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Balance Function — distribution of balancing charges

pg"ﬂ‘ (Ap) — pgf'ﬁJ’ (Ap) . p;"_ﬂ+ 1p) - ps ¥ (ap) For each charge +Q, BF identifies the

1
B pfﬁ %) pf‘_ %) ] probability where its balancing charge -Q is.

B (8p) = >

[

Bass, Danielewicz, Pratt PRL 85, 2689 (2000)

e . - measure BF of final state
B B T f . identified hadron pairs
fo

+ — General conserved charges:
* e: electric charge

* S: strangeness

* B: baryon number

Hydrodynamic learn about light and strange

; Pre-Equilibri
Evolution Fhesalse] quark production
a) without QGP/ \\ b) with QGP z
A B
pp AA


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.85.2689

Balancing charge separation in Ay

1=11fmlc (—I—l—l—-}
- D

System lifetime

i '
' !

Ay

Balancing charge separation

Bass, Danielewicz, Pratt PRL 85, 2689 (2000)

Later hadronization towards central collisions -> narrower BF of trr, KK, pp

p(B)

Voloshin PLB 632 (2006) 490-494

‘ Ap, = myp - sinh(Ay) ~ mp- Ay =
3
pp A [ AA Central
AA AA
Peripheral Central AA Peripheral
PP

|

1B Ay

Larger radial flow towards central collisions leads to smaller separation of balancing pairs in Ay

A

SYstem lifetime

%l

(Ay )

cadVe fo™



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.85.2689
https://www.sciencedirect.com/science/article/pii/S0370269305016886

F of unidentified hadron pairs hh and tmt

STAR PRL 90, 172301 (2003) Au-Au @ 130 GeV

0.1<p<2.0GeV/c 0.1<pr,p<07GeV/c
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Narrowing of B and B™ towards central Au-Au collisions
-> larger radial flow towards central collisions leads to smaller separation of balancing pairs in An & Ay
-> later hadronization towards central collisions leads to narrower BF


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.90.172301

0.6

<Ay>

0.5

3

BF of identified hadron pairs wr and KK

ly v v Yy v

- @ Pions Au+Au
| M Kaons Au+Au &=
| O Pions Au+Au HIJING
| [ ] Kaons Au+Au HIJING
- ¥ Pions Au+Au UrQMD
= 1 Kaons Au+Au UrQMD o=

[ b oo 0P
1—;5[
)

AR BT

| A Pionsp+p /\ Pions p+p HIJING
| Y Kaons p+p i\yKaons p+p HJING <> Pions Au+Au Blast Wave

IllllllllllllllIllllllllllllllIIllIlIII

[im.

0 100 200 300

\ Npan ‘

Au-Au @ 200 GeV STAR PRC 82, 024905 (2010)
0.2<pr<0.6Gev/c

B™™(Ay) narrow towards central collisions, while BXK(Ay)
no centrality dependence.

-> larger radial flow towards central collisions leads to
smaller separation of balancing pairs in Ay for mm and KK.

-> (Ay) for KK is smaller than mm due to ¢ decay.

-> no late hadronization for KK?

Sys .
4 Ystem Ilfetime

: diffusion

(Ay )



https://journals.aps.org/prc/pdf/10.1103/PhysRevC.82.024905

Two-wave Quark Production

Scott Pratt - CPOD 2013 ) ) ) )
Generalized BF (between different particle species)

(%]
X
s
o | strange quarks -> understand balancing between quark species
S .5 -> access to light and strange quark production time
3 <
2
&
3 SYStem li
4 'fet"ne
§
isentropic expansiy——"'—__ t iffusion
thvﬁlifzation T (fm/<)
R S A A o\ oV
—~ vad!
N
Pratt PRL. 108, 212301 (2012) d
T 0.06
hadronization contr. —a— hadronic contr. —a—
06 early QGP contribution —g— < early QGP contr. —3—
total —e— £
__ 004
= 04f >
= 5
o 0.02
02
0 T " 1] = Nie ¥
0 1 2 3 0 1 2 3
Ay

