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Balance	func*ons	of	(un)iden*fied	hadrons		
in	Pb-Pb,	p-Pb	and	pp	collisions	from	ALICE	
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General	Balance	Func*on	Measurement	
B(Δy) = 1

2
C2

+− −C2
++ +C2

−+ −C2
−−⎡⎣ ⎤⎦ C2

a,b(Δy) = 〈Na,b(Δy)〉
〈Na (y1)〉

a,b∈{+,−}
General	charges:	
•  e:	(±)electric	charge	
•  S:	(anA)strangeness	
•  B:	(anA)baryon	number	same	for	Δϕ	and	ΔpT			Bass,	Danielewicz,	Pra1	PRL.	85,	2689	(2000)	
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General	Balance	Func*on	Measurement	

BUS (Δy) = 1
2
C2

+− +C2
−+⎡⎣ ⎤⎦

B(Δy) = 1
2
C2

+− −C2
++ +C2

−+ −C2
−−⎡⎣ ⎤⎦ C2

a,b(Δy) = 〈Na,b(Δy)〉
〈Na (y1)〉

BLS (Δy) = 1
2
C2

++ +C2
−−⎡⎣ ⎤⎦ B(Δy) = BUS (Δy)− BLS (Δy)

²  Remove	charge	independent	effects	 ²  Keep	effects	related	to	balancing	pairs	

a,b∈{+,−}
General	charges:	
•  e:	(±)electric	charge	
•  S:	(anA)strangeness	
•  B:	(anA)baryon	number	Bass,	Danielewicz,	Pra1	PRL.	85,	2689	(2000)	
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same	for	Δϕ	and	ΔpT			
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General	Balance	Func*on	Measurement	

BUS (Δy) = 1
2
C2

+− +C2
−+⎡⎣ ⎤⎦

B(Δy) = 1
2
C2

+− −C2
++ +C2

−+ −C2
−−⎡⎣ ⎤⎦ C2

a,b(Δy) = 〈Na,b(Δy)〉
〈Na (y1)〉

BLS (Δy) = 1
2
C2

++ +C2
−−⎡⎣ ⎤⎦ B(Δy) = BUS (Δy)− BLS (Δy)

²  Remove	charge	independent	effects	 ²  Keep	effects	related	to	balancing	pairs	

B(Δy) = 1
2

dN
dy(Nev )

R2
+− − R2

++ + R2
−+ − R2

−−⎡⎣ ⎤⎦Experiment	Method	1:	 R2a,b(Δy) = 〈Na,b(Δy)〉
〈Na (y1)〉〈N

b(y2 )〉
−1

Directly	measure			Experiment	Method	2:	 B(Δy) = 1
2
C2

+− −C2
++ +C2

−+ −C2
−−⎡⎣ ⎤⎦ ² mixed	events	technique	

->	detector	acceptance	and	inefficiency	correcAon	

a,b∈{+,−}
General	charges:	
•  e:	(±)electric	charge	
•  S:	(anA)strangeness	
•  B:	(anA)baryon	number	Bass,	Danielewicz,	Pra1	PRL.	85,	2689	(2000)	
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same	for	Δϕ	and	ΔpT			
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Balance	func*on	sensi*ve	to	physics	
of	general	balancing	charges:	
•  Radial	flow																		
•  Delayed	hadronizaAon	
•  Diffusion		
•  Quantum	staAsAcs	
•  Coulomb	effect		
•  …	

Bass,	Danielewicz,	Pra1	PRL.	85,	2689	(2000)	

Balance	Func*on	(BF)	
–	locate	general	balancing	charges	on	a	sta*s*cal	basis	

Bozek	PLB	609	(2005)	247–251	

Pra1,	Cheng	PRC	68,	014907	(2003)	
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Kapusta,	Plumberg	PRC	97,	014906	(2018)	

ConservaAon	of	quantum	numbers	
->	for	each	posiAve	general	charge,	a	negaAve	balancing	
charge	produced	at	approx.	the	same	space-Ame.	

BF	Characteris*cs	
•  Shape	
•  Widths	
•  Magnitude	
•  Yield	(integral)	
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Balance	func*on	sensi*ve	to	physics	
of	general	balancing	charges:	
•  Radial	flow																		
•  Delayed	hadronizaAon	
•  Diffusion		
•  Quantum	staAsAcs	
•  Coulomb	effect		
•  …	

Bass,	Danielewicz,	Pra1	PRL.	85,	2689	(2000)	

Balance	Func*on	(BF)	
–	locate	general	balancing	charges	on	a	sta*s*cal	basis	

Study	BF	as	a	func*on	of		
•  centrality	
•  collision	system	
•  pT	range	
•  parAcle	type	
•  …		

ConservaAon	of	quantum	numbers	
->	for	each	posiAve	general	charge,	a	negaAve	balancing	
charge	produced	at	approx.	the	same	space-Ame.	

