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General Balance Function Measurement

General charges:

N“*(A
ALICE B(Ay) = lI:C;_ -C,"+C;"—-C; C3(Ay) = <Na—(y)> a,be{+,—} * e: (t)electric charge
2 N * S: (anti)strangeness
Bass, Danielewicz, Pratt PRL. 85, 2689 (2000) same for Ag and Ap; * B: (anti)baryon number
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% General Balance Function Measurement

ALICE |
B(Ay)zE[CZ —CH G =G

Bass, Danielewicz, Pratt PRL. 85, 2689 (2000)
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General charges:

* e: (t)electric charge

* S: (anti)strangeness

* B: (anti)baryon number

B(Ay) = B” (Ay)— B" (Ay)

ALICE Preliminary  Pb-Pb |5 =2.76 TeV

0.2sp <2 GeV/
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< Keep effects related to balancing pairs



General charges:

General Balance Function Measurement

ALICE lp o\ _ _ wb (N (AY)) .
B(AMW=—|CI—-Cc+Ct=-C Cy7(Ay) = ———<= a,be{+,—} * e: (t)electric charge
(&) 2 I: 2 > g > ’ (N“)) * S: (anti)strangeness

* B: (anti)baryon number

Bass, Danielewicz, Pratt PRL. 85, 2689 (2000) same for Ag and Ap;

1 +— —+ 1 ++ —
B (Ay) = EEQ +C; B"(Ay) = EECZ +C; B(Ay) = BY(Ay)— B (Ay)

ALICE Preliminary  Pb-Pb |5 =2.76 TeV

0.2sp <2 GeV/

ALICE Preliminary  Pb-Pb Sy =2.76 TeV
0.25pT52 GeVic == 30-40

ALICE Preliminary  Pb-Pb |5, =2.76 TeV
0.2<p <2 GeVic n* 30-40%
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<> Remove charge independent effects < Keep effects related to balancing pairs

dN

1 +— ++ —+ —
T )[R2 — R+ R, — R, |

: . b ay_ NAY)Y
Experiment Method 1: z:*ay) NN —

Experiment Method 2: Directly measure B(Ay)=l[C;_—C2++ +C," —C;‘] < mixed events technique
2 -> detector acceptance and inefficiency correction
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Balance Function (BF)

< —

. N

X

Who is his parther?

Balance function sensitive to physics
of general balancing charges:

e Radial flow Bozek PLB 609 (2005) 247-251

* Delayed hadronization Bass, Danielewicz, Pratt PRL. 85, 2689 (2000)
e Diffusion Kapusta, Plumberg PRC 97, 014906 (2018)

e Quantum statistics Pratt, Cheng PRC 68, 014907 (2003)

*  Coulomb effect

aiice - |ocate general balancing charges on a statistical basis

Conservation of quantum numbers
-> for each positive general charge, a negative balancing
charge produced at approx. the same space-time.

ALICE Preliminary  Pb-Pb \s =2.76 TeV
0.2sp <2 GeVic == 30-40%

"é BF Characteristics
Ej « Shape
g?’: *  Widths

*  Magnitude
* Yield (integral)
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Balance Function (BF)

ace - |ocate general balancing charges on a statistical basis

Conservation of quantum numbers
-> for each positive general charge, a negative balancing
charge produced at approx. the same space-time.

< —

. N

X
Who is his parther?

Balance function sensitive to physics
of general balancing charges:

e Radial flow Bozek PLB 609 (2005) 247-251

* Delayed hadronization Bass, Danielewicz, Pratt PRL. 85, 2689 (2000)
e Diffusion Kapusta, Plumberg PRC 97, 014906 (2018)

e Quantum statistics Pratt, Cheng PRC 68, 014907 (2003)

*  Coulomb effect

ALICE Preliminary  Pb-Pb \s =2.76 TeV
0.2sp <2 GeVic == 30-40%

B(Ay, Ag) (rad™)
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BF Characteristics
* Shape
e  Widths

*  Magnitude
* Yield (integral)

