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Longitudinal dynamics is important

I Initial stage
I what is the initial density distribution
I what is the initial energy density
I what is the nature of thermalization mechanism
I fluctuations

I Early dynamics
I what is the pressure asymmetry
I from initial fluctuations to final correlations

two unknowns
- pressure asymmetry
- initial distribution ←− this talk

study of longitudinal dynamics −→ to get experimental insight

Piotr Bożek Longitudinal correlations



Hydrodynamics - forward and backward assymetry in initial state

Ann.Rev.Nucl.Part.Sci. 57 (2007) 205

- Glauber Monte Carlo model −→ different forward and backward distributions

- different fireball shape at forward and backward rapidities

multiplicity-multiplicity correlations

dozens of years, hundreds of papers

many effects sum up ...

flow angle-flow angle correlations

PB, W. Broniowski, J.Moreira : 1011.3354

experiment and theory picks up momentum
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Twisted event-plane angles - torque effect

- due to fluctuations
- left-right orientation and magnitude are fluctuating
- only “smooth” long range twist
- random decorrelations on small scale, difficult to observe
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Twist angle distribution - Glauber model

Ψ2(η)− Ψ2(−η), ∆η = 1, 5
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- linear around η = 0

width of the twist angle distribution

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0

5

10

15

20

25

Σ
HD

F
B
L

Ηþ

c=0-10%
c=10-20%
c=20-30%
c=30-40%
c=40-50%
c=50-60%
c=60-70%

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0

5

10

15

20

25

Σ
HD
H3
L F
B
L

Ηþ

c=0-10%
c=10-20%
c=20-30%
c=30-40%
c=40-50%
c=50-60%
c=60-70%

- n = 2, largest decorrelation for central collisions

- n = 3, similar decorrelation for all centralities
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Event-plane resolution at finite multiplicity

event-plane distribution N = 20, 100, 60, v2 = 0.05
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- event-plane resolution much worse than signal
- ∆Ψ cannot be measured directly

- observables must be quadratic in ∆Ψ
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One-shot 3+1D hydro evolution (2010)

initial density with a twist

s(x, y, η) ∝ ρ+(Rx, Ry)f+(η) + ρ−(RT x, RT y)f−(η)

forward (backward) participants rotated in the transverse plane

time evolution of the twist
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- the twist survives the hydrodynamic evolution
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2-bin observable

cos(2∆Ψ) =
<< cos[2(φi (F )− φj(B))] >>√
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substantial nonflow contribution
2-bin observables in η dominated by nonflow!
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PCA - nonflow strikes again

Principal Component Analysis (Bhalerao et al. PRL 114 (2015) 152301)
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torque (full symbols), notorque (open symbols)

or was it the other way round?

PCA in η dominated by nonflow!
PCA works for oversampled events
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3-bin measure of event-plane decorrelation (CMS)

r2(ηa, ηb) =
<< cos[n(φi (−ηa)− φj(ηb))] >>

<< cos[n(φi (ηa)− φj(ηb))] >>
' cos[n(Ψ(−ηa)−Ψ(ηb)]

cos[n(Ψ(ηa)−Ψ(ηb)]

only pairs with large rapidity gap ηa − ηb
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- nonflow under control
- torque effect seen in the CMS data
- semiquantitative agreement

- does not work for p-Pb !
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Fluctuations in energy deposition from each source

- the position (in rapidity) of string ends is random
- long range fluctuations
- each source fluctuates differently −→ event-plan decorrelation in p-Pb
- short range fluctuations possible, but irrelevant for the CMS r2
- average deposition same as in old model (linear in η)
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Fluctuating strings rn(ηa, ηb) (initial state only)
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fluctuations improve description of r2
in Pb-Pb

except for r2 in central collisions
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Fluctuating strings p-Pb
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- fluctuations essential to describe event-plane decorrelation in p-Pb
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F slope
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- fair description of mid-central collisions
- overestimates decorrelation in central collisions

- F4 ' 4F2
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higher order correlators (ATLAS 1709.02301)

r2|2,k =
〈(v2(η1)v2(η2))k cos(2k∆Φ(η1 + η2))〉
〈(v2(η1)v2(−η2))k cos(2k∆Φ(η1 − η2))〉
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Size fluctuations ↔ p⊥ fluctuations
another manifestation of collective flow
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proposed by Broniowski et al. Phys.Rev. C80 (2009) 051902 : two-shots calculation
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Physical and statistical fluctuations
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p⊥ fluctuation quark Glauber model initial conditions
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Quark Glauber model gives better description of initial volume

fluctuations
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Same in log scale
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more than simple N−1/2 scaling

both experiment and theory −→ not minijets
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Size - p⊥ correlation
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<r> - predictor of the final p⊥ (α ' 0.3− 0.4)

consistent with predcitor of Mazellauskas-Teaney, PRC 2016
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p⊥ − p⊥ correlation in rapidity - ALICE preliminary

