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Кɨɥɥɟɤɬɢɜɧыɟ эɮɮɟɤɬы ɜɨ ɜɡаɢɦɨɞɟɣɫɬɜɢяɯ 
ɦаɥыɯ ɫɢɫɬɟɦ ɜ эɤɫɩɟɪɢɦɟɧɬɟ PHENIX ɧа 

ɤɨɥɥаɣɞɟɪɟ RHIC  
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PHENIX ɫɟɝɨɞɧя 

 PHENIX ɡɚɤɨɧɱɢɥ ɫɜɨɸ ɪɚɛɨɬɭ ɜ 2016 ɝɨɞɭ,  
     ɧɨ ɨɫɬɚɜɢɥ ɛɨɝɚɬɨɟ ɧɚɫɥɟɞɢɟ 
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Оɬɤɪɵɬɢе sQGP 

 ȼ 2005 ɝɨɞɭ ɜɫɟ ɤɨɥɥɚɛɨɪɚɰɢɢ, ɪɚɛɨɬɚɸɳɢɟ ɧɚ RHIC, ɫɞɟɥɚɥɢ ɡɚɹɜɥɟɧɢɟ    
    ɨɛ ɨɬɤɪɵɬɢɢ ɧɨɜɨɝɨ ɫɨɫɬɨɹɧɢɹ – ɫɢɥɶɧɨɜɡɚɢɦɨɞɟɣɫɬɜɭɸɳɟɣ ɄȽɉ (sQGP) 

 

 ɛɵɫɬɪɚɹ ɬɟɪɦɚɥɢɡɚɰɢɹ (0 << 1 ɮɦ/ɫ) 
 ɢɞɟɚɥɶɧɚɹ ɠɢɞɤɨɫɬɶ (/s ~ 1/4); ɫɢɥɶɧɨ-ɫɜɹɡɚɧɧɚɹ, ɧɟ ɝɚɡ 

  >15 Ƚɷȼ/ɮɦ3, T0 ~ 300-400 MeV; ɩɪɟɜɵɲɟɧɵ ɭɫɥɨɜɢɹ ɞɥɹ ɮɚɡɨɜɨɝɨ ɩɟɪɟɯɨɞɚ 

 dNg/dy > 1100, ɜɵɫɨɤɚɹ ɝɥɸɨɧɧɚɹ ɩɥɨɬɧɨɫɬɶ, ɫɪɟɞɚ ɧɟ ɩɪɨɡɪɚɱɧɚɹ  

 Ɂɚɹɜɥɟɧɢɟ ФȿɇɂɄɋ ɨɛɭɫɥɨɜɥɟɧɨ ɨɛɧɚɪɭɠɟɧɢɟɦ ɢ ɢɡɦɟɪɟɧɢɟɦ:  
 

 ɷɮɮɟɤɬɚ ɝɚɲɟɧɢɹ ɫɬɪɭɣ 

 ɷɥɥɢɩɬɢɱɟɫɤɨɝɨ ɩɨɬɨɤɚ, ɟɝɨ nq - ɦɚɫɲɬɚɛɢɪɨɜɚɧɢɹ 

 ɜɵɯɨɞɚ ɦɹɝɤɢɯ ɩɪɹɦɵɯ ɮɨɬɨɧɨɜ 

 ɩɨɞɚɜɥɟɧɢɟ ɤɜɚɪɤɨɧɢɹ 

 Ɂɚ 10+ ɥɟɬ ɪɟɡɭɥɶɬɚɬɵ/ɡɚɤɥɸɱɟɧɢɹ ɧɟ ɛɵɥɢ ɨɩɪɨɜɟɪɝɧɭɬɵ, ɜ ɬɨɦ ɱɢɫɥɟ ɢ ɫ 
ɡɚɩɭɫɤɨɦ ɤɨɥɥɚɣɞɟɪɚ LHC 
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 ȼɵɯɨɞ ɚɞɪɨɧɨɜ ɫɢɥɶɧɨ ɩɨɞɚɜɥɟɧ (RAA=0.2!) ɞɨ 20 Ƚɷȼ/c ɜ ɰɟɧɬɪɚɥɶɧɵɯ А+А 