Study BF as a function of

centrality
collision system

p; range
particle type



Unidentified Hadron BF in Pb-Pb, p-Pb & pp Collisions

(a) 0-5%

(d) 30-40% (g) 70-80%

Pb-Pb VSNN = 2-76 Tev ‘-Tg 0.3 ‘Ig 0.1 "Tg ooad G
0.2<p; ... .<Py...<2.0 GeV/c = 02 = =
T,assoc "FT,trig 2: <S1: 0.05 31“ 0.02
g 5 5
m 0 o 0 m 0
ALICE Eur. Phys. J. C 76 (2016) 86 -1
U 0
Ao (a9) Ao (rad) Ao (2%
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Unidentified Hadron BF in Pb-Pb, p-Pb & pp Collisions

ALICE

(d) 30-40%

Pb-Pb Vs, = 2.76 TeV T 03 PRCA
0.2<P1 1550c<Pr 1rig<2-0 GeV/c 5 02 % o0
c =
= 2 i
o 0 2 303“ \ @ 0 5’
ALICE Eur. Phys. J. C 76 (2016) 86 - LN

“0“\“\\\

A (1a®) 0 o
ALICE @
0.8 Low—pT interval
071 e, + < 0.22P1 g5 <Pr,1rig<2:0 GeV/c N
oo 5=7Toy * X, * Pb-Pb: narrowing towards central collisions
=7
0.6 Wppis=7Te o 8 -> delayed hadronization (longer system lifetime)
- 0.5 ® PP \[Syy = 5.02 TeV e
n° 047+Pb—Pb\/s7NN=2.76TeV . ! o -
o e * X p-Pb, pp: narrowing towards large multiplicity collisions
03 myniaowpe, |+ * 7Y
0.2 High-p_interval " ¥ 2.0<P1 150c<3-0<Py i;<4.0 GeV/c & 3.0<py ,.,<8.0<p; ,;,<15.0 GeV/c
o e Jei * Pb-Pb, p-Pb, pp: no multiplicity dependence
T Iy  may indicate different quark production mechanisms
(N (i<0.8) (interplay of bulk & jets)
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% Unidentified Hadron BF (Pb-Pb @ 5.02 TeV)
@

ALICE

ALICE Preliminary Pb-Pb /s, =5.02 TeV
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ALICE Preliminary  Pb-Pb |/s,, = 5.02 TeV
0.2<p p. <2.0 GeV/c

ALICE Preliminary  Pb-Pb |/s,, = 5.02 TeV

0.2spT g p. <2.0 GeV/e
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< p;dependent BF:
* centrality dependence changes with p; range
* no narrowing for 1.0<p; yiq, P as60c<2-0 GeV/c
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Unidentified Hadron BF (Pb-Pb @ 5.02 TeV)

ALICE

0'2<pT trig’ Py assoc<2'0 GeV/c

ALICE Preliminary Pb-Pb /s, =5.02 TeV

0.25pT g p; assoc<2.O GeV/c
0-5%

0.4+

p.

T assoc

0:2<p T trig’
30-40%

0.3 0.154
0.2

0.1

B(An,Ag) (rad™
B(An,Ag) (rad™

7 2 2 1
Ag (rad)

Bl naa e R RN R = AT T T T T T T T T T T T T T T T
¢ L[ «02sp.,p.  <20GeVic 1 ¢ F ]
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ALICE Preliminary  Pb-Pb |/s,, = 5.02 TeV
<2.0 GeV/c

ALICE Preliminary  Pb-Pb |/s,, = 5.02 TeV

0.25pT g p. <2.0 GeV/e

70-80%
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< p;dependent BF:
* centrality dependence changes with p; range
* no narrowing for 1.0<p; yiq, P as60c<2-0 GeV/c

<> No difference between 2.76 & 5.02 TeV
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Unidentified Hadron Balancing Charge Yield
ace  (Pb-Pb @ 5.02 TeV)