Igor	Altsybeev	(Saint	Petersburg	State	University)	for	the	ALICE	Collabora<on	

Forward-backward	correla<ons	between	
event-mean	pT	in	Pb-Pb	collisions	

FB	correla<ons	are	measured	in	Pb-Pb	collisions	at	√sNN=2.76	and	5.02	TeV	with	the	ALICE	detector.	
Par<cle	reconstruc<on	was	performed	using	Inner	Tracker	System	(ITS)	and	Time	Projec<on	Chamber	(TPC).	
Kinema<c	range	is	|η|<0.8,	pT	range	0.2-2.0	GeV/c.	Systema<c	uncertain<es	for	bcorr	are	about	3-5%.	
Centrality	es<mators	used	in	the	analysis	are	V0	detector	(which	consists	of	two	arrays	of	scin<llators		
V0C	−3.7	<	η	<	−1.7	and	V0A	2.8	<	η	<	5.1)	and	zero-degree	calorimeter	ZDC.	
Nota'ons:	ηgap	–	distance	between	FB	intervals,	δη	–	interval	width	(taken	as	0.4	for	this	analysis).	

Conclusions	
§  Forward-backward	 correla<ons	 between	 event-mean	 transverse	momenta	 in	 two	 separated	windows	
have	been	measured	with	ALICE	at	2.76	and	5.02	TeV	in	pT	range	0.2-2.0	GeV/c	

§  These	 correla<ons	 are	 robust	 against	 volume	 fluctua<ons	 and	 thus	 the	 centrality	 determina<on	
methods	
² higher	sensi<vity	to	the	proper<es	of	the	ini<al	state	and	medium	evolu<on	

§  Correla<on	coefficient	bcorr	rises	from	peripheral	to	mid-central	and	then	falls	for	central	events	
§  Behavior	is	not	reproduced	by	MC	generators,	but	string	fusion	model	provides	reasonable	descrip<on	
§  Behavior	at	different	η	gaps	between	FB	windows	is	similar	
§  Centrality	dependence	of	bcorr	at	5.02	TeV	is	similar	to	2.76	TeV,	with	slightly	higher	values	
§  FB	mul'plicity	correla<ons	are	shown	to	be	heavily	dependent	on	centrality	selec<on	(type	of	es<mator,	
class	width),	so	any	physical	conclusions	should	be	made	very	carefully	
	

	

Mo<va<on	

-0.8 -0.6 -0.2-0.4 0 0.2 0.6 0.80.4 η
Backward Forward

Pb-Pb 2.76 TeV 

  nB-nF  – between 
particle multiplicities in 
F and B intervals 
  ptB-ptF  – between 
event-mean transverse 
momenta in F and B 
intervals 
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Soo	 and	 semi-hard	 parts	 of	 the	 mul<-par<cle	 produc<on	 in	 pp	 collisions	 at	 high	
energy	are	successfully	described	in	terms	of	colour	strings	stretched	between	the	
projec<le	 and	 target.	 The	 hadroniza<on	 of	 these	 strings	 produces	 the	 observed	
hadrons.	 In	 the	 case	 of	 nuclear	 collisions,	 the	 number	 of	 strings	 grows	 with	 the	
growing	energy	and	the	number	of	nucleons	of	colliding	nuclei,	and	one	has	to	take	
into	 account	 the	 interac<on	 between	 strings	 in	 the	 form	 of	 their	 fusion	 and/or	
percola<on.	 The	 possible	 experimental	 observa<on	 of	 the	 string	 interac<on	
phenomenon	 as	 an	 intermediate	 process,	 leading	 to	 the	 QGP	 forma<on,	 is	
extremely	interes<ng.	Forward-backward	(FB)	correla<ons	between	mean	pT	in	two	
separated	 pseudorapidity	 intervals	 were	 proposed	 as	 the	main	 tool	 to	 study	 this	
phenomenon	[1].		

Observable	and	data	analysis	

²  The	magnitude	of	the	FB	mean-pT	correla<on	strength	rises	from	peripheral	to	mid-central	and	
drops	towards	central	collisions	(Figure	1).		

