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Explora(on	of	QCD	Phase	Diagram	

M.	Stephanov	

What	do	we	mean	by	event-by-event	fluctua(ons	

What	do	we	mean	by	“fluctua(on	measurements”	
Many	“event-averaged”	observables	can	be	studied:	
par(cle	yields,	spectra,	flow	harmonics,	two-par(cle	correla(ons…	

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.		
	

Fluctua8on	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	fluctua8ons:	
§  they	help	to	characterize	the	proper9es	of	the	“bulk”	of	the	system	
§  fluctua(ons	also	are	closely	related	to	dynamics	of	the	phase	transi9ons	
à	A	non-monotonic	behaviour	with	experimentally	varied	parameter	such	as	

the	collision	energy,	centrality,	system	size,	rapidity	
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-	Study	of	energy	and	system	size	dependence	of	fluctua(ons	of	iden(fied	hadrons	is	one	of	
the	key	
goals	of	NA61/SHINE	at	the	CERN	SPS.		
-	Results	may	allow	to	discover	the	cri9cal	point	(CP)	of	strongly	interac(ng	maJer	as	well	as	
to	uncover	proper(es	of	the	onset	of	deconfinement	(OD).		
-	But	fluctua(ons	exhibit	numerous	other	sources	star(ng	from	most	basic	ones	like	volume	
effects	and	conserva9on	laws.	
	

The	resul(ng	signatures	all	share	one	common	property:	they	are	nonmonotonic	
as	a	func(on	of	an	experimentally	varied	parameter	such	as	the	collision	
energy,	centrality,	rapidity	or	ion	size.	

From	hJps://arxiv.org/pdf/hep-ph/9903292.pdf		
	



What	do	we	want	from	observables?	

E-by-e	analyses	are	much	more	sensi9ve	to	different	biases	
(than	“event-averaged”	observables).	“A	long	list”	of	troubles:	

§  non-flat	efficiency,	its	dependence	on	mul(plicity	
§  contamina(on	by	secondary	par(cles	
§  detector	acceptance	
§  conserva(on	laws	
§  resonance	decays	
§  trivial	fluctua(ons	of	collision	geometry		(“volume	fluctua(ons”)	

Usually	we	want	to	have	an	observable	which	is	(1)	sensi9ve	to	some	par9cular	
physics	phenomena	and	(2)	insensi9ve	to	other.		

Claude	et	al	2002	

Anar	Rustamov	et	al	

(than	“event-
averaged”	
observables	like	
par:cle	yields,	
spectra,	…)	
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Mo(va(on	
	
Forward-backward	correla(ons	of	new	types:	why?	
1.	promising	sensi(vity	to	interes(ng	physics	
2.	interes(ng	technical	challenges:	PID,	iden(ty	method	
	

What	do	we	want	to	study,	why	and	how?	



What	do	we	want	from	observables?	

In	this	talk:	
§  some	observables	will	be	discussed	(proper(es,	experimental	results)	
§  new	fluctua(on	observables	are	introduced	

Our	experience	teaches:	it’s	not	enough	just	to	define	an	arbitrary	observable:	
§  need	to	know	how	robust	it	is	in	a	real	experiment		

§  provide	a	correc(on	procedure	if	needed	

E-by-e	analyses	are	much	more	sensi9ve	to	different	biases	
(than	“event-averaged”	observables).	“A	long	list”	of	troubles:	

§  non-flat	efficiency,	its	dependence	on	mul(plicity	
§  contamina(on	by	secondary	par(cles	
§  detector	acceptance	
§  conserva(on	laws	
§  resonance	decays	
§  trivial	fluctua(ons	of	collision	geometry		(“volume	fluctua(ons”)	

Usually	we	want	to	have	an	observable	which	is	(1)	sensi9ve	to	some	par9cular	
physics	phenomena	and	(2)	insensi9ve	to	other.		

Claude	et	al	2002	

Anar	Rustamov	et	al	

(than	“event-
averaged”	
observables	like	
par:cle	yields,	
spectra,	…)	
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Mo(va(on	
	
Forward-backward	correla(ons	of	new	types:	why?	
1.	promising	sensi(vity	to	interes(ng	physics	
2.	interes(ng	technical	challenges:	PID,	iden(ty	method	
	

What	do	we	want	to	study,	why	and	how?	