Bozek	PLB	609	(2005)	247–251	

Kapusta,	Plumberg	PRC	97,	014906	(2018)	

Pra1,	Cheng	PRC	68,	014907	(2003)	

BF	Characteris*cs	
•  Shape	
•  Widths	
•  Magnitude	
•  Yield	(integral)	
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ALICE	Eur.	Phys.	J.	C	76	(2016)	86	

Pb-Pb	√sNN	=	2.76	TeV	
0.2<pT,assoc<pT,trig<2.0	GeV/c	

Uniden*fied	Hadron	BF	in	Pb-Pb,	p-Pb	&	pp	Collisions	
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²  0.2<pT,assoc<pT,trig<2.0	GeV/c	
•  Pb-Pb:	narrowing	towards	central	collisions		
																	->	delayed	hadronizaAon	(longer	system	lifeAme)	
																	->	radial	flow	
•  p-Pb,	pp:	narrowing	towards	large	mulAplicity	collisions	

² 			2.0<pT,assoc<3.0<pT,trig<4.0	GeV/c	&	3.0<pT,assoc<8.0<pT,trig<15.0	GeV/c		
•  Pb-Pb,	p-Pb,	pp:	no	mulAplicity	dependence		
•  may	indicate	different	quark	producAon	mechanisms		
				(interplay	of	bulk	&	jets)	

ALICE	Eur.	Phys.	J.	C	76	(2016)	86	

Uniden*fied	Hadron	BF	in	Pb-Pb,	p-Pb	&	pp	Collisions	

Pb-Pb	√sNN	=	2.76	TeV	
0.2<pT,assoc<pT,trig<2.0	GeV/c	
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0.2<pT	trig,	pT	assoc<2.0	GeV/c	

Near-side	Peak	
	Widths	
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Uniden*fied	Hadron	BF	(Pb-Pb	@	5.02	TeV)		

²  pT	dependent	BF:		
•  centrality	dependence	changes	with	pT	range	
•  no	narrowing	for	1.0<pT	trig,	pT	assoc<2.0	GeV/c	



5/14/18	 Jinjin(Au-Au)	Pan			QM18	 10	

Near-side	Peak	
	Widths	
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²  pT	dependent	BF:		
•  centrality	dependence	changes	with	pT	range	
•  no	narrowing	for	1.0<pT	trig,	pT	assoc<2.0	GeV/c	
	

²  No	difference	between	2.76	&	5.02	TeV	
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0.2<pT	trig,	pT	assoc<2.0	GeV/c	
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²  Balancing	Charge	Yield	(integral	of	BF):	total	probability	to	find	the	balancing	charge	within	experimental	acceptance	
²  1st	measurements	of	balancing	charge	yields	
²  pT	dependent	BF:	centrality	dependence	changes	with	pT	range	

Near-side	 Away-side	 Total	

Centrality (%)
0 10 20 30 40 50 60 70 80

BY

0

0.2

0.4

0.6

0.8

1

1.2
 = 5.02 TeVNNsPb-Pb, 

/2π< ϕ∆/2<π-
| < 1.6η∆|

ALICE Preliminary

c < 2.0 GeV/
T assoc
p, 

T trig
p ≤0.2 

c < 1.0 GeV/
T assoc
p, 

T trig
p ≤0.2 

c < 2.0 GeV/
T trig
p ≤< 1.0 

T assoc
p ≤0.2 

c < 2.0 GeV/
T assoc
p, 

T trig
p ≤1.0 

ALI−PREL−159200
Centrality (%)

0 10 20 30 40 50 60 70 80

BY

0.1−

0

0.1

0.2

0.3

0.4

0.5
 = 5.02 TeVNNsPb-Pb, 

/2π< 3ϕ∆/2<π
| < 1.6η∆|

ALICE Preliminary
c < 2.0 GeV/

T assoc
p, 

T trig
p ≤0.2 

c < 1.0 GeV/
T assoc
p, 

T trig
p ≤0.2 

c < 2.0 GeV/
T trig
p ≤< 1.0 

T assoc
p ≤0.2 

c < 2.0 GeV/
T assoc
p, 

T trig
p ≤1.0 

ALI−PREL−159204
Centrality (%)