Near-side Away-side Total

>_ED12 TT 1T ‘ T 1T ‘ L ‘ TTTT ‘ L ‘ L ‘ TTTT ‘ TT 71T ‘ T >_CDO-57\ 1T ‘ L ‘ TTTT ‘ L ‘ TTTT ‘ TT T T T T T T T rorTT ‘ T L >_m12 LI ‘ T 1T ‘ L ‘ LI ‘ TTTT ‘ L ‘ TTTT ‘ TTTT ‘ L
| Pb-Pb, |5 =5.02 TeV ALICE Preliminary | I Pb-Pb, |5, =5.02 TeV ALICE Preliminary | | Pb-Pb, |5 =5.02 TeV ALICE Preliminary |
[ =02sp P <20GeV/c Iani<16 B 04l 0.2 Pr i Py pgeee < 20 GeV/C B L 0.25 P o Pr oo, <20GeV/C Al <1.6 N
| ®w02s< meg, Py oecos < 1.0 GeV/c -2<Agp<m/2 | T m02=< meg, Pr accoe < 1.0 GeV/c i | m02< meg: Py acene < 1.0 GeV/c -/2<Agp<3n/2 |
- m02<p.  <10s=p. <20GeVic A | =02=<p  <10sp . <20GeV/ic ] - m02s<p.  <10s=p. <20GeVic A
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08— " 1.0= thrig’ pT assoc <2.0 GeVic — 0.3— o thrig' pT assoc ' — 08— " 10s= thrig' pT assoc <20 GeVic |
r 7 [ lAnl<1.6 ] r 7
i ] [ m/2<Aq< 3n/2 ] L ]
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<> Balancing Charge Yield (integral of BF): total probability to find the balancing charge within experimental acceptance
< 1%t measurements of balancing charge yields
< p;dependent BF: centrality dependence changes with p; range
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strange quarks
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Pratt PRL. 108, 212301 (2012)

Two-wave quark production model:
* mt*:predominantly produced at late stage
. : predominantly produced at early stage

A
+

5/14/18
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Hadronization part narrower
narrows with centrality
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Gtk (Ay)/(dNg,/dy)
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Motivation to study BF with identified hadrons

Ki‘

hadronic contr. —a—
QGP contr. —3—
total —e— |

S
S'a

Little hadronic contribution

Can test whether QGP is rich in strangeness

Investigate if BFs for n* & K* evolve differently with centrality
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Charged pion and kaon identification in ALICE

ALICE
z o ALICE Int.J.Mod.Phys. A29 (2014) 1430044
; Pb-Pb ﬁ:Z]STeV
i
[
TPC no,<2, noy,>2,nc.>1  noy<2,no, >3, no,>1
0.2<p;, p<0.8 GeV
TOF no,<2, noy ,>2
0.8<p, p1<2.0 GeV
= TPC + TOF noy<2, no, ,>3
O
NS — 7 0.8<p, p;<2.0 GeV
ol = Purity >96% >96%

07E
06F
0.5F

04F -

03f
0.2f
0.1 bk
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ALICE

ALICE Preliminary  Pb-Pb |5, =2.76 TeV
0.25pT52 GeV/ic m 0-5%

ALICE Preliminary  Pb-Pb |s =2.76 TeV

0.25pT52 GeV/c n* 30-40%

<> Shape, magnitude & width change with centrality
<> Consistent with unidentified hadron results

<> Dip at (Ay,Ap) ~ 0 due to femtoscopic effects whose width grows inversely proportional to the system size
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ri* Balance Function (Pb-Pb @ 2.76 TeV)

ALICE Preliminary  Pb-Pb |s,, =2.76 TeV
0.2<p <2 GeVic n= 70-90%

= xu\umé\t‘\ |
) N Qﬁ%‘\“§%§$\§ﬁ§&?‘%¢$
_ AT ‘ o\w\,]‘f v‘w\
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% K* Balance Function (Pb-Pb @ 2.76 TeV)

ALICE

ALICE Preliminary  Pb-Pb |s,, =2.76 TeV ALICE Preliminary  Pb-Pb |s,, =2.76 TeV ALICE Preliminary  Pb-Pb |5, =2.76 TeV

0.25pT52 GeVic K* 0-10% 0.25pT52 GeVic K* 30-40% 0.25p_|_52 GeV/ic K* 50-90%

= 0.1 = 0.1 =5 ‘7'7‘_A : = 0.1
8 g - 8
=005 11 Toos| /’/ _ =0.051
3 A ‘ 3 3
> c\»l‘//lll ‘@u\\ = A »‘{/ "‘ A\»A Vi \3!4, >
= ANV LY / “ = . /‘VA" =
& oy W ‘{‘\% ‘V X ,I,XQ\ o o W \' ' :‘x, @
:yj ‘ ((‘ \ A ‘, ‘ '\\\ '
“os ) ') ¥ /,‘\ “\';‘\‘ “os ‘ ’ V‘» \\V[ 5
9 057 A 4 Q05 5 N/ 2
Ag (rad) A (rad) A (rad)