Measures	for	mul(plicity	fluctua(ons:	the	νdyn	observable	

Robust	to	volume	fluctua(ons	

Single η-window

In	case	of	Poissonian	par(cle	produc(on:	

§  Measures	devia(ons	from	Poissonian	behaviour	
§  Correla(ons	between	par(cles	A,	B	
§  Robust	against	efficiency	losses	
§  Is	a	single-window	observable	

Par9cle	number	fluctua9ons	can	be	quan9fied	by:	
§  Variance	–	an	extensive	observable,	“bad”	
§  Scaled	variance	–	intensive,	but	affected	by	“volume	fluctua(ons”	
§  Observables	which	are	robust	to	“volume	fluctua9ons”	

1
robu	

Pruneau,	Voloshin,	Gavin	
Phys.Rev.	C66	(2002)	044904	

,		
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A	
B	

Take	par(cle	number	ra(o:	
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Mul(plicity	fluctua(ons	with	νdyn	at	different	energies	

Sign	change	at	
LHC	energies!	

§  Sign	change!	But	it	is	seen	also	in	the	URQMD	and	HSD	where	there	are	no	
quark-gluon	degrees	of	freedom		
	à	String	and	resonance	dynamics	used	in	the	models?	

à  No	sign	of	cri9cal	behavior	so	far…	
§  Acceptance	coverage	is	crucial,	also	resonance	contribu(ons	should	be	beJer	

understood	
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ALICE,	arXiv:1712.07929	
(2017)	

for	charged	pions	and	protons:		

1



The	strongly-intensive	observables	

E.Andronov,	V.Vechernin	
arXiv:1808.09770	(2018)	

Single η-window

Forward-backward	mul(plicity	fluctua(ons	with	Σ	

Recent:	
Balance	func(ons	with	IDENTIFIED	hadrons	

Out	of	the	scope	of	this	report?..:	
Higher	order	moments	:	Bridge	to	LQCD	
	
	
Ø	Volume	fluctua(ons	significantly	impact	the	measured	signal	
Ø	Detec(on	efficiency	losses	
Ø	Preferably	keep	efficiency	as	high	and	as	flat	as	possible	
	

From	a	single-window		

A	strongly-intensive	observable:	

2

forward-backward	correla:ons	

§  In	independent	sources	model:	
measures	the	proper(es	of	a	single	source.	

M.	I.	Gorenstein,	M.	Gazdzicki		
PRC	84,	014904	(2011)	
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§  For	Poissonian	par:cle	produc:on:	Σ=1	

§  Σ	is	robust	to	volume	fluctua(ons:	
o  no	dependence	on	centrality	bin	

width	and	es(mator		
§  easy	correc(on	(needed	just	for	<nch>)	

§  ALICE	data:	peculiar	change	of	Σ	with	centrality		
§  Not	reproduced	in	models	so	far	

hJps://alice-figure.web.cern.ch/node/14300		
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Quan(fy	correla(ons	using	
the	correla(on	coefficient:		

class	0-5%	

à Correla(on	coefficient	bcorr	is	the	slope	of	the	linear	fit.	

3 Not	only	FB	mul:plicity	correla(ons	–	can	take	mean	pT!	
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Example:		
correla(on	in	central	collisions	

ALICE,	J.	Phys.	G:	Nucl.	Part.	Phys.	32	1295	(2006)	



ALI-DER-136434

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.	

Correla:on	strength:	
§  robust	to	volume	fluctua(ons!	
§  rises	from	peripheral	to	mid-central		
§  drops	towards	central	collisions	

What	can	cause	mean-pT	FB	correla(ons?	

Size	fluctua(ons	↔	pT	fluctua(ons	
Phys.	Rev.	C	96,	014904	(2017)	

String	fusion	model	

–	pressure	gradients	in	the	fireball	reflect	the	
fluctua(ons	of	the	density	in	the	fireball.	

strings	overlap		
à	modifica(on	of	string	tension	

à	increased	pT	of	par(cles	
from	the	fused	strings	

§  Mean-pT	correla9ons	are	sensi(ve	to	the	proper(es	of	the	ini(al	state.	
§  	Non-trivial	to	explain	the	centrality	trend	of	mean-pT	correla9ons.	

Monte	Carlo	realiza(on:	arXiv:1308.6618	

Nucl.	Phys.	B	390	542–558	(1993)	

FB	mean-pT	correla(ons:	data	and	the	interpreta(on	3

arXiv:1711.04844	
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FB	correla(ons	between	ra(os	of	par(cle	yields	
Defini:on:		
take	ra(os	rF	and	rB		of	par(cle	yields	in	F	and	B	windows	event-by-event	
and	define	a	correla:on	strength	as:	

Example:	kaon-to-pion	ra(o	r	=	nK	/	nπ	.	

