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Explora(on	of	QCD	Phase	Diagram	

M.	Stephanov	

What	do	we	mean	by	“event-by-event”	

Many	“event-averaged”	observables	can	be	studied:	
par(cle	yields,	spectra,	flow	harmonics…	

The	results	provide	key	constraints	on	transport	proper(es	of	the	QCD	maJer,	the	ini(al	
condi(ons,	the	dynamics	of	heavy	quarks	in	hot	and	dense	systems,	and	the	coupling	of	
hard	probes	with	the	medium.	There	will	also	be	a	descrip(on	of	the	ALICE	upgrade	
program.		
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Event-by-event	measurements:	
when	a	given	observable	is	measured	on	an	event-by-event	basis,		
and	the	fluctua(ons	are	studied	over	the	ensemble	of	the	events.	
§  fluctua(ng	net-charge,	number	of	protons,	mean	pT,	forward-backward	yields,	etc.	

In	central	Pb-Pb	collisions	at	LHC	energies,	~2000	par9cles	within|η|<0.5.	

Why	e-by-e	fluctua<ons:	
§  they	help	to	characterize	the	proper9es	of	the	“bulk”	of	the	system	
§  fluctua(ons	also	are	closely	related	to	dynamics	of	the	phase	transi9ons	

Observa(ons	from	collisions	of	heavy-ion	at	rela(vis(c	energies	have	established	the	forma(on	of	a	new	phase	of	maJer,	Quark	Gluon	Plasma	(QGP),	a	deconfined	state	of	quarks	and	gluons	
1	in	a	specific	region	of	the	temperature	versus	baryonic	chemical	poten(al	phase	diagram	of	strong	interac(ons.		
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E-by-E	fluctua(ons	for	the	phase	diagram:	
•		To	study	dynamics	of	the	phase	transi(ons	
•		To	locate	phase	boundaries	

Phase	transi(ons	at	the	LHC	

μB≃	0	at	LHC	energies	

A.	Bazavov	et	al.	
Phys.	Rev.	D85	(2012)	054503	

Event-by-event	fluctua(ons	in	heavy-ion	collisions	at	the	LHC	make	it	possible	to	verify	laace	
QCD	calcula(ons	at	small	values	of	baryon	chemical	poten(al	(μB≃	0	at	LHC	energies).	

Event-by-event	measurements:	
a	given	observable	is	measured	on	an	event-by-event	basis	and	the	fluctua(ons	are	studied	
over	the	ensemble	of	the	events	

A.	Andronic	et	al.,		
Nature	561,	321–330	(2018)	

Thermodynamic	suscep9bili9es	χ:	
§  describe	the	response	of	a	thermal	system	to	changes		

	in	external	condi(ons,	fundamental	proper(es	of	the	medium	
§  can	be	calculated	within	laace	QCD	
§  within	the	Grand	Canonical	Ensemble,	are	related	to	e-by-e	fluctua(ons	of	conserved	

charges:	electric	charge,	strangeness,	baryon	number	 3	
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Theory:	suscep(bili(es	 Experiment:		
moments	of	net-par(cle	
mul(plicity	distribu(ons	
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(fixed	volume,	par(cles	in	GCE)	
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S	=	

k	=	

σ2	=	

Cumulants	of	net	charge	fluctua(ons	and	correla(ons	among	fluctua(ons	of	different	conserved	charges,	
i.e.	baryon	number	(B),	electric	charge	(Q)	and	strangeness	(S	)	can	be	obtained	as	deriva(ves	of	the	logarithm	of	the	QCD	par((on	func(on	

in	each	collision	

HOW	TO	
CONNECT?	

Connec(on	between	theory	and	experiment	1



Connec(on	between	theory	and	experiment	

Theory:	suscep(bili(es	 Experiment:		
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Ra(os	from	experiment:	
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S	=	

k	=	

σ2	=	
κ1	=	

κ3/σ3	=	S	=	

κ4/σ4	=	k	=	

κ2	=	σ2	=	

κn	–	cumulants		 MEASURE	
CUMULANTS!	
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Event-by-event	net-proton	distribu(ons	from	STAR	
STAR,	arXiv:2001.02852	

Shape	of	the	event-by-event	net-proton	distribu(on	
is	characterized	by	cumulants	κn	of	various	orders.	

STAR	detector:	

6	
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Net-proton	cumulant	ra(os	from	STAR	

§  Head-on	(central)	Au+Au	collisions:											
non-monotonic	varia9on	in	4-to-2	
cumulant	vs	√sNN!	

