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QGP	

Hadron	gas	
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Dynamics	is	more	complicated	Ð	non-
equilibrium	transport,	recombination	É %



QGP	

Hadron	gas	

���������������������	��

�
���������
�����
�����������	��

�����	���
�������
������

P;#(,#@;>#$%!"#$%&#/KLFQ6%

!   R+??,)99'.$%?+AA<)%E%9'='<#,%8'99.@'#('.$%7);#"'.,%.79),")8%'$%9=#<<%9>9()=5%
?ST%#$8%)")$%'$%?S?%/U;),)%*BC%'9%$.(%)V?)@()86%

!   J)@)$(<>%?,.?.9)8%@.E=."),%8'99.@'#('.$%=.8)<5%)$),1>%<.99%=.8)<%W%$))8%
@,.99%@;)@-%#$8%%='@,.9@.?'@%)V?<#$#('.$%/':%#??<'@#7<)6%

%

!   XYZ%E%@#?(+,)%(;)%'$(),#@('.$9%U'(;.+(%
)V?<'@'(<>%9?)@':>'$1%(;)',%$#(+,)%

X0%Y),,)',. %/KLFQ6%



[..='$1%'$%.$%(;)%@.,,)@(%
(;).,>%Ð%)V@<+8'$1%)$),1>%
<.99%



Explores all regimes of 
QCD!

Perturbative !

Non-Perturbative !
QCD without the 
heavy ßavor !

ultra-soft!

Ultra-soft!

typical momentum if heavy  quark:!

typical kinetic energy if heavy  quark:!

+ heavy - soft interactions !
at NLO!

N.8U'$%!"#$%&#'FGG\6%

P;.%!"#$%&#'FGGI6%
¥  Non-Relativistic QCD (NRQCD) -a particular 
type of effective theory (EFT) 

¥   NRQCD factorization formula. Short distance cross sections (perturbatively 
calculable) and long distance matrix elements (fit to data, scaling relations)  



¥   The situation is similar for 
bottomonia 
¥   Excited states have their own 
expansion 

¥  One has to be careful, the simple power counting approximately manifest in 
the LDMEs can be affected by the partonic cross section Ð a large number of 
singlet and octet; S wave and P wave terms enter 
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(a)

The	question	is	–	is	there	a	
simplification	at	high	pT	where	the	
pT	dependence	of	the	short	distance	
cross	section	dominates	(and	
expressions	simplify)	
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LO! NLO!

LO! NLO! NLO! NNLO!

(single) Parton 
fragmentation 
process!

Singlet	contribution	
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Octet	contribution	
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DGLAP Evolution !

Resummation of!
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Applicability	must	be	determined		
phenomenologically	
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The	energy	loss	picture	of	
quarkonium	suppression	in	the		pT	
range	measured	by	ATLAS	and	
CMS	(up	to	40	GeV)		is	definitively	
excluded 	 	 	 	 		
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Scales	in	the	problem	

	 	 	 	 		

Time evolution

c
c Quarkonia
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E  Double	soft	gluon	emission	

E  Heavy	quark-antiquark	potential	

-				(can	also	be	interaction	with	soft	
						particles)	

%
% % 	 	 		
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Background	field	
method	

Perform	a	shift	in	the	gluon	field	in	the	NRQCD	Lagrangian	then	perform	the	
power-counting	

Hybrid	method	 From	the	full	QCD	diagrams	for	single	effective	Glauber/Coulomb	gluon	
perform	the	corresponding	power-counting,		read	the	Feynman	rules	

Matching	method	 Full	QCD	diagrams	describing	the	forward	scattering	of	incoming	heavy	
quark	and	a	light	quark	or	a	gluon.	W)%also	derive	the	tree	level	expressions	
of	the	effective	fields	in	terms	of	the	QCD	ingredients	
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Leading	
medium	
correction	

Sub-leading	
medium	
corrections	
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Glauber	field	for	collinear	source	

Coulomb	field	for	soft	source	
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Glauber	field	for	collinear	source	

Coulomb	field	for	soft	source	
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