Some	proper:es:	
§  if	independent	par(cle	produc(on	à	bcorr	=	0	
§  if	only	short-range	effects	(decays,	jets)	suppressed	at	large	ηgap	àbcorr	=	0		

	–	not	the	case	for	the	“classical”	νdyn!	
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K	
π	

K	
π	

4



FB	correla(ons	between	ra(os	of	par(cle	yields	
Defini:on:		
take	ra(os	rF	and	rB		of	par(cle	yields	in	F	and	B	windows	event-by-event	
and	define	a	correla:on	strength	as:	

Example:	kaon-to-pion	ra(o	r	=	nK	/	nπ	.	

Physics	case	of	interest:	
correla(ons	between	strangeness	produc(on	at	large	η	gaps	

(string	interac(ons,	thermal	models,	...)	

Some	proper:es:	
§  if	independent	par(cle	produc(on	à	bcorr	=	0	
§  if	only	short-range	effects	(decays,	jets)	suppressed	at	large	ηgap	àbcorr	=	0		

	–	not	the	case	for	the	“classical”	νdyn!	

11	Igor	Altsybeev,	Recent	developments	in	par(cle	yield	fluctua(on	measurements	

K	
π	

K	
π	

4



Approxima(on	for	the	correla(on	strength	
If	number	of	produced	par(cles	is	large	(i.e.	non-peripheral	A-A):	

§  if	independent	par(cle	produc(on:	bcorr	=	0	
§  if	only	short-range	effects	(decays,	jets)	and	large	ηgap:	bcorr	=	0		

	–	not	the	case	for	the	“classical”	νdyn!	
§  robust	to	volume	fluctua(ons	(as	νdyn)	
§  robust	to	efficiency	(as	νdyn)		
if	instead	of	kaons	and	pions	take	n+	and	n−	→	νFB	∼	(−1×)	balance	func(on!	
	

More	proper:es:	
§  robust	to	volume	fluctua(ons	(as	νdyn)	
§  robust	to	efficiency	(as	νdyn)		
§  similar	construc(on	in	balance	func(on:	
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!	Important	that	it’s	possible	to	
apply	the	Iden(ty	Method	for	this	

class	of	observables!	

4

≈	?	



Approxima(on	for	the	correla(on	strength	
If	number	of	produced	par(cles	is	large	(i.e.	non-peripheral	A-A):	

§  if	independent	par(cle	produc(on:	bcorr	=	0	
§  if	only	short-range	effects	(decays,	jets)	and	large	ηgap:	bcorr	=	0		

	–	not	the	case	for	the	“classical”	νdyn!	
§  robust	to	volume	fluctua(ons	(as	νdyn)	
§  robust	to	efficiency	(as	νdyn)		
if	instead	of	kaons	and	pions	take	n+	and	n−	→	νFB	∼	(−1×)	balance	func(on!	
	

More	proper:es:	
§  robust	to	volume	fluctua(ons	(as	νdyn)	
§  robust	to	efficiency	(as	νdyn)		
§  similar	construc(on	in	balance	func(on:	

“same-species”	terms	 “cross-species”	terms	
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ü  robust	to	efficiency	(as	νdyn)		
ü  it’s	possible	to	apply	the	

Iden9ty	Method	for	this	
class	of	observables!	

	 	(discussed	later)	

!	Important	that	it’s	possible	to	
apply	the	Iden(ty	Method	for	this	

class	of	observables!	

4



Approxima(on	for	the	correla(on	strength	
If	number	of	produced	par(cles	is	large	(i.e.	non-peripheral	A-A):	

§  if	independent	par(cle	produc(on:	bcorr	=	0	
§  if	only	short-range	effects	(decays,	jets)	and	large	ηgap:	bcorr	=	0		

	–	not	the	case	for	the	“classical”	νdyn!	
§  robust	to	volume	fluctua(ons	(as	νdyn)	
§  robust	to	efficiency	(as	νdyn)		
if	instead	of	kaons	and	pions	take	n+	and	n−	→	νFB	∼	(−1×)	balance	func(on!	
	

More	proper:es:	
§  robust	to	volume	fluctua(ons	(as	νdyn)	
§  robust	to	efficiency	(as	νdyn)		
§  similar	construc(on	in	balance	func(on:	

“same-species”	terms	 “cross-species”	terms	

Note:	we	can	recognize	a	similar	“structure”	of	the	observable	as	in	the	balance	func(on:	

14	Igor	Altsybeev,	Recent	developments	in	par(cle	yield	fluctua(on	measurements	

BF	can	be	considered	as	the	approxima(on	to		
forward-backward	bcorr	between	r	=	n+/n-!	