<> No significant change in shape, magnitude & width with centrality
< ¢->K*+K" decay contribution is about 30% based on HIJING simulation
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ALICE 06
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0.2

0.4

0.3

B(Ag) (rad™)
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5/14/18

0.2

ALICE Preliminary ® 0-5%
Pb-Pb |[sy, =2.76 TeV =

-409
02= p, = 2GeV/c 30-40%
Agl < nt * 70-90%

ALICE Preliminary

Pb-Pb s, =2.76 TeV
¥ 02= P, = 2 GeVic

Ayl < 1.6

L} L} i

® 0-5%

B 30-40%
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0 2 4
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Balance Function Projections (Pb-Pb @ 2.76 TeV)
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Balance Function Projections (Pb-Pb @ 2.76 TeV)

HLICE 0.6 ALICE Preliminary ® 0-5% ALICE Preliminary ® 0-10%
. Pb-Pb \/siNN =276 TeV = 30-40% Pb-Pb \/ST\‘N= 2.76 TeV = 30-40%
O.2spT52GeV/c . 02=<p_=2GeVic o
gl = * 70-90% gl a! * 50-90%
L e @ =
0.2 X
o4 _ E i ﬁ
> e L >
R T
om !. age .! m N E E N
l' . !l 0.1- Il E i i E ]
0.2 !9*'**,*,t **9!3 :
Lob! LI % ! ! E
nH KH N I | BF changes with centrality:
! | ! ! | | ! ! .
T[i 0 1 0 1 01 05 0 05 1 < m* shape & magnitude change
Ay Ay < K* no shape & magnitude change
0.4
ALICE Preliminary gll;l'C:E Prelimi;z;ré/_r v
o 015, o
2=p = eVic Ayl = 1.1
0.3~ ' Ayl < 1.6 % % K’y
il . 8 - =
-‘3 g.' .-D o 05% 8 0.1— H@H ® 0-10%
~ 0.2~ . . = 30-40% pagd = 30-40%
38- n n n * 70-90% <91- E E * 50-90%
oe] 8 § o @ E
0.1- !'iiﬂg gﬂii'! 0.05+ § é
- * Qg'g N QE E%Q k H
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mmg _—
o) I S CrLl LA Ol R E ,,,,,,,,,, s gt
0 2 4 0 2 4
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Balance Function (RMS) Widths (Pb-Pb @ 2.76 TeV)

ALICE
1
ALICE Preliminary
Pb-Pb |5\ =276 TeV
0.2=< pT <2 GeV/c
0.8
Pt
3 __,,_’,.:;;_a'::;::,t.i.«»
° ‘Q’ -
LY
o0 7‘ ********* " 777777777777777
R . o
® Ayl <1.6,IApl=n
® Ki:lAyl=11,lAgl=n
0.4 | ‘ ‘ ‘
0 20 40 80 o
Centrality (%)

< 1t width

narrowing towards central collisions

<> K* no change of width with centrality
<> consistent with two-wave model

5/14/18
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Balance Function (RMS) Widths (Pb-Pb @ 2.76 TeV)

ALICE
1
ALICE Preliminary ALICE Preliminary
Pb-Pb |5y = 2.76 TeV 2/~ Pb-Pb (s, =276TeV
02=p =<2 GeV/c 02=<p <2 GeV/c
0.8 — @
s G S 1.5 e ;‘ """""""
> o
@ . o SO Y S el
O e S ] *®-
AN SR o
.. ® a=lAyl<1.6,IApl <=
o TlAyl < 1.6, IAgl < R
P TIL:: IA})II|51.1,|ACC‘;JISZ'EE 05* ® KilAyl=11,Agpl<mn
0.4 \ \ \ \ \ ‘ ‘ |
0 20 40 60 80 0 20 40 60 80
Centrality (%) Centrality (%)
< m* width narrowing towards central collisions < both n* & K* width narrowing towards central collisions
<> K* no change of width with centrality <> consistent with radial flow