Ay
r1r: larger 2" wave up/down quark production -> smaller (Ay) -> narrow towards central collisions
KK: dominant 1t wave strange quark production -> same (Ay) -> no centrality dependence


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.212301

Baryon number BF & Net-baryon fluctuation

Pruneau PRC 100, 034905 (2019) STAR PRL 126, 092301 (2021)
Im % LI B g T T T || T T
—o o (a) =0 =0.20
1 & 40 @ 0% - 5% -
“ o | ® 070%-80% (2) C2 |
C
o S 301 ® ® -
8o £ | @ _
£ = ®g0®
£ O 201 -
o 5 - Au+Au Collisions at RHIC
0.5 g_ 101 Net-proton —
B e lyl<0.5, 04<p <20 (GeV/c) |
== 1 [
(@ Z ol--D.oooo.oElo o]
M| L L MR | L L
05 5 10 20 50 100 200
Collision Energy \sy, (GeV)
0
0 w 0~
acceptance Q o5 ]
- o
BF Integral ‘ Ny N C, (ANp high energy A-A collisions
* hadron species pairing probability (never measured before) 1-— CSkellam (AN = Igr()) i the limit (N,) = (N,)
* interplay of pair production process, acceptance, and BF width 2 ( p)

Differential baryon number BF in BES -> critical point search


https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.034905
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.092301

Two-particle Number Correlation Function

a,f—hmK,pAand £ ...
a — reference particle

2-Particle Cumulant Czaﬁ (p%,p*) = Pgﬁ (p% p*P) — p%(P%) - pf (p#) B — associate particle

p1, P2 — single particle & pair number density per event

Measurement: ~ - B/~ ap assuming efficiency factorizes
M — Measured 2 M(p pﬁ) g(pa) "€ (pﬁ)l' (p p ) 52“(;3“, 5ﬁ) ~ ef (p%) - ef(ﬁﬁ)

Require separate efficiency estimation for single particles

cyt (p° 15’*) CdGE O
pE (D) - pP BB pr () - pP (F)

Efficiencies cancel in the ratio -> robust observable

ﬁ _
Normalized 2-Particle Cumulant (p p'B)



Balance Function (BF) Definition

Associated particle distribution Y Py (p N7 )
(per trigger yield) AP (p*, pF) = =2 () L (57) = pf (57) - RSP (5%, ")
at R+ . L
BF of positive reference particle a™* Boﬁﬁ(ﬁa, p8) = qatB _ gqatpr — P2 pi+((p - ;’ﬂ) pf‘(ap) _ pgpi+((?;0; ;73) " pf+ (5?)
1
. e a” Bt (sa 5B @~ (pa 5B _
BF of negative reference particle a B“_B(ﬁ“,ﬁﬁ) _ o Bt _ qaB — P> pft‘(g;a';? ) _ pf+ (ﬁﬁ) _ P2 pft‘((};a'gj ) n pf (ﬁﬁ)

B (p*,pF) = [B“+B( ,pP) + B F(p,pP)]
1 = R - NN .
== 1o @) RS ¥ (8% 55)- p% (8°) |RS ¥ (=05 + ¥ (#°) R

Balance function

Ry © (97|~ ol (#%) |R; " (P P"

—




Balance Function Measurement

BB (y®, 9% yB, ¢P)

1 -
= E[pf (yP, P) -|R§‘+ﬁ (y% 0% yP, P ] — o5 (yP, F) -|R§‘+ﬁ+(y“,<p“,yﬁ,<pﬁ]
+ P (y8, ¢5) -|R§‘_B+(Y“.<p“,yﬁ, w’*i— pP " (yB, P) -|R§_ﬁ_(y“,<p“.yﬁ, P 1]

0.2 < pF* <2.0Gev/c
a . T
- measure RY¥ (y%, ¢%, yP, oF) for interested p range 0.5 < p? < 2.5 Gel/c

