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• Ultra-relativistic heavy ion phenomenology has been focusing on 
understanding properties of QGP including (but not limited to) 
- transport coefficients (e.g., shear and bulk viscosities) and 
- jet-medium interaction between QGP and energetic jets.


• Many extensive studies have been looking at low-                         or 
high-                        regimes.
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Introduction
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• What happens in the intermediate-     regime, 
where thermal     mini-jet contributions? 
- mini-jet contribution can affect the intermediate and 
  low-     observables. 
- necessary for better understanding of QGP


• Prerequisite : An extended hybrid approach, which can handle mini-
jet production and energy loss.
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Framework
Overview

Jet production and 
energy lossCollective 

dynamics 
(hydrodynamics)

Pre-thermalization 
dynamics

Collision geometry

Hadronic re-scattering (microscopic transport)
figure by
Steffen Bass
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Jet production and 
energy loss

 
 
                     F. Cooper and G. Frye (1974)

Framework
Overview - bulk dynamics of fireball

Collision geometry

Hadronic re-scattering (microscopic transport)
figure by
Steffen Bass

Pre-thermalization 
dynamics

Collective 
dynamics 

(hydrodynamics)

Initial      Tµ⌫
init(⌧0,x?, ⌘s)
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Distribution of participants and binary collisions
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Framework
Bulk dynamics of fireball

+ +

IP-Glasma  
pre-thermalization

UrQMD 
hadronic rescatterings

B. Schenke, P. Tribedy and 
R. Venugopalan (2012)

MUSIC 
viscous hydrodynamics

S. Bass, et al. (1998) 
M. Bleicher, et al. (1999)

B. Schenke, S. Jeon and 
C. Gale (2010, 2011)

S. Ryu, J-F. Paquet, G. Denicol, C. Shen, B. Schenke, S. Jeon and C. Gale (2015)
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Framework
Overview - (mini-)jet energy loss and medium response

Jet production and 
energy loss

Collision geometry

Hadronic re-scattering (microscopic transport)
figure by
Steffen Bass

Collective 
dynamics 

(hydrodynamics)

Pre-thermalization 
dynamics

Medium response

Jet energy loss

(Mini-)jet 
hadrons

Binary collisions 
can produce (mini-)jets 
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Framework
(Mini-)jet energy loss and medium response

B. Schenke, C. Gale and S. Jeon (2010)
MARTINI : Modular Algorithm for Relativistic Treatment of heavy IoN Interaction

Hard process at the position of

binary collision (PYTHIA)

Energy loss

- Radiation (AMY) 
     P. Arnold, G. Moore and L. Yaffe (2002) 
- Collision (with thermal partons) 
     B. Schenke, C. Gale and G-Y. Qin (2009) 
     G-Y. Qin et al. (2008)

Fragmentation into hadrons

(PYTHIA / LUND string model)
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Fragmentation into hadrons

(PYTHIA / LUND string model)

Framework
(Mini-)jet energy loss and medium response

B. Schenke, C. Gale and S. Jeon (2010)
MARTINI : Modular Algorithm for Relativistic Treatment of heavy IoN Interaction

Probability to have a hard collision producing (mini-)jets        
 
 Phard =

1

�inel

X

i,j

Z
dx1fi(x1)

Z
dx2fj(x2) �̂i,j(x1, x2; p̂T,min)
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Figure from 1408.2549

T. Sjostrand (1994)

Hard process at the position of

binary collision (PYTHIA)

Energy loss

- Radiation (AMY) 
     P. Arnold, G. Moore and L. Yaffe (2002) 
- Collision (with thermal partons) 
     B. Schenke, C. Gale and G-Y. Qin (2009) 
     G-Y. Qin et al. (2008)
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Framework
(Mini-)jet energy loss and medium response

B. Schenke, C. Gale and S. Jeon (2010)
MARTINI : Modular Algorithm for Relativistic Treatment of heavy IoN Interaction

Hard process at the position of

binary collision (PYTHIA)

Energy loss

- Radiation (AMY) 
     P. Arnold, G. Moore and L. Yaffe (2002) 
- Collision (with thermal partons) 
     B. Schenke, C. Gale and G-Y. Qin (2009) 
     G-Y. Qin et al. (2008)

Fragmentation into hadrons

(PYTHIA / LUND string model)
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Two limiting cases for low-energy partons (             ) 
- free-streaming (weak coupling limit) 
- diffusion of energy/momentum (strong coupling limit)

p < 4T
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Other feedbacks (from e.g., elastic coll.) go into diffusive sources.



B. Andersson, G. Gustafson, 
G. Ingelman and T. Sjostrand (1983)

Fragmentation into hadrons

(PYTHIA / LUND string model)

Hard process at the position of

binary collision (PYTHIA)

Energy loss

- Radiation (AMY) 
     P. Arnold, G. Moore and L. Yaffe (2002) 
- Collision (with thermal partons) 
     B. Schenke, C. Gale and G-Y. Qin (2009) 
     G-Y. Qin et al. (2008)

Framework
(Mini-)jet energy loss and medium response

B. Schenke, C. Gale and S. Jeon (2010)
MARTINI : Modular Algorithm for Relativistic Treatment of heavy IoN Interaction

Jet parton + Thermal parton 
with probability distribution of string mass 
 

Thermal parton kicked out of medium 
       negative contribution to the response
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Framework
(Mini-)jet energy loss and medium response
Medium response : diffusive perturbation to the energy-stress tensor

�pµ
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uµ
<latexit sha1_base64="2UUmwC0Y7QzStL2nRdQNffI4PR8=">AAAB7nicdZDLSgMxFIbP1Futt6pLN8EiuCozouiy4MZlBXuBdiyZNNOGJpkhF6EMfQg3LhRx6/O4823MtFNQ0R8CP985h5zzRyln2vj+p1daWV1b3yhvVra2d3b3qvsHbZ1YRWiLJDxR3QhrypmkLcMMp91UUSwiTjvR5Dqvdx6o0iyRd2aa0lDgkWQxI9g41LH3WV/Y2aBa8+sXfi7k1/2lKUhQkBoUag6qH/1hQqyg0hCOte4FfmrCDCvDCKezSt9qmmIywSPac1ZiQXWYzdedoRNHhihOlHvSoDn9PpFhofVURK5TYDPWv2s5/KvWsya+CjMmU2uoJIuPYsuRSVB+OxoyRYnhU2cwUcztisgYK0yMS6jiQlheiv437bN64Pztea3RKOIowxEcwykEcAkNuIEmtIDABB7hGV681HvyXr23RWvJK2YO4Ye89y++m4/R</latexit><latexit sha1_base64="2UUmwC0Y7QzStL2nRdQNffI4PR8=">AAAB7nicdZDLSgMxFIbP1Futt6pLN8EiuCozouiy4MZlBXuBdiyZNNOGJpkhF6EMfQg3LhRx6/O4823MtFNQ0R8CP985h5zzRyln2vj+p1daWV1b3yhvVra2d3b3qvsHbZ1YRWiLJDxR3QhrypmkLcMMp91UUSwiTjvR5Dqvdx6o0iyRd2aa0lDgkWQxI9g41LH3WV/Y2aBa8+sXfi7k1/2lKUhQkBoUag6qH/1hQqyg0hCOte4FfmrCDCvDCKezSt9qmmIywSPac1ZiQXWYzdedoRNHhihOlHvSoDn9PpFhofVURK5TYDPWv2s5/KvWsya+CjMmU2uoJIuPYsuRSVB+OxoyRYnhU2cwUcztisgYK0yMS6jiQlheiv437bN64Pztea3RKOIowxEcwykEcAkNuIEmtIDABB7hGV681HvyXr23RWvJK2YO4Ye89y++m4/R</latexit><latexit sha1_base64="2UUmwC0Y7QzStL2nRdQNffI4PR8=">AAAB7nicdZDLSgMxFIbP1Futt6pLN8EiuCozouiy4MZlBXuBdiyZNNOGJpkhF6EMfQg3LhRx6/O4823MtFNQ0R8CP985h5zzRyln2vj+p1daWV1b3yhvVra2d3b3qvsHbZ1YRWiLJDxR3QhrypmkLcMMp91UUSwiTjvR5Dqvdx6o0iyRd2aa0lDgkWQxI9g41LH3WV/Y2aBa8+sXfi7k1/2lKUhQkBoUag6qH/1hQqyg0hCOte4FfmrCDCvDCKezSt9qmmIywSPac1ZiQXWYzdedoRNHhihOlHvSoDn9PpFhofVURK5TYDPWv2s5/KvWsya+CjMmU2uoJIuPYsuRSVB+OxoyRYnhU2cwUcztisgYK0yMS6jiQlheiv437bN64Pztea3RKOIowxEcwykEcAkNuIEmtIDABB7hGV681HvyXr23RWvJK2YO4Ye89y++m4/R</latexit><latexit sha1_base64="2UUmwC0Y7QzStL2nRdQNffI4PR8=">AAAB7nicdZDLSgMxFIbP1Futt6pLN8EiuCozouiy4MZlBXuBdiyZNNOGJpkhF6EMfQg3LhRx6/O4823MtFNQ0R8CP985h5zzRyln2vj+p1daWV1b3yhvVra2d3b3qvsHbZ1YRWiLJDxR3QhrypmkLcMMp91UUSwiTjvR5Dqvdx6o0iyRd2aa0lDgkWQxI9g41LH3WV/Y2aBa8+sXfi7k1/2lKUhQkBoUag6qH/1hQqyg0hCOte4FfmrCDCvDCKezSt9qmmIywSPac1ZiQXWYzdedoRNHhihOlHvSoDn9PpFhofVURK5TYDPWv2s5/KvWsya+CjMmU2uoJIuPYsuRSVB+OxoyRYnhU2cwUcztisgYK0yMS6jiQlheiv437bN64Pztea3RKOIowxEcwykEcAkNuIEmtIDABB7hGV681HvyXr23RWvJK2YO4Ye89y++m4/R</latexit>