< consistent with two-wave model
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Balance Function (RMS) Widths (Pb-Pb @ 2.76 TeV)

1
ALICE Preliminary ?YX v ¥ ﬁYD“ ? *
Pb-Pb |5y = 2.76 TeV C .,
02=p_=2GeV/c i @
pT - @ Pions Au+AlG @
0 8 - 0.6 | M Kaons Au+Au - <>
. | O Pions Au+Au HJING & e 3
_‘::‘—,—j”’f_i?’ ””” | ] Kaons Au+Au HIJING g
> el @ oY L W Pions Au+Au UrQMD
b< — §/ Kaons Au+Au UrQMD o
s,
e i
.
0.6/® P N 0.5 Lo
O e e T % 4 0
® nj Ayl < 1.6, IAgl < = | A Pions p+p  /\ Pions p+p HIJING
® K:lAyl<1.1,lAgl<n | JrKaons p+p Y'rKaons p+p HIJING () Pions Au+Au Blast Wave
||\\lll\|||||\|I\Illllllll\lll\\lllllll
O 4 | | | |
. 0 100 200 300
0 20 . 40 60 80 200
ntrality (9
e t a ty ( /0) STAR PRC 82, 024905 (2010) 0.2<p.|.<0.6 GeV

< 1 width narrowing towr?\rds centra.ﬂ collisions <> similar trends and magnitudes measured by STAR
<> K* no change of width with centrality for Au-Au @ 200 GeV

< consistent with two-wave model
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ALICE

5/14/18

Balancing Charge Yield (Pb-Pb @ 2.76 & 5.02 TeV)
1

ALICE Preliminary
Pb-Pb \s,, =2.76 TeV
0.8} 0.2=p_=2GeVic

O . 6 f.’j"ﬁl}.?ii}}.{—:—;;; .

09 o
m ""Tl’;‘i:‘\
> g
0.4
”‘E;.}E,,.}:,}E;;.,,,F}f,‘:’}}?}}}}f}}?}}f’ ””””””””
0.2
® lAyl<1.6,lApl<=x
® KiulAyl=11,lApl=mn
0 | | | |
0 20 40 60 80
Centrality (%)

* 1t* increases towards central collisions

* K* no significant change with centrality

* 1t* similar shape as h*

* Kinematical focusing associated with radial flow & delayed hadronization
Jinjin(Au-Au) Pan QM18
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ALICE

5/14/18

Balancing Charge Yield (Pb-
1

28]

>

'T[i
oKi'
oni

Pb

@ 2.76 & 5.02 TeV)
TTT{TTTT‘TTTT{TTTT{TTTT{TTTT‘TTTT{TTTTT

m1.2 I
> .
ALICE Preliminary Pb-Pb, |5, =5.02 TeV ALICE Preliminary
Pb-Pb \s=2.76 TeV | =02< meg, P ccoe < 20GeV/ic IAnl<1.6 ]
0.8+ 0.2 p_=2GeV/c L = 02sp p  <10GeVic T2<Ag<3n2 |
r m02=<p <1.0=p_  <2.0GeV/c 7
- T assoc T trig + i
08— = 10= P- vig’ Pt assos < 2.0 GeV/c h_ -
@@ i ]
0.6/00- 000 . q. B ]
v":‘ff‘; 0.6 |
RN N C % = T |
== == i
0.4+ s - =]
7777777777777777777 04— —
‘..f. ’:’T::::::::::::::" 777777777777777 : :
0.2 ool b
® a=IAyl=16,lA¢pl==xn i R T . |
® KiulAyl=11,lApl=mn L i
0 | | | OH\\\H\\\\\H\H\\\HH\HHG\HH\HH\H
0 10 20 30 40 50 0 70 80
0 40 . 60 80 Centrality (%)
Centrality (%)
increases towards central collisions
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Summary --

ALICE Pb-Pb 2.76

Unidentified hadrons (Pb-Pb @ 5.02 TeV):

1ev _ Pb-Pb 502
< p;dependent BF; trend change with increasing p;