. pf(yﬁ, <pf3) (assuming constant for mid-rapidity) calculated from previous pr spectra measurements

B (Ay, Ap) = f B (y*, 9%, y¥, pF)dyFf de”

average over y#

Ay =y* —yF

10



(Ay, Ag) (rad™)
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BF measures charge-dependent (CD) correlations

24T F 478

30 -40 %

%
(57
i

0
<

(Ay, Ag) (rad™)

nn
LS

A

4l = (4B 4 4H)

30 -40 %

2,
1.5+
b 7
7
M

Y Y
24

Remove charge independent effects

B (Ay,Ap) = A = A%8 _ 98

30 - 40 %

Keep effects related to balancing pairs
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BF of unidentified hadrons: STAR BES | & ALICE

= 7.7 GeV —-+-39 GeV : ALICE (a) |ALICE
-0-11.5GeV  -%-62.4 GeV 0.8 Low-p_interval 0.2<prassoc<prrig<2.0 GeV/c

<:-19.6 GeV 200 GeV *

5.27GeV  -e.2.76 TeV ALICE 0.7 gy * K,

0_6,{pp \s=7TeV **ﬂ'
0.5 @ PPp \'Syy = 5.02 TeV

~%— Pb-Pb \s,, =2.76 TeV
Intermediate- P, interval 20<pTassoc<3 O<pni' ii ev/c

0.31 maliafense,

S 0.4+

OATI

=
STAR PRC 94, 024909 (2016,
_______ (2016} 0.2 High- P, interval 3.0<prass0c<8. 0<th,.g<15 0GeV/c
A1 An16 el o
O1<AT]<16 ________________________ 0.1 o Q09 ****W
) 2<p;<2.0 GeVfc T o ALICE EPJC 76 (2016) 86
B : ) Hd 1 lllllHl 1 lllllHl 1 llllHd 1
O.S—IIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIlIIIII 0 2 3
0O 50 100 150 200 250 300 350 400 1 10 10 10
N, (N_) (ml<0.8)
> Low py:
«  B"(An) narrow towards central Au-Au and Pb-Pb collisions * pp, p-Pb: similar widths at overlapping multiplicities -> similar origin in BF
-> larger radial flow in central leads to smaller (An) separation * p-Pb and Pb-Pb: different at overlapping multiplicities -> different origin
-> larger 2" wave up/down quark production in central -> smaller (A7) > Intermidiate & high py:
« lower energy (7.7 GeV): narrow towards central collisions -> QGP * narrower & no multiplicity dependence -> initial hard parton scattering &

subsequent fragmentation
* similar values for all multiplicities over all three systems -> similar dynamics
12


https://link.springer.com/article/10.1140/epjc/s10052-016-3915-1
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.94.024909

BF of full species matrix (™, K=, p/p)x(wt, K, p/p)

ALICE

+ — General conserved charges:
* e: electric charge

e S: strangeness

* B: baryon number

V. previous works
V' ALICE 2021 arXiv:2110.06566

B (Ay,A@) | h* t K* p/P
e h* v
mt vV v v
K* v vV v
p/p v v v

15t BF measurement of full species matrix of (m*, K=, p/p)x (%, K*,p /D).



https://arxiv.org/abs/2110.06566

0.5 < plh < 2.5 GeV/c

[ ] [ ]
— 0.2 < p™¥ < 2.0 GeV/ JP PhD dissertation, arXiv:1911.02234
% PID BF — Full Species Matrix PP S20GeU/c  JpenD disertation, at1s11 0222
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https://arxiv.org/abs/1911.02234
https://arxiv.org/abs/2110.06566

