been announced that QGP has been found at

RHIC in heavy-ion collisions.

P. Huovinen, etc,a.PLB,503 (2001)

Collective flow

STAR, PRC, 92, 014904 (2005).

Au+Au @200 GeV

𝒑𝑻/𝒏

NCQ scaling

RHIC, BNL 
Jet quenching

16

``The Frontiers of Nuclear Science, A Long Range Plan,''arXiv:0809.3137



• 𝑣2 𝑝𝑇

NCQ scaling in small system

ALICE data: PLB,726, 164 (2013). 

CMS data: PRL, 121, 082301 (2018). 

ATLAS data: PRC, 96, 024908 (2017).
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Simple coalescence and NCQ scaling

•

• 𝑊𝑀/𝐵~𝛿 P − p1 − p2

•

•

V.Greco, C. M. Ko and P. Levai, PRL 90, 202302 (2003).
R.J.Fries, B. Muller, C. Nonaka and S. A. Bass, PRL 90,202303 (2003).
D.Molnar and S.A.Voloshin, PRL 91, 092301 (2003).
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Sophisticated Coalescence model
•

Han, Fries and Ko, PRC 93, 045207 (2016). 
Zhao, Ko,  Liu, Qin and Song, Phys.Rev.Lett. 125, 072301 (2020). 
.

Thermal & hard Partons:  

- Thermal partons generated by hydro

- Hard partons generated by PYTHIA8,

then suffered with energy loss by LBT

- thermal - thermal parton coalescence 
- thermal - hard parton coalescence 
- hard - hard parton coalescence

Coalesence processes:

19

𝑔𝐵 𝑀 𝑓𝑞/ത𝑞
𝑊𝑀/𝐵

𝑊𝑀/𝐵



Thermal hadrons   (VISH2+1): 

- generated by hydro. with Cooper-Frye.

Meson: 𝑝𝑇< 2𝑝𝑇1; baryon: 𝑝𝑇< 3𝑝𝑇1.

Coalescence hadrons   (Coal Model): 

-generated by coalescence model

including thermal-thermal,

thermal-hard & hard-hard parton

coalescence.

Fragmentation hadrons : 

-the remnant hard quarks feed to 

fragmentation .

UrQMD afterburner:

-All hadrons are feed into UrQMD for

hadronic evolution, scatterings and  decays 

Main Parameters:  

-Thermal partons from hydro

with 𝒑𝑻 > 𝒑𝑻𝟏.

Fixed by the 𝒑𝑻 spectra, with 𝒑𝑻𝟏 = 1.6GeV and 𝒑𝑻𝟐 = 2.6GeV

Zhao, Ko,  Liu, Qin and Song, Phys.Rev.Lett. 125, 072301 
(2020). .

0 𝑷𝑻

Hydro. Coalescence,fragmentation fragmentation

3GeV 5GeV

-Hard partons from LBT

with 𝒑𝑻 > 𝒑𝑻𝟐

20

Hydro-Coal-Frag Hybrid Model 



Spectra, and Hydro. Coal. and Frag. contributions 

• 𝜋

• 𝑝𝑇 𝑝𝑇
𝑝𝑇 𝑝𝑇

• 𝑝𝑇

Zhao, Ko,  Liu, Qin and Song, Phys.Rev.Lett. 125, 072301 (2020). .
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•
𝑣2(𝑝𝑇) 𝜋 𝑝𝑇

• 𝑝𝑇 𝜋 𝑣2

𝒗𝟐(𝒑𝑻) and NCQ scaling 
Zhao, Ko,  Liu, Qin and Song, Phys.Rev.Lett. 125, 072301 (2020). .

22



Hydro-Coal-Frag Hydro-Frag

Hydro-Coal-Frag Hydro-Frag

•
𝑣2(𝑝𝑇 ) 𝑝𝑇

•

𝑝𝑇
±

The importance of quark 

coalescence in p-Pb collisions

Zhao, Ko,  Liu, Qin and Song, Phys.Rev.Lett. 125, 072301 

(2020). .
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From hydro to coalescence and jet quenching in 
heavy-ion collisions

(Pb+Pb collisions)                                   
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ALICE,PLB 696,30(2011).

Different domains in heavy-ion collisions 
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ALICE JHEP 1807,103 (2018)

Bulk physics regime

Transition regime Jet physics regime
Bulk physics regime Transition regime

Jet physics regime

•

• 𝑝𝑇 𝑝𝑇

• 𝑝𝑇 𝑝𝑇

• 𝑝𝑇 𝑝𝑇



CoLBT-hydro model

26

CoLBT-Hydro model 
Linear Boltzmann Transport model +

(LBT)
3+1D hydrodynamic model

(CLVis)

: Energy-momentum tensor of the QGP fluid; 

: Energy-momentum density deposited by energetic partons. 
with the Gaussian smearing:

Evolve the energetic partons and the bulk medium concurrently.

𝑝𝑐𝑢𝑡
0 separates the soft and hard partons

W. Chen, S. Cao, T. Luo, L.-G. Pang, and X.-N. Wang,Phys. Lett. B810, 135783 (2020), 2005.09678.



𝑹𝑨𝑨 v.s. 𝒗𝟐(𝒑𝑻) from low 𝒑𝑻 to high 𝒑𝑻
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•

• 𝑅𝐴𝐴
𝑝𝑇 𝑝𝑇

𝑹𝑨𝑨
𝒗𝟐(𝒑𝑻)

WBZ, Wei Chen, Tan Luo, Weiyao Ke and X.-N. Wang, in preparation.