x
<latexit sha1_base64="T1g7Xo2p0PnOA6YkhvTlvU62xuE=">AAAB8XicbZBNS8NAEIYnftb6VfXoJVgETyURQY8FLx4r2A9sS9lsJ+3SzSbsTqQl9F948aCIV/+NN/+N2zYHbX1h4eGdGXbmDRIpDHnet7O2vrG5tV3YKe7u7R8clo6OGyZONcc6j2WsWwEzKIXCOgmS2Eo0siiQ2AxGt7N68wm1EbF6oEmC3YgNlAgFZ2Stxw7hmIIwG097pbJX8eZyV8HPoQy5ar3SV6cf8zRCRVwyY9q+l1A3Y5oElzgtdlKDCeMjNsC2RcUiNN1svvHUPbdO3w1jbZ8id+7+nshYZMwkCmxnxGholmsz879aO6XwppsJlaSEii8+ClPpUuzOznf7QiMnObHAuBZ2V5cPmWacbEhFG4K/fPIqNC4rvuX7q3K1msdRgFM4gwvw4RqqcAc1qAMHBc/wCm+OcV6cd+dj0brm5DMn8EfO5w8mRJE1</latexit><latexit sha1_base64="T1g7Xo2p0PnOA6YkhvTlvU62xuE=">AAAB8XicbZBNS8NAEIYnftb6VfXoJVgETyURQY8FLx4r2A9sS9lsJ+3SzSbsTqQl9F948aCIV/+NN/+N2zYHbX1h4eGdGXbmDRIpDHnet7O2vrG5tV3YKe7u7R8clo6OGyZONcc6j2WsWwEzKIXCOgmS2Eo0siiQ2AxGt7N68wm1EbF6oEmC3YgNlAgFZ2Stxw7hmIIwG097pbJX8eZyV8HPoQy5ar3SV6cf8zRCRVwyY9q+l1A3Y5oElzgtdlKDCeMjNsC2RcUiNN1svvHUPbdO3w1jbZ8id+7+nshYZMwkCmxnxGholmsz879aO6XwppsJlaSEii8+ClPpUuzOznf7QiMnObHAuBZ2V5cPmWacbEhFG4K/fPIqNC4rvuX7q3K1msdRgFM4gwvw4RqqcAc1qAMHBc/wCm+OcV6cd+dj0brm5DMn8EfO5w8mRJE1</latexit><latexit sha1_base64="T1g7Xo2p0PnOA6YkhvTlvU62xuE=">AAAB8XicbZBNS8NAEIYnftb6VfXoJVgETyURQY8FLx4r2A9sS9lsJ+3SzSbsTqQl9F948aCIV/+NN/+N2zYHbX1h4eGdGXbmDRIpDHnet7O2vrG5tV3YKe7u7R8clo6OGyZONcc6j2WsWwEzKIXCOgmS2Eo0siiQ2AxGt7N68wm1EbF6oEmC3YgNlAgFZ2Stxw7hmIIwG097pbJX8eZyV8HPoQy5ar3SV6cf8zRCRVwyY9q+l1A3Y5oElzgtdlKDCeMjNsC2RcUiNN1svvHUPbdO3w1jbZ8id+7+nshYZMwkCmxnxGholmsz879aO6XwppsJlaSEii8+ClPpUuzOznf7QiMnObHAuBZ2V5cPmWacbEhFG4K/fPIqNC4rvuX7q3K1msdRgFM4gwvw4RqqcAc1qAMHBc/wCm+OcV6cd+dj0brm5DMn8EfO5w8mRJE1</latexit><latexit sha1_base64="T1g7Xo2p0PnOA6YkhvTlvU62xuE=">AAAB8XicbZBNS8NAEIYnftb6VfXoJVgETyURQY8FLx4r2A9sS9lsJ+3SzSbsTqQl9F948aCIV/+NN/+N2zYHbX1h4eGdGXbmDRIpDHnet7O2vrG5tV3YKe7u7R8clo6OGyZONcc6j2WsWwEzKIXCOgmS2Eo0siiQ2AxGt7N68wm1EbF6oEmC3YgNlAgFZ2Stxw7hmIIwG097pbJX8eZyV8HPoQy5ar3SV6cf8zRCRVwyY9q+l1A3Y5oElzgtdlKDCeMjNsC2RcUiNN1svvHUPbdO3w1jbZ8id+7+nshYZMwkCmxnxGholmsz879aO6XwppsJlaSEii8+ClPpUuzOznf7QiMnObHAuBZ2V5cPmWacbEhFG4K/fPIqNC4rvuX7q3K1msdRgFM4gwvw4RqqcAc1qAMHBc/wCm+OcV6cd+dj0brm5DMn8EfO5w8mRJE1</latexit>

x
<latexit sha1_base64="T1g7Xo2p0PnOA6YkhvTlvU62xuE=">AAAB8XicbZBNS8NAEIYnftb6VfXoJVgETyURQY8FLx4r2A9sS9lsJ+3SzSbsTqQl9F948aCIV/+NN/+N2zYHbX1h4eGdGXbmDRIpDHnet7O2vrG5tV3YKe7u7R8clo6OGyZONcc6j2WsWwEzKIXCOgmS2Eo0siiQ2AxGt7N68wm1EbF6oEmC3YgNlAgFZ2Stxw7hmIIwG097pbJX8eZyV8HPoQy5ar3SV6cf8zRCRVwyY9q+l1A3Y5oElzgtdlKDCeMjNsC2RcUiNN1svvHUPbdO3w1jbZ8id+7+nshYZMwkCmxnxGholmsz879aO6XwppsJlaSEii8+ClPpUuzOznf7QiMnObHAuBZ2V5cPmWacbEhFG4K/fPIqNC4rvuX7q3K1msdRgFM4gwvw4RqqcAc1qAMHBc/wCm+OcV6cd+dj0brm5DMn8EfO5w8mRJE1</latexit><latexit sha1_base64="T1g7Xo2p0PnOA6YkhvTlvU62xuE=">AAAB8XicbZBNS8NAEIYnftb6VfXoJVgETyURQY8FLx4r2A9sS9lsJ+3SzSbsTqQl9F948aCIV/+NN/+N2zYHbX1h4eGdGXbmDRIpDHnet7O2vrG5tV3YKe7u7R8clo6OGyZONcc6j2WsWwEzKIXCOgmS2Eo0siiQ2AxGt7N68wm1EbF6oEmC3YgNlAgFZ2Stxw7hmIIwG097pbJX8eZyV8HPoQy5ar3SV6cf8zRCRVwyY9q+l1A3Y5oElzgtdlKDCeMjNsC2RcUiNN1svvHUPbdO3w1jbZ8id+7+nshYZMwkCmxnxGholmsz879aO6XwppsJlaSEii8+ClPpUuzOznf7QiMnObHAuBZ2V5cPmWacbEhFG4K/fPIqNC4rvuX7q3K1msdRgFM4gwvw4RqqcAc1qAMHBc/wCm+OcV6cd+dj0brm5DMn8EfO5w8mRJE1</latexit><latexit sha1_base64="T1g7Xo2p0PnOA6YkhvTlvU62xuE=">AAAB8XicbZBNS8NAEIYnftb6VfXoJVgETyURQY8FLx4r2A9sS9lsJ+3SzSbsTqQl9F948aCIV/+NN/+N2zYHbX1h4eGdGXbmDRIpDHnet7O2vrG5tV3YKe7u7R8clo6OGyZONcc6j2WsWwEzKIXCOgmS2Eo0siiQ2AxGt7N68wm1EbF6oEmC3YgNlAgFZ2Stxw7hmIIwG097pbJX8eZyV8HPoQy5ar3SV6cf8zRCRVwyY9q+l1A3Y5oElzgtdlKDCeMjNsC2RcUiNN1svvHUPbdO3w1jbZ8id+7+nshYZMwkCmxnxGholmsz879aO6XwppsJlaSEii8+ClPpUuzOznf7QiMnObHAuBZ2V5cPmWacbEhFG4K/fPIqNC4rvuX7q3K1msdRgFM4gwvw4RqqcAc1qAMHBc/wCm+OcV6cd+dj0brm5DMn8EfO5w8mRJE1</latexit><latexit sha1_base64="T1g7Xo2p0PnOA6YkhvTlvU62xuE=">AAAB8XicbZBNS8NAEIYnftb6VfXoJVgETyURQY8FLx4r2A9sS9lsJ+3SzSbsTqQl9F948aCIV/+NN/+N2zYHbX1h4eGdGXbmDRIpDHnet7O2vrG5tV3YKe7u7R8clo6OGyZONcc6j2WsWwEzKIXCOgmS2Eo0siiQ2AxGt7N68wm1EbF6oEmC3YgNlAgFZ2Stxw7hmIIwG097pbJX8eZyV8HPoQy5ar3SV6cf8zRCRVwyY9q+l1A3Y5oElzgtdlKDCeMjNsC2RcUiNN1svvHUPbdO3w1jbZ8id+7+nshYZMwkCmxnxGholmsz879aO6XwppsJlaSEii8+ClPpUuzOznf7QiMnObHAuBZ2V5cPmWacbEhFG4K/fPIqNC4rvuX7q3K1msdRgFM4gwvw4RqqcAc1qAMHBc/wCm+OcV6cd+dj0brm5DMn8EfO5w8mRJE1</latexit>

