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Color	 flux	 tubes	 (quark-gluon	 strings),	 formed	 at	 early	 stages	 of	 hadron-hadron	
collision,	may	overlap	in	case	of	sufficiently	high	densi7es	and	interact	by	repelling	
or	aMrac7ng	each	other,	depending	on	the	direc7on	of	the	color	fluxes	[1].	Thus,	in	
the	 hypothesis	 of	 repulsive	 interac7on,	 strings	 may	 acquire,	 before	 the	
hadroniza7on,	an	addi7onal	transverse	boost.	This	produces	addi7onal	transverse	
momenta	 to	 the	 par7cles	 formed	 in	 string	 decays	 over	 a	wide	 range	 of	 rapidity,	
thus	 leading	 to	modifica7on	of	 observables	 and	 to	 azimuthal	 asymmetry	of	 two-
par7cle	correla7ons.	Monte	Carlo	implementa7on	of	the	model	is	described	in	[2].	
Recent	experimental	results	revealed	large	ellip7c	flow	of	the	charmed	hadrons	at	
LHC	energies.	These	measurements	are	ofen	 interpreted	using	transport	models,	
which	 incorporate	 dissocia7on	 and	 recombina7on	mechanisms	 for	 charm	 quark.	
For	this	report,	azimuthal	correla7ons	with	charmed	hadrons	are	calculated	in	MC	
model	with	string	repulsion,	assuming	that	strings	can	break	into	c-cbar	pairs.	It	is	
shown	 that	 string	 repulsion	 mechanism	 may	 provide	 significant	 angular	
correla7ons	 and,	 if	 contribu7on	 from	 hard	 scaMering	 is	 properly	 added	 to	 the	
model,	may	qualita7vely	describe	experimental	data.	

The	MC	model	with	string	repulsion	

² The	magnitude	 of	 the	 FB	mean-pT	 correla7on	 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	 evolu7on:	 HIJING	
provides	 too	 weak	 correla7ons	 with	 no	 dependence	 on	 centrality,	 while	 AMPT	 shows	
significant	correla7ons	but	does	not	quan7ta7vely	or	qualita7vely	agree	with	the	data.	

² Calcula7ons	 in	 other	MC	 generators	 are	 shown	 in	 Figure	 2	 (with	 different	 kinema7c	 cuts).								
It	can	be	seen	that	only	the	string	fusion	model	[3]	qualita7vely	describes	the	behavior	of	bcorr	
observed	in	data.	

Calcula7ons	 with	 the	 MC	 model	 with	 string	 repulsion	 show	 qualita7vely	 similar	
behaviour	 as	 in	 data.	Quan7ta7ve	 discrepancies	 are	 due	 to	 (1)	 different	 treatment	 of	
<Ncoll>	in	the	MC	model	and	(2)	approxima7ons	in	descrip7on	of	the	“hard”	contribu7on.	

RAA	 for	most	central	 collisions	measured	by	ALICE	 is	 shown	 for	π,	Κ,	p	 (le3	plot)	and	compared	
with	D-mesons	(right).	So-called	mass	ordering	is	well	visible	at	low	pT,	while	RAA	values	of	~0.2	at	
high	pT	range	>	5	GeV/c	are	usually	aMributed	to	a	suppression	due	to	energy	loss	in	medium.	

Fig.1	FB	mean-pT	correla7on	strength	as	a	
func7on	of	centrality	in	comparison	with	

calcula7ons	from	AMPT	and	HIJING.	

Two-par7cle	∆η-∆φ	correla7ons	

October	2-5,	2017,	Moscow	

Nuclear	modifica7on	factor	for	central	A-A	collisions	

Differen7al	ellip7c	flow	

In	the	MC	model,	mass	ordering	of	v2	is	qualita7vely	similar.	Trend	
towards	zero	at	high	pT	is	due	to	larger	frac7on	of	the	“hard”	
contribu7on,	which	is	not	sensi7ve	to	the	“collec7ve”	repulsive	mo7on.	

2017_ALICE_D-meson azimuthal anisotropy in mid-
central Pb–Pb 5 TeV 1707.01005.pdf 

Figure 3: Average of D0, D+ and D∗+ v2 as a function of 
pT, compared with model calculations [42,46–50]. For 
MC@sHQ+EPOS2 and TAMU the band represents the 
uncertainty of the calculation.  
 

In addition, the measurement of a 
significant azimuthal anisotropy of D-
meson production, with respect to the 
estimated direction of the reaction plane 
in non-central Pb–Pb collisions, 
indicates that charm quarks participate 
in the collective expansion of the 
medium [34, 35]. 

_2016_ALICE_Transverse momentum dependence of D-meson production in Pb–Pb collisions_1509.06888.pdf 

… In addition, it should be considered that the pion yield 
could have a substantial contribution from soft production 
processes up to transverse momenta of about 2–3 GeV/c 
due to the strong radial flow at LHC energies.  
IA: suppose, that we have the nature of the collective effect 
for D mesons is the same as for lighter hadrons, 
namely, let us assume that D mesons can fly off the 
strings, as a product of their hadronisation. 
Since we have repulsion of the strings, string boost will 
lead to the boost of D meson  
.. will experience  .. 
 