 Ɉɬɫɭɬɫɬɜɢɟ ɩɨɞɚɜɥɟɧɢɹ ɞɥɹ direct ɢ ɚɞɪɨɧɨɜ ɜ p+A  ɷɮɮɟɤɬ ɤɨɧɟɱɧɨɝɨ ɫɨɫɬɨɹɧɢɹ 

 Ɉɞɢɧɚɤɨɜɨɟ ɩɨɞɚɜɥɟɧɢɟ ɞɥɹ ɥɟɝɤɢɯ ɚɞɪɨɧɨɜ  ɩɚɪɬɨɧɧɵɣ ɭɪɨɜɟɧɶ 

 Ɍɹɠɟɥɵɟ ɫ-ɤɜɚɪɤɢ ɢɫɩɵɬɵɜɚɸɬ ɫɭɳɟɫɬɜɟɧɧɵɟ ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɩɨɬɟɪɢ 

 ɋɪɚɜɧɟɧɢɟ ɫ ɬɟɨɪɢɟɣ:  > 15 Ƚɷȼ/ɮɦ3; dNg/dy > 1100 
 

 Ɉɛɪɚɡɭɸщɚɹɫɹ ɫɪɟɞɚ ɨɛɥɚɞɚɟɬ ɜɵɫɨɤɨɣ ɝɥɸɨɧɧɨɣ ɩɥɨɬɧɨɫɬɶɸ 

 ɇɚчɚɥɶɧɚɹ ɩɥɨɬɧɨɫɬɶ ɷɧɟɪɝɢɢ >> ɧɟɨɛɯɨɞɢɦɨɣ ɞɥɹ ɮɚɡɨɜɨɝɨ ɩɟɪɟɯɨɞɚ 

 

Jet quenching 

RAA > 1 – enhancement 

RAA = 1 – no modification 

RAA < 1 – suppression 
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Elliptic flow (v2) 

 v
2
(pT, m) ɨɩɢɫɵɜɚɟɬɫɹ ɝɢɞɪɨɞɢɧɚɦɢɱɟɫɤɢɦɢ 

ɦɨɞɟɥɹɦɢ, ɩɪɟɞɩɨɥɚɝɚɸɳɢɦɢ ɨɛɪɚɡɨɜɚɧɢɟ ɫɪɟɞɵ 
ɫɨ ɫɜɨɣɫɬɜɚɦɢ ɢɞɟɚɥɶɧɨɣ ɠɢɞɤɨɫɬɢ ɫ ɨɱɟɧɶ ɦɚɥɨɣ 
ɜɹɡɤɨɫɬɶɸ (/s ~ 1/4) 
 

 Ɋɚɧɧɹɹ ɬɟɪɦɚɥɢɡɚɰɢɹ ( < 1 ɮɦ/ɫ) ɢ ɜɵɫɨɤɚɹ 
ɧɚɱɚɥɶɧɚɹ ɩɥɨɬɧɨɫɬɶ ɷɧɟɪɝɢɢ ( > 15 Ƚɷȼ/ɮɦ3). 
 

 ɍɧɢɜɟɪɫɚɥɶɧɨɟ nq - ɦɚɫɲɬɚɛɢɪɨɜɚɧɢɟ ɞɥɹ ɥɟɝɤɢɯ 
ɚɞɪɨɧɨɜ 
 

 Ɍɹɠɟɥɵɟ ɤɜɚɪɤɢ ɬɚɤɠɟ ɭɱɚɫɬɜɭɸɬ ɜ ɤɨɥɥɟɤɬɢɜɧɨɦ 
ɩɨɬɨɤɟ, ɧɨ ɫɥɚɛɟɟ ɥɟɝɤɢɯ 

 Ɋɚɜɧɨɜɟɫɧɚɹ ɫɪɟɞɚ 

  Иɞɟɚɥɶɧɚɹ ɠɢɞɤɨɫɬɶ, ɧɟ ɝɚɡ 

  ɉɨɬɨɤ ɪɚɡɜɢɜɚɟɬɫɹ ɧɚ ɩɚɪɬɨɧɧɨɦ 
ɭɪɨɜɧɟ, ɩɚɪɬɨɧɧɵɟ ɫɬɟɩɟɧɢ ɫɜɨɛɨɞɵ 
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Маɥɵе ɫɢɫɬеɦɵ (p/d/He+A) –  