Transverse momentum spectra of light hadrons
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•

• 𝑝𝑇 𝑝𝑇
𝑝𝑇

•

𝑷/𝝅

𝑷/𝝅

𝑲/𝝅

𝑲/𝝅

WBZ, Wei Chen, Tan Luo, Weiyao Ke and X.-N. Wang, in preparation.

10-20%

40-50%



Collective flow of identified hadrons
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•

• 𝑣2(𝑝𝑇) 𝜋

• 𝑣2(𝑝𝑇) 𝜋 𝑝𝑇

•
𝑝𝑇

Hydro-Coal-Frag Hydro-Frag

Hydro-Coal-Frag Hydro-Frag

WBZ, Wei Chen, Tan Luo, Weiyao Ke and X.-N. Wang, in preparation.

Pb+Pb, 10-20%

Pb+Pb, 40-50%



Summary

•

• 𝜂/𝑠 𝜁 /𝑠

• 𝑅𝐴𝐴
𝑝𝑇 𝑝𝑇

•

Pb+Pb Collisions at the LHC 

p+Pb and p+p Collisions at the LHC 

• 𝑣2 𝑝𝑇 ,

• 𝑐2{4}

•

30



Discussion and Outlook

• 𝑐2{4}

•

•

• Predict the 𝑅𝑝𝑂 𝑅𝑂𝑂 𝑣2(𝑝𝑇) 𝑝𝑇 𝑝𝑇

• 𝑝𝑇

31

Thanks for Your Attention



Back Up
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𝒗𝟐(𝒑𝑻) of hydro. Coal. and Frag. parts
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• 𝐥𝐨𝐰 𝒑𝑻 𝒑𝑻

• 𝒗𝟐 𝒑𝑻 𝒑𝑻

• 𝒗𝟐

WBZ, Wei Chen, Tan Luo, Weiyao Ke and X.-N. Wang, in preparation.



Hydrodynamic Collectivity in p+p collisions at 13 TeV

HIJING initial condition

Initial conditions  viscous hydro hadron cascade  

QGP Hadron
Gas

iEBE-VISHNU hybrid model   

-produced jets pairs & excited nucleus  independent strings

-strings break into partons  form hot spots for succeeding hydro.

X. N.Wang and M.Gyulassy, Phys.  Rev.  D 44, 3501 (1991).

W. Zhao, Y. Zhou, H. Xu, W. Deng and H. Song, Phys. Lett. B 780, 495 (2018).

1)The center positions of strings (xc , yc ) are sampled by Saxon-Woods distribution

2) positions of partons within the strings are sampled by

3) Energy decompositions of individual  partons with a 

Gaussian smearing:

34



2-particle correlation in p-p collisions

• 𝒗𝟐 𝒗𝟐

• 𝒗𝟐 𝟐 𝒗𝟒 𝟐
𝒗𝟑{𝟐}

• 𝒗𝟐 𝟐
35

𝒗𝒏 𝟐 = 𝒗𝒏
𝟐 = 𝒗𝒏

𝟐 + 𝝈𝒗𝒏
𝟐 , 

(𝒗𝒏= 𝒗𝒏 + 𝝈𝒗𝒏)

W. Zhao, Y. Zhou, H. Xu, W. Deng and H. Song, 

Phys. Lett. B 780, 495 (2018)



More comments:  non-linear response’s effects on Symmetric-Cumulant

36

W. Zhao, Y. Zhou, K.Murase, and H. Song, arXiv:2001.06742. 

• 𝒗𝟐 ∝ 𝜺𝟐 𝒗𝟑 ∝ 𝜺𝟑 𝒏𝒔𝒄𝟐,𝟑
𝒗 𝟒 = 𝒏𝒔𝟐,𝟑

𝜺 𝟒 .

• 𝒏𝒔𝒄𝟐,𝟑
𝒗 𝟒

𝒏𝒔𝟐,𝟑
𝜺 𝟒 ≈

𝐏 𝜺𝟐 .



Check 𝜶𝒔 effects in p-Pb collisions 
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• 𝜶𝒔

• 𝜶𝒔 𝜶𝒔 𝒑𝑻 𝝅 𝒑𝑻
𝒑𝑻 𝒗𝟐(𝒑𝑻) 𝝅 𝒑𝑻

S. Cao, T. Luo, G. Y. Qin and X. N. Wang, PRC 94,014909 (2016).
Zhao, Ko,  Liu, Qin and Song, arxiv:1911,00826.
Zhao, Ko,  Liu, Qin and Song, in preparation. 



Smooth transition of 𝒑𝑻𝟏 and 𝒑𝑻𝟐
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• 𝒑𝑻

Zhao, Ko,  Liu, Qin and Song, arxiv:1911,00826.
Zhao, Ko,  Liu, Qin and Song, in preparation. 



Beyond fluid dynamics?
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•

A. Kurkela, U. A. Wiedemann and B. Wu, EPJC  79, no. 11, 965 (2019).

Jamie Nagle QM 2019. 



Wigner functions of hadrons
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Wigner functions of hadrons
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