	
§  Non-central	Au+Au	collisions	show	a	

monotonic	varia(on	as	a	func(on	of	
√sNN.	

	
	

κ 4
	/	
κ 2
	

Models	without	a	cri(cal	point	do	not	describe	
data	at	the	lowest	energy.	
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Theory:	suscep(bili(es	 Experiment:		
moments	of	net-par(cle	
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Theory:	suscep(bili(es	 Experiment:		
moments	of	net-par(cle	
mul(plicity	distribu(ons	

Y	

dN/dY	

Yacceptance	
Ytotal	

ΔY	kicks	 ΔY	kicks	

(fixed	volume,	par(cles	in	GCE)	 (volume	fluctua(ons,		
global	conserva(on	laws)		

(cancel	VT3)	

A.Rustamov	et	al.,	Nucl.Phys.A	960	(2017)	114	

Igor	Altsybeev,	E-by-E	measurements	with	ALICE	 9	

Ra(os	from	experiment:	
κn	–	cumulants		

Connec(on	between	theory	and	experiment	2



Cumulant	measurements:	experimental	challenges	2

Reality:	
§  resonance	decays	
§  jets	
§  global	charge	conserva(on	
	
Experiment:	
§  depends	on	centrality	selec(on	methods	
§  finite	efficiency	of	par(cle	registra(on	
§  need	correc(on	for	par(cle	mis-iden(fica(on	

Theory:		
laace	calcula(ons	are	done	within	Grand	Canonical	Ensemble.	

correc9on	methods	are	developed	

es9ma9ons	from	models	

…	Moreover,	usually	measure	net-proton	number	as	a	proxy	for	net-baryon	number	
(we	typically	don’t	see	neutrons,	Λ-hyperons	are	more	difficult	to	measure,	etc.).	

V.F.:	
NPA	960	(2017)	114	
J.Phys.	G40	(2013)	105104	

vs	
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Example	of	the	problem:	centrality	determina(on	

Here	we	count	par(cles	à	determine	centrality	 A.	ChaJerjee	et	al.,	arXiv:1910.08004		

11	
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STAR	



A.	ChaJerjee	et	al.,	arXiv:1910.08004		

Problem	with	determining	centrality	classes	(i.e.	most	central).	
Analyzers	are	forced	to	use	data	from	other	acceptance	regions.		

At	low	energies	(~<	100	GeV),	protons	from	incoming	beams		
start	hiang	detectors	used	for	centrality	determina(on.	
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Here	we	count	par(cles	à	determine	centrality	

Example	of	the	problem:	centrality	determina(on	2

STAR	



Another	challenge:	efficiency	correc(on	2
if	p	–	efficiency	of	par(cle	registra(on:	

	 	Even	for	this	simple	case,	
	 	correc(on	for	cumulants	of	net-charge	ΔN=N+-N-	looks	like	this:	

	

Nonaka	et	al.	PRC	95,	064912	(2017)	
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Another	challenge:	efficiency	correc(on	2
if	p	–	efficiency	of	par(cle	registra(on:	

	 	Even	for	this	simple	case,	
	 	correc(on	for	cumulants	of	net-charge	ΔN=N+-N-	looks	like	this:	

	

Nonaka	et	al.	PRC	95,	064912	(2017)	
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…	scaring…	

κ6	

κ5	

κ4	

κ3	
κ2	

κ1	 nnet	and	ntot	–	measured	
(uncorrected)	values	



Why	measure	at	LHC:	we	probe	fluctua(ons	at	the	cross-over	region	of	the	Phase	Diagram.	

baryon	number	conserva(on	

M.	Arslandok,	QM2019	
Models:	P.	Braun-Munzinger,	A.Rustamov,	J.Stachel,	
Nucl.Phys.A	960	(2017)	114;	arXiv:1907.03032	
	

Devia(on	from	1	(=	from	Poisson)	is	treated	to	be	due	to	
baryon	number	conserva9on	
(i.e.	no	evidence	for	dynamical	fluctua(ons	so	far).	

Poisson	
limit	

vs	centrality	 vs	width	of	acceptance	

Y	

dN/dY	

Yacceptance	

Net-proton	fluctua(ons	in	ALICE	(Pb-Pb):	the	2nd	moment	3
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Global	baryon	number	conserva9on:	
	pairs	are	produced	independently		
	with	y1+	and	y2–	within	acceptance.	