1

ALICE 0.6

0.4

0.2

0.6

= 0.4

0.2

0.4
0.3
0.2

0.1

D BF Ay Projections

ALICE Pb-Pb |5, = 2.76 TeV

w, K:0.2 < p. = 2.0 GeV/c

p:0.5 =< p. = 2.5GeV/c

_|A(p|531; e0-5% 0.1 J'I:K e0-10% 0.02} ﬂp e 0-20%
ot ') e 30 -40 % e 30 -40 % ﬂ e 20 -40%
| ) e 70 -90 % e 60 - 90 % e 40 - 80 %
TP | § L
ll LN 'l 0.051 § 0.01F g g
B 000y fle%% 8
o A | L 1l It
o T O_ll S I L
*0-10 % *0-10% * 0 -20 %
- K * 30 — 40 % 0.4r KK * 30 - 40 % Kp * 20 - 40 %
60 - 90 % 60 - 90 % 40 - 80 %
P 0sl * 0.04} E *
o i
e ' ##### 0.02F ﬂﬂ ig
~ *
By o1 #igﬁ %ggig &H Hg
1k Wy LMo f L E ............... # B,
= 0-20% = 0-20% = 0-20%
- pm i =20-40% 0.15} PK «20-40% 0.15F PP =20 -40%
' = 40 - 80 % l = 40 - 80 % = 40 - 80 %
0.1 l l 0.1F HT
BT " it
i | i 0.05F I H 0.05F
T IR | L | L ——
1 1 1 1 1 1 1 1 1
- 0 1 -1 0 1 -1 0 1

JP PhD dissertation, arXiv:1911.02234
ALICE 2021 arXiv:2110.06566

Note: different scale

7t clear centrality dependence

KK: no centrality dependence

-> consistent with radial flow and two
wave quark production

BF including m:
Clear centrality dependence

BF including K, p:
no / little centrality dependence

-> different production mechanisms
form, K, p

15


https://arxiv.org/abs/1911.02234
https://arxiv.org/abs/2110.06566

ALICE 2021 arXiv:2110.06566

1D BF A¢p Projections Jo#hD diseraton 191102234

ALIGE ALICE Pb-Pb |5, = 2.76 TeV 7, K:02<p_<20GeVic 0.02F p.05< p. <25 GeVic
i «0-5% 7K «0-10% np ©0-20%
i 30 -40 % ' ©30-40% i 20 -40%
04 'Y ©70-90 % e 60 - 90 % i © 40 -80%
02F 0, 0 Ayl < 1.4 3'3 Ayl < 1.2 Ei 55 Ayl = 1.2 Note: different scale
09000t ter #' ' o
R | i (T i i
B 1171 Y o Iotnatsionint o (e LN
K *0-10% KK x0-10% (03k Kp *0-20% . .
__04r 8 s %30-40% 0.15f 30-a09% |08 20 - 40 % BF including m:
s * 60 - 90 % ﬂ#ﬂ * 60 - 90 % ﬂgﬂ * 40 -80 % Clear centrality dependence
o § 0.02F
= * 0.1 Ll ﬂ E . .
So2f 1t layl < 1.2 i Ayl =1.2 E g layl < 1.2 BF including K, p:
2 L # # 0.01F no / little centrality dependence
e ﬁ;i‘"i,ﬂ 0.05 H# #ﬂf Hﬂi Eﬂﬂﬁ E E /i ydep
¥ * flintprentild
offf - Mahdgtetis | ! i ! ot .. ! # EH‘H# Eﬁ -> different production mechanisms
1 1 1 1 1 1 1 1 for 11_ K
pr =0-20% | 4| pK =0-20% o4l PP " 0-20% P
0.3r ' "20-40% it "20-40% =20 -40 %
» 40 - 80 % » 40 - 80 % * 40 -80 %
' L) ﬂ ﬂ
02f gy ™ R
layl <1.2 0.05f I l lAyl <1.2 |0.05F i i lAyl <1.0
88
o1 1§ i f
al L I
1 1% f f
o Mg Wil T
H 0 I o
1 1 1 1 1 1 1 1 1

0 2 4 0 2 4 0 2 4 16
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https://arxiv.org/abs/1911.02234
https://arxiv.org/abs/2110.06566