² Monte-Carlo	 event	 generators	 generally	 do	 not	 describe	 this	 centrality	 evolu<on:	 HIJING	
provides	 too	 weak	 correla<ons	 with	 no	 dependence	 on	 centrality,	 while	 AMPT	 shows	
significant	correla<ons	but	does	not	quan<ta<vely	or	qualita<vely	agree	with	the	data.	

² Calcula<ons	in	other	MC	generators	are	shown	in	Figure	2	(with	different	kinema<c	cuts).								It	
can	be	 seen	 that	only	 the	 string	 fusion	model	 [3]	qualita<vely	describes	 the	behavior	of	bcorr	
observed	in	data.	

Fig.4	FB	mul<plicity	correla<on	strength	as	a	func<on	of	centrality,	in	centrality	
classes	of	the	widths	10,	5,	2,	1	and	0.5%	determined	by	V0M	es<mator	(leo	plot)	

and	by	ZDC	(right	plot).	
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Fig.3	FB	mean-pT	correla<on	strength	as	a	func<on	
of	centrality,	in	centrality	classes	of	the	widths	10,	5	

and	2%	determined	by	V0M	es<mator.	

Fig.1	FB	mean-pT	correla<on	strength	as	a	
func<on	of	centrality	in	comparison	with	

calcula<ons	from	AMPT	and	HIJING.	

Fig.2	FB	mean-pT	correla<ons	in	different	
monte-carlo	models	[5].	Kinema<c	cuts	are	

different	than	in	Fig.1.	

One	of	the	possible	explana<ons	of	the	decline	of	the	mean-pT	correla<on	coefficient	for	most	
central	 collisions	was	obtained	 in	 the	model	with	quark-gluon	string	 fusion	on	 the	 transverse	
lauce	 [4].	 It	 was	 shown	 that	 this	 decline	 can	 be	 explained	 by	 the	 ahenua<on	 of	 color	 field	
fluctua<ons	due	to	the	string	fusion	processes	at	large	string	density,	which	can	be	gained	only	
at	LHC	energy	 (at	energies	above	RHIC).	Note	that	 in	 this	simple	model	 there	 is	no	azimuthal	
flow.	This	qualita<ve	explana<on	is	confirmed	by	the	results	[5,	6],	obtained	in	a	more	realis<c	
dipole-based	Monte	Carlo	string	fusion	model	[7,	8].	

Evolu<on	with	centrality	

FB	correla<ons	are	usually	measured	between	observables	obtained	in	an	event-by-event	analysis	in	two	
separated	η-intervals.	The	conven<onal	observable	for	the	FB	correla<ons	analysis	is	the	charged	par<cle	
mul'plicity	 (n-n	 correla=ons).	 In	 the	 present	 study,	 instead	 of	 the	 mul<plicity,	 we	 took	 an	 intensive	
observable,	namely	 the	event-averaged	transverse	momentum	of	par<cles	measured	 in	each	of	 the	 two	
pseudorapidity	intervals,	and	call	 it	mean-pT	correla=ons.	The	strength	of	the	correla<on	(bcorr)	between	
observables	F	and	B	is	determined	by	expression	below:	
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Event-mean	 transverse	 momenta	 correla<ons	 are	 robust	
against	 volume	 fluctua<ons	 and	 thus	 the	 centrality	
determina<on	 methods	 (see	 Figure	 3),	 which	 provides	
higher	 sensi<vity	 of	 this	 quan<ty	 to	 the	 proper<es	 of	 the	
ini<al	 state	 and	 evolu<on	 of	 the	 medium	 created	 in	 AA	
collisions.		
In	contrast,	FB	mul'plicity	correla<ons	strongly	depend	on	
the	size	of	centrality	class	and	 type	of	centrality	es<mator	
(see	 Figure	 4	 to	 the	 right),	 so	 any	 physical	 conclusions	
should	 be	made	 very	 carefully.	 The	 reason	 is	 that	 the	 FB	
mul<plicity	 correla<on	 is	 a	 correla<on	 between	 extensive	
observables,	 whereas	 the	 FB	 mean-pT	 correla<on	 is	 a	
correla<on	 between	 intensive	 observables,	 which	 are	 not	
influenced	by	trivial	"volume"	fluctua<ons.	

ALI-PREL-119780

Fig.5	 The	 magnitude	 of	 the	 FB	 correla<on	
strength	 is	obtained	 for	different	 gaps	between	
pseudorapidity	intervals.	Size	of	F	and	B	intervals	
on	this	plot	is	δη=0.2.	
	
At	 all	 η	 gaps,	 the	 shape	 of	 the	 centrality	
dependence	of	bcorr	is	the	same,	however,	values	
are	 higher	 at	 η	 gap=0	 due	 to	 short-range	
contribu<ons	 from	 resonance	 decays	 and	mini-
jets.	

