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Introduc5on	
•  Hot	dense	maFer	(QGP)	created	in	Heavy	Ion	
collisions	

•  Nearly	ideal	hydrodynamic	expansion	
– Collec5vity	

2	



Quan	Wang	 ISMD	2016	

Evolu5on	of	QGP	
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Pb	 Pb	
Ini'al-State	

•  In	HI	collisions	
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Evolu5on	of	QGP	
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Pb	 Pb	
Ini'al-State	

Final-State	

•  In	HI	collisions	

Hydrodynamics	
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Evolu5on	of	QGP	
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Pb	 Pb	
Ini'al-State	

Final-State	

•  In	HI	collisions	

Hydrodynamics	

Hadroniza'on	
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pPb	and	pp	as	Reference	
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p	 Pb	

•  In	small	system	
collisions	

5me	
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Ini'al-State	
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pPb	and	pp	as	Reference	
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p	 Pb	

•  In	small	system	
collisions	

5me	
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Absent	Final-State	
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pPb	and	pp	as	Reference	
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p	 Pb	

•  In	small	system	
collisions	

5me	

p	 p	

Ini'al-State	

Absent	Final-State	

Hadroniza'on	
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Where	do	we	look?	
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Where	do	we	look?	
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•  Jet	quenching	
•  Collec5vity	
– Flow	harmonics	

5me	
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Flow	Harmonics	
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Flow	harmonics	vn	∼	fluctua'ng	ini'al	geometry	+	pressure	gradient	

dN
dφ

∝1+ 2v2 cos[2(φ −Ψ2 )]

+2v3 cos[3(φ −Ψ3)]
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Flow	Harmonics	
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Flow	harmonics	vn	∼	fluctua'ng	ini'al	geometry	+	pressure	gradient	

dN
dφ

∝1+ 2v2 cos[2(φ −Ψ2 )]

+2v3 cos[3(φ −Ψ3)]
+2v4 cos[4(φ −Ψ4 )]

…	

1 

2 

3 

4 

5 

6 



Quan	Wang	 ISMD	2016	

2-Par5cle	Correla5ons	

13	
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2-Par5cle	Correla5ons	

14	

1 

2 

trig 

assoc 

Δη	=	ηassoc	-	ηtrig	
Δϕ	= ϕassoc	-	ϕtrig	

•  Jet	contribu5on	
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2-Par5cle	Correla5ons	
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1 

2 

trig 

assoc 

Δη	=	ηassoc	-	ηtrig	
Δϕ	= ϕassoc	-	ϕtrig	

•  Jet	contribu5on	
•  Ridge	
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2-Par5cle	Correla5ons	

•  Jet	contribu5on	
•  Ridge	
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1 

2 

trig 

assoc 

Δη	=	ηassoc	-	ηtrig	
Δϕ	= ϕassoc	-	ϕtrig	

•  Long	range	(Δη>2)	
•  Extract	flow	harmonics	



Quan	Wang	 ISMD	2016	

2-Par5cle	Correla5ons	
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Perfect	Liquid	

•  Hydrodynamic	describes	data	well	
•  η/s	close	to	quantum	limit	1/4π	(perfect	liquid)
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Mass	Ordering	

•  Common	velocity	of	the	medium	
•  Heavier	par5cles	boosted	to	higher	pT	
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Mass	Ordering	

•  Common	velocity	of	the	medium	
•  Heavier	par5cles	boosted	to	higher	pT	
•  Spligng	of	iden5fied	par5cle	v2	
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Ridge	in	pp	

•  Unexpected	ridge	in	high	mul5plicity	pp	collisions	
•  Collec5vity	in	pp?	
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Ridge	in	pPb	

22	

•  Enhanced	ridge	in	pPb	
•  Lots	of	interests	
•  Lots	of	measurements		
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High	Mul5plicity	Triggers	

•  Final	state	mul5plicity	(Ntrk
offline)	

– |η|<	2.4,	pT	>	0.4	GeV/c	
•  Comparable	to	mid-central	PbPb	collisions	
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Flow	Harmonics	in	Small	Systems	
•  v2	
– LiFle	energy	
dependence	in	pp	

– Small	but	similar		
to	pPb	and	PbPb	

– Similar	origin?	

24	

arXiv:1606.06198	
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Flow	Harmonics	in	Small	Systems	
•  v2	
– LiFle	energy	
dependence	in	pp	

– Small	but	similar		
to	pPb	and	PbPb	

– Similar	origin?	

•  v3	
– LiFle	energy	dep.	
–  Ini5al	state	fluctua5on?	

•  Insights	of	proton	IS	
fluctua5ons	

25	

arXiv:1606.06198	
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Iden5fied	Par5cle	Flow	

•  Mass	ordering	in	pp,	pPb	and	PbPb	

26	
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Iden5fied	Par5cle	Flow	

•  Mass	ordering	in	pp,	pPb	and	PbPb	
•  v2	spligng	pp	>	pPb	>	PbPb	
– More	explosive	in	smaller	system?	(Radial	flow)	
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Iden5fied	Par5cle	Flow	

•  Mass	ordering	in	pp,	pPb	and	PbPb	
•  v2	spligng	pp	>	pPb	>	PbPb	
– More	explosive	in	smaller	system?	(Radial	flow)	

•  Measurements	favor	Hydrodynamics	
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Iden5fied	Par5cle	Flow	

•  Mass	ordering	in	pp,	pPb	and	PbPb	
•  v2	spligng	pp	>	pPb	>	PbPb	
– More	explosive	in	smaller	system?	(Radial	flow)	

•  Measurements	favor	Hydrodynamics	
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Mul5-par5cle	Cumulant	

30	

•  6-par5cle	correlator,	per	event	

•  6-par5cle	cumulant,	all	events	

•  Q-Cumulant:	decompose	è	flow	vector	

•  Cumulant	vn	è 
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Mul5-par5cle	Cumulant	

•  Collec5vity	in	PbPb	

31	
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Mul5-par5cle	Cumulant	

•  Collec5vity	in	PbPb	
•  Hydrodynamics:	v2{2}	>	v2{4}	≈	v2{6}	≈	v2{8}	

32	
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Mul5-par5cle	Cumulant	

•  Collec5vity	in	pp,	pPb	and	PbPb	

33	
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Mul5-par5cle	Cumulant	

•  Collec5vity	in	pp,	pPb	and	PbPb	
•  pPb	and	PbPb:	v2{2}	>	v2{4}	≈	v2{6}	≈	v2{8}	
•  pp:	v2{2}	≈	v2{4}	≈	v2{6}	≈	v2{8}	why?	
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Iden5fied	Par5cle	Spectra	

•  More	boosted	of	heavier	par5cles	
35	
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Blast	Wave	Fit	

•  Assuming	hydro,	Blast	Wave	fit	can	be	applied	
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Quan	Wang	 ISMD	2016	

Blast	Wave	Fit	

•  Assuming	hydro,	Blast	Wave	fit	can	be	applied	
•  Similar	Ntrk

offline,	similar	Tkin		
but	<βT>:	pp	>	pPb	>	PbPb	(explosive)	
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Underlying	Physics	

•  Hydro	is	successful	in	AA	
•  S5ll	valid	in	small	systems?	
•  Alterna5ves	
– CGC,	EPOS,	Pomerons,	parton	escape	…	

•  Ini5al	states	
– Glauber,	IP-Glasma,	eccentric	proton,	pomerons	

40	
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Summary	

•  New	data	is	coming	
– 8	TeV	pPb	end	of	the	year	

•  Detailed	measurements	
•  Missing	component	in	small	systems	
–  Jet	quenching	

•  Stay	tuned	
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