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Where	do	we	stand?	

–  Azimuthal	correla2ons	and	collec2ve	flow	
q  In	AA	collisions	at	RHIC	:	signature	of	the	QGP	as	a	nearly	perfect	liquid		
q  In	pA	collisions	at	LHC:	collec2vity	evidence	discovered	more	recently	
q  In	pp	collisions	at	LHC:	what	do	we	know	so	far?			

–  This	talk	highlights	
q  Recent	results	on	azimuthal	anisotropy	up	to	pT	≈	100	GeV/c	

o  Flow	harmonics	νn	with	high	pT	tracks	in	PbPb	collisions	–	path	lengths	of	
the	energy	loss	

q  Ridge	phenomena	in	pp	collisions	at	13	TeV	
o  v2	and	v3	flow	harmonics	measured		
o  v2{4}	and	v2{6}	flow	cumulants:	inves2ga2ng	collec2vity	
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Flow	in	high	energy	collisions	

4	

–  Hydrodynamical	picture	of	eccentrici2es	(fluctua2ng	ini2al	condi2ons)	
and	the	corresponding	flow	single	par2cle	Fourier	harmonics	

–  Azimuthal	dependence	of	par2cle	yield:	Fourier	harmonic	expansion	
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Flow	in	high	energy	collisions	

5	

v2
v3

v4
v5…

 

Event  Plane 
(EP) 

px	

py	

v2
x	

y	

z	(beam)	

ε2

ε3

ε4
ε5…

 

ε2 Hydrodynamics	

low	pT																											intermediate	pT																				high	pT	

pT	(GeV/c)	à		

–  Hydrodynamical	picture	of	eccentrici2es	(fluctua2ng	ini2al	condi2ons)		
and	the	corresponding	flow	single	par2cle	Fourier	harmonics	

	
Hydrodynamic	flow																		Sol-hard	interplay	
(asymm.	pressure																				(hadrons	from	thermal									Path-length	dependent	
gradients	&	spa2al																					quarks	+	jet	fragm.)																						energy	loss	
anisotropies)	 ICHEP	2016	-	Chicago	



Flow	methods:	Q-vectors,	SP	and	v2{m}	
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Flow	methods:	Q-vectors,	SP	and	v2{m}	
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–  Par2cle	cumulants	
q m-par2cle	correla2ons	in	vn{m}	

(illustra2on	for	m=4 à	vn{4}) 

Includes	all	4-par5cle		
correla5ons				



High-pT	ν2	and	ν3	in	PbPb	collisions	at	5.02	TeV	
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–  νn	harmonics	from	Scalar	Product	method	

q  ν2 rises	up	to	pT	≈	3	GeV/c	then	falls;	ν2	>	0	up	to	pT	≈	100	GeV/c	
q  ν2 increases	from	central	to	peripheral	collisions;	similar	pT	behavior		
q  ν3	shows	similar	behavior	as	ν2,	but	is	centrality	independent	at	low	pT	
q  ν3	are	non-zero	up	to	pT	≈	20	GeV/c		(in	all	centrality	ranges)	

HIN-15-014-PAS	
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High-pT	results	for	Scalar	Product	and	Cumulants		
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q  pT	<	3	GeV/c	:	ν2{SP}	> ν2{4}	≈	ν2{6}	≈	ν2{8}	à	consistent	with	hydrodynamics		
q  pT	>10	GeV/c	:	ν2{SP}	≈	ν2{m}	à	collec2ve	anisotropy	2ll	high	pT	(jet	quenching?)	
q  anisotropies	at	low	and	high	pT	à	likely	related	to	IS	anisotropy	and	EbyE	fluctua2ons	
q  challenge	to	theore2cal	models	
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Dihadron correlations technique – I 	
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Dihadron correlations technique – II 	
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–  For	quan2fying	the	ridge:		average	the	2D	two-par2cle		
correla2on	func2on	over	|Δη|	>	2	(avoid	jet	contamina2on)	

–  VnΔ	extracted	using	Fourier	fit	

–  Single	vn	computed	by	
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Dihadron correlations-III: subtraction	
	