Dependence	on	η-gap	between	windows	
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Compare	results	at	two	energies	

Fig.6	FB	mean-pT	correla<on	strength		
as	a	func<on	of	centrality	at	√sNN=2.76	and	
5.02	TeV.	
	
²  similar	behavior	with	centrality	at	both	

energies	
² higher	bcorr	values	at	5.02	TeV	(by	10-25%)		

Igor	Altsybeev	(Saint	Petersburg	State	University)	for	the	ALICE	Collabora<on	

Forward-backward	correla<ons	between	
event-mean	pT	in	Pb-Pb	collisions	

FB	correla<ons	are	measured	in	Pb-Pb	collisions	at	√sNN=2.76	and	5.02	TeV	with	the	ALICE	detector.	
Par<cle	reconstruc<on	was	performed	using	Inner	Tracker	System	(ITS)	and	Time	Projec<on	Chamber	(TPC).	
Kinema<c	range	is	|η|<0.8,	pT	range	0.2-2.0	GeV/c.	Systema<c	uncertain<es	for	bcorr	are	about	3-5%.	
Centrality	es<mators	used	in	the	analysis	are	V0	detector	(which	consists	of	two	arrays	of	scin<llators		
V0C	−3.7	<	η	<	−1.7	and	V0A	2.8	<	η	<	5.1)	and	zero-degree	calorimeter	ZDC.	
Nota'ons:	ηgap	–	distance	between	FB	intervals,	δη	–	interval	width	(taken	as	0.4	for	this	analysis).	

Conclusions	
§  Forward-backward	 correla<ons	 between	 event-mean	 transverse	momenta	 in	 two	 separated	windows	
have	been	measured	with	ALICE	at	2.76	and	5.02	TeV	in	pT	range	0.2-2.0	GeV/c	

§  These	 correla<ons	 are	 robust	 against	 volume	 fluctua<ons	 and	 thus	 the	 centrality	 determina<on	
methods	
² higher	sensi<vity	to	the	proper<es	of	the	ini<al	state	and	medium	evolu<on	

§  Correla<on	coefficient	bcorr	rises	from	peripheral	to	mid-central	and	then	falls	for	central	events	
§  Behavior	is	not	reproduced	by	MC	generators,	but	string	fusion	model	provides	reasonable	descrip<on	
§  Behavior	at	different	η	gaps	between	FB	windows	is	similar	
§  Centrality	dependence	of	bcorr	at	5.02	TeV	is	similar	to	2.76	TeV,	with	slightly	higher	values	
§  FB	mul'plicity	correla<ons	are	shown	to	be	heavily	dependent	on	centrality	selec<on	(type	of	es<mator,	
class	width),	so	any	physical	conclusions	should	be	made	very	carefully	
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Soo	 and	 semi-hard	 parts	 of	 the	 mul<-par<cle	 produc<on	 in	 pp	 collisions	 at	 high	
energy	are	successfully	described	in	terms	of	colour	strings	stretched	between	the	
projec<le	 and	 target.	 The	 hadroniza<on	 of	 these	 strings	 produces	 the	 observed	
hadrons.	 In	 the	 case	 of	 nuclear	 collisions,	 the	 number	 of	 strings	 grows	 with	 the	
growing	energy	and	the	number	of	nucleons	of	colliding	nuclei,	and	one	has	to	take	
into	 account	 the	 interac<on	 between	 strings	 in	 the	 form	 of	 their	 fusion	 and/or	
percola<on.	 The	 possible	 experimental	 observa<on	 of	 the	 string	 interac<on	
phenomenon	 as	 an	 intermediate	 process,	 leading	 to	 the	 QGP	 forma<on,	 is	
extremely	interes<ng.	Forward-backward	(FB)	correla<ons	between	mean	pT	in	two	
separated	 pseudorapidity	 intervals	 were	 proposed	 as	 the	main	 tool	 to	 study	 this	
phenomenon	[1].		

Observable	and	data	analysis	

²  The	magnitude	of	the	FB	mean-pT	correla<on	strength	rises	from	peripheral	to	mid-central	and	
drops	towards	central	collisions	(Figure	1).		

² Monte-Carlo	 event	 generators	 generally	 do	 not	 describe	 this	 centrality	 evolu<on:	 HIJING	
provides	 too	 weak	 correla<ons	 with	 no	 dependence	 on	 centrality,	 while	 AMPT	 shows	
significant	correla<ons	but	does	not	quan<ta<vely	or	qualita<vely	agree	with	the	data.	