x
<latexit sha1_base64="T1g7Xo2p0PnOA6YkhvTlvU62xuE=">AAAB8XicbZBNS8NAEIYnftb6VfXoJVgETyURQY8FLx4r2A9sS9lsJ+3SzSbsTqQl9F948aCIV/+NN/+N2zYHbX1h4eGdGXbmDRIpDHnet7O2vrG5tV3YKe7u7R8clo6OGyZONcc6j2WsWwEzKIXCOgmS2Eo0siiQ2AxGt7N68wm1EbF6oEmC3YgNlAgFZ2Stxw7hmIIwG097pbJX8eZyV8HPoQy5ar3SV6cf8zRCRVwyY9q+l1A3Y5oElzgtdlKDCeMjNsC2RcUiNN1svvHUPbdO3w1jbZ8id+7+nshYZMwkCmxnxGholmsz879aO6XwppsJlaSEii8+ClPpUuzOznf7QiMnObHAuBZ2V5cPmWacbEhFG4K/fPIqNC4rvuX7q3K1msdRgFM4gwvw4RqqcAc1qAMHBc/wCm+OcV6cd+dj0brm5DMn8EfO5w8mRJE1</latexit><latexit sha1_base64="T1g7Xo2p0PnOA6YkhvTlvU62xuE=">AAAB8XicbZBNS8NAEIYnftb6VfXoJVgETyURQY8FLx4r2A9sS9lsJ+3SzSbsTqQl9F948aCIV/+NN/+N2zYHbX1h4eGdGXbmDRIpDHnet7O2vrG5tV3YKe7u7R8clo6OGyZONcc6j2WsWwEzKIXCOgmS2Eo0siiQ2AxGt7N68wm1EbF6oEmC3YgNlAgFZ2Stxw7hmIIwG097pbJX8eZyV8HPoQy5ar3SV6cf8zRCRVwyY9q+l1A3Y5oElzgtdlKDCeMjNsC2RcUiNN1svvHUPbdO3w1jbZ8id+7+nshYZMwkCmxnxGholmsz879aO6XwppsJlaSEii8+ClPpUuzOznf7QiMnObHAuBZ2V5cPmWacbEhFG4K/fPIqNC4rvuX7q3K1msdRgFM4gwvw4RqqcAc1qAMHBc/wCm+OcV6cd+dj0brm5DMn8EfO5w8mRJE1</latexit><latexit sha1_base64="T1g7Xo2p0PnOA6YkhvTlvU62xuE=">AAAB8XicbZBNS8NAEIYnftb6VfXoJVgETyURQY8FLx4r2A9sS9lsJ+3SzSbsTqQl9F948aCIV/+NN/+N2zYHbX1h4eGdGXbmDRIpDHnet7O2vrG5tV3YKe7u7R8clo6OGyZONcc6j2WsWwEzKIXCOgmS2Eo0siiQ2AxGt7N68wm1EbF6oEmC3YgNlAgFZ2Stxw7hmIIwG097pbJX8eZyV8HPoQy5ar3SV6cf8zRCRVwyY9q+l1A3Y5oElzgtdlKDCeMjNsC2RcUiNN1svvHUPbdO3w1jbZ8id+7+nshYZMwkCmxnxGholmsz879aO6XwppsJlaSEii8+ClPpUuzOznf7QiMnObHAuBZ2V5cPmWacbEhFG4K/fPIqNC4rvuX7q3K1msdRgFM4gwvw4RqqcAc1qAMHBc/wCm+OcV6cd+dj0brm5DMn8EfO5w8mRJE1</latexit><latexit sha1_base64="T1g7Xo2p0PnOA6YkhvTlvU62xuE=">AAAB8XicbZBNS8NAEIYnftb6VfXoJVgETyURQY8FLx4r2A9sS9lsJ+3SzSbsTqQl9F948aCIV/+NN/+N2zYHbX1h4eGdGXbmDRIpDHnet7O2vrG5tV3YKe7u7R8clo6OGyZONcc6j2WsWwEzKIXCOgmS2Eo0siiQ2AxGt7N68wm1EbF6oEmC3YgNlAgFZ2Stxw7hmIIwG097pbJX8eZyV8HPoQy5ar3SV6cf8zRCRVwyY9q+l1A3Y5oElzgtdlKDCeMjNsC2RcUiNN1svvHUPbdO3w1jbZ8id+7+nshYZMwkCmxnxGholmsz879aO6XwppsJlaSEii8+ClPpUuzOznf7QiMnObHAuBZ2V5cPmWacbEhFG4K/fPIqNC4rvuX7q3K1msdRgFM4gwvw4RqqcAc1qAMHBc/wCm+OcV6cd+dj0brm5DMn8EfO5w8mRJE1</latexit>

t
<latexit sha1_base64="0CHZn5JG402y99dwXT2iC8T2XHM=">AAAB6HicbZBNS8NAEIYn9avWr6pHL8EieCqJCHosePHYgv2ANpTNdtKu3WzC7kQopb/AiwdFvPqTvPlv3LY5aOsLCw/vzLAzb5hKYcjzvp3CxubW9k5xt7S3f3B4VD4+aZkk0xybPJGJ7oTMoBQKmyRIYifVyOJQYjsc383r7SfURiTqgSYpBjEbKhEJzshaDeqXK17VW8hdBz+HCuSq98tfvUHCsxgVccmM6fpeSsGUaRJc4qzUywymjI/ZELsWFYvRBNPFojP3wjoDN0q0fYrchft7YspiYyZxaDtjRiOzWpub/9W6GUW3wVSoNCNUfPlRlEmXEnd+tTsQGjnJiQXGtbC7unzENONksynZEPzVk9ehdVX1LTeuK7VaHkcRzuAcLsGHG6jBPdShCRwQnuEV3pxH58V5dz6WrQUnnzmFP3I+fwDfkYz2</latexit><latexit sha1_base64="0CHZn5JG402y99dwXT2iC8T2XHM=">AAAB6HicbZBNS8NAEIYn9avWr6pHL8EieCqJCHosePHYgv2ANpTNdtKu3WzC7kQopb/AiwdFvPqTvPlv3LY5aOsLCw/vzLAzb5hKYcjzvp3CxubW9k5xt7S3f3B4VD4+aZkk0xybPJGJ7oTMoBQKmyRIYifVyOJQYjsc383r7SfURiTqgSYpBjEbKhEJzshaDeqXK17VW8hdBz+HCuSq98tfvUHCsxgVccmM6fpeSsGUaRJc4qzUywymjI/ZELsWFYvRBNPFojP3wjoDN0q0fYrchft7YspiYyZxaDtjRiOzWpub/9W6GUW3wVSoNCNUfPlRlEmXEnd+tTsQGjnJiQXGtbC7unzENONksynZEPzVk9ehdVX1LTeuK7VaHkcRzuAcLsGHG6jBPdShCRwQnuEV3pxH58V5dz6WrQUnnzmFP3I+fwDfkYz2</latexit><latexit sha1_base64="0CHZn5JG402y99dwXT2iC8T2XHM=">AAAB6HicbZBNS8NAEIYn9avWr6pHL8EieCqJCHosePHYgv2ANpTNdtKu3WzC7kQopb/AiwdFvPqTvPlv3LY5aOsLCw/vzLAzb5hKYcjzvp3CxubW9k5xt7S3f3B4VD4+aZkk0xybPJGJ7oTMoBQKmyRIYifVyOJQYjsc383r7SfURiTqgSYpBjEbKhEJzshaDeqXK17VW8hdBz+HCuSq98tfvUHCsxgVccmM6fpeSsGUaRJc4qzUywymjI/ZELsWFYvRBNPFojP3wjoDN0q0fYrchft7YspiYyZxaDtjRiOzWpub/9W6GUW3wVSoNCNUfPlRlEmXEnd+tTsQGjnJiQXGtbC7unzENONksynZEPzVk9ehdVX1LTeuK7VaHkcRzuAcLsGHG6jBPdShCRwQnuEV3pxH58V5dz6WrQUnnzmFP3I+fwDfkYz2</latexit><latexit sha1_base64="0CHZn5JG402y99dwXT2iC8T2XHM=">AAAB6HicbZBNS8NAEIYn9avWr6pHL8EieCqJCHosePHYgv2ANpTNdtKu3WzC7kQopb/AiwdFvPqTvPlv3LY5aOsLCw/vzLAzb5hKYcjzvp3CxubW9k5xt7S3f3B4VD4+aZkk0xybPJGJ7oTMoBQKmyRIYifVyOJQYjsc383r7SfURiTqgSYpBjEbKhEJzshaDeqXK17VW8hdBz+HCuSq98tfvUHCsxgVccmM6fpeSsGUaRJc4qzUywymjI/ZELsWFYvRBNPFojP3wjoDN0q0fYrchft7YspiYyZxaDtjRiOzWpub/9W6GUW3wVSoNCNUfPlRlEmXEnd+tTsQGjnJiQXGtbC7unzENONksynZEPzVk9ehdVX1LTeuK7VaHkcRzuAcLsGHG6jBPdShCRwQnuEV3pxH58V5dz6WrQUnnzmFP3I+fwDfkYz2</latexit>

⌃
<latexit sha1_base64="vFTzg+uNFbnj0fTbuPMK+oO3oPc=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuhywI3LivYC7VAyaaaNzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzxylnxvr+t1daW9/Y3CpvV3Z29/YPqodHLaMyTWiTKK50J8aGciZp0zLLaSfVFIuY03Y8vpnV209UG6bkg52kNBJ4KFnCCLbOavXu2VDgfrXm1/250CoEBdSgUKNf/eoNFMkElZZwbEw38FMb5VhbRjidVnqZoSkmYzykXYcSC2qifL7tFJ05Z4ASpd2TFs3d3xM5FsZMROw6BbYjs1ybmf/VuplNrqOcyTSzVJLFR0nGkVVodjoaME2J5RMHmGjmdkVkhDUm1gVUcSEEyyevQuuiHji+u6yFYRFHGU7gFM4hgCsI4RYa0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/yPn8AasePAQ==</latexit><latexit sha1_base64="vFTzg+uNFbnj0fTbuPMK+oO3oPc=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuhywI3LivYC7VAyaaaNzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzxylnxvr+t1daW9/Y3CpvV3Z29/YPqodHLaMyTWiTKK50J8aGciZp0zLLaSfVFIuY03Y8vpnV209UG6bkg52kNBJ4KFnCCLbOavXu2VDgfrXm1/250CoEBdSgUKNf/eoNFMkElZZwbEw38FMb5VhbRjidVnqZoSkmYzykXYcSC2qifL7tFJ05Z4ASpd2TFs3d3xM5FsZMROw6BbYjs1ybmf/VuplNrqOcyTSzVJLFR0nGkVVodjoaME2J5RMHmGjmdkVkhDUm1gVUcSEEyyevQuuiHji+u6yFYRFHGU7gFM4hgCsI4RYa0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/yPn8AasePAQ==</latexit><latexit sha1_base64="vFTzg+uNFbnj0fTbuPMK+oO3oPc=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuhywI3LivYC7VAyaaaNzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzxylnxvr+t1daW9/Y3CpvV3Z29/YPqodHLaMyTWiTKK50J8aGciZp0zLLaSfVFIuY03Y8vpnV209UG6bkg52kNBJ4KFnCCLbOavXu2VDgfrXm1/250CoEBdSgUKNf/eoNFMkElZZwbEw38FMb5VhbRjidVnqZoSkmYzykXYcSC2qifL7tFJ05Z4ASpd2TFs3d3xM5FsZMROw6BbYjs1ybmf/VuplNrqOcyTSzVJLFR0nGkVVodjoaME2J5RMHmGjmdkVkhDUm1gVUcSEEyyevQuuiHji+u6yFYRFHGU7gFM4hgCsI4RYa0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/yPn8AasePAQ==</latexit><latexit sha1_base64="vFTzg+uNFbnj0fTbuPMK+oO3oPc=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuhywI3LivYC7VAyaaaNzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzxylnxvr+t1daW9/Y3CpvV3Z29/YPqodHLaMyTWiTKK50J8aGciZp0zLLaSfVFIuY03Y8vpnV209UG6bkg52kNBJ4KFnCCLbOavXu2VDgfrXm1/250CoEBdSgUKNf/eoNFMkElZZwbEw38FMb5VhbRjidVnqZoSkmYzykXYcSC2qifL7tFJ05Z4ASpd2TFs3d3xM5FsZMROw6BbYjs1ybmf/VuplNrqOcyTSzVJLFR0nGkVVodjoaME2J5RMHmGjmdkVkhDUm1gVUcSEEyyevQuuiHji+u6yFYRFHGU7gFM4hgCsI4RYa0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/yPn8AasePAQ==</latexit>

