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I.  HYDrodynamics with JETs (HYDJET++) 

       model  

II.  Description of elliptic and triangular  

       flow in relativistic heavy-ion collisions 

III.   Femtoscopic correlations 

IV.   Geometric and dynamical anisotropy  

V.  Flow and oscillations of the femtoscopic 

       radii  (simultaneous description) 

VI.   Conclusions 
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Charged multiplicity vs centrality and 

pseudorapidity in HYDJET++ at LHC 



PT spectrum and RAA factor for charged 

hadrons in HYDJET++ at LHC 



 

 

II. Elliptic and Triangular 

flow in HYDJET++ : 

interplay 

of hydrodynamics and jets 



ELLIPTIC FLOW 

 

 

S.Voloshin, Y.Zhang, Z.Phys.C70 (1996) 665 

Initial spatial anisotropy is converted to anisotropy in  

momentum space  



TRIANGULAR FLOW 

B. Alver and G.Roland, PRC 81 (2010) 054905  

The triangular initial shape leads to triangular hydrodynamic flow 



Anisotropic flow generation in HYDJET++ 

Spatial anisotropy 

Momentum anisotropy 

Four parameters ε, ε3, δ, ρ3 are tuned to fit experimental data 



 LHC data vs. HYDJET++ model 
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Elliptic flow Pb+Pb @ 2.76 ATeV 

Closed points:   CMS data  v2{2Part & LYZ}; 

Open points and histograms: HYDJET++  v2{EP & Psi2} 



 LHC data vs. HYDJET++ model 
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Triangular flow Pb+Pb @ 2.76 ATeV 

Closed points:   CMS data  v3{2Part & LYZ}; 

Open points and histograms: HYDJET++  v3{EP & Psi3} 



 Interplay of hydrodynamics and jets 
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Triangular flow Pb+Pb @ 2.76 ATeV 

Hydrodynamics gives 

mass ordering of  𝒗𝟑 

 

The model possesses 

crossing of baryon 

and meson branches 

 

The reason for the 

mass ordering break 

at 2 GeV/c is traced to 

hard processes (jets) 



 

III. Femtoscopic correlations  

  



QS symmetrization of production amplitude 

   momentum correlations of identical particles are    

sensitive to space-time structure of the source 

    

                           

 

 

 p1 

  p2 

x1 

 x2 

q = p1- p2  ; x = x1 - x2   

total pair spin 

2R0  

KP’71-75 

exp(-ip1x1) 

PRF 

CF=1+(-1)Scos qx 
Grassberger’77 

Lednicky’78 
y  side 

x  out  transverse    

                    pair velocity vt 

z  long  beam 

cos qx=1-½(qx)2+.. exp(-Rx
2qx

2 -Ry
2qy

2
 -Rz

2qz
2
 -2Rxz

2qx qz) 
Femtoscopy or Interferometry radii: 

Rx
2 =½  (x-vxt)2 , Ry

2 =½  (y)2 , Rz
2 =½  (z-vzt)2  

 

R. Lednicky, talk at Oslo Int. School (UiO, May 2017) 



Probing source dynamics - expansion 
Dispersion of emitter velocities & limited emission momenta  (T)   

x-p correlation: interference dominated by pions from nearby emitters  

 Interferometry radii decrease with pair velocity 

 Interference probes only a part of the source 
Resonances GKP’71 .. 

Strings Bowler’85 .. 

Hydro 

Pt=160 MeV/c Pt=380 MeV/c 

Rout Rside 

Rout Rside 

Collective transverse flow  F   RsideR/(1+mt 
F2/T)½

 

 

during proper freeze-out (evolution) time           
 Rlong (T/mt)

½/coshy 

Pratt, Csörgö, Zimanyi’90 

Makhlin-Sinyukov’87 

}
 in LCMS: 1  

….. 

Bertch, Gong, Tohyama’88 
Hama, Padula’88 

Mayer, Schnedermann, Heinz’92 

Pratt’84,86 

Kolehmainen, Gyulassy’86 

Longitudinal boost invariant expansion 



hadronization 

initial state 

pre-equilibrium 

QGP and 
hydrodynamic expansion 

hadronic phase 
and freeze-out 

PCM & clust. hadronization

NFD

NFD & hadronic TM

PCM & hadronic TM

CYM & LGT

string & hadronic TM

Expected evolution of HI collision vs RHIC data 

dN/dt 

1 fm/c 5 fm/c 10 fm/c 50 fm/c time 

Kinetic freeze out 

Chemical freeze out 

RHIC side & out radii:  2 fm/c 

Rlong & radii vs reaction plane:  10 fm/c 

Bass’02 



 