ɤɨɧɬɪɨɥɶɧɵɣ ɷɤɫɩеɪɢɦеɧɬ? 

   ɉɟɪɜɨɧɚɱɚɥɶɧɚɹ ɢɞɟɹ ɞɥɹ ɦɚɥɵɯ 
ɫɢɫɬɟɦ  
     – ɤɨɧɬɪɨɥɶɧɵɟ ɷɤɫɩɟɪɢɦɟɧɬɵ 

 

  p/d/He+A – ɫɭɩɟɪɩɨɡɢɰɢɹ N+N 
ɫɬɨɥɤɧɨɜɟɧɢɣ ɡɚ ɢɫɤɥɸɱɟɧɢɟɦ ɷɮɮɟɤɬɨɜ 
ɧɚɱɚɥɶɧɨɝɨ ɫɨɫɬɨɹɧɢɹ ɢ ɷɮɮɟɤɬɨɜ 
ɯɨɥɨɞɧɨɣ ɹɞɟɪɧɨɣ ɦɚɬɟɪɢɢ 

 

  Ɉɬɫɭɬɫɬɜɢɟ ɩɨɞɚɜɥɟɧɢɹ ɞɥɹ ɚɞɪɨɧɨɜ ɜ 
d+Au  ɷɮɮɟɤɬ ɝɚɲɟɧɢɹ ɫɬɪɭɣ 
ɨɬɜɟɬɫɬɜɟɧɟɧ ɡɚ ɩɨɞɚɜɥɟɧɢɟ ɜɵɯɨɞɚ 
ɚɞɪɨɧɨɜ ɜ ɰɟɧɬɪɚɥɶɧɵɯ Au+Au 
ɜɡɚɢɦɨɞɟɣɫɬɜɢɹɯ 

  ɉɨɹɜɥɟɧɢɟ ɧɨɜɵɯ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ ɧɚ RHIC ɢ LHC ɩɨɤɚɡɚɥɨ, 
ɱɬɨ ɦɚɥɵɟ ɫɢɫɬɟɦɵ ɜɵɯɨɞɹɬ ɞɚɥɟɤɨ ɡɚ ɩɪɟɞɟɥɵ ɩɪɨɫɬɨ ɤɨɧɬɪɨɥɶɧɵɯ 
ɢɡɦɟɪɟɧɢɣ 

 

 



ɋɟɦɢɧɚɪ ɈɎȼЭ 7 

Flow 
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Geometry engineering and energy scan 

 ɉɨɢɫɤ ɤɨɥɥɟɤɬɢɜɧɵɯ ɷɮɮɟɤɬɨɜ ɜɨ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹɯ ɦɚɥɵɯ ɫɢɫɬɟɦ 

 ɋɜɹɡɶ ɩɨɬɨɤɨɜ ɫ ɝɟɨɦɟɬɪɢɟɣ ɨɛɥɚɫɬɢ ɩɟɪɟɤɪɵɬɢɹ ɹɞɟɪ  geometry scan 

 ɋɜɹɡɶ ɩɨɬɨɤɨɜ ɫ ɩɥɨɬɧɨɫɬɶɸ ɷɧɟɪɝɢɢ   energy scan (d+Au) 
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Geometry engineering – charged hadrons 

 v2 & v3 for charged hadrons in central p+Au, d+Au, 3He+Au at sNN = 200 GeV 

 v2 (
3He+Au) ~ v2 (d+Au) > v2 (p+Au) 

 v3  (
3He+Au) > v3 (d+Au) 