xµ
ini<latexit sha1_base64="rFdk7h6CQ/Lz0was8L4qkgNmSPg=">AAACGnicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMeAF48RzAOyMcxOOsmQmd1lplcSl/0OL/6KFw+KeBMv/o2Tx0ETCwaKqu6e7gpiKQy67reTW1ldW9/Ibxa2tnd294r7B3UTJZpDjUcy0s2AGZAihBoKlNCMNTAVSGgEw6uJ37gHbUQU3uI4hrZi/VD0BGdopU7RS/3pkFRDN6Oju9RXSdZJfcO1iNGIB6A+wgi1SkUosoxmnWLJLbtT0GXizUmJzFHtFD/9bsQTBSFyyYxpeW6M7ZRpFFxCVvATAzHjQ9aHlqUhU2Da6XSrjJ5YpUt7kbYvRDpVf3ekTBkzVoGtVAwHZtGbiP95rQR7l217U5wghHz2US+RFCM6yYl2hQaOcmwJs1nYXSkfMM042jQLNgRv8eRlUj8re5bfnJcqlXkceXJEjskp8cgFqZBrUiU1wskjeSav5M15cl6cd+djVppz5j2H5A+crx9O26Lg</latexit><latexit sha1_base64="rFdk7h6CQ/Lz0was8L4qkgNmSPg=">AAACGnicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMeAF48RzAOyMcxOOsmQmd1lplcSl/0OL/6KFw+KeBMv/o2Tx0ETCwaKqu6e7gpiKQy67reTW1ldW9/Ibxa2tnd294r7B3UTJZpDjUcy0s2AGZAihBoKlNCMNTAVSGgEw6uJ37gHbUQU3uI4hrZi/VD0BGdopU7RS/3pkFRDN6Oju9RXSdZJfcO1iNGIB6A+wgi1SkUosoxmnWLJLbtT0GXizUmJzFHtFD/9bsQTBSFyyYxpeW6M7ZRpFFxCVvATAzHjQ9aHlqUhU2Da6XSrjJ5YpUt7kbYvRDpVf3ekTBkzVoGtVAwHZtGbiP95rQR7l217U5wghHz2US+RFCM6yYl2hQaOcmwJs1nYXSkfMM042jQLNgRv8eRlUj8re5bfnJcqlXkceXJEjskp8cgFqZBrUiU1wskjeSav5M15cl6cd+djVppz5j2H5A+crx9O26Lg</latexit><latexit sha1_base64="rFdk7h6CQ/Lz0was8L4qkgNmSPg=">AAACGnicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMeAF48RzAOyMcxOOsmQmd1lplcSl/0OL/6KFw+KeBMv/o2Tx0ETCwaKqu6e7gpiKQy67reTW1ldW9/Ibxa2tnd294r7B3UTJZpDjUcy0s2AGZAihBoKlNCMNTAVSGgEw6uJ37gHbUQU3uI4hrZi/VD0BGdopU7RS/3pkFRDN6Oju9RXSdZJfcO1iNGIB6A+wgi1SkUosoxmnWLJLbtT0GXizUmJzFHtFD/9bsQTBSFyyYxpeW6M7ZRpFFxCVvATAzHjQ9aHlqUhU2Da6XSrjJ5YpUt7kbYvRDpVf3ekTBkzVoGtVAwHZtGbiP95rQR7l217U5wghHz2US+RFCM6yYl2hQaOcmwJs1nYXSkfMM042jQLNgRv8eRlUj8re5bfnJcqlXkceXJEjskp8cgFqZBrUiU1wskjeSav5M15cl6cd+djVppz5j2H5A+crx9O26Lg</latexit><latexit sha1_base64="rFdk7h6CQ/Lz0was8L4qkgNmSPg=">AAACGnicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMeAF48RzAOyMcxOOsmQmd1lplcSl/0OL/6KFw+KeBMv/o2Tx0ETCwaKqu6e7gpiKQy67reTW1ldW9/Ibxa2tnd294r7B3UTJZpDjUcy0s2AGZAihBoKlNCMNTAVSGgEw6uJ37gHbUQU3uI4hrZi/VD0BGdopU7RS/3pkFRDN6Oju9RXSdZJfcO1iNGIB6A+wgi1SkUosoxmnWLJLbtT0GXizUmJzFHtFD/9bsQTBSFyyYxpeW6M7ZRpFFxCVvATAzHjQ9aHlqUhU2Da6XSrjJ5YpUt7kbYvRDpVf3ekTBkzVoGtVAwHZtGbiP95rQR7l217U5wghHz2US+RFCM6yYl2hQaOcmwJs1nYXSkfMM042jQLNgRv8eRlUj8re5bfnJcqlXkceXJEjskp8cgFqZBrUiU1wskjeSav5M15cl6cd+djVppz5j2H5A+crx9O26Lg</latexit>

xµ
fin

<latexit sha1_base64="z2M9HrboFuJpiSsAPAUlnpiTeOs=">AAACG3icbZDLSgMxFIYz3q23qks3wSK4khkRdFlw41LBqtCpJZOeqcEkMyRnxBrmPdz4Km5cKOJKcOHbmF4W2nog8PH/5yQnf5JLYTEMv4Op6ZnZufmFxcrS8srqWnV948JmheHQ4JnMzFXCLEihoYECJVzlBphKJFwmt8d9//IOjBWZPsdeDi3FulqkgjP0Uru67+LBJS6RBZT0/trFqijbLrbciByteAAaI9yjUS4Vuixp2a7Wwr1wUHQSohHUyKhO29XPuJPxQoFGLpm1zSjMseWYQcEllJW4sJAzfsu60PSomQLbcoO1SrrjlQ5NM+OPRjpQf084pqztqcR3KoY3dtzri/95zQLTo5YTOi8QNB8+lBaSYkb7QdGOMMBR9jwwn4XflfIbZhhHH2fFhxCNf3kSLvb3Is9nB7V6fRTHAtki22SXROSQ1MkJOSUNwskjeSav5C14Cl6C9+Bj2DoVjGY2yZ8Kvn4AKaejVA==</latexit><latexit sha1_base64="z2M9HrboFuJpiSsAPAUlnpiTeOs=">AAACG3icbZDLSgMxFIYz3q23qks3wSK4khkRdFlw41LBqtCpJZOeqcEkMyRnxBrmPdz4Km5cKOJKcOHbmF4W2nog8PH/5yQnf5JLYTEMv4Op6ZnZufmFxcrS8srqWnV948JmheHQ4JnMzFXCLEihoYECJVzlBphKJFwmt8d9//IOjBWZPsdeDi3FulqkgjP0Uru67+LBJS6RBZT0/trFqijbLrbciByteAAaI9yjUS4Vuixp2a7Wwr1wUHQSohHUyKhO29XPuJPxQoFGLpm1zSjMseWYQcEllJW4sJAzfsu60PSomQLbcoO1SrrjlQ5NM+OPRjpQf084pqztqcR3KoY3dtzri/95zQLTo5YTOi8QNB8+lBaSYkb7QdGOMMBR9jwwn4XflfIbZhhHH2fFhxCNf3kSLvb3Is9nB7V6fRTHAtki22SXROSQ1MkJOSUNwskjeSav5C14Cl6C9+Bj2DoVjGY2yZ8Kvn4AKaejVA==</latexit><latexit sha1_base64="z2M9HrboFuJpiSsAPAUlnpiTeOs=">AAACG3icbZDLSgMxFIYz3q23qks3wSK4khkRdFlw41LBqtCpJZOeqcEkMyRnxBrmPdz4Km5cKOJKcOHbmF4W2nog8PH/5yQnf5JLYTEMv4Op6ZnZufmFxcrS8srqWnV948JmheHQ4JnMzFXCLEihoYECJVzlBphKJFwmt8d9//IOjBWZPsdeDi3FulqkgjP0Uru67+LBJS6RBZT0/trFqijbLrbciByteAAaI9yjUS4Vuixp2a7Wwr1wUHQSohHUyKhO29XPuJPxQoFGLpm1zSjMseWYQcEllJW4sJAzfsu60PSomQLbcoO1SrrjlQ5NM+OPRjpQf084pqztqcR3KoY3dtzri/95zQLTo5YTOi8QNB8+lBaSYkb7QdGOMMBR9jwwn4XflfIbZhhHH2fFhxCNf3kSLvb3Is9nB7V6fRTHAtki22SXROSQ1MkJOSUNwskjeSav5C14Cl6C9+Bj2DoVjGY2yZ8Kvn4AKaejVA==</latexit><latexit sha1_base64="z2M9HrboFuJpiSsAPAUlnpiTeOs=">AAACG3icbZDLSgMxFIYz3q23qks3wSK4khkRdFlw41LBqtCpJZOeqcEkMyRnxBrmPdz4Km5cKOJKcOHbmF4W2nog8PH/5yQnf5JLYTEMv4Op6ZnZufmFxcrS8srqWnV948JmheHQ4JnMzFXCLEihoYECJVzlBphKJFwmt8d9//IOjBWZPsdeDi3FulqkgjP0Uru67+LBJS6RBZT0/trFqijbLrbciByteAAaI9yjUS4Vuixp2a7Wwr1wUHQSohHUyKhO29XPuJPxQoFGLpm1zSjMseWYQcEllJW4sJAzfsu60PSomQLbcoO1SrrjlQ5NM+OPRjpQf084pqztqcR3KoY3dtzri/95zQLTo5YTOi8QNB8+lBaSYkb7QdGOMMBR9jwwn4XflfIbZhhHH2fFhxCNf3kSLvb3Is9nB7V6fRTHAtki22SXROSQ1MkJOSUNwskjeSav5C14Cl6C9+Bj2DoVjGY2yZ8Kvn4AKaejVA==</latexit>

�Tµ⌫ =
�pµ�p⌫

�p0
⇢x(t,x)

<latexit sha1_base64="oTQls+y2HKBl2/Wzo0uIZokhsH0="></latexit>

✓
@

@t
�Dr2

x + ⌧D
@2

@t2

◆
⇢x(t,x) = 0

<latexit sha1_base64="iqDTt+cXmFEWtoCT0DH95TRtb1Y="></latexit>

Causal diffusion equation :
12



Framework
(Mini-)jet energy loss and medium response
Medium response : diffusive perturbation to the energy-stress tensor