“All model calculations use in-vacuum fragmentation of heavy quarks for 
the high-momentum region. 
At low momentum this is supplemented by hadronisation via 
recombination. 
The two last models also include scattering of D mesons in the hadronic 
phase of the medium.” 

v2 J/psi?.. 
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IA: inclusion of the hard component is needed to 
describe v2 for D meson and at pT>3GeV/c  
(pT>2 GeV/c for lighter hadrons) 

semicentral	event	

Stage	1.	Simula-on	of	strings	configura-on	
§  Nuclei:	Pb208,	the	Woods-Saxon	radius	is	6.62	fm,	a	=	0.546	fm	
§  Inside	each	nucleon	partons	are	distributed	in	transverse	(xy)	plane	with	2D-Gauss	law,	with	σxy	=	0.4	fm.		
§  The	mean	number	of	partons	inside	nucleons	depends	on	a	collision	energy	and	is	a	model	parameter.		
§  Partons	can	interact	and	form	a	string,	if	the	distance	between	partons	in	xy	plane	is	less	then	some	

parton	interac7on	distance	dp.	
§  There	is	a	~3%	probability	to	have	"hard	scaMering”	of	partons	(to	emulate	mini-jets	and	hard	spectra).	
§  All	strings	are	considered	to	be	"sof"	and	"long"	in	rapidity,	occupying	rapidity	range	y	∈	(−4,	4).	
Stage	2.	Repulsion	of	the	strings	
§  Strings	have	effective interaction radius Rstring  
§  Strings	overlaps	which	leads	to	repulsion,	string	boost	is	adjusted 	 											

to	⟨βstring⟩ ≈ 0.65 in	central	Pb-Pb	collisions	
Stage	3.	String	hadroniza-on	
§  Each	string	breaks	into	quark-an7quark	pairs	in	several	places,	forming																						

a	number	of	mesons	(pions	and	ρ → ππ) 
§  Transverse	Lorentz	boost	βstring	is	applied	for	each	par7cle	(green	arrows	on	cartoon). 
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The	“harmonic	decomposi7on”	of	the	azimuthal	profile	of	the	
correla7on	func7on	for	most	central	for	charged	par7cles	with	pT	∈	

[3,	5]	GeV/c.	Right:	comparison	with	ALICE..	

PRL,107,	032301,	2011 

Due	to	string-string	interac7ons,	ini7al	configura7on	of	quark-gluon	strings	could	be	transferred	into	the	azimuthal	flow	[3].	
Two-par7cle	correla7on	func7ons	obtained	in	the	toy	model	for	peripheral	(lef),	semi-central	(middle)	and	central	(right)	
events	are	shown	in	the	Figure	below	for	charged	par7cles	with	pT	>	0.15	GeV/c,	with	string	effec7ve	interac7on	radius	2	fm.	
The	pads	in	the	Figure	illustrate	the	onset	of	collec7vity	when	passing	from	peripheral	to	central	A-A	collisions.	In	peripheral	
events,	a	structure	along	∆φ	is	visible,	which	is	due	to	the	ρ0	decays	into	pions.	

centrality	0-2%	

§  It	is	shown	that	signatures	of	collec7vity,	observed	experimentally	in	A-A	collisions,	can	be	obtained	in	the	model	with	
repulsing	 strings.	Namely,	 the	model	 qualita7vely	 reproduces	mass	 ordering	 of	 the	 nuclear	modifica7on	 factor	 and	
azimuthal	flow	for	light	flavours	as	well	as	for	heavier	hadrons,	for	instance,	D	mesons	(assuming	possibility	for	a	string	
to	hadronize	into	charmed	hadrons).	

§  The	main	challenge	for	the	model	to	get	beMer	quan7ta7ve	agreement	with	data	is	to	reproduce	correctly	an	interplay	
between	sof	and	hard	contribu7ons	in	intermediate	pT	range	(from	1	to	8	GeV/c,	depending	on	par7cle	species).	

§  To	 reproduce	 RAA,	 normalisa7on	 on	 <Ncoll>	 should	 be	 done	 in	 the	 same	way	 as	 in	 data	 (Glauber	 approach	without	
details	at	partonic	level).	

MC	model	 MC	model	 MC	model	
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§  Qualita7ve	behavior	of	v2(pT)	is	reproduced	in	the	MC	model	
§  However,	“mass	ordering”	is	NOT	properly	reproduced	

	 	(compare	with	ALICE	results)	

Pions: contributions 
from resonance decays 

For	v2,	mass	ordering	is	also	clearly	visible	in	data,	also	seen	for	D	meson.	Theore7cal	calcula7ons	for	D	meson	v2	usually	
use	in-vacuum	fragmenta7on	of	heavy	quarks	for	the	high-momentum	region,	supplemented	by	hadronisa7on	via	
recombina7on	at	low	momentum,	some	models	also	include	scaMering	of	D	mesons	in	the	hadronic	phase	of	the	medium.	

centrality	20-40%	

•  A	 dynamic	 origin	 of	 the	 ellip7c	 flow	 and	 of	 the	 higher	 components	 of	 two-par7cle	 angular	 correla7ons	
observed	 in	nucleus-	nucleus	collisions	can	be	explained	 in	a	qualita7ve	way	by	 the	 repulsion	of	 interac7ng	
color	flux	tubes	(strings).	

•  The	 value	 of	 effec7ve	 string	 interac7on	 radius	 Rint∼2	 fm	 provides	 qualita7ve	 descrip7on	 of	 ellip7c	 and	
triangular	flows	in	nucleus-nucleus	collisions	at	RHIC	and	LHC	energies.	
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