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Femtoscopy signatures of collective flows              
in p-p collisions. 



Interferometry microscope (Kopylov, Podgoretcky:  1971-1973 ) 

The idea of the correlation femtoscopy  is based on an impossibility to 
distinguish between registered particles emitted from different points because 
of particle identity. 
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                  Further development of the  correlation femtoscopy collisions 

The theory, method and interpretation of the correlation femtoscopy measurements 
that are utilized by all the collaborations dealing with such kind of analysis in A+A and p+p                                   

collisions at the SPS, RHIC та LHC, are developed.  It allows to study the  homogeneity lengths in extremely  
inhomogeneous fast expanding  hadron and quark-gluon systems,  

with accuracy 10–15 m and 10–23 s. 
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  Femto “homogeneity 
lengths”. 

 The general interpretation of the 

femtoscopy scales as the spatio-
temporal homogeneity length   

has been formulated 

    “Bowler–Sinyukov 
treatment” 

The method that allow to sepa- 
rate the quantum-statistical (QS) 
correlations from Coulomb ones 
and long-lived (l-l) resonance 
contributions is proposed 
 
 

«Sinyukov-Makhlin formula”       
that allow to measure the life-
time of the hot matter at “Little 

bang” 
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2015  - fraction of l-l resonances 

- Coulomb wave function. 

       - QS-кореляційна ф.  - mean transv. velocity 



          
 
 
 
 
 

THE DEVELOPMENT OF THE FEMTOSCOPY (Yu.S.1986 – 1995) 

 

          To provide calculations analytically one should use the saddle point method and Boltzmann 

approximation to Bose-Einstein distribution function. Then the single      particle spectra are  

proportional to homogeneity volume:  

 

 

           and just these homogeneity lengths forms exponent in Bose-Einstein correlation function 
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Interferomerty radii: 

QGP  RHIC HBT PUZZLE 



First attempts to apply hydro for both types of high energy collisions: A+A and p+p  

Tf.o + Interferometry radii    RT, τ 

Experiment. data for  

Slope of pion pT   spectra      Tf.o., μ 



T=0.170 GeV ,   τ=1.5 – 2.1 fm/c 

The simplest estimate for  p+p collisions  at   

Freeze-out at  τ: transversally                                                  , longitudinally: boost-invar. 

Experiment (ALICE): 

 Disagreement  with the 
data: 

Transverse flow                smaller homogeneity length  (?) 



      Integrated HydroKinetic model: HKM          iHKM   
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HYDRO 

PARTICLIZATION 

HADRON CASCADE 
(UrQMD) 

Pre-thermal  
stage 

Tp ~ 156 - 156 MeV 

r 

t 

¿th = 1 fm

¿0 = 0:1 fm

¿p

Complete algorithm incorporates the stages:  

• generation of the initial states: MC Sitenko-Glauber 
 
•  thermalization of initially non-thermal   
    matter; 
 
•  viscous chemically equilibrated    
    hydrodynamic  expansion; 
 
• sudden (with option: continuous)      
   particlization  of  expanding medium;  
 
• a switch to UrQMD cascade with near 
   equilibrium hadron gas as input; 
 
• simulation of observables. 
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The initial (non-equilibrium) 
state 



HKM prediction: solution of the HBT Puzzle 

     

Quotations: 

HKM 



     

Interferometry volume Vint in LHC p-p and central Au-Au, Pb-Pb collisions 

iHKM 

Vint(A;dN=dy)

iHKM 

Akkelin, Yu.S. : PRC 70 064901 (2004);   
                    PRC 73 034908 (2006)  

without dissipative UrQMD stage 



 
 
 

The  distance  between the centers of emitters                  is  larger than their  sizes                     Δ𝑥=x1 – x2   
 

1/Δp  

  Spectrum: 

Criterion : overlapping of the wave packages: 

 
Phase correlations 

Wave function for emitters 

Uncertainty principle and distinguishability   of emitters 

Δ𝑥 ≫ 1/Δp  Distinguishable emitters 
   The states are orthogonal 

Δ𝑥 ≪ 1/Δp  Indistinguishable emitters    
The states are not orthogonal 

 
related  to  the  widths  of  the  emitted  wave  packets 1/Δp . 