�pµ
<latexit sha1_base64="1YucXWm9xq9EVk5UpNC/+z4Onos=">AAACBXicbZC7TsMwFIadcivlFmCEwaJCYqoShARjJRbGItGL1ITKcU5bq44T2Q5SFWVh4VVYGECIlXdg421w0wzQciRLn/7/HPv4DxLOlHacb6uysrq2vlHdrG1t7+zu2fsHHRWnkkKbxjyWvYAo4ExAWzPNoZdIIFHAoRtMrmd+9wGkYrG409ME/IiMBBsySrSRBvZx5hWXZBLCHHshcE1wcp95UZrnA7vuNJyi8DK4JdRRWa2B/eWFMU0jEJpyolTfdRLtZ0RqRjnkNS9VkBA6ISPoGxQkAuVnxQI5PjVKiIexNEdoXKi/JzISKTWNAtMZET1Wi95M/M/rp3p45WdMJKkGQecPDVOOdYxnkeCQSaCaTw0QKpnZFdMxkYRqE1zNhOAufnkZOucN1/DtRb3ZLOOooiN0gs6Qiy5RE92gFmojih7RM3pFb9aT9WK9Wx/z1opVzhyiP2V9/gBPD5kR</latexit><latexit sha1_base64="1YucXWm9xq9EVk5UpNC/+z4Onos=">AAACBXicbZC7TsMwFIadcivlFmCEwaJCYqoShARjJRbGItGL1ITKcU5bq44T2Q5SFWVh4VVYGECIlXdg421w0wzQciRLn/7/HPv4DxLOlHacb6uysrq2vlHdrG1t7+zu2fsHHRWnkkKbxjyWvYAo4ExAWzPNoZdIIFHAoRtMrmd+9wGkYrG409ME/IiMBBsySrSRBvZx5hWXZBLCHHshcE1wcp95UZrnA7vuNJyi8DK4JdRRWa2B/eWFMU0jEJpyolTfdRLtZ0RqRjnkNS9VkBA6ISPoGxQkAuVnxQI5PjVKiIexNEdoXKi/JzISKTWNAtMZET1Wi95M/M/rp3p45WdMJKkGQecPDVOOdYxnkeCQSaCaTw0QKpnZFdMxkYRqE1zNhOAufnkZOucN1/DtRb3ZLOOooiN0gs6Qiy5RE92gFmojih7RM3pFb9aT9WK9Wx/z1opVzhyiP2V9/gBPD5kR</latexit><latexit sha1_base64="1YucXWm9xq9EVk5UpNC/+z4Onos=">AAACBXicbZC7TsMwFIadcivlFmCEwaJCYqoShARjJRbGItGL1ITKcU5bq44T2Q5SFWVh4VVYGECIlXdg421w0wzQciRLn/7/HPv4DxLOlHacb6uysrq2vlHdrG1t7+zu2fsHHRWnkkKbxjyWvYAo4ExAWzPNoZdIIFHAoRtMrmd+9wGkYrG409ME/IiMBBsySrSRBvZx5hWXZBLCHHshcE1wcp95UZrnA7vuNJyi8DK4JdRRWa2B/eWFMU0jEJpyolTfdRLtZ0RqRjnkNS9VkBA6ISPoGxQkAuVnxQI5PjVKiIexNEdoXKi/JzISKTWNAtMZET1Wi95M/M/rp3p45WdMJKkGQecPDVOOdYxnkeCQSaCaTw0QKpnZFdMxkYRqE1zNhOAufnkZOucN1/DtRb3ZLOOooiN0gs6Qiy5RE92gFmojih7RM3pFb9aT9WK9Wx/z1opVzhyiP2V9/gBPD5kR</latexit><latexit sha1_base64="1YucXWm9xq9EVk5UpNC/+z4Onos=">AAACBXicbZC7TsMwFIadcivlFmCEwaJCYqoShARjJRbGItGL1ITKcU5bq44T2Q5SFWVh4VVYGECIlXdg421w0wzQciRLn/7/HPv4DxLOlHacb6uysrq2vlHdrG1t7+zu2fsHHRWnkkKbxjyWvYAo4ExAWzPNoZdIIFHAoRtMrmd+9wGkYrG409ME/IiMBBsySrSRBvZx5hWXZBLCHHshcE1wcp95UZrnA7vuNJyi8DK4JdRRWa2B/eWFMU0jEJpyolTfdRLtZ0RqRjnkNS9VkBA6ISPoGxQkAuVnxQI5PjVKiIexNEdoXKi/JzISKTWNAtMZET1Wi95M/M/rp3p45WdMJKkGQecPDVOOdYxnkeCQSaCaTw0QKpnZFdMxkYRqE1zNhOAufnkZOucN1/DtRb3ZLOOooiN0gs6Qiy5RE92gFmojih7RM3pFb9aT9WK9Wx/z1opVzhyiP2V9/gBPD5kR</latexit>

�Tµ⌫
<latexit sha1_base64="rBObsbNhBVIBgpJUCkvhZebCQcI=">AAACCXicbZC7SgNBFIZn4y3G26qlzWAQrMKuCFoGbCwj5AbZGGZnzyZDZmeXuQhh2dbGV7GxUMTWN7DzbZxcCk08MPDx/+fMnPnDjDOlPe/bKa2tb2xulbcrO7t7+wfu4VFbpUZSaNGUp7IbEgWcCWhppjl0MwkkCTl0wvHN1O88gFQsFU09yaCfkKFgMaNEW2ng4jyYXZKH3ECBgwi4Jrh5nweJCYQpioFb9WrerPAq+AuookU1Bu5XEKXUJCA05USpnu9lup8TqRnlUFQCoyAjdEyG0LMoSAKqn8+WKPCZVSIcp9IeofFM/T2Rk0SpSRLazoTokVr2puJ/Xs/o+LqfM5EZDYLOH4oNxzrF01hwxCRQzScWCJXM7orpiEhCtQ2vYkPwl7+8Cu2Lmm/57rJary/iKKMTdIrOkY+uUB3dogZqIYoe0TN6RW/Ok/PivDsf89aSs5g5Rn/K+fwBcRmayQ==</latexit><latexit sha1_base64="rBObsbNhBVIBgpJUCkvhZebCQcI=">AAACCXicbZC7SgNBFIZn4y3G26qlzWAQrMKuCFoGbCwj5AbZGGZnzyZDZmeXuQhh2dbGV7GxUMTWN7DzbZxcCk08MPDx/+fMnPnDjDOlPe/bKa2tb2xulbcrO7t7+wfu4VFbpUZSaNGUp7IbEgWcCWhppjl0MwkkCTl0wvHN1O88gFQsFU09yaCfkKFgMaNEW2ng4jyYXZKH3ECBgwi4Jrh5nweJCYQpioFb9WrerPAq+AuookU1Bu5XEKXUJCA05USpnu9lup8TqRnlUFQCoyAjdEyG0LMoSAKqn8+WKPCZVSIcp9IeofFM/T2Rk0SpSRLazoTokVr2puJ/Xs/o+LqfM5EZDYLOH4oNxzrF01hwxCRQzScWCJXM7orpiEhCtQ2vYkPwl7+8Cu2Lmm/57rJary/iKKMTdIrOkY+uUB3dogZqIYoe0TN6RW/Ok/PivDsf89aSs5g5Rn/K+fwBcRmayQ==</latexit><latexit sha1_base64="rBObsbNhBVIBgpJUCkvhZebCQcI=">AAACCXicbZC7SgNBFIZn4y3G26qlzWAQrMKuCFoGbCwj5AbZGGZnzyZDZmeXuQhh2dbGV7GxUMTWN7DzbZxcCk08MPDx/+fMnPnDjDOlPe/bKa2tb2xulbcrO7t7+wfu4VFbpUZSaNGUp7IbEgWcCWhppjl0MwkkCTl0wvHN1O88gFQsFU09yaCfkKFgMaNEW2ng4jyYXZKH3ECBgwi4Jrh5nweJCYQpioFb9WrerPAq+AuookU1Bu5XEKXUJCA05USpnu9lup8TqRnlUFQCoyAjdEyG0LMoSAKqn8+WKPCZVSIcp9IeofFM/T2Rk0SpSRLazoTokVr2puJ/Xs/o+LqfM5EZDYLOH4oNxzrF01hwxCRQzScWCJXM7orpiEhCtQ2vYkPwl7+8Cu2Lmm/57rJary/iKKMTdIrOkY+uUB3dogZqIYoe0TN6RW/Ok/PivDsf89aSs5g5Rn/K+fwBcRmayQ==</latexit><latexit sha1_base64="rBObsbNhBVIBgpJUCkvhZebCQcI=">AAACCXicbZC7SgNBFIZn4y3G26qlzWAQrMKuCFoGbCwj5AbZGGZnzyZDZmeXuQhh2dbGV7GxUMTWN7DzbZxcCk08MPDx/+fMnPnDjDOlPe/bKa2tb2xulbcrO7t7+wfu4VFbpUZSaNGUp7IbEgWcCWhppjl0MwkkCTl0wvHN1O88gFQsFU09yaCfkKFgMaNEW2ng4jyYXZKH3ECBgwi4Jrh5nweJCYQpioFb9WrerPAq+AuookU1Bu5XEKXUJCA05USpnu9lup8TqRnlUFQCoyAjdEyG0LMoSAKqn8+WKPCZVSIcp9IeofFM/T2Rk0SpSRLazoTokVr2puJ/Xs/o+LqfM5EZDYLOH4oNxzrF01hwxCRQzScWCJXM7orpiEhCtQ2vYkPwl7+8Cu2Lmm/57rJary/iKKMTdIrOkY+uUB3dogZqIYoe0TN6RW/Ok/PivDsf89aSs5g5Rn/K+fwBcRmayQ==</latexit>