–  Low	mul2plicity	subtrac2on	applied	on	VnΔ		
q  Remove	jet	correla2on	contribu2on		

o  bo}om	plot	used	to	es2mate	jet	correla2on	part	
q  Assume	jet-induced	correla2ons	invariant		

with	mul2plicity		

q  v2(Ntrk
offline	<	20)	=	0,	by	construc2on	??	
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q  Higher	harmonics:	v3	results	in	pPb	very	similar	to	v3	in	PbPb	

q  Strong	signal	of	collectivity	in	pPb,	similar	to	PbPb	
o  v2{2}	>	v2{4}	≈	v2{6}	≈	v2{8}	≈	v2{∞}		
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q  Higher	harmonics:	v3	results	in	pPb	very	similar	to	v3	in	PbPb	

q  Strong	signal	of	collectivity	in	pPb,	similar	to	PbPb	
o  v2{2}	>	v2{4}	≈	v2{6}	≈	v2{8}	≈	v2{∞}		
	

q  Clear		mass	ordering		
from	ID	par2cles	(V0’s)		
										radial	flow	
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PRL	115	(2015)	012301	

PLB	742	(2015)	200	

PLB	724	(2013)	213	q  Higher	harmonics:	v3	results	in	pPb	very	similar	to	v3	in	PbPb	

q  Strong	signal	of	collectivity	in	pPb,	similar	to	PbPb	
o  v2{2}	>	v2{4}	≈	v2{6}	≈	v2{8}	≈	v2{∞}		
	

q  Clear		mass	ordering		
from	ID	par2cles	(V0’s)		
										radial	flow	

q  In	summary,	in	pPb:		
collec2ve	effects	observed!	

q  Possible	origins:	
o  IS	interac2ons	(e.g.,	CGC)	
o  IS	geometry	&	fluctua2ons		

+	FS	interac2ons	(hydrodyn.)	
Sandra	S.	Padula	
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–  Dihadron	correla2ons		
o  h±	h±	hadrons	(top)		
o  K0s	h±		(middle)		
o  Λ	/Λ	h±		(bo}om)	

q  (lel)	low	mul2plicity	10	≤	Ntrk
offline	≤	20		

range:	no	near-side	ridge	
	
	
	

q  (right)	high	mul2plicity	105	≤	Ntrk
offline	≤	150		

range:		long-structure	near	Δφ=0	

	

Ridge	for	h±	h±	,	K0s	h±,	Λ/Λ	h±		in	HM	pp	collisions	

arXiv:1606.06198	

Sandra	S.	Padula	 ICHEP	2016	-	Chicago	



v2sub{2}	and	v3sub{2}	extracted	from	V2Δ,V3Δ		

19	

–  v2sub{2}		(ellip2c)	and	v3sub{2}		(triangular)	flow	harmonics	vs.	Ntrk
offline			

q  for	h±h±	in	pp	collisions	at	√s=13,	7,	5	TeV	(earlier	results	from	pPb	and	PbPb	added)	
o  weak	or	almost	no	energy	dependence	in	v2sub{2}		
o  v2sub{2}	à	similar	pa}ern	as	in	pPb:	grows	with	Ntrk

offline	and	then	fla}ens	
o  v3sub{2}	à	very	similar	to	v3sub{2}	in	pPb	and	PbPb	collisions;	increase	at	a	lower	rate	

																																																						

Sandra	S.	Padula	 arXiv:1606.06198	



–  v2sub{2}		(ellip2c)	and	v3sub{2}		(triangular)	flow	harmonics	vs.	Ntrk
offline			

q  for	h±h±	in	pp	collisions	at	√s=13,	7,	5	TeV	(earlier	results	from	pPb	and	PbPb	added)	
o  weak	or	almost	no	energy	dependence	in	v2sub{2}		
o  v2sub{2}	à	similar	pa}ern	as	in	pPb:	grows	with	Ntrk

offline	and	then	fla}ens	
o  v3sub{2}	à	very	similar	to	v3sub{2}	in	pPb	and	PbPb	collisions;	increase	at	a	lower	rate	

																																																					−	v2sub{2}	versus	pT	before	and	aler	applying	
																																																																																										jet	correc2ons		

20	

v2sub{2}	and	v3sub{2}	extracted	from	V2Δ,V3Δ		

arXiv:1606.06198	Sandra	S.	Padula	



v2	for	h±,	K0s	and		Λ/Λ	as	trigger	par2cles	
										

	
q  no	clear	mass-ordering	for	low	Ntrk

offline	

q  high	mul2plicity	Ntrk
offline	range:	mass-ordering	observed	(radial	flow)		

q  v2sub{2}	increase	with	pT	(up	to	2-3	GeV/c)	then	decrease		
q  par2cle	mass	ordering:	K0s		higher	than	Λ/Λ	at	low	pT	then	reverse	at	high	pT	

Sandra	S.	Padula	 21	ICHEP	2016	-	Chicago	
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Evidence	of	collec2vity	in	pp	collisions	at	13	TeV	

–  Similar	to	the	observa2ons	in	pPb	and	PbPb	collisions,	except	v2{2}	
o  smaller	v2{2}/v2{4}	à	fewer	fluctua2ng	sources	in	the	IS	in	pp	collisions?		