 

Yu.M. Sinyukov,  V.M. Shapoval. Correlation femtoscopy of small systems.         Phys. Rev. D   87                         
                                                                                                                      094024 (2013)  



The results for the interferometry radii 

R_st means interferometry radii in the (standard) model of 
independent distinguishable emitters.  

In the region of the source sizes  0.5 - 2 fm   α = 1.5 - 0.4 

The reduction of the interferometry radii: 



The behavior of the two-particle Bose-Einstein correlation function ( side-projection) where  the 
uncertainty principle and correction for double  counting are utilized. The momentum dispersion 

k=m=0.14 GeV, p_T=0, T=R. 

The Bose-Einstein correlation function for small systems 
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Interferometry volume Vint in LHC p-p and central Au-Au, Pb-Pb collisions 

iHKM 

Vint(A;dN=dy)

iHKM 

iHKM with uncertainty principle 

Akkelin, Yu.S. : PRC 70 064901 (2004);   
                    PRC 73 034908 (2006)  



Femtoscopy scales vs p_T in the HKM after corrections 



Femtoscopy scales vs p_T in the HKM after corrections 



    Quantum problem of boson radiation from small systems  
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Statistical operator of decaying thermal 3D- ellipsoidal ball with Gaussian radii        , 
 
 defined by constant temperature                  and chemical potential  

Where                             ,                       ,                                ,                       

M.Adzhymambetov, Yu.S. (2018). in preparation: 

Quasi-classic (q.c.) 
approach  
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Correlation function for thermal boson quanta from small source 

B.-E. Quantum 

B.-E. Quasi-classic 

Boltzman            
quasi-classic.  

k=0.3 GeV, R=0.75 fm ~ 1/k  k=0.3 GeV, R= 3 fm >> 1/k  



Saturation of the HBT radii in p-p 
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The similar observation was found by the ATLAS Collaboration 



Possible explanation of the saturation 
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If an expansion of the  matter with transv. initial size        is mostly  of hydrodynamic type, 
then  

V.M. Shapoval, P. Braun-Munzinger,                
Yu.M. Sinyukov Phys. Lett. B 725 (2013)  

Saturation of  

Saturation of  

On the other hand, if no long post-hydrodynamic stage,   where       is pion  average  
phase-space density 

is the inverse of slope  
of pion spectra  



Decrease of the correlation strength λ with kT 

          
 
 
 
 
 

21 



The behavior of the two-particle Bose-Einstein correlation function ( side-projection) where  the 
uncertainty principle and correction for double  counting are utilized. The momentum dispersion 

k=m=0.14 GeV, p_T=0, T=R. 

Possible explanation of λ behavior 



The behavior of the two-particle Bose-Einstein correlation function ( side-projection) where  the 
uncertainty principle and correction for double  counting are utilized. The momentum dispersion 

k=m=0.14 GeV, p_T=0, T=R. 

Possible explanation 

anticorrelations 



             Possible explanation 
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anticorrelations 



SUMMARY 

 Our results on p+p collisions at the LHC energy demonstrates that the      

    uncertainty principle may play an important  role  for such small systems  and allows  

    one to explain the observed overall femtoscopy scale (interverometry volume)  and its         

    dependence on  multiplicity. 

 An analysis of the p_T – dependence of the femtoscopic scales corrected for uncertainty 
principle does not exclude the possibility of  the hydrodynamic interpretation of  p+p 
collisions at the LHC energies. 

 The comparison of          vs              for pp and AA collisions conforms probably  the  
    result of Akkelin, Yu.S. : PRC 70  064901 (2004);  PRC 73 034908 (2006)  that  the 
    interferometry volume depends not only on multiplicity but also on  the  initial size of  
    colliding systems.  

 The saturation of the interfereometry radii, decreasing of correlation strength and anti-
correlations observed  recently in p-p collisions by  CMS and ATLAS collaborations,  can be 
explained by  the hydrodynamic regime  at large multiplicities without essential post-
hydrodynamic  hadron cascade stage.  One should add, however,  to pure hydrodynamic 
description the quantum-mechanics uncertainty principle and associated with it coherent 
effects.   

 At the moment we develop detail model with  such a symbiosis (S. Akkelin, Yu.S.,2018) 
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Vint dN=d´
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