<> narrowing towards central collisions similar to Pb-Pb @ 2.76 TeV p-Pb 5.02 v v
for p;<2.0 GeV/c op 7 v v
<> Balancing Charge Yield consistent with narrowing towards central collisions
v - published
Charged pions & kaons (Pb-Pb @ 2.76 TeV): v/ - new results
< B(Ay): - n*narrowing towards central collisions similar to h* 1 —
*  K* no centrality dependence ’;E'EE :ﬂm_'":;ym y
* similar trends and magnitude to STAR results 02<p 5”2”(;9\',,0
for Au-Au @ 200 GeV 0.8
* consistent with two-wave model - g
D< ot
.
< B(Ag): * bothn* and K* narrowing towards central collisions ,:' )
* consistent with radial flow 0.6/ N g Wty S
@ -0 @
. . ® n*lAyl<1.6, IA¢pl=n
Small systems (p-Pb @ 5.02 TeV & pp @ 7 TeV): in Back-up slides o Kilayl=11,IAgl=x
<> 1* B(Ay) narrowing towards central collisions 0-40 2‘0 4‘0 6‘0 8‘0
weaker multiplicity dependence than Pb-Pb Centrality (%)
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ALICE

5/14/18

PID BF in Pb-Pb, p-Pb, pp Collisions

iK* Pb-Pb 2.76 TeV
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1 p-Pb 5.02 TeV
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e pp 7 TeV
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ri* Balance Functions in small systems

ALICE 1" p-Pb5.02 TeV
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et pp 7 TeV
1 ALICE Preliminary
pp Vs=7TeV
02s= P, = 2 GeV/c
IAyl < 1.6, lAgl <
0.8 ;ﬁ}‘}if‘iiﬁf‘;‘:{"
0.6
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Multiplicity Class (%)
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0.2
O | | | |
0O 20 40 60 80 100
Multiplicity Class (%)
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7

ALICE Pb-Pb 2.76 TeV

* p-Pb 5.02 TeV

ALICE Preliminary
p-Pb \5,,=5.02 TeV
02s<p =<2 GeV/c
Ayl < 1.6, IAgl < =

ALICE Preliminary
Pb-Pb \Syy = 2.76 TeV
02=< Py = 2 GeVic

Widths

® n=lAyl<1.6,Agl=n

® Ki:layl<11,lAglsn
| | | | | | | |

0'40 20 40 60 80 0'40 20 40 60 80 100

Centrality (%) Multiplicity Class (%)

1 . 1 ALICE Preliminary
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Pb-Pb Sy = 2.76 TeV PP [y =5.02 TeV
0.8 02=p.=2GeVic 0.81 02 p, =2GeVie
T 1Ayl < 1.6, lAgl = 7
. 06 @@= TG 06 r
s
Balancing Charge .- g > g
YIE'dS 0.4+ 0.4+
0.2- 0.2-
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0 | | | | o | | | |
0 20 40 60 80 0 20 40 60 80 100

Centrality (%) Multiplicity Class (%)
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BF Comparisons in Pb-Pb, p-Pb & pp Collisions

™ pp 7 TeV

ALICE Preliminary
pp Vs=7TeV
02s< p, = 2 GeV/c
Ayl < 1.6, IAgl < =t
s

’ ;:'3'Z'f;iE‘Z{E{‘Z{ff‘?}‘f??}, il

| | | |
0'40 20 40 60 80 100
Multiplicity Class (%)

1 ALICE Preliminary
pp Vs =7 TeV
0.8 02sp =2GeVic

Ayl < 1.6, IAgl < =t

0.2

| | | |
0 20 40 60 80 100
Multiplicity Class (%)
27



Unidentifie

ALICE

0.2<P1 yyigr Pr assoc<2-0 GeV/c

Shape, magnitude & width
change with centrality

1.0<P; igr Pr assoc<2-0 GeV/c

No significant shape,
magnitude & width
change with centrality
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ALICE Preliminary ~ Pb-Pb /s, =5.02 TeV
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d Hadron BF vs p; (Pb-Pb @ 5.02 TeV)
@
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ALICE

Near-side Peak
Widths
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Unidentified Hadron BF vs p; (Pb-Pb @ 5.02 TeV)
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< p;dependent BF:
e different width trend vs p;
* may indicate different quark
production mechanisms

<> No difference between 2.76 & 5.02 TeV
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Unidentified Hadron BF vs p; (p-Pb @ 5.02 TeV)
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