uµ
<latexit sha1_base64="2UUmwC0Y7QzStL2nRdQNffI4PR8=">AAAB7nicdZDLSgMxFIbP1Futt6pLN8EiuCozouiy4MZlBXuBdiyZNNOGJpkhF6EMfQg3LhRx6/O4823MtFNQ0R8CP985h5zzRyln2vj+p1daWV1b3yhvVra2d3b3qvsHbZ1YRWiLJDxR3QhrypmkLcMMp91UUSwiTjvR5Dqvdx6o0iyRd2aa0lDgkWQxI9g41LH3WV/Y2aBa8+sXfi7k1/2lKUhQkBoUag6qH/1hQqyg0hCOte4FfmrCDCvDCKezSt9qmmIywSPac1ZiQXWYzdedoRNHhihOlHvSoDn9PpFhofVURK5TYDPWv2s5/KvWsya+CjMmU2uoJIuPYsuRSVB+OxoyRYnhU2cwUcztisgYK0yMS6jiQlheiv437bN64Pztea3RKOIowxEcwykEcAkNuIEmtIDABB7hGV681HvyXr23RWvJK2YO4Ye89y++m4/R</latexit><latexit sha1_base64="2UUmwC0Y7QzStL2nRdQNffI4PR8=">AAAB7nicdZDLSgMxFIbP1Futt6pLN8EiuCozouiy4MZlBXuBdiyZNNOGJpkhF6EMfQg3LhRx6/O4823MtFNQ0R8CP985h5zzRyln2vj+p1daWV1b3yhvVra2d3b3qvsHbZ1YRWiLJDxR3QhrypmkLcMMp91UUSwiTjvR5Dqvdx6o0iyRd2aa0lDgkWQxI9g41LH3WV/Y2aBa8+sXfi7k1/2lKUhQkBoUag6qH/1hQqyg0hCOte4FfmrCDCvDCKezSt9qmmIywSPac1ZiQXWYzdedoRNHhihOlHvSoDn9PpFhofVURK5TYDPWv2s5/KvWsya+CjMmU2uoJIuPYsuRSVB+OxoyRYnhU2cwUcztisgYK0yMS6jiQlheiv437bN64Pztea3RKOIowxEcwykEcAkNuIEmtIDABB7hGV681HvyXr23RWvJK2YO4Ye89y++m4/R</latexit><latexit sha1_base64="2UUmwC0Y7QzStL2nRdQNffI4PR8=">AAAB7nicdZDLSgMxFIbP1Futt6pLN8EiuCozouiy4MZlBXuBdiyZNNOGJpkhF6EMfQg3LhRx6/O4823MtFNQ0R8CP985h5zzRyln2vj+p1daWV1b3yhvVra2d3b3qvsHbZ1YRWiLJDxR3QhrypmkLcMMp91UUSwiTjvR5Dqvdx6o0iyRd2aa0lDgkWQxI9g41LH3WV/Y2aBa8+sXfi7k1/2lKUhQkBoUag6qH/1hQqyg0hCOte4FfmrCDCvDCKezSt9qmmIywSPac1ZiQXWYzdedoRNHhihOlHvSoDn9PpFhofVURK5TYDPWv2s5/KvWsya+CjMmU2uoJIuPYsuRSVB+OxoyRYnhU2cwUcztisgYK0yMS6jiQlheiv437bN64Pztea3RKOIowxEcwykEcAkNuIEmtIDABB7hGV681HvyXr23RWvJK2YO4Ye89y++m4/R</latexit><latexit sha1_base64="2UUmwC0Y7QzStL2nRdQNffI4PR8=">AAAB7nicdZDLSgMxFIbP1Futt6pLN8EiuCozouiy4MZlBXuBdiyZNNOGJpkhF6EMfQg3LhRx6/O4823MtFNQ0R8CP985h5zzRyln2vj+p1daWV1b3yhvVra2d3b3qvsHbZ1YRWiLJDxR3QhrypmkLcMMp91UUSwiTjvR5Dqvdx6o0iyRd2aa0lDgkWQxI9g41LH3WV/Y2aBa8+sXfi7k1/2lKUhQkBoUag6qH/1hQqyg0hCOte4FfmrCDCvDCKezSt9qmmIywSPac1ZiQXWYzdedoRNHhihOlHvSoDn9PpFhofVURK5TYDPWv2s5/KvWsya+CjMmU2uoJIuPYsuRSVB+OxoyRYnhU2cwUcztisgYK0yMS6jiQlheiv437bN64Pztea3RKOIowxEcwykEcAkNuIEmtIDABB7hGV681HvyXr23RWvJK2YO4Ye89y++m4/R</latexit>

x
<latexit sha1_base64="T1g7Xo2p0PnOA6YkhvTlvU62xuE=">AAAB8XicbZBNS8NAEIYnftb6VfXoJVgETyURQY8FLx4r2A9sS9lsJ+3SzSbsTqQl9F948aCIV/+NN/+N2zYHbX1h4eGdGXbmDRIpDHnet7O2vrG5tV3YKe7u7R8clo6OGyZONcc6j2WsWwEzKIXCOgmS2Eo0siiQ2AxGt7N68wm1EbF6oEmC3YgNlAgFZ2Stxw7hmIIwG097pbJX8eZyV8HPoQy5ar3SV6cf8zRCRVwyY9q+l1A3Y5oElzgtdlKDCeMjNsC2RcUiNN1svvHUPbdO3w1jbZ8id+7+nshYZMwkCmxnxGholmsz879aO6XwppsJlaSEii8+ClPpUuzOznf7QiMnObHAuBZ2V5cPmWacbEhFG4K/fPIqNC4rvuX7q3K1msdRgFM4gwvw4RqqcAc1qAMHBc/wCm+OcV6cd+dj0brm5DMn8EfO5w8mRJE1</latexit><latexit sha1_base64="T1g7Xo2p0PnOA6YkhvTlvU62xuE=">AAAB8XicbZBNS8NAEIYnftb6VfXoJVgETyURQY8FLx4r2A9sS9lsJ+3SzSbsTqQl9F948aCIV/+NN/+N2zYHbX1h4eGdGXbmDRIpDHnet7O2vrG5tV3YKe7u7R8clo6OGyZONcc6j2WsWwEzKIXCOgmS2Eo0siiQ2AxGt7N68wm1EbF6oEmC3YgNlAgFZ2Stxw7hmIIwG097pbJX8eZyV8HPoQy5ar3SV6cf8zRCRVwyY9q+l1A3Y5oElzgtdlKDCeMjNsC2RcUiNN1svvHUPbdO3w1jbZ8id+7+nshYZMwkCmxnxGholmsz879aO6XwppsJlaSEii8+ClPpUuzOznf7QiMnObHAuBZ2V5cPmWacbEhFG4K/fPIqNC4rvuX7q3K1msdRgFM4gwvw4RqqcAc1qAMHBc/wCm+OcV6cd+dj0brm5DMn8EfO5w8mRJE1</latexit><latexit sha1_base64="T1g7Xo2p0PnOA6YkhvTlvU62xuE=">AAAB8XicbZBNS8NAEIYnftb6VfXoJVgETyURQY8FLx4r2A9sS9lsJ+3SzSbsTqQl9F948aCIV/+NN/+N2zYHbX1h4eGdGXbmDRIpDHnet7O2vrG5tV3YKe7u7R8clo6OGyZONcc6j2WsWwEzKIXCOgmS2Eo0siiQ2AxGt7N68wm1EbF6oEmC3YgNlAgFZ2Stxw7hmIIwG097pbJX8eZyV8HPoQy5ar3SV6cf8zRCRVwyY9q+l1A3Y5oElzgtdlKDCeMjNsC2RcUiNN1svvHUPbdO3w1jbZ8id+7+nshYZMwkCmxnxGholmsz879aO6XwppsJlaSEii8+ClPpUuzOznf7QiMnObHAuBZ2V5cPmWacbEhFG4K/fPIqNC4rvuX7q3K1msdRgFM4gwvw4RqqcAc1qAMHBc/wCm+OcV6cd+dj0brm5DMn8EfO5w8mRJE1</latexit><latexit sha1_base64="T1g7Xo2p0PnOA6YkhvTlvU62xuE=">AAAB8XicbZBNS8NAEIYnftb6VfXoJVgETyURQY8FLx4r2A9sS9lsJ+3SzSbsTqQl9F948aCIV/+NN/+N2zYHbX1h4eGdGXbmDRIpDHnet7O2vrG5tV3YKe7u7R8clo6OGyZONcc6j2WsWwEzKIXCOgmS2Eo0siiQ2AxGt7N68wm1EbF6oEmC3YgNlAgFZ2Stxw7hmIIwG097pbJX8eZyV8HPoQy5ar3SV6cf8zRCRVwyY9q+l1A3Y5oElzgtdlKDCeMjNsC2RcUiNN1svvHUPbdO3w1jbZ8id+7+nshYZMwkCmxnxGholmsz879aO6XwppsJlaSEii8+ClPpUuzOznf7QiMnObHAuBZ2V5cPmWacbEhFG4K/fPIqNC4rvuX7q3K1msdRgFM4gwvw4RqqcAc1qAMHBc/wCm+OcV6cd+dj0brm5DMn8EfO5w8mRJE1</latexit>

x
<latexit sha1_base64="T1g7Xo2p0PnOA6YkhvTlvU62xuE=">AAAB8XicbZBNS8NAEIYnftb6VfXoJVgETyURQY8FLx4r2A9sS9lsJ+3SzSbsTqQl9F948aCIV/+NN/+N2zYHbX1h4eGdGXbmDRIpDHnet7O2vrG5tV3YKe7u7R8clo6OGyZONcc6j2WsWwEzKIXCOgmS2Eo0siiQ2AxGt7N68wm1EbF6oEmC3YgNlAgFZ2Stxw7hmIIwG097pbJX8eZyV8HPoQy5ar3SV6cf8zRCRVwyY9q+l1A3Y5oElzgtdlKDCeMjNsC2RcUiNN1svvHUPbdO3w1jbZ8id+7+nshYZMwkCmxnxGholmsz879aO6XwppsJlaSEii8+ClPpUuzOznf7QiMnObHAuBZ2V5cPmWacbEhFG4K/fPIqNC4rvuX7q3K1msdRgFM4gwvw4RqqcAc1qAMHBc/wCm+OcV6cd+dj0brm5DMn8EfO5w8mRJE1</latexit><latexit sha1_base64="T1g7Xo2p0PnOA6YkhvTlvU62xuE=">AAAB8XicbZBNS8NAEIYnftb6VfXoJVgETyURQY8FLx4r2A9sS9lsJ+3SzSbsTqQl9F948aCIV/+NN/+N2zYHbX1h4eGdGXbmDRIpDHnet7O2vrG5tV3YKe7u7R8clo6OGyZONcc6j2WsWwEzKIXCOgmS2Eo0siiQ2AxGt7N68wm1EbF6oEmC3YgNlAgFZ2Stxw7hmIIwG097pbJX8eZyV8HPoQy5ar3SV6cf8zRCRVwyY9q+l1A3Y5oElzgtdlKDCeMjNsC2RcUiNN1svvHUPbdO3w1jbZ8id+7+nshYZMwkCmxnxGholmsz879aO6XwppsJlaSEii8+ClPpUuzOznf7QiMnObHAuBZ2V5cPmWacbEhFG4K/fPIqNC4rvuX7q3K1msdRgFM4gwvw4RqqcAc1qAMHBc/wCm+OcV6cd+dj0brm5DMn8EfO5w8mRJE1</latexit><latexit sha1_base64="T1g7Xo2p0PnOA6YkhvTlvU62xuE=">AAAB8XicbZBNS8NAEIYnftb6VfXoJVgETyURQY8FLx4r2A9sS9lsJ+3SzSbsTqQl9F948aCIV/+NN/+N2zYHbX1h4eGdGXbmDRIpDHnet7O2vrG5tV3YKe7u7R8clo6OGyZONcc6j2WsWwEzKIXCOgmS2Eo0siiQ2AxGt7N68wm1EbF6oEmC3YgNlAgFZ2Stxw7hmIIwG097pbJX8eZyV8HPoQy5ar3SV6cf8zRCRVwyY9q+l1A3Y5oElzgtdlKDCeMjNsC2RcUiNN1svvHUPbdO3w1jbZ8id+7+nshYZMwkCmxnxGholmsz879aO6XwppsJlaSEii8+ClPpUuzOznf7QiMnObHAuBZ2V5cPmWacbEhFG4K/fPIqNC4rvuX7q3K1msdRgFM4gwvw4RqqcAc1qAMHBc/wCm+OcV6cd+dj0brm5DMn8EfO5w8mRJE1</latexit><latexit sha1_base64="T1g7Xo2p0PnOA6YkhvTlvU62xuE=">AAAB8XicbZBNS8NAEIYnftb6VfXoJVgETyURQY8FLx4r2A9sS9lsJ+3SzSbsTqQl9F948aCIV/+NN/+N2zYHbX1h4eGdGXbmDRIpDHnet7O2vrG5tV3YKe7u7R8clo6OGyZONcc6j2WsWwEzKIXCOgmS2Eo0siiQ2AxGt7N68wm1EbF6oEmC3YgNlAgFZ2Stxw7hmIIwG097pbJX8eZyV8HPoQy5ar3SV6cf8zRCRVwyY9q+l1A3Y5oElzgtdlKDCeMjNsC2RcUiNN1svvHUPbdO3w1jbZ8id+7+nshYZMwkCmxnxGholmsz879aO6XwppsJlaSEii8+ClPpUuzOznf7QiMnObHAuBZ2V5cPmWacbEhFG4K/fPIqNC4rvuX7q3K1msdRgFM4gwvw4RqqcAc1qAMHBc/wCm+OcV6cd+dj0brm5DMn8EfO5w8mRJE1</latexit>