² Calcula<ons	in	other	MC	generators	are	shown	in	Figure	2	(with	different	kinema<c	cuts).								It	
can	be	 seen	 that	only	 the	 string	 fusion	model	 [3]	qualita<vely	describes	 the	behavior	of	bcorr	
observed	in	data.	

Fig.4	FB	mul<plicity	correla<on	strength	as	a	func<on	of	centrality,	in	centrality	
classes	of	the	widths	10,	5,	2,	1	and	0.5%	determined	by	V0M	es<mator	(leo	plot)	

and	by	ZDC	(right	plot).	
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Fig.3	FB	mean-pT	correla<on	strength	as	a	func<on	
of	centrality,	in	centrality	classes	of	the	widths	10,	5	

and	2%	determined	by	V0M	es<mator.	

Fig.1	FB	mean-pT	correla<on	strength	as	a	
func<on	of	centrality	in	comparison	with	

calcula<ons	from	AMPT	and	HIJING.	

Fig.2	FB	mean-pT	correla<ons	in	different	
monte-carlo	models	[5].	Kinema<c	cuts	are	

different	than	in	Fig.1.	

One	of	the	possible	explana<ons	of	the	decline	of	the	mean-pT	correla<on	coefficient	for	most	
central	 collisions	was	obtained	 in	 the	model	with	quark-gluon	string	 fusion	on	 the	 transverse	
lauce	 [4].	 It	 was	 shown	 that	 this	 decline	 can	 be	 explained	 by	 the	 ahenua<on	 of	 color	 field	
fluctua<ons	due	to	the	string	fusion	processes	at	large	string	density,	which	can	be	gained	only	
at	LHC	energy	 (at	energies	above	RHIC).	Note	that	 in	 this	simple	model	 there	 is	no	azimuthal	
flow.	This	qualita<ve	explana<on	is	confirmed	by	the	results	[5,	6],	obtained	in	a	more	realis<c	
dipole-based	Monte	Carlo	string	fusion	model	[7,	8].	

Evolu<on	with	centrality	

FB	correla<ons	are	usually	measured	between	observables	obtained	in	an	event-by-event	analysis	in	two	
separated	η-intervals.	The	conven<onal	observable	for	the	FB	correla<ons	analysis	is	the	charged	par<cle	
mul'plicity	 (n-n	 correla=ons).	 In	 the	 present	 study,	 instead	 of	 the	 mul<plicity,	 we	 took	 an	 intensive	
observable,	namely	 the	event-averaged	transverse	momentum	of	par<cles	measured	 in	each	of	 the	 two	
pseudorapidity	intervals,	and	call	 it	mean-pT	correla=ons.	The	strength	of	the	correla<on	(bcorr)	between	
observables	F	and	B	is	determined	by	expression	below:	
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Event-mean	 transverse	 momenta	 correla<ons	 are	 robust	
against	 volume	 fluctua<ons	 and	 thus	 the	 centrality	
determina<on	 methods	 (see	 Figure	 3),	 which	 provides	
higher	 sensi<vity	 of	 this	 quan<ty	 to	 the	 proper<es	 of	 the	
ini<al	 state	 and	 evolu<on	 of	 the	 medium	 created	 in	 AA	
collisions.		
In	contrast,	FB	mul'plicity	correla<ons	strongly	depend	on	
the	size	of	centrality	class	and	 type	of	centrality	es<mator	
(see	 Figure	 4	 to	 the	 right),	 so	 any	 physical	 conclusions	
should	 be	made	 very	 carefully.	 The	 reason	 is	 that	 the	 FB	
mul<plicity	 correla<on	 is	 a	 correla<on	 between	 extensive	
observables,	 whereas	 the	 FB	 mean-pT	 correla<on	 is	 a	
correla<on	 between	 intensive	 observables,	 which	 are	 not	
influenced	by	trivial	"volume"	fluctua<ons.	

ALI-PREL-119780

Fig.5	 The	 magnitude	 of	 the	 FB	 correla<on	
strength	 is	obtained	 for	different	 gaps	between	
pseudorapidity	intervals.	Size	of	F	and	B	intervals	
on	this	plot	is	δη=0.2.	
	
At	 all	 η	 gaps,	 the	 shape	 of	 the	 centrality	
dependence	of	bcorr	is	the	same,	however,	values	
are	 higher	 at	 η	 gap=0	 due	 to	 short-range	
contribu<ons	 from	 resonance	 decays	 and	mini-
jets.	

Dependence	on	η-gap	between	windows	
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Compare	results	at	two	energies	

Fig.6	FB	mean-pT	correla<on	strength		
as	a	func<on	of	centrality	at	√sNN=2.76	and	
5.02	TeV.	
	