 Geometry engineering is a unique capability of the RHIC 
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Geometry engineering – v2 model comparison 

• SONIC:  
• MC Glauber initial conditions 

• 2+1d Hydro evolution, /s = 0.08 
• Cooper-Frye hadronization at T = 170 MeV 

• Hadronic rescattering (B3D package) 

• Super SONIC: SONIC + pre-equilibrium flow 

• AMPT (a-multiphase-transport model): 
• MC Glauber initial conditions 

• Strings melt to partons  

• Partonic transport (partonic cross section part = 1.5 mb) 
• Haronization - parton coalescence 

• Hadronic rescattering (ART package) 

 



ɋɟɦɢɧɚɪ ɈɎȼЭ 11 11 

  v2 & v3 well described by hydrodynamics (as well as spectra) 

  System dependence described by hydro 

Geometry engineering – v2/v3 model comparison 

• iEBE-VISHNU: 
• MC Glauber initial conditions 

• 2+1d Hydro evolution starting at  = 0.6 fm/c, /s = 0.08 
• Hadronization at T = 155 MeV 

• Hadronic rescattering (UrQMD 3.4 package) 
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 Mass ordering for v2 is observed 

 Ordering is more prominent in d/3He+Au 

Geometry engineering – identified hadrons 
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Geometry engineering – v2 model comparison 

 Mass ordering at 

low pT is well 

described by hydro 

and AMPT models 

 AMPT is not 

adequate at higher 

pT (B/M) 

 

 Mass ordering at low pT is not sensitive to hadronic rescattering in hydro models 
and is totally driven by rescattering in AMPT model 

 Mass ordering at higher pT is driven by hadronic rescattering in hydro models and 
by partonic coalescence in AMPT 

Hadronic rescattering models 
iEBE-VISHNU:           UrQMD 
SONIC:                    B3D 
AMPT:                      ART 
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Geometry engineering – nq scaling 

 Measurements for identified hadrons follow the nq scaling within uncertainties 

 Better agreement in d/3He+Au collisions 
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1. Final State Anisotropy = Initial Geometry + Final State Interactions 

2. Mechanisms of transformation of initial geometry in final state momentum 

anisotropy is not unique 

3. The mass ordering, nq-scaling show similarity to A+A and indicate a 

collective behavior in small systems 

Geometry engineering - summary 
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  How does the flow depend on collision energy?  

  Significant v2 signal at all 4 energies (20, 62.4, 39, 19.6 GeV)! 

 Results are not corrected for non-flow contributions (neither included in 

systematic uncertainties) 

Energy scan – charged hadrons 



ɋɟɦɢɧɚɪ ɈɎȼЭ 17 17 

 Hydro in good agreement at 200 & 62.4 GeV; under predicts data at 39 & 19.6 GeV 

Energy scan – v2 model comparison 

  Comparison to AMPT:  
 AMPT v2 {Parton Plane}: ← Flow 

  AMPT v2 {EP}: ← Flow ⊗ Non-flow   

        Strong v2 signal even at 19.6 GeV … interpretation is complicated by non-flow 
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Energy scan – v2 model comparison 

 AMPT well describes rapidity 

dependence at central and 

forward rapidity 

 Measured signal is inconsistent 

with non-flow only! (according 

to AMPT) 

 Non-flow is greatest near the 

region where the 
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Energy scan – summary 

1. Evidence of collectivity even at 19.6 GeV 

2. Interpretation of results is complicated by non-flow 
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Energy loss 
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Nuclear modification, RAA in p/d/3He+Au 

 Enhancement at pT ~ 5 GeV/c, system size dependence 

 Is there a hint of  suppression at high pT? 
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RAA in p/d/3He+Au, centrality dependence 
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RAA in p/d/3He+Au, centrality dependence 
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RAA in p/d/3He+Au, centrality dependence 
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Nuclear modification, RAA in p/d/3He+Au 