0 10 20 30 40 50 60 70 80

BY

0

0.2

0.4

0.6

0.8

1

1.2
 = 5.02 TeVNNsPb-Pb, 

/2π< 3ϕ∆/2<π-
| < 1.6η∆|

ALICE Preliminary

c < 2.0 GeV/
T assoc
p, 

T trig
p ≤0.2 

c < 1.0 GeV/
T assoc
p, 

T trig
p ≤0.2 

c < 2.0 GeV/
T trig
p ≤< 1.0 

T assoc
p ≤0.2 

c < 2.0 GeV/
T assoc
p, 

T trig
p ≤1.0 

ALI−PREL−159196
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Pra1	PRL.	108,	212301	(2012)	

Mo*va*on	to	study	BF	with	iden*fied	hadrons	
K±	π±		

Two-wave	quark	producAon	model:	
•  π±	:	predominantly	produced	at	late	stage	
•  K±	:	predominantly	produced	at	early	stage	 ²  InvesAgate	if	BFs	for	π±	&	K±	evolve	differently	with	centrality	

#	
of
	q
ua
rk
s		

•  HadronizaAon	part	narrower	
•  narrows	with	centrality	

•  Limle	hadronic	contribuAon	
•  Can	test	whether	QGP	is	rich	in	strangeness	
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π±	 K±	

TPC	
0.2<pT, p<0.8	GeV	

nσπ<2,	nσK,p>2,nσe>1	 nσK<2,nσπ,p>3,	nσe>1	

TOF	
0.8<p,	pT<2.0	GeV	

nσπ<2,	nσK,p>2	

TPC	+	TOF	
0.8<p,	pT<2.0	GeV	

nσK<2,	nσπ,p>3	

Purity	 >96%	 >96%	

Charged	pion	and	kaon	iden*fica*on	in	ALICE	

ALICE	Int.J.Mod.Phys.	A29	(2014)	1430044	
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π±	Balance	Func*on	(Pb-Pb	@	2.76	TeV)	
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²  Shape,	magnitude	&	width	change	with	centrality	
²  Consistent	with	unidenAfied	hadron	results	
²  Dip	at	(Δy,Δϕ)	~	0	due	to	femtoscopic	effects	whose	width	grows	inversely	proporAonal	to	the	system	size	
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²  No	significant	change	in	shape,	magnitude	&	width	with	centrality	
²  φ->K++K-	decay	contribuAon	is	about	30%	based	on	HIJING	simulaAon	
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K±	Balance	Func*on	(Pb-Pb	@	2.76	TeV)	



5/14/18	 Jinjin(Au-Au)	Pan			QM18	 16	
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Balance	Func*on	Projec*ons	(Pb-Pb	@	2.76	TeV)	
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π±	 K±	
		BF	changes	with	centrality:	
²  π±		shape	&	magnitude	change	
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Balance	Func*on	Projec*ons	(Pb-Pb	@	2.76	TeV)	
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Balance	Func*on	(RMS)	Widths	(Pb-Pb	@	2.76	TeV)	
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 π ≤| ϕ∆ 1.1, |≤y| ∆: |±K

ALI−PREL−159008

²  π±		width	narrowing	towards	central	collisions	
²  K±	no	change	of	width	with	centrality	
²  consistent	with	two-wave	model	
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²  both	π±	&	K±	width	narrowing	towards	central	collisions	
²  consistent	with	radial	flow	

Centrality (%)
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 = 2.76 TeVNNsPb-Pb  
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ALI−PREL−159012

Balance	Func*on	(RMS)	Widths	(Pb-Pb	@	2.76	TeV)	

²  π±		width	narrowing	towards	central	collisions	
²  K±	no	change	of	width	with	centrality	
²  consistent	with	two-wave	model	
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ALI−PREL−159008
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Centrality (%)
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T
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 π ≤| ϕ∆ 1.1, |≤y| ∆: |±K

ALI−PREL−159008

Balance	Func*on	(RMS)	Widths	(Pb-Pb	@	2.76	TeV)	

STAR	PRC	82,	024905	(2010)	