²  similar	behavior	with	centrality	at	both	

energies	
² higher	bcorr	values	at	5.02	TeV	(by	10-25%)		

Igor	Altsybeev	(Saint	Petersburg	State	University)	for	the	ALICE	Collabora<on	

Forward-backward	correla<ons	between	
event-mean	pT	in	Pb-Pb	collisions	

FB	correla<ons	are	measured	in	Pb-Pb	collisions	at	√sNN=2.76	and	5.02	TeV	with	the	ALICE	detector.	
Par<cle	reconstruc<on	was	performed	using	Inner	Tracker	System	(ITS)	and	Time	Projec<on	Chamber	(TPC).	
Kinema<c	range	is	|η|<0.8,	pT	range	0.2-2.0	GeV/c.	Systema<c	uncertain<es	for	bcorr	are	about	3-5%.	
Centrality	es<mators	used	in	the	analysis	are	V0	detector	(which	consists	of	two	arrays	of	scin<llators		
V0C	−3.7	<	η	<	−1.7	and	V0A	2.8	<	η	<	5.1)	and	zero-degree	calorimeter	ZDC.	
Nota'ons:	ηgap	–	distance	between	FB	intervals,	δη	–	interval	width	(taken	as	0.4	for	this	analysis).	

Conclusions	
§  Forward-backward	 correla<ons	 between	 event-mean	 transverse	momenta	 in	 two	 separated	windows	
have	been	measured	with	ALICE	at	2.76	and	5.02	TeV	in	pT	range	0.2-2.0	GeV/c	

§  These	 correla<ons	 are	 robust	 against	 volume	 fluctua<ons	 and	 thus	 the	 centrality	 determina<on	
methods	
² higher	sensi<vity	to	the	proper<es	of	the	ini<al	state	and	medium	evolu<on	

§  Correla<on	coefficient	bcorr	rises	from	peripheral	to	mid-central	and	then	falls	for	central	events	
§  Behavior	is	not	reproduced	by	MC	generators,	but	string	fusion	model	provides	reasonable	descrip<on	
§  Behavior	at	different	η	gaps	between	FB	windows	is	similar	
§  Centrality	dependence	of	bcorr	at	5.02	TeV	is	similar	to	2.76	TeV,	with	slightly	higher	values	
§  FB	mul'plicity	correla<ons	are	shown	to	be	heavily	dependent	on	centrality	selec<on	(type	of	es<mator,	
class	width),	so	any	physical	conclusions	should	be	made	very	carefully	
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Soo	 and	 semi-hard	 parts	 of	 the	 mul<-par<cle	 produc<on	 in	 pp	 collisions	 at	 high	
energy	are	successfully	described	in	terms	of	colour	strings	stretched	between	the	
projec<le	 and	 target.	 The	 hadroniza<on	 of	 these	 strings	 produces	 the	 observed	
hadrons.	 In	 the	 case	 of	 nuclear	 collisions,	 the	 number	 of	 strings	 grows	 with	 the	
growing	energy	and	the	number	of	nucleons	of	colliding	nuclei,	and	one	has	to	take	
into	 account	 the	 interac<on	 between	 strings	 in	 the	 form	 of	 their	 fusion	 and/or	
percola<on.	 The	 possible	 experimental	 observa<on	 of	 the	 string	 interac<on	
phenomenon	 as	 an	 intermediate	 process,	 leading	 to	 the	 QGP	 forma<on,	 is	
extremely	interes<ng.	Forward-backward	(FB)	correla<ons	between	mean	pT	in	two	
separated	 pseudorapidity	 intervals	 were	 proposed	 as	 the	main	 tool	 to	 study	 this	
phenomenon	[1].		

Observable	and	data	analysis	

²  The	magnitude	of	the	FB	mean-pT	correla<on	strength	rises	from	peripheral	to	mid-central	and	
drops	towards	central	collisions	(Figure	1).		

² Monte-Carlo	 event	 generators	 generally	 do	 not	 describe	 this	 centrality	 evolu<on:	 HIJING	
provides	 too	 weak	 correla<ons	 with	 no	 dependence	 on	 centrality,	 while	 AMPT	 shows	
significant	correla<ons	but	does	not	quan<ta<vely	or	qualita<vely	agree	with	the	data.	

² Calcula<ons	in	other	MC	generators	are	shown	in	Figure	2	(with	different	kinema<c	cuts).								It	
can	be	 seen	 that	only	 the	 string	 fusion	model	 [3]	qualita<vely	describes	 the	behavior	of	bcorr	
observed	in	data.	