[PRL	112	(2014)	082301]	

–  Higher-order	cumulant	analysis	in	pp:		v2{2}	≈	v2{4}	≈	v2{6}	à		
collec0vity	in	pp	collisions!			

Sandra	S.	Padula	 22	
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Summary	and	Conclusions	
–  Azimuthal	anisotropy	in	PbPb	collisions	up	to	pT	≈	100	GeV	

q  pT	<	3	GeV/c:	ν2{SP}	> ν2{4}	≈	ν2{6}	≈	ν2{8}	à	consistent	with	hydrodynamics	
q  pT	>10	GeV/c:	ν2{SP}	≈	ν2{4}	≈	ν2{6}	≈	ν2{8}		à	collec2ve	anisotropy	2ll	high	pT:		

																																																									path	lengths	of	the	in-medium	jet	energy	loss		
q  ν2	results	at	low	and	high	pT	à	IS	anisotropy	and	EbyE	fluctua2ons	
q  challenge	to	theore2cal	models		

–  Ridge	phenomena	in	pp	collisions	at	13	TeV	
q  v2{2}	and	v3{2}	flow	harmonics	for	√s	=	5,	7	and	13	TeV		

o  very	similar	to	pPb	and	PbPb	cases,	but	with	smaller	intensity	
o  nearly	energy	independent		

q mass-ordering	observed	in	v2{2}	of	h±,	K0s	and		Λ/Λ		
q  cumulant	results:	v2{4}	≈	v2{6}	à		collec0vity	in	pp	collisions!			
q  addi2onal	challenge	to	theore2cal	models!	
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BACKUP	SLIDES	
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Azimuthal	correla2ons	(v2):	low	pT	vs.	high	pT	
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–  Exploring	connec2on	of	low	pT	(hydro	dominated)	with	high	pT	
(jet	quenching	dominated)	with	v2	data	

q  v2	in	three	pT	ranges	vs.	low	pT	(1	<	pT	<	1.25	GeV/c)	for	all	centrali2es	
o  0-20%	divided	in	four	bins	of	5%	bin	width;	above	20%,	bin	width	of	10%		

q  strong	correla2on	of	low	and	high	pT	values	in	full	centrality	range	
q  indica2on	that	ini2al	geometry	and	its	fluctua2ons	may	be	responsible	

ICHEP	2016	-	Chicago	



Two-par2cle	Fourier	coefficients	vs.	mul2plicity	

–  V2Δ	and	V3Δ	before	and	aler	jet	correc2on	procedure	compared	to	
PYTHIA	8	tune	CUETO8M1	MC	results	(back-to-back	jets	only)	
q  before	subtrac2on:	V2Δ	flat	in	Noff

trk	and	V3Δ	<	0	from	PYTHIA	(b-to-b	jets,	Δφ≈0)	
q  aler	subtrac2on:	V2Δ	grows	w/	Noff

trk	and	fla}ens;	V3Δ	>	0	in	full	Noff
trk		
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Mass-ordering	in	v2sub{2}	of	h±,	K0s	and		Λ/Λ		

Sandra	S.	Padula	 27	

–  Aler	subtrac2ng	jet	contribu2ons	(top)		
q  v2sub{2}	increase	with	pT	(up	to	2-3	GeV/c)	

then	decrease		
q  par2cle	mass	ordering:	K0s		higher	than		

	Λ/Λ	at	low	pT	then	reverse	at	high	pT	

–  Scaling	with	number	of	cons2tuent	quarks		
q  v2sub{2}/nq	vs.	KET/nq	(trans.	kin.	energy/quark)	
q  dashed	curve:	polynomial	fit	to	K0s	data		
q  ra2o	of	v2sub{2}/nq	results	for	K0s	and		Λ/Λ		

	par2cles	divided	by	this	polynomial	fit	
o  approximate	scaling	for	KET/nq	>	0.2	GeV	

arXiv:1606.06198	
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Comparing	v2{m}	for	different	systems	
–  Comparison	between	v2{2},	v2{4}	and	v2{6}	in	p-p	and	p-Pb:	

q  v2{2}/v2{4}	(p-p)	≤	v2{2}/v2{4}	(p-Pb)	à	related	to	IS	fluctua2ons	

–  One	possible	explana2on:	PRL	112	(2014)	082301		
q  smaller	v2{2}/v2{4}	à	Less	IS	fluctua2ng	sources	

–  S2ll	true	before	subtrac2on	à	Upper	limit	
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