IV. Geometric and dynamical 

anisotropy: 

consequences for flow and 

radii 

  



 

  

RHIC 



 

  



 

  



 

  

LHC 



 

  



 

V. Simultaneous description of  

the flow and HBT radii  

  



Spatial vs Dynamical Anisotropy  
L. Bravina et al., Eur.Phys.J. A53 (2017)  219 / arXiv: 1709.08602 [hep-ph]                                 

Elliptic flow and radii oscillations w.r.t.  Ψ2   plane 

𝜺𝟐 = ±𝟎. 𝟑 

Other 

anisotropy 

parameters 

are zero  

(only spatial  

anisotropy). 

 

Either flow or  

radii 

oscillations !? 

Pb+Pb @ 2.76 TeV 



Spatial vs Dynamical Anisotropy  
                                 

Elliptic flow and radii oscillations w.r.t.  Ψ2   plane 

δ𝟐 = ±𝟎. 𝟑 

Other anisotropy 

parameters 

are zero  

(only dynamical  

anisotropy). 

 

Correct 𝒗𝟐 and  

oscillation 

phases for δ𝟐>0 



Spatial vs Dynamical Anisotropy  

Triangular flow and radii oscillations w.r.t.  Ψ3   plane 

𝜺𝟑 = ±𝟎. 𝟑 

Other 

anisotropy 

parameters 

are zero  

(only spatial  

anisotropy). 

Again, either 

flow or radii 

oscillations are 

reproduced 



Spatial vs Dynamical Anisotropy  

Triangular flow and radii oscillations w.r.t.  Ψ3   plane 

ρ𝟑 = ±𝟎. 𝟑 

Other anisotropy 

parameters 

are zero  

(only dynamical  

anisotropy). 

 

Correct 𝒗𝟑 and 

oscillation 

phases for ρ𝟑>0 

 



Spatial vs Dynamical Anisotropy. 

Influence of resonance decays                                 

Spatial   Dynamical  

Elliptic anisotropy 



Spatial vs Dynamical Anisotropy. 

Influence of resonance decays                                 

Spatial   Dynamical  

Triangular anisotropy 
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Second- and third-order oscillations of the femtoscopic  radii in Pb+Pb 

collisions at 2.76 TeV were studied within the HYDJET++  model 

together with the differential elliptic and triangular flow. Our study 

indicates that  

    -  Elliptic or triangular spatial anisotropy alone cannot reproduce 

       simultaneously the correct phase of the radii oscillations and the  

       correct sign of the corresponding flow harmonics 

    -  Dynamical flow anisotropy provides correct qualitative 

       description of both PT –dependence of  v2 and v3  and the phases 

        of the femtoscopic radii oscillations 

    -  Decays of resonances provide significant increase of the emitting 

        areas and make the radii oscillations more pronounced 

    -  However, they do not change the phases of the oscillations 

    -  Both spatial and dynamical anisotropy is needed for the  

        quantitative description of both signals.  

     

    
 



  

                                                        Back-up Slides 





HYDJET++ (hard): 
  

PYQUEN (PYthia QUENched) 

                  Initial parton configuration   
            PYTHIA Q20  w/o hadronization: mstp(111)=0  

             Parton hadronization and final particle formation  
           PYTHIA Q20  with hadronization: call PYEXEC   

↓ 

↓ 

Parton rescattering & energy loss (collisional, radiative) + emitted g  
 PYQUEN rearranges partons to update ns strings 

   Three model parameters: initial QGP temperature T0, QGP formation time τ0 and 

number of active quark flavors in QGP Nf  

(+ minimal pT of hard process Ptmin) 
 

I.P.Lokhtin, A.M.Snigirev, Eur. Phys. J. 45 (2006) 211 (latest version 1.5.1)  



  

                                                        

Suppression factor of inclusive jets  

vs PT in PYQUEN at LHC 



  

                                                        

 

 



  

                                                        

 

 



  

                                                        

 

 



  

                                                        



 

 

PYQUEN: physics frames 



 



 



Nuclear geometry and QGP evolution  



4-6.02.2006 R. Lednický      dwstp'06 50 

Examples CF data: NA49  & STAR  

3-dim fit:  CF=1+exp(-Rx
2qx

2 –Ry
2qy

2
 -Rz

2qz
2
 -2Rxz

2qx qz) 

z x y 

Correlation strength or chaoticity 

NA49 

Femtoscopy / Interferometry radii 

KK STAR     
Coulomb corrected 



  

                                                        



  

                                                        