 RAA
h ~ RAA
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 Strong evidence for initial geometry translating to hadronic momentum  

     anisotropy through final state interactions 

 Both hydro and AMPT similarly describe v2 and mass splitting at low pT  

     but the origin of the effect is quite different 

 Energy loss is not yet conclusive 

Conclusions 
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BACKUP 
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Model Comparison 

28 

• SONIC:  
• MC Glauber initial conditions 

• 2+1d Hydro evolution, /s = 0.08 
• Cooper-Frye hadronization at T = 170 MeV 

• Hadronic rescattering (B3D package) 

• Super SONIC: SONIC + pre-equilibrium flow 

• iEBE-VISHNU: 
• MC Glauber initial conditions 

• 2+1d Hydro evolution starting at  = 0.6 fm/c, /s = 0.08 
• Hadronization at T = 155 MeV 

• Hadronic rescattering (UrQMD 3.4 package) 

• Bozek – Broniowski: 
• MC Glauber initial conditions 

• 3+1d Hydro evolution 

• AMPT 
• MC Glauber initial conditions 

• Strings melt to partons  

• Partonic transport (partonic cross section part = 1.5 mb) 
• Haronization - parton coalescence 

• Hadronic rescattering (ART package) 
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 Цɟɧɬɪɚɥɶɧɵɟ ɫɩɟɤɬɪɨɦɟɬɪɵ: 
 

 ɰɟɧɬɪɚɥɶɧɵɣ ɦɚɝɧɢɬ (ɂɠɨɪɫɤɢɣ ɡɚɜɨɞ)  
 ɞɪɟɣɮɨɜɵɟ ɤɚɦɟɪɵ (ɉɂəФ, Ƚɚɬɱɢɧɚ) 

 ɩɚɞɨɜɵɟ ɤɚɦɟɪɵ (PC1, PC2, PC3) 

 ɱɟɪɟɧɤɨɜɫɤɢɣ ɞɟɬɟɤɬɨɪ (RICH) 

 ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɣ ɤɚɥɨɪɢɦɟɬɪ  
    (PbSc – ɂɌЭФ, PbGl - Ʉɂ) 

 TRD  

 TOF 

 AGEL (ɈɂəФ, Ⱦɭɛɧɚ) 

 VTX/FVTX 

-0.35 <  < 0.35 
 - 2 x 90o 

1.2 <  < 2.4 
 - 2 x 360o 

 Ɇɸɨɧɧɵɟ ɫɩɟɤɬɪɨɦɟɬɪɵ: 
 

 MuTr 

 MuID 

 MPC 

PHENIX setup 
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Relativistic Heavy-Ion Collided (RHIC) 

 ɇɟɩɪɟɪɵɜɧɨɟ ɭɜɟɥɢɱɟɧɢɟ ɫɜɟɬɢɦɨɫɬɢ:  

 p+p   ~ 1032 cm-2s-1 

 A+A ~ 1028 cm-2s-1 

 ɉɪɨɝɪɚɦɦɚ ɫɤɚɧɢɪɨɜɚɧɢɹ ɩɨ ɷɧɟɪɝɢɹɦ ɢɦɟɟɬ 
ɨɝɪɚɧɢɱɟɧɢɹ ɩɨ ɧɚɤɨɩɥɟɧɧɨɣ ɫɜɟɬɢɦɨɫɬɢ  
 ɧɟɨɛɯɨɞɢɦɨɫɬɶ ɜ ɫɩɟɰɢɚɥɢɡɢɪɨɜɚɧɧɵɯ 
ɷɤɫɩɟɪɢɦɟɧɬɚɯ (NICA, FAIR) 
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Energy scan – v2 model comparison 

200 GeV 62 GeV 

39 GeV 
 v2(EP) in AMPT reproduces general shape 

of data 

 Non-flow contribution becomes significant 

in peripheral collisions and/or high pT 

 At lower collision energies v2(EP) in 

AMPT starts to underestimate v2, 

especially at high pT or peripheral 

collisions 