Global	vs	local	charge	conserva(on	and	cumulants	4
…	So,	to	compare	net-charge	fluctua(ons	with	theory	(=calcula(ons	in	GCE),	

charge	conserva(on	in	each	event	should	be	taken	into	account.	
OpYons:	

P.	Braun-Munzinger	et	al.,	NPA	982	(2019)	307–310	

κ2	/	Poisson	 κ4	/	κ2	

acceptance	
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Global	baryon	number	conserva9on:	
	pairs	are	produced	independently		
	with	y1+	and	y2–	within	acceptance.	

Local	baryon	number	conserva9on:	
	there	is	a	finite	correla9on	length.	

Global	vs	local	charge	conserva(on	and	cumulants	4

P.Braun-Munzinger	et	al.,	arXiv:1907.03032	

…	So,	to	compare	net-charge	fluctua(ons	with	theory	(=calcula(ons	in	GCE),	
charge	conserva(on	in	each	event	should	be	taken	into	account.	

OpYons:	

Example:	simple	correla(on|y1+	–	y2–	|	<	Δycorr/	2:	

P.	Braun-Munzinger	et	al.,	NPA	982	(2019)	307–310	

κ2	/	Poisson	 κ4	/	κ2	 κ2	/	Poisson	

acceptance	
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(resonance	decays,	string	fragmenta(on,	…)	
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Produc(on	of	opposite-sign	charges	is	local.	

Local	vs	global	conserva(on	laws	

In	a	picture	of	local	+	–	pair	produc(on,	
could	we	relate	BF	and	cumulants?	

Charge	Balance	Func(on	characterize	typical	rapidity	distance	between	+	and	-	charges	

…	by	“charges”,	we	may	mean	electric	charge,	baryonic	chage,	strangeness	(etc.)	

Balance	Func<on	is	a	measure	of	correla(ons	
between	the	opposite	charges.	

Bass	et	al.,	Phys.	Rev.	LeJ.	85	(2000)	2689	

J.Pan,	NPA	982	315-318	(2019)	

Example:	ALICE,	BF	for	pions:	

Y	

18	

Δy	

Charge	conserva(on	expressed	via	balance	func9on	



Charge	conserva(on	expressed	via	balance	func9on	5

Produc(on	of	opposite-sign	charges	is	local.	

Local	vs	global	conserva(on	laws	

In	a	picture	of	local	+	–	pair	produc(on,	
could	we	relate	BF	and	cumulants?	

Charge	Balance	Func(on	characterize	typical	rapidity	distance	between	+	and	-	charges	

…	by	“charges”,	we	may	mean	electric	charge,	baryonic	chage,	strangeness	(etc.)	

Balance	Func<on	is	a	measure	of	correla(ons	
between	the	opposite	charges.	

There	is	a	simple	straigh}orward	connec(on	between	2nd	cumulant	and	BF:			

This	work:	from	balance	func(ons	à	to	cumulant	ra(os	

Consider	simple	Balance	FuncYons:	

κ2	/	Poisson	

*first	discussed	(with	some	caveats)	in		
C.Pruneau,	PRC	100,	034905	(2019).	

Y	

=“global	conserva(on”	
19	

What	about	higher-order	
cumulants?..	



Cumulants	of	a	system	of	independent	sources			5

Cumulants	of	quan(ty	X	for	a	system	of	
independent	iden(cal	sources			x	can	be	

nch	
Δn	=	n+-n-	

	

à  cumulants:		
k1(x),	k2	,	k3	,		k4	,	…	

x	

Distribu(on	of	number	of	
sources	NS:	

NS	

Distribu(on	of	a	quan(ty	x	
for	a	single	source:	

à  cumulants:	
	K1(NS),	K2	,	K3	,		K4	,	…	

à	

à  cumulants	κn	of	total	event-wise	distribu<on	of	X	
can	be	calculated	via	derivaYves	of	MGF:	

	κ1(x),	κ2	,	κ3,		κ4	,	…	

Rustamov	et	al.,	Nucl.Phys.A	960	(2017)	114	

X=xi+xi+…+xNs	

20	
*interes(ng	prospects	–	strongly	intensive	cumulants	

Broniowski,	Olszewski,	PRC	95,	064910	(2017)	



Cumulants	of	a	system	of	independent	sources			5

…	Fortunately,	we	are	interested	in	the	case	when	
k1=<Δn>	=	<n+-n->	=	0	

Event-wise	cumulants	of	X-distribuYon:	

	κ1(x),	κ2	,	κ3,		κ4	,	…	

Rustamov	et	al.,	Nucl.Phys.A	960	(2017)	114	

X=xi+xi+…+xNs	

(at	LHC,	same	number	of	baryons	
and	an(baryons	at	mid-rapidity)	