Fig.4	FB	mul<plicity	correla<on	strength	as	a	func<on	of	centrality,	in	centrality	
classes	of	the	widths	10,	5,	2,	1	and	0.5%	determined	by	V0M	es<mator	(leo	plot)	

and	by	ZDC	(right	plot).	
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Fig.3	FB	mean-pT	correla<on	strength	as	a	func<on	
of	centrality,	in	centrality	classes	of	the	widths	10,	5	

and	2%	determined	by	V0M	es<mator.	

Fig.1	FB	mean-pT	correla<on	strength	as	a	
func<on	of	centrality	in	comparison	with	

calcula<ons	from	AMPT	and	HIJING.	

Fig.2	FB	mean-pT	correla<ons	in	different	
monte-carlo	models	[5].	Kinema<c	cuts	are	

different	than	in	Fig.1.	

One	of	the	possible	explana<ons	of	the	decline	of	the	mean-pT	correla<on	coefficient	for	most	
central	 collisions	was	obtained	 in	 the	model	with	quark-gluon	string	 fusion	on	 the	 transverse	
lauce	 [4].	 It	 was	 shown	 that	 this	 decline	 can	 be	 explained	 by	 the	 ahenua<on	 of	 color	 field	
fluctua<ons	due	to	the	string	fusion	processes	at	large	string	density,	which	can	be	gained	only	
at	LHC	energy	 (at	energies	above	RHIC).	Note	that	 in	 this	simple	model	 there	 is	no	azimuthal	
flow.	This	qualita<ve	explana<on	is	confirmed	by	the	results	[5,	6],	obtained	in	a	more	realis<c	
dipole-based	Monte	Carlo	string	fusion	model	[7,	8].	

Evolu<on	with	centrality	

FB	correla<ons	are	usually	measured	between	observables	obtained	in	an	event-by-event	analysis	in	two	
separated	η-intervals.	The	conven<onal	observable	for	the	FB	correla<ons	analysis	is	the	charged	par<cle	
mul'plicity	 (n-n	 correla=ons).	 In	 the	 present	 study,	 instead	 of	 the	 mul<plicity,	 we	 took	 an	 intensive	
observable,	namely	 the	event-averaged	transverse	momentum	of	par<cles	measured	 in	each	of	 the	 two	
pseudorapidity	intervals,	and	call	 it	mean-pT	correla=ons.	The	strength	of	the	correla<on	(bcorr)	between	
observables	F	and	B	is	determined	by	expression	below:	
		

detection

freeze out
latest correlation

A B

z

t

[2]	

February	5-11,	2017,	Chicago	IL	

ALI-PREL-119353

ALI-PREL-119329

Comparison	with	mul<plicity	correla<ons	

ALI-PREL-120489ALI-PREL-120482

Event-mean	 transverse	 momenta	 correla<ons	 are	 robust	
against	 volume	 fluctua<ons	 and	 thus	 the	 centrality	
determina<on	 methods	 (see	 Figure	 3),	 which	 provides	
higher	 sensi<vity	 of	 this	 quan<ty	 to	 the	 proper<es	 of	 the	
ini<al	 state	 and	 evolu<on	 of	 the	 medium	 created	 in	 AA	
collisions.		
In	contrast,	FB	mul'plicity	correla<ons	strongly	depend	on	
the	size	of	centrality	class	and	 type	of	centrality	es<mator	
(see	 Figure	 4	 to	 the	 right),	 so	 any	 physical	 conclusions	
should	 be	made	 very	 carefully.	 The	 reason	 is	 that	 the	 FB	
mul<plicity	 correla<on	 is	 a	 correla<on	 between	 extensive	
observables,	 whereas	 the	 FB	 mean-pT	 correla<on	 is	 a	
correla<on	 between	 intensive	 observables,	 which	 are	 not	
influenced	by	trivial	"volume"	fluctua<ons.	

ALI-PREL-119780

Fig.5	 The	 magnitude	 of	 the	 FB	 correla<on	
strength	 is	obtained	 for	different	 gaps	between	
pseudorapidity	intervals.	Size	of	F	and	B	intervals	
on	this	plot	is	δη=0.2.	
	
At	 all	 η	 gaps,	 the	 shape	 of	 the	 centrality	
dependence	of	bcorr	is	the	same,	however,	values	
are	 higher	 at	 η	 gap=0	 due	 to	 short-range	
contribu<ons	 from	 resonance	 decays	 and	mini-
jets.	