x
<latexit sha1_base64="T1g7Xo2p0PnOA6YkhvTlvU62xuE=">AAAB8XicbZBNS8NAEIYnftb6VfXoJVgETyURQY8FLx4r2A9sS9lsJ+3SzSbsTqQl9F948aCIV/+NN/+N2zYHbX1h4eGdGXbmDRIpDHnet7O2vrG5tV3YKe7u7R8clo6OGyZONcc6j2WsWwEzKIXCOgmS2Eo0siiQ2AxGt7N68wm1EbF6oEmC3YgNlAgFZ2Stxw7hmIIwG097pbJX8eZyV8HPoQy5ar3SV6cf8zRCRVwyY9q+l1A3Y5oElzgtdlKDCeMjNsC2RcUiNN1svvHUPbdO3w1jbZ8id+7+nshYZMwkCmxnxGholmsz879aO6XwppsJlaSEii8+ClPpUuzOznf7QiMnObHAuBZ2V5cPmWacbEhFG4K/fPIqNC4rvuX7q3K1msdRgFM4gwvw4RqqcAc1qAMHBc/wCm+OcV6cd+dj0brm5DMn8EfO5w8mRJE1</latexit><latexit sha1_base64="T1g7Xo2p0PnOA6YkhvTlvU62xuE=">AAAB8XicbZBNS8NAEIYnftb6VfXoJVgETyURQY8FLx4r2A9sS9lsJ+3SzSbsTqQl9F948aCIV/+NN/+N2zYHbX1h4eGdGXbmDRIpDHnet7O2vrG5tV3YKe7u7R8clo6OGyZONcc6j2WsWwEzKIXCOgmS2Eo0siiQ2AxGt7N68wm1EbF6oEmC3YgNlAgFZ2Stxw7hmIIwG097pbJX8eZyV8HPoQy5ar3SV6cf8zRCRVwyY9q+l1A3Y5oElzgtdlKDCeMjNsC2RcUiNN1svvHUPbdO3w1jbZ8id+7+nshYZMwkCmxnxGholmsz879aO6XwppsJlaSEii8+ClPpUuzOznf7QiMnObHAuBZ2V5cPmWacbEhFG4K/fPIqNC4rvuX7q3K1msdRgFM4gwvw4RqqcAc1qAMHBc/wCm+OcV6cd+dj0brm5DMn8EfO5w8mRJE1</latexit><latexit sha1_base64="T1g7Xo2p0PnOA6YkhvTlvU62xuE=">AAAB8XicbZBNS8NAEIYnftb6VfXoJVgETyURQY8FLx4r2A9sS9lsJ+3SzSbsTqQl9F948aCIV/+NN/+N2zYHbX1h4eGdGXbmDRIpDHnet7O2vrG5tV3YKe7u7R8clo6OGyZONcc6j2WsWwEzKIXCOgmS2Eo0siiQ2AxGt7N68wm1EbF6oEmC3YgNlAgFZ2Stxw7hmIIwG097pbJX8eZyV8HPoQy5ar3SV6cf8zRCRVwyY9q+l1A3Y5oElzgtdlKDCeMjNsC2RcUiNN1svvHUPbdO3w1jbZ8id+7+nshYZMwkCmxnxGholmsz879aO6XwppsJlaSEii8+ClPpUuzOznf7QiMnObHAuBZ2V5cPmWacbEhFG4K/fPIqNC4rvuX7q3K1msdRgFM4gwvw4RqqcAc1qAMHBc/wCm+OcV6cd+dj0brm5DMn8EfO5w8mRJE1</latexit><latexit sha1_base64="T1g7Xo2p0PnOA6YkhvTlvU62xuE=">AAAB8XicbZBNS8NAEIYnftb6VfXoJVgETyURQY8FLx4r2A9sS9lsJ+3SzSbsTqQl9F948aCIV/+NN/+N2zYHbX1h4eGdGXbmDRIpDHnet7O2vrG5tV3YKe7u7R8clo6OGyZONcc6j2WsWwEzKIXCOgmS2Eo0siiQ2AxGt7N68wm1EbF6oEmC3YgNlAgFZ2Stxw7hmIIwG097pbJX8eZyV8HPoQy5ar3SV6cf8zRCRVwyY9q+l1A3Y5oElzgtdlKDCeMjNsC2RcUiNN1svvHUPbdO3w1jbZ8id+7+nshYZMwkCmxnxGholmsz879aO6XwppsJlaSEii8+ClPpUuzOznf7QiMnObHAuBZ2V5cPmWacbEhFG4K/fPIqNC4rvuX7q3K1msdRgFM4gwvw4RqqcAc1qAMHBc/wCm+OcV6cd+dj0brm5DMn8EfO5w8mRJE1</latexit>

t
<latexit sha1_base64="0CHZn5JG402y99dwXT2iC8T2XHM=">AAAB6HicbZBNS8NAEIYn9avWr6pHL8EieCqJCHosePHYgv2ANpTNdtKu3WzC7kQopb/AiwdFvPqTvPlv3LY5aOsLCw/vzLAzb5hKYcjzvp3CxubW9k5xt7S3f3B4VD4+aZkk0xybPJGJ7oTMoBQKmyRIYifVyOJQYjsc383r7SfURiTqgSYpBjEbKhEJzshaDeqXK17VW8hdBz+HCuSq98tfvUHCsxgVccmM6fpeSsGUaRJc4qzUywymjI/ZELsWFYvRBNPFojP3wjoDN0q0fYrchft7YspiYyZxaDtjRiOzWpub/9W6GUW3wVSoNCNUfPlRlEmXEnd+tTsQGjnJiQXGtbC7unzENONksynZEPzVk9ehdVX1LTeuK7VaHkcRzuAcLsGHG6jBPdShCRwQnuEV3pxH58V5dz6WrQUnnzmFP3I+fwDfkYz2</latexit><latexit sha1_base64="0CHZn5JG402y99dwXT2iC8T2XHM=">AAAB6HicbZBNS8NAEIYn9avWr6pHL8EieCqJCHosePHYgv2ANpTNdtKu3WzC7kQopb/AiwdFvPqTvPlv3LY5aOsLCw/vzLAzb5hKYcjzvp3CxubW9k5xt7S3f3B4VD4+aZkk0xybPJGJ7oTMoBQKmyRIYifVyOJQYjsc383r7SfURiTqgSYpBjEbKhEJzshaDeqXK17VW8hdBz+HCuSq98tfvUHCsxgVccmM6fpeSsGUaRJc4qzUywymjI/ZELsWFYvRBNPFojP3wjoDN0q0fYrchft7YspiYyZxaDtjRiOzWpub/9W6GUW3wVSoNCNUfPlRlEmXEnd+tTsQGjnJiQXGtbC7unzENONksynZEPzVk9ehdVX1LTeuK7VaHkcRzuAcLsGHG6jBPdShCRwQnuEV3pxH58V5dz6WrQUnnzmFP3I+fwDfkYz2</latexit><latexit sha1_base64="0CHZn5JG402y99dwXT2iC8T2XHM=">AAAB6HicbZBNS8NAEIYn9avWr6pHL8EieCqJCHosePHYgv2ANpTNdtKu3WzC7kQopb/AiwdFvPqTvPlv3LY5aOsLCw/vzLAzb5hKYcjzvp3CxubW9k5xt7S3f3B4VD4+aZkk0xybPJGJ7oTMoBQKmyRIYifVyOJQYjsc383r7SfURiTqgSYpBjEbKhEJzshaDeqXK17VW8hdBz+HCuSq98tfvUHCsxgVccmM6fpeSsGUaRJc4qzUywymjI/ZELsWFYvRBNPFojP3wjoDN0q0fYrchft7YspiYyZxaDtjRiOzWpub/9W6GUW3wVSoNCNUfPlRlEmXEnd+tTsQGjnJiQXGtbC7unzENONksynZEPzVk9ehdVX1LTeuK7VaHkcRzuAcLsGHG6jBPdShCRwQnuEV3pxH58V5dz6WrQUnnzmFP3I+fwDfkYz2</latexit><latexit sha1_base64="0CHZn5JG402y99dwXT2iC8T2XHM=">AAAB6HicbZBNS8NAEIYn9avWr6pHL8EieCqJCHosePHYgv2ANpTNdtKu3WzC7kQopb/AiwdFvPqTvPlv3LY5aOsLCw/vzLAzb5hKYcjzvp3CxubW9k5xt7S3f3B4VD4+aZkk0xybPJGJ7oTMoBQKmyRIYifVyOJQYjsc383r7SfURiTqgSYpBjEbKhEJzshaDeqXK17VW8hdBz+HCuSq98tfvUHCsxgVccmM6fpeSsGUaRJc4qzUywymjI/ZELsWFYvRBNPFojP3wjoDN0q0fYrchft7YspiYyZxaDtjRiOzWpub/9W6GUW3wVSoNCNUfPlRlEmXEnd+tTsQGjnJiQXGtbC7unzENONksynZEPzVk9ehdVX1LTeuK7VaHkcRzuAcLsGHG6jBPdShCRwQnuEV3pxH58V5dz6WrQUnnzmFP3I+fwDfkYz2</latexit>