	κ1	…	κ4	

	κ5	…	κ8	

this	work	

source	cumulants:	kn(x),	
cumulants	of	source	distr.:	Kn(NS)	

X=xi+xi+…+xNs	
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Cumulants	of	a	system	of	independent	sources			5

Cumulants	of	quan(ty	X	for	a	system	of	
independent	iden(cal	sources			

à	

Event-wise	cumulants		κ1	…	κ8	when	<Δn>=0:	

	κ1(x),	κ2	,	κ3,		κ4	,	…	

X=xi+xi+…+xNs	

	κ5	…	κ8	

source	cumulants:	kn(x),	
cumulants	of	source	distr.:	Kn(NS)	

Cumulant	ra(os,	for	instance,	4-to-2:	

…	but	we	need	cumulants	k4	,	k2	of	a	single	source…	

22	



5

Bzdak,	Koch,	PRC86	044904	(2012)	
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If	the	sources	are	par(cle-an(par(cle	pairs,	then	for	a	single	source:	

…	it	can	be	shown	using	factorial	moments	of	Δn:		

For	the	whole	system:	

V.F.	

cumulant	4-to-2	raYo:	

Cumulants	of	a	system	with	independent	+	–	sources			

Δn	–	for	one	source	
ΔN	–	for	whole	system	



5

Bzdak,	Koch,	PRC86	044904	(2012)	
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If	the	sources	are	par(cle-an(par(cle	pairs,	then	for	a	single	source:	

…	it	can	be	shown	using	factorial	moments	of	Δn:		

For	the	whole	system:	

simple	models	of	BF:	

V.F.	

cumulant	4-to-2	raYo:	

Cumulants	of	a	system	with	independent	+	–	sources			

Δn	–	for	one	source	
ΔN	–	for	whole	system	

κ4	/	κ2:	



5
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If	the	sources	are	par(cle-an(par(cle	pairs,	then	for	a	single	source:	

V.F.	

Δn	–	for	one	source	
ΔN	–	for	whole	system	

V.F.	

simple	models	of	BF:	
Cumulant	6-to-2	raYo:	

…Can	go	higher:	6-to-2	cumulant	ra9o	

κ6	/	κ2:	



Does	this	picture	hold	in	realisYc	model	(PYTHIA)?	5
Procedure:	
§  Calculate	κ2	(for	example,	via	balance	func(on)	
§  Take	number	of	protons	in	some	acceptance	as	a	proxy	for	

number	of	sources.	
§  Calculate	4-to-2	and	6-to-2	ra(os	by	formulae	shown	above.	
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PYTHIA	generator:	

κ2	/	Poisson	 κ4	/	κ2	 κ6	/	κ2	

Sjöstrand	et	al.	JHEP05	(2006)	026		
Comput.	Phys.	Comm.	178	(2008)	852	

p	

p	

§  Good	correspondance	between	direct	analysis	of	higher-order	cumulants	and	
calculaYons	based	on	κ2	.	

§  Locality	of	par(cle-an(par(cle	pairs	crea(on	allows,	via	balance	func(on,	to	es(mate	
the	higher-order	cumulant	ra(os.	These	ra(os	can	be	considered	as	baseline	when	
comparing	with	experiment.	



Summary	
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Thank you for your attention!

§  Event-by-event	measurements	help	to	characterize	the	proper(es	of	the	“bulk”	of	the	
system	and	also	are	closely	related	to	dynamics	of	the	phase	transi(ons.	

§  The	cumulants	of	net-protons	are	used	as	a	proxy	for	net-baryons.	
o  measured	up	to	4th	order	at	RHIC	–	non-monotonic	behaviour	with	energy	observed.	
o  very	experimentally	challenging	analysis	–	need	sophis(cated	correc(ons	and	modeling.	
o  baryon	number	conserva9on	and	volume	fluctua9ons	influence	the	experimental	

measurements,	while	usually	not	taken	into	account	in	theore(cal	calcula(ons.	
	
§  At	LHC	energies,	there	is	a	direct	connec(on	between	the	2nd	cumulants	and	the	balance	

func(ons,	which	are	determined	by	charge	conserva(on.	In	this	work,	higher	order	cumulant	
ra(os	κ4/κ2,	κ6/κ2	were	calculated	via	balance	func(on	integral	under	assump(on	of	local	
independent	produc(on	of	par(cle-an(par(cle	pairs	(local	baryon	conserva9on).		

§  Obtained	values	may	be	considered	as	a	baseline	for	comparison	with	experimental	data.	

…	some	other	interes(ng	results	didn’t	fit	into	this	talk.	
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