Dependence	on	η-gap	between	windows	
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Compare	results	at	two	energies	

Fig.6	FB	mean-pT	correla<on	strength		
as	a	func<on	of	centrality	at	√sNN=2.76	and	
5.02	TeV.	
	
²  similar	behavior	with	centrality	at	both	

energies	
² higher	bcorr	values	at	5.02	TeV	(by	10-25%)		

QM poster I. Altsybeev for ALICE

event generators have problems to reproduce data
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p⊥ − p⊥ correlation in rapidity - hydro
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reasonable description of the data does the model correctly describe rapidity correlations?
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p⊥ − p⊥ correlation coefficient - statistical fluct.
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b =
Cov([p]F , [p]B)√
Var([p]F )Var([p]B)

' Cov([p]F , [p]B)√(
CF
pT + 1

NF

∫
dp(p− < [p] >)2 < f (p) >

)
(. . . )

sensitive to accepteance, particle multiplicity

dominated by statistical fluctuations!
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[p⊥]− [p⊥] correlation coefficient

Cov(
∫
dpf (p)F ,
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. . .√

1
nF (nF−1)
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ρ([pT ], [pT ]) ' 1
in the current model - strong correlations
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Small decorrelation expected!
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Azimuthal flow decorrelations (3-bin measure)
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small decorrelation of flow and multiplicity in pseudorapidity
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[p⊥]− [p⊥] correlation coefficient
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insensitive to acceptance, efficiency, mulitplicity

robust measure of flow-flow correlations
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Statistical fluctuations
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in our cacluation b([pT ]F , [pT ]B) dominated by stat. fluct.
ρ = 1 or ρ < 1 makes almost no difference

(even if fireball is FB symmetric in each event b ' 0.1− 0.15)
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3-bin measure of [p⊥] decorrelation

rpT (∆η) = Cov([pT ],[pT ])(ηref +η)
Cov([pT ],[pT ])(ηref−η)
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Measure of [pT ] decorrelation in pseudorapidity

expect small decorrelation

less sensitive to non flow, no need to define [pT ] variance
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Correlations and fluctuations - flow dominated dynamics
moments and correlations of flow observables

I azimuthal flow coefficients
vn2,. . . , flow decorrelations in pT or pseudorapidity

I [p]T fluctuations and decorrelations
- [p]T fluctuations CpT = 1

N(N−1)

∑
i 6=j(pi− < [p] >)(pj− < [p] >)

- correlations with [pT ], e.g. (1601.04513)

ρ([pT ], v2
2 ) =

Cov([pT ], v2
2 )√

1
N(N−1)

∑
i 6=j(pi− < [p] >)(pj− < [p] >)Var(v2

2 )

I multiplicity (density) fluctuations
- moments of the density (Bialas, Zalewski 1101.5706)

< s >∝< N >, < s2 >∝< N2 > − < N >, . . .

- correlations with density, e.g.

ρ(s, v2
2 ) =

Cov(N, v2
2 )√

(< N2 > − < N > − < N >2)Var(v2
2 )
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I Correlations in rapidity

I flow-flow correlations
I pT -pT correlations
I multiplicity correlations
I . . . any combination

I Methods

I factorization breaking coefficient
I correlation coefficient
I expansion in orthogonal polynomials
I principal component analysis

I Observations

I longitudinal decorrelation expected due to flucuations
I longitudinal sdecorrelation observed
I could test scenarios of initial sttae
I p-Pb system more sensitive

Studies of rapidity correlations give insight into (largely inexplored)
mechanism of energy deposition in the longitudinal direction
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factorization breaking ratio rn(ηa, ηb)

I rn(ηa, ηb) ' 1− 2n2〈(Ψn(0)−Ψn(ηb)) dΨn(0)
dη 〉ηa

I linear in ηa rn(ηa, ηb) ' 1− 2fnηa ' exp(−2Fnηa)

I if Ψ4 ' Ψ2

F4 ' 4F2

I Fn is an estimate of the decorrelation angle variance

Fn ' 2n2A (Ψn(0)−Ψn(ηb))2〉
ηrange
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Fireball at different rapidities

is the shape similar at different rapidities
- same event-planes

often assumed (even for event-by-event simulations)
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rn(ηa, ηb) Au-Au at 200GeV

predictions (3 < ηb < 4.5)
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- larger twist angle at RHIC energies
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Fluctuating strings rn(ηa, ηb) RHIC energies
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longitudinal fluctuations can be seen at RHIC

stronger decorrelation at lower energies
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Caution - additional fluctuation may change the results
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GLISSANDO, Pb+Pb@2.76TeV

additional fluctuations of width Γ?

new constraint on the initial state
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