²  similar	trends	and	magnitudes	measured	by	STAR	
							for	Au-Au	@	200	GeV	

0.2<pT<0.6	GeV	

²  π±		width	narrowing	towards	central	collisions	
²  K±	no	change	of	width	with	centrality	
²  consistent	with	two-wave	model	
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Centrality (%)
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 = 2.76 TeVNNsPb-Pb 
ALICE Preliminary

c 2 GeV/≤ 
T
p ≤0.2 

π ≤| ϕ∆ 1.6, |≤y| ∆: |±π
 π ≤| ϕ∆ 1.1, |≤y| ∆: |±K

ALI−PREL−159016

• π±		increases	towards	central	collisions	
• K±	no	significant	change	with	centrality	
• π±		similar	shape	as	h±		
• KinemaAcal	focusing	associated	with	radial	flow	&	delayed	hadronizaAon	

STAR	PRC	82,	024905	(2010)	 0.2<pT<0.6	GeV	
STAR	PRC	82,	024905	(2010)	 0.2<pT<0.6	GeV	

Balancing	Charge	Yield	(Pb-Pb	@	2.76	&	5.02	TeV)	
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Centrality (%)
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/2π< 3ϕ∆/2<π-
| < 1.6η∆|

ALICE Preliminary

c < 2.0 GeV/
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p ≤0.2 

c < 1.0 GeV/
T assoc
p, 
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p ≤0.2 

c < 2.0 GeV/
T trig
p ≤< 1.0 

T assoc
p ≤0.2 

c < 2.0 GeV/
T assoc
p, 

T trig
p ≤1.0 

ALI−PREL−159196

h±		

Balancing	Charge	Yield	(Pb-Pb	@	2.76	&	5.02	TeV)	

• π±		increases	towards	central	collisions	
• K±	no	significant	change	with	centrality	
• π±		similar	shape	as	h±		
• KinemaAcal	focusing	associated	with	radial	flow	&	delayed	hadronizaAon	
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Summary
Uniden*fied	hadrons	(Pb-Pb	@	5.02	TeV):		
²  pT	dependent	BF;	trend	change	with	increasing	pT	
²  narrowing	towards	central	collisions	similar	to	Pb-Pb	@	2.76	TeV	
							for	pT	<2.0	GeV/c	
²  Balancing	Charge	Yield	consistent	with	narrowing	towards	central	collisions	

Charged	pions	&	kaons	(Pb-Pb	@	2.76	TeV):		
²  B(Δy):		
	

²  B(Δϕ):		
	
	
Small	systems	(p-Pb	@	5.02	TeV	&	pp	@	7	TeV):	in	Back-up	slides	
²  	π±	B(Δy)	narrowing	towards	central	collisions	
									weaker	mulAplicity	dependence	than	Pb-Pb	

	
System	

√sNN	
(TeV)	

	
h±	

	
π±	

	
K±	

Pb-Pb	 2.76	 ✔	 ✔	 ✔	

Pb-Pb	 5.02	 ✔	

p-Pb	 5.02	 ✔	 ✔	

pp	 7		 ✔	 ✔	

✔	-	published	
✔	-	new	results	

•  π±	narrowing	towards	central	collisions	similar	to	h±	
•  K±	no	centrality	dependence		
•  similar	trends	and	magnitude	to	STAR	results		
							for	Au-Au	@	200	GeV		
•  consistent	with	two-wave	model	

•  both	π±	and	K±	narrowing	towards	central	collisions	
•  consistent	with	radial	flow	
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ALI−PREL−159008
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Back-up
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K±	Pb-Pb	2.76	TeV		 π±	Pb-Pb	2.76	TeV		 π±	p-Pb	5.02	TeV		 π±	pp	7	TeV		
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π±	Balance	Func*ons	in	small	systems	
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π±	p-Pb	5.02	TeV		 π±	pp	7	TeV		
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π±	p-Pb	5.02	TeV		 π±	pp	7	TeV		
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Pb-Pb	2.76	TeV		
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π±	p-Pb	5.02	TeV		 π±	pp	7	TeV		
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Widths	

Balancing	Charge		
Yields	
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0.2<pT	trig,	pT	assoc<2.0	GeV/c	
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Uniden*fied	Hadron	BF	vs	pT	(Pb-Pb	@	5.02	TeV)		
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1.0<pT	trig,	pT	assoc<2.0	GeV/c	

Shape,	magnitude	&	width		
change	with	centrality	

No	significant	shape,	
magnitude	&	width		
change	with	centrality	
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Near-side	Peak	
	Widths	

²  pT	dependent	BF:		
•  different	width	trend	vs	pT	
•  may	indicate	different	quark	
				producAon	mechanisms	
	

²  No	difference	between	2.76	&	5.02	TeV	
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