⌃
<latexit sha1_base64="vFTzg+uNFbnj0fTbuPMK+oO3oPc=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuhywI3LivYC7VAyaaaNzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzxylnxvr+t1daW9/Y3CpvV3Z29/YPqodHLaMyTWiTKK50J8aGciZp0zLLaSfVFIuY03Y8vpnV209UG6bkg52kNBJ4KFnCCLbOavXu2VDgfrXm1/250CoEBdSgUKNf/eoNFMkElZZwbEw38FMb5VhbRjidVnqZoSkmYzykXYcSC2qifL7tFJ05Z4ASpd2TFs3d3xM5FsZMROw6BbYjs1ybmf/VuplNrqOcyTSzVJLFR0nGkVVodjoaME2J5RMHmGjmdkVkhDUm1gVUcSEEyyevQuuiHji+u6yFYRFHGU7gFM4hgCsI4RYa0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/yPn8AasePAQ==</latexit><latexit sha1_base64="vFTzg+uNFbnj0fTbuPMK+oO3oPc=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuhywI3LivYC7VAyaaaNzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzxylnxvr+t1daW9/Y3CpvV3Z29/YPqodHLaMyTWiTKK50J8aGciZp0zLLaSfVFIuY03Y8vpnV209UG6bkg52kNBJ4KFnCCLbOavXu2VDgfrXm1/250CoEBdSgUKNf/eoNFMkElZZwbEw38FMb5VhbRjidVnqZoSkmYzykXYcSC2qifL7tFJ05Z4ASpd2TFs3d3xM5FsZMROw6BbYjs1ybmf/VuplNrqOcyTSzVJLFR0nGkVVodjoaME2J5RMHmGjmdkVkhDUm1gVUcSEEyyevQuuiHji+u6yFYRFHGU7gFM4hgCsI4RYa0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/yPn8AasePAQ==</latexit><latexit sha1_base64="vFTzg+uNFbnj0fTbuPMK+oO3oPc=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuhywI3LivYC7VAyaaaNzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzxylnxvr+t1daW9/Y3CpvV3Z29/YPqodHLaMyTWiTKK50J8aGciZp0zLLaSfVFIuY03Y8vpnV209UG6bkg52kNBJ4KFnCCLbOavXu2VDgfrXm1/250CoEBdSgUKNf/eoNFMkElZZwbEw38FMb5VhbRjidVnqZoSkmYzykXYcSC2qifL7tFJ05Z4ASpd2TFs3d3xM5FsZMROw6BbYjs1ybmf/VuplNrqOcyTSzVJLFR0nGkVVodjoaME2J5RMHmGjmdkVkhDUm1gVUcSEEyyevQuuiHji+u6yFYRFHGU7gFM4hgCsI4RYa0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/yPn8AasePAQ==</latexit><latexit sha1_base64="vFTzg+uNFbnj0fTbuPMK+oO3oPc=">AAAB7XicbZDLSgMxFIbP1Futt6pLN8EiuCozIuhywI3LivYC7VAyaaaNzWVIMkIZ+g5uXCji1vdx59uYtrPQ1h8CH/85h5zzxylnxvr+t1daW9/Y3CpvV3Z29/YPqodHLaMyTWiTKK50J8aGciZp0zLLaSfVFIuY03Y8vpnV209UG6bkg52kNBJ4KFnCCLbOavXu2VDgfrXm1/250CoEBdSgUKNf/eoNFMkElZZwbEw38FMb5VhbRjidVnqZoSkmYzykXYcSC2qifL7tFJ05Z4ASpd2TFs3d3xM5FsZMROw6BbYjs1ybmf/VuplNrqOcyTSzVJLFR0nGkVVodjoaME2J5RMHmGjmdkVkhDUm1gVUcSEEyyevQuuiHji+u6yFYRFHGU7gFM4hgCsI4RYa0AQCj/AMr/DmKe/Fe/c+Fq0lr5g5hj/yPn8AasePAQ==</latexit>
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Tµ⌫ = Tµ⌫
old + �Tµ⌫
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thermodynamic d.o.f

Ep
dN

d3p
=

Z

⌃
pµd3⌃µ f(t,x,p ; T, uµ,⇡µ⌫ ,⇧)
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Results
• Radial expansion


• Flow anisotropies
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Kinematics and chemistry of hadrons vary 
depending on hadronization and treatment of low-energy partons
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Jet-thermal parton shower at hadronization consumes energy of medium. 
- more particle productions from PYTHIA string fragmentation 
  relative to thermal emissions
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The strongly-coupled diffusion description of low-energy jet partons 
with Cooper-Frye particliazation improves the        ratio 
compared to those from the string fragmentation.
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Free-streaming (mini-)jets are more isotropic. 
- more (mini-)jet contributions decreases flow anisotropy.
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Quark number scaling is broken in different way. 
- Thermal parton shower in hadronization changes kinematics.
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Conclusions and Outlook
• We present a comprehensive hybrid approach to study 

the interplay between QCD mini-jets and bulk medium 
- Mini-jet production, energy-loss, and medium response 
- Event-by-event hydrodynamics + hadronic transport approach 
- Study measurements for                              in a unified framework


• Hadron chemistry and anisotropic flow 
at the intermediate      region can unravel 
- In medium hadronization 
- Hydrodynamic response from low-energy jet partons


• Future systematic studies will help to elucidate 
the microscopic to macroscopic properties of the QGP. 
- Hydrodynamization of energy-momentum currents from mini-jets 
- Independent constraints on the QGP viscosity and charge diffusion

22

0 < pT < 10GeV
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Framework
IP-Glasma pre-thermalization dynamics

B. Schenke, P. Tribedy and R. Venugopalan (2012)
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initial gluon field after collision
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Classical YM dynamics with color sources in nuclei



Framework
MUSIC viscous hydrodynamics B. Schenke, S. Jeon, and C. Gale (2010)

@µT
µ⌫ = 0

bulk shear

Conservation equation

Decomposition Tµ⌫ = ✏0u
µu⌫ � (P0(✏0) +⇧)�µ⌫ + ⇡µ⌫

EoS

hydrodynamic equations of motion

hotQCD lattice + HRG



shear viscosity relaxation equation
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Framework
MUSIC viscous hydrodynamics B. Schenke, S. Jeon, and C. Gale (2010)

equation of motion for viscous corrections

(response of the system to spatial gradient)

G. Denicol, S. Jeon, and C. Gale (2014)



t

z

transport

hydro

hydrodynamic information

(temperature, flow velocity, …)

⌃ (T = Tsw) dN

d3p
=

Z

⌃

pµd3⌃µ

Ep
f(x,p)

isothermal hypersurface

Framework
Cooper-Frye particlization F. Cooper and G. Frye (1974)

sampling particles according to the Cooper-Frye formula

(transform hydrodynamic information into particles)



Framework
Cooper-Frye particlization F. Cooper and G. Frye (1974)

f0(x,p) =
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P. Bozek (2010)

�fbulk(x,p) = �f0(1± f0)
Cbulk⇧
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c2s(p · u)�

(�pµp⌫�µ⌫)

3(p · u)

�

sampling particles according to the Cooper-Frye formula

(transform hydrodynamic information into particles)



�nbulk(x) = d

Z
d3k

(2⇡)3
�fbulk(k)

n0(x) = d

Z
d3k

(2⇡)3
f0(k)

N̄ |1-cell =
(

[n0(x) + �nbulk(x)]u
µ�⌃µ if uµ�⌃µ � 0

0 otherwise

1. sample number of particles based on Poisson distribution 

2. sample momentum of each particles

according to the Cooper-Frye formula shown in the main slide

Framework
Cooper-Frye particlization F. Cooper and G. Frye (1974)

sampling particles according to the Cooper-Frye formula

(transform hydrodynamic information into particles)



Framework
Radiative energy loss (AMY) P. Arnold, G. Moore and L. Yaffe (2002)

Collinear emission

Nearly on-shell 

intermediate propagator

Infinite number of diagrams

➤ Integral equations

figures by G-Y. Qin



Framework
Collisional energy loss B. Schenke, C. Gale and G-Y. Qin (2009) ; G-Y. Qin et al. (2008)
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Framework
(Mini-)jet energy loss and medium response
Medium response : diffusive perturbation to the energy-stress tensor
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⇥
"
qµ
ĵ
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Lorentz contraction

energy conservation



Framework
(Mini-)jet energy loss and medium response
Medium response : diffusive perturbation to the energy-stress tensor
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momentum of a thermal hadron :                                       

determined by requiring energy conservation
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Mini-jets
Mini-jet feedback
Thermal hadrons

Results
What if we have medium response to (mini-)jet feedback?



10-6

10-5

10-4

10-3

10-2

10-1

100

101

102

103

 0  2  4  6  8  10

20-30%
shear+bulk
η/s = 0.13
Tsw = 140 MeV

X0.1

PRELIMINARY

Pb+Pb
2.76 TeV

jet pT,min = 12 GeV(1
/2

π
)(

1
/p

T
) 

d
N

/d
p

T
 (

G
e
V

-2
)

pT (GeV)

ALICE  π-

proton

10-6

10-5

10-4

10-3

10-2

10-1

100

101

102

103

 0  2  4  6  8  10

20-30%
shear+bulk
η/s = 0.13
Tsw = 140 MeV

X0.1

PRELIMINARY

Pb+Pb
2.76 TeV

jet pT,min = 12 GeV(1
/2

π
)(

1
/p

T
) 

d
N

/d
p

T
 (

G
e
V

-2
)

pT (GeV)

jet+thermal partons + re-scatterings
jet+thermal partons + feeddown

purely jet partons + feeddown

Results
Radial expansion :

Contributions from thermal partons increase mini-jet production 
but decreases thermal contribution.

hadronization and onward re-scatterings



Results
Radial expansion :
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deceleration of pions deceleration of high-     protons 
and acceleration of low-     protonspT
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