!	Important	that	it’s	possible	to	
apply	the	Iden(ty	Method	for	this	

class	of	observables!	

4

ü  robust	to	efficiency	(as	νdyn)		
ü  it’s	possible	to	apply	the	

Iden9ty	Method	for	this	
class	of	observables!	

	 	(discussed	later)	



FB	correla(ons	between	K/π	ra(os	in	models	
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In	an	independent	sources	model:	

Observables	of	this	type	are	robust	
to	volume	fluctua(ons	(as	νdyn).	

A	convenient	experimental	quan(ty:	

4

(as	for	νdyn)	
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centrality	class	width	10%	

FB	correla(ons	between	K/π	ra(os	in	models	4

§  good	agreement	between	direct	calcula(ons	and	the	approxima(on	
§  a	flat	trend	in	AMPT	with	centrality	
§  impact	from	resonance	decays	(ρ0,	φ)?	
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AMPT	and	HIJING	give	consistent	results	–	quite	an	unusual	case!	

centrality	class	width	10%	

§  good	agreement	between	direct	calcula(ons	and	the	approxima(on	
§  a	flat	trend	in	AMPT	with	centrality	
§  impact	from	resonance	decays	(ρ0,	φ)?	

FB	correla(ons	between	K/π	ra(os	in	models	4

à	Looking	forward	for	real	data	results…	



FB	correla(ons	between	yield	ra(o	and	average	pT		
Defini:on:		
determine	event-by-event	mean	transverse	momentum	in	F	window	
and	rB		in	B,	and	define	a	correla:on	strength	as:	

Example:	kaon-to-pion	ra(o	r	=	nK	/	nπ	.	

Physics	case	of	interest:	
correla(ons	between	strangeness	produc(on		
and	density	of	the	fireball	↔	average	pT		

Proper:es:	
§  Proper(es	are	the	same	as	of	the	bcorr	between	ra(os	

18	Igor	Altsybeev,	Recent	developments	in	par(cle	yield	fluctua(on	measurements	

K	
π	

Approxima:on:	

5
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centrality	class	width	10%	

FB	correla(ons	between	yield	ra(o	and	average	pT		5

§  good	agreement	between	direct	calcula(ons	and	the	approxima(on	
§  impact	from	resonance	decays	(ρ0,	φ)?	
§  some	evolu(on	with	centrality	in	AMPT	(?)	
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centrality	class	width	10%	

§  good	agreement	between	direct	calcula(ons	and	the	approxima(on	
§  impact	from	resonance	decays	(ρ0,	φ)?	
§  some	evolu(on	with	centrality	in	AMPT	(?)	
§  absence	of	correla(ons	in	HIJING?	

FB	correla(ons	between	yield	ra(o	and	average	pT		5



Correlations pT-pT 

η 

φ 

= study of “temperature” correlations  

What	if	sub-divide	also	into	φ	sectors?	

nK	/	nπ		
nK	/	nπ		
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§  The	approxima(on	works	well	(even	
when	numbers	of	kaons	in	windows	
are	small)		

§  AMPT:	a	visible	azimuthal	structure,	
while	HIJING	seems	to	give	a	constant		

nK	/	nπ		nK	/	nπ		
FB	correla(ons	between	K/π	ra(os:	

6



Correlations pT-pT 

η 

φ 

= study of “temperature” correlations  

What	if	sub-divide	also	into	φ	sectors?	

nK	/	nπ		
nK	/	nπ		
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nK	/	nπ		
FB	correla(ons	between	K/π	and	average	pT:	

§  AMPT	shows	clear	azimuthal	structure,	
while	HIJING	is	consistent	with	zero	

6



Correlations pT-pT 

η 

φ 

= study of “temperature” correlations  

Finally:	prospects	with	the	Iden(ty	Method	

nK	/	nπ		
nK	/	nπ		
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FB	correla(ons	between	K/π	and	average	pT:	

§  Used	in	ALICE	for	correc(ons	of		
§  Can	be	directly	used	for	FB	correla9ons	with	the	introduced	observables!	
§  Implementa(on	is	available:	

7
PRC	86,	044906	(2012),	PRC	89,	054902	(2014)	

Allows	to	solve	the	problem	with	par9cle	mis-iden9fica9on!	

plot	by	M.Arslandok	

M.	Arslandok,	A.	Rustamov,		
arXiv:1807.06370		

–	correc(on	for	the	moments!	