ALICE

<Ay>

0.6

054

| A Pions p+p /A Pions p+p HJING

Au-Au @ 200 GeV
| @ "
- ® Pions AusAu ® 0.2< pr< 0.6 GeV/C
| W Kaons Au+Au
| O Pions Au+Au HIJING @

| (] Kaons Au+Au HIJING
|- ¥ Pions Au+Au UraMD

@ P

Kaons Au+Au UrQMD

:

| JKaons p+p 5 Kaon:
FTE EI A

s p+p HIJING <> Pions Au+Au Blast Wave,|
L T L

$

0 100

200 300
Npart

STAR PRC 82, 024905 (2010)

B(Ay) RMS Widths:

BF RMS Widths and Integrals

T T T T T T T T
o JUT « Kt pr o Ayl < 1.4 pp: Ayl < 1.0
0.8+ K « KK = pK - other pairs: lAyl < 1.2 L
L4 Wp x Kp - pp 15 |A(p| =T 00 === 75‘,’
_/?::’) AP 25
-l *-T e ey
> = -- - . 27 -
O06F  inorzazdsy o [ AT
LY :_Z'.;l__’!_‘-._;-v—’—’— * - _ 1+ 2 Agz2r Az {2 T -
z \f\/ +,f:i" { - - . ,”,
S IBAY } {
o.4—+f’}E - +
i | | | 1 | | | 1
0 20 40 60 80 20 40 60 80
Centrality (%)

= KK & pp no centrality dependence; it & cross-
species pairs narrow towards central collisions

= Similar values for all cross-species pairs.

= Qualitatively consistent with radial flow & two-

wave quark production
-> detailed modeling required to distinguish them.

JP PhD dissertation, arXiv:1911.02234
ALICE 2021 arXiv:2110.06566

0.8F

T T T T
ALICE Pb-Pb VSNN =2.76 TeV
m, K:0.2 < pT <2.0GeV/c 4

: diffusion

(adVa flo"
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https://journals.aps.org/prc/pdf/10.1103/PhysRevC.82.024905
https://arxiv.org/abs/1911.02234
https://arxiv.org/abs/2110.06566

BF RMS Widths and Integrals

ALICE

0.8

e JITT
o K
e JIP

x Kit
» KK
¥Kp

pr
[ pK

T

B(A¢p) RMS Widths:

1.5

T T
am: Ayl < 1.4
other pairs: 1Ayl < 1.2
Agl < 7

T T
pp: Ayl < 1.0

Centrality (%)

Different values for different species pairs
-> radial flow affects pairs of different mass differently.

Widths for pp is same with rmr due to different Ay range. Other effects?

0.8

JP PhD dissertation, arXiv:1911.02234
ALICE 2021 arXiv:2110.06566

T T T T
ALICE Pb-Pb s, = 2.76 TeV

m, K:0.2 < pT <2.0GeV/c 4

All species pairs narrow towards central collision -> qualitatively radial flow > diffusion.
More detailed information on radial flow profile in context of hadron species pairs.

18


https://arxiv.org/abs/1911.02234
https://arxiv.org/abs/2110.06566

BF RMS Widths and Integrals e st

HLICE T T T T T T T T T T T T
o T « Knt pr a lAyl<1.4  pp:layl<1.0 ALICE Pb-Pb ys,, = 2.76 TeV
0.8F ¢ 7K « KK = pK - other pairs: lAyl < 1.2 0 0.8} M, K:02=<p =20GeV/c
e TP « Kp = PP 1.5F Aplsx __--- 57 n
_-"e . 1 ’, ¥
-2~ - 7 T—-;?";!—— —
< .\3::’-_!—‘ ’/,’ - 4 /,¥—_L:_,l_:_,::;:7//”,’
0 0.6/ ¢ Rt s At T Bl e I,xf—:}’? o t .
R o S S L iezzEiass * o
4‘ = \’, /’::"’ /—’ 4/ ’ ,”’
/}/ PN - ~ti--t47
0.4 2" - + -
- | | | 1 | | | 1 | | | 1
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Centrality (%)
A 1 Balance Function Integrals:
= 1* measurement of hadron species pairing probability.
PA° = Sum of integrals of m trigger, K trigger, p trigger BFs ~0.65.
_ = Minimal centrality dependence for most pairs, but numt
%}, pit increasing towards central collisions
£ 05[ -> B(mut) losses beyond acceptance more for peripheral than
5 central collisions.
pp
% =
19

acceptance Q


https://arxiv.org/abs/1911.02234
https://arxiv.org/abs/2110.06566

% BF RMS Widths and Integrals

JP PhD dissertation, arXiv:1911.02234
ALICE 2021 arXiv:2110.06566

ALICE ' ! ' ' ' ' ' T T T T T
o T « Knt pr a lAyl<1.4  pp:layl<1.0 ALICE Pb-Pb ys,, = 2.76 TeV
0.8+ enK » KK = pK - other pairs: lAyl < 1.2 0 0.8 M, K:02=<p =20GeV/c
e TP + Kp . pp/' 1.5+ Al < = - g 7::-:
I M NPT o -
eI T et LY
3 eseriEitT I TS U S S e
SN R T Ttors s St B B oM I SPEELPEC a2 A
L EN CETIIES NP 5.5 1 il Pl 1 .--
P z ,/+ /*,i—,— 1{ k_,‘y// ) . *”,4
g
0.4 - : + -
- | | | 1 | | | 1 | | | 1
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Centrality (%)
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o Andronic efal, T, = 164 MeV,u = 1MeV = e Andronic etal, T, = 164 MeV, =1 MeV = 1" measurement of hadron species pairing probability.
°‘°8§ 3 02~ 7 = Sum of integrals of m trigger, K trigger, p trigger BFs ~0.65.
o] E f gl ..1 @ Minimal centrality dependence for most pairs, but rurt
0.06F, H E 0.15F Hﬂﬂﬁ@ﬂ §RE- . . .
005t & R AR B 3 iy @HE@ ) ] increasing towards central collisions
0.04E R E ok E -> B(rumt) losses beyond acceptance more for peripheral than
003E o ALICE,Pb-Pb, (5 =276 TeV = - o ALICE, Pb-Pb, {5y =276 TeV ] central collisions.

g _ g C BRAHMS, Au-Au, s, = 200 GeV ] . o - . .
0.02F @) BRAHMS, Au-Au, |5, = 200 GeV 005[- + PHENIX. Au-Au vs—NNz 200 GV = Hadron species pairing probabilities very different from single
0.01E PHENIX, Au-Au, 5y, = 200 GeV' - = ) smm AUAU, (5= 200GeV ] hadron ratios.

e Y 1(')2 S 1(')3 : e.g. Krunot larger than KK by rt/K ratio; pp larger than pK.
dN,/dp dN,/dn -> better constraint for models. 20
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w2 Balance Function experimental outlook e
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Summary & Conclusions

.S. DEPARTMENT OF

ENERGY

> Generalized BF (between different particle species) key observable Office of Science
-> understand balancing between quarks
-> have access to the timing
-> equivalent to net-baryon C, for critical point search @

WAYNE STATE

» GBF (Pb-Pb @ 2.76 TeV) ALICE 2021 arXiv:2110.06566 : UNIVERSITY
» Three 1%t -> challenge models
* 15t GBF measurement of full species matrix of mt, K=, p/p.
« 12D differential measurement of PID BF. ATM
* 1 measurement of hadron species pairing probability. TEXAS A&M
= B(Ay) Widths: gNpvERSTTYE

* qualitatively consistent with radial flow and two-wave quark production
-> a detailed model required to distinguish them.
» B(Ap) Widths:
* qualitatively radial flow > diffusion.
* more info on radial flow profile in context of hadron pairs.
= BF Integrals:
* minimal centrality dependence.
* hadron pairing probabilities different from single hadron ratios.
-> better constraint for models.