(arXiv:1712.07929)	



Summary	
§  Event-by-event	measurements	help	to	characterize	the	proper(es	of	the	“bulk”	of	the	

system,	they	also	are	closely	related	to	dynamics	of	the	phase	transi(ons.	

§  Challenges	from	the	experimental	point	of	view:	
o  fluctua(ons	of	the	volume	of	the	created	system	
o  correc(ons	on	efficiency	and	contamina(on,	limited	acceptance	
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FB	correla(on	strength	between	p/π	ra(os	

§  good	agreement	between	direct	calcula(ons	and	approxima(on	
§  robust	to	centrality	class	width	
§  HIJING	vs	AMPT:	need	deeper	inves(ga(ons	to	understand	the	difference	



Net-proton	fluctua(ons	in	Pb-Pb:	the	2nd	moment	
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Disclamer:	nota(ons	can	be	different:	k	vs	C	

A.Rustamov,	QM17,	Nucl.Phys.A,	967,	453-456	(2017)	

Skellam	distribu9on:	
prob.	distribu(on	of	difference	of	two	random	
variables,	each	generated	from	sta:s:cally	
independent	Poisson	distribu(ons.	

Protons	and	an(protons	with	0.6<p<1.5	GeV/c	and|η|<0.8	

Devia:on	from	Skellam:		
genuine	physics	or	non-dynamical	contribu(ons?	

ra9o	to	Skellam	≈0.95	

A	correla(on	can	emerge,	in	addi(on	to	that	
origina(ng	from	cri(cal	fluctua(ons,	from	
conserva(on	laws.		

correla(on	term	if	Skellam	
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1st	and	2nd	cumulants:	



Net-proton	fluctua(ons	in	Pb-Pb:	the	2nd	moment	

In	addi(on	to	cri(cal	fluctua(ons,	the	correla(on	term	may	emerge	
from	the	global	conserva9on	laws.	

The	measured	second	moments	of	net-protons	(net-baryons)	are,	aker		
accoun9ng	for	baryon	number	conserva9on,	in	perfect	agreement	with	LQCD	
predic9ons	at	a	pseudo-cri9cal	temperature	of	about	155	MeV		
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(most	central	0-5%	events)	

à	Devia(on	from	Skellam	can	be	well	explained	
by	global	baryon	number	conserva(on.	

Model	by	A.Rustamov	et	al.,		
Nucl.Phys.A	960	(2017)	114,	arXiv:1612.00702	

Poisson	
limit	

baryon	number	conserva(on	
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à	Study	acceptance	dependence:	

	No	evidence	for	dynamical	fluctua(ons	
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Theory:	fixed	volume,	par(cle	bath	in	GCE	
Experiment:	event-by-event	volume	fluctua(ons,	global	conserva(on	laws	

Why	measure	net-Λ	fluctua8ons?	
à	to	explore	correlated	fluctua(ons	of	baryon	number	and	strangeness	
§  different	contribu(ons	from	resonances,	etc.,	than	in	net-proton	measurement	

Results:	Net-Λ	fluctua(ons	in	Pb-Pb	collisions	at	√sNN	=	5.02	TeV	

Net-Λ	fluctua(ons	in	Pb-Pb:	the	2nd	moment	
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ra9o	to	Skellam	≈0.95	

recall	net-proton	
fluctua(ons	

QM2018	talk	by	A.Ohlson	

§  different	kinema(c	range	
§  different	contribu(ons	from	

resonance	decays	

Qualita(vely	similar	conclusion	as	for	net-protons.	

Note	changed	nota9ons:	
κn	à	Cn	
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Net-proton	fluctua(ons	in	Pb-Pb:	the	2nd	moment	

Comparison	with	HIJING:	

The	measured	second	moments	of	net-protons	(net-baryons)	are,	aker		
accoun9ng	for	baryon	number	conserva9on,	in	perfect	agreement	with	LQCD	
predic9ons	at	a	pseudo-cri9cal	temperature	of	about	155	MeV		
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à	Study	acceptance	dependence:	
(most	central	0-5%	events)	

à	Devia(on	from	Skellam	can	be	well	explained	
by	global	baryon	number	conserva(on.	

Model	by	A.Rustamov	et	al.,		
Nucl.Phys.A	960	(2017)	114,	arXiv:1612.00702		No	evidence	for	dynamical	fluctua(ons	

In	addi(on	to	cri(cal	fluctua(ons,	the	correla(on	term	may	emerge	
from	the	global	conserva9on	laws.	