Thanks to DOE for partially
funding some of the works
shown in this talk.
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R,P) vs. models — unidentified hadrons

ALICE, Pb-Pb /s, = 2.76 TeV urQMD AMPT EPOS

02< P, < 2.0 GeV/c
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PRC 100, 044903 (2019) Basu, Gonzalez, JP, et al. Phys. Rev. C 104, 064902 (2021)

* models qualitatively reproduce near-side peak, but Not its amplitude and collision centrality evolution.
* broad dip at (Ay, Ap) = (0,0) in data due to HBT Not reproduced by models -> no HBT afterburner
+ models qualitatively reproduce away-side tail in peripheral and its suppression in central collisions -> resonance decays, e.g. p° 24
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-eo- AMPT
| oEros » models Not reprod itude and centrality evolution of longitudinal
| m ALICE models Not reproduce magnitude and centrality evolution of longitudinal rms
L . %
L S * EPOS: reproduces a narrowing but widths too narrow by ~30%
e i -> corona particle dominance since No event-by-event charge conservation in core
?f + R ¢ Do -> average radial flow imparted to corona > core
X B IR L K
$ + + '} : ¢ * UrQMD: weak amplitude of near-side peak -> insufficient high-mass resonances
r | | | N AMPT: weak amplitude of near-side peak -> incomplete handling of charge conservation
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Models Used In This Work

AMPT EPOS 3.0 Werner et al. NPA 931(2014)83-91

Structure of AMPT model with string melting = 4FE
3 E p AMPT
A+B : " 8 5B CMS
CGC — initial condition g U E
g 3 L AAMAMMAMMAMARRAAAAAA LA LT
A Core — Corona approach = 25E
e - o D
SYspectators PP % ) M““
fragment into partons Viscous hydrodynamic expansion 1sE-
r N s Yoo . . . . 1 :
ZPC (Zhang's Parton Cascade) Statistical hadronization (Cooper-Frye) os
till parton freezeout ' |
. X oL 1 11 T I !
Final state hadronic cascade (UrQMD model) 0 0.5 1 15
Quark Coalescence p, (GeVic)
Event Generation: TEX A S -
4 & = EPOS3.076
; R \ A KnOSpe, C Markert ' The University of Texas at Austin 'g 3.5 F p CMS
ART (A Relativistic Transport model for hadrons) g 3 = ﬂ"""'"m'"'""vvy“
§
= 25—
[=9) = A’
§ e —
HUING UrQMD @ 15—
: : : N : (0,
* QCD Lund jet fragmentation Hadronic relativistic dynamics B
* Hard parton scatterings dominate Event Generation: W.J. Llope W’&IR‘,ERETQTE 0.5
* Emphasis on mini-jets in pp, pA & AA o(;‘ L ‘0‘5' L l L '15
p, (GeV/c)
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= Flow refers to a collective expansion of matter.

= The system follows an anisotropic expansion.

= Anisotropy in the azimuthal particle distribution are
studied in terms of the Fourier decomposition.

Spatial
. Voloshin and Zhang. Z.Phys.,C70:665-672,1996.
Anisotropy
Transverse Plane y
he,
density gradient -> pressure X
for anisotropic expansion
Momentum
Anisotropy
) AN 1 dEN azimuthal angle around the beam axis
E——= (1+2v,cos(p—Y,,)+2v,cos(2(¢p—Y, . ) +...)
Hiroshi Masui (2008)
v =(cos| n(¢—Y,,)
< [ RP ]> directed flow elliptic flow reaction plane
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beam direction

Fig. A. Zaborowska

p — particle momentum

2 2 2

pr — transverse momentum Pr =D, + py

@ — azimuthal angle _l, E+tp.

0 — polar angle N [t @ )} |p| Y=5 E—-p
.y —In| tan — z

d psguglorapld|ty |P| Lorentz invariant

y — rapidity
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. Centrality of Relativistic Heavy lon Collisions

Peripheral Collision (near) Central Collision
Spectators j r !

@

Centrality measured by the multiplicity of charged particles

Participants

Masashi Kaneta
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The cause of track merging

tracks with Ay ~ 0

The solution / correction

Like-sign: p;-ordered analysis

Ad
~

Merging
Loss

Unlike-sign: charge-ordered analysis

A

Merging
Loss

At given Ad, count un-merged pairs and use count at -A¢

X X
merged hits
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Same rel. angle
No Merging Loss

A

~

Same rel. angle
No Merging Loss
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Gonzalez, Marin, Guevara, JP, Basu, Pruneau, PRC 99, 034907 (2019)

p,(M,e.1,.0,Ilm)
p,(n,e |m)p (n,,e, | m)

2-Particle Normalized Cumulant (for multiplicity m) R,(n,,®,n,,0, |m)=

in.k = 1 Mmax.k
P ML) =P () == q(m)p, (1., | m)

Weighted Average o, )
(Bin.k) _ =k _ Mook
p2 (np(ppnza(pz)_pz (771,(/)]:772»(,02)—Q_z”pmmmkQ(m)pz(nla(P]anz,(Pz|m)
] ‘
Uncorrected Weighted Average
: P (1,,9,.1,,9,)
R(Bm’k)(n @1, P, )= —a L2 -1 D 1 Max
’ U pmR (L) p R (n,,9,) Rz‘“(nl,qol,nz,qoz)=aZm=m‘m g(m)R,(1,,9,,1,,9, | m)
1 ’nmax.k k
_ 0, Zrtn, P01 [ 1) 4 Z[L z gy P @10 [m) |
1 Mimax k 1 M ax .k m=m__. TI > m) (TI 9§0 |m)
{Zm_"; a(m)p,(n,., |m)}{2m._,,; 9(m ), (1,0, |m’)} s PO P, (TP,
o, min o, min
p (.| m)=<ny P (1,0|m) . .
P, (1,0,,71,,0, | ) = n(n = 1)), P, (1,,0,.71,.0, | m) Py, P, — Probability Densities
: P.(1,.9,.1,.9,) — P.(n.9,.1,.9,)
RO (1,,0,.1,,9,) = o 2o L2 ] |:> R (1.0.1,.0,) = B 2" 2
) RV ag e B 2 O =P (0 )P (0,)
1 m
- max,k _l _
B Qk P q(m)(n(n )>m ﬁ:izmmax"‘ (m) <n(n 1)>m
o= 1 - R Qk m=m_. <n>,2n
(o 2, 40mXn),)

Corection [ ROM,0.1,.9,) = Bo (R™ O (,0,.1,.0,)+ 1)1
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Correcting The Collision Centrality Bin Width Effects

. . Gonzalez, Marin, Guevara, JP, Basu, Pruneau, PRC 99, 034907 (2019)
UrQMD (100k events) — Unidentified Hadrons
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e e H Uncorrected 1
S ,I e 0.6EH—H+——————+—= > Results corrected agree with those obtained
A - @ averase ® corrected 1 with the weighted mean within 1% for both
[ ] i | R,“ and R,P.
N B 7 .
x 38 . . 71 T . - - | » The correction enables reasonably accurate
[ = -] 02‘ - - 1 corrections of the R, correlators in the
s R 2er 7
3.6f .- —— Ll context of HJING and UrQMD models.
}::I::::I::::I::{ 1::|::::|::::I::f
1.1 E 11 < avgfeor E » Given these models provide relatively
0;5_*+++ e DR 0 ;5_ + T + E realistic representations of single and pair
: '_l 1 | ORI T T ST |_' * '_l 1 PR TR T T AR ST S T S M |_' H H
17f T 101E" " of " rotcorfborr — T ° particle spectra, the correction method
1-685 —o- ~ 3 0 93 4 Rinans should provide reasonably reliable bin-width
166 e L L 0.98E | L corrections of R2 correlation functions
-1 0 1 -1 0 1 measured at any heavy ion collider.
An An
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