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Temperature

~170 MeV- %Fumre FAIR Experiments

0 MeV

Quantitative study of the phase diagram for nuclear
matter is a central current focus of our field

1 Early Universe V
; Future LHC Experiments A Kno wn k nown

Current RHIC Experiments > SpeCtaCU/ar' aCh’evement:

Validation of the crossover
transition leading to the QGP

Quark-Gluon Plasma > Necessary requirement for CEP
2.
N

Known unknowns
> Location of the critical End point (CEP)?

Oy
7 bhy
% 9%

Cm:::m o 3 c°.9,/ > Location of phase coexistence regions?
e PEIEONALEION. . Ddetailed properties of each phase?
e i bl All are fundamental to charting the phase
o & g‘;\:yon Chemical Potential diagr'am

Measurements which span a broad range of the (T, ug)-plane
are ongoing/slated at RHIC and other facilities
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Remarks on the CEP

| Eenty Universe e Phases of QCD Requirements for characterization
e of the CEP!
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“> lts location (Te?, g 0)?
> Its static critical exponents - v, y?
v’ Static universality class?

~170Mev-—7,'9§s-]-"9'- s Future FAIR Exparinents v' Order of the transition
| : » Dynamic critical exponent/s — z?
Crical Point | v |s critical dynamics universal?
Hadron Gas Superconductor v Dynamic universality class?
OMe prnsmmpmaaen  All are required to fully characterize
the CEP
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( ) Finite-size effects on the sixth order cumulant

Remarks on the CEP

N -- 3D Ising model
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Influence of FSE on the phase diagram " 3\
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ok L Pan Xue et al arXiv:1604.06858
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ot , e. '560' = '660'- - ;\\ Kg<0
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J PhE. grgggszticil' 2011 e § R {  FSEontemp
(TS5 S8 ’ - o T‘ﬁ 1  dependence
: : [ : of minimum
Displacement of pseudo-first- L el x0 ] _|25n
order transition lines and R SR ]
CEP due to finite-size N Tt ST
004 002 O 002 004

H
v A flawless measurement, sensitive to FSE, can Not locate

and characterize the CEP directly
v" One solution = exploit FSE
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' Remarks on the CEP

Finite-Time Effects (FTE)?

Xop diverges at the CEP
so relaxation of the order parameter could be anomalously slow

dynamic _
T~ éz critical exponent An Important consequence
| | Tt
Ncli/ln-:njelar (ilynamu;s 2 Significant signal attenuation for
uzt'? g S; o~vv2mo~e§ . short-lived processes
o ' s . with z; ~3orz,~ 2
z, <0 - Critical speeding up 5
z>0 - Critical slowing down eg. ((6n)) ~ ¢ (WlthQUt FTE)
Y. Minami - Phys.Rev. D83 (2011) 094019 ((6n)) ~ t1/7 « & (with FTE)

**Note that observables driven by the sound mode
would NOT be similarly attenuated**
FTE could depend on
v' The specific observable
“ Associated dynamic critical exponent/s

FTE could also influence FSE
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'Remarks on the CEP

Inconvenient truths:

» Finite-size and finite-time effects complicate the search and
characterization of the CEP

v They impose non-negligible constraints on the magnitude of §.

» The observation of non-monotonic signatures, while helpful, is
neither necessary nor sufficient for identification and
characterization of the CEP.

v' The prevailing practice to associate the onset of non-monotonic
signatures with the actual location of the CEPis a ‘gimmick”.

A Convenient Fact:
» The effects of finite size/time lead to specific dependencies which
can be leveraged, via scaling, to locate and characterize the CEP
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Extraction of the y scaling function
Phys.Rev.Lett. 114 (2015) no.14, 142301

» 2"d order phase transition [ v 00-05% ] (a) | 1[ (b) |
> 3D Ising Model (static) als To200 1 14
universality class for CEP £ fe ggjgﬂf ‘| 1 ‘l i
v~066 y~12 g [+ 4os0% [ ‘| 1
T ~165 MeV, & ~ 95 MeV —~ T - .

537 T } 1°
2(T,L) = L"P, (1L2) T [T R
M. Suzuki, ',5 i } T ‘l ? i
Prog. Theor. Phys. 58, 1142, 1977 o ° i “g }
cep e | ot B -
Use TP, ng™, vand y = 2F T ‘l 42
Mg oV = 2 |1 _
to obtain Scaling e | | |
Function P, i [ 1 ‘l |
R_—"r-,."v X (Rgut - Rgidejl VS. Rl'ﬁrp X tT" 1 I v T ¢ _ 1
= '_.-'ri'-" 2 2 . _ll."ll'a" I I I N TN TN N T T T N N T T N TN TN T NN TR TN N NN NN B |
B % (Rouy — Baae) V8. BV Xty 06 -04 -02 00 0 4 8 12
7 = (I =Te0)/T° (R™)ty (fm™) (R}, (fm™)

tus = (kB — 15" )/1E"

**Scaling function validates
T anf pg are from Vsyy

the location of the CEP and
the (static) critical exponents**
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| Dynamic Finite — Size Scaling

J

**Experimental estimate of the

v ~0.66 y~12 S—— P 35
T ~165 MeV, 4 ~95 MeV 27X &5 T z~087
L 10-20 41k i
L e 20-30 | 44
ofs & TN -
DFSS ansatz E : £l I 1,
attime T When/T IS nllear TCe|OZ o7 ff}i E g s
LT,z)=U"f (" ,zL7) 5 | i I :
X( ) ’T) ((T TT,Z}-/T)NQ:’ 6 ii % T :2
tT — __ Jcep cep : ﬁ 1t 1
e § 1 11
For ‘rod . . 1 ]
T=T, [ _
A 1 I EER—— o'
35 4.0
;((L,TC,T =L f % / ,OngL (fm®?)
M. Suzuki, Riong The magnitude of z is similar to
Prog. Theor. PhyS. 58, 1142, 1977 the pred|cted Va|ue for ZS but

the sign is opposite

Roy A. Lacey, INT Workshop

8



Vs ~

Characterizing the QCD phases

E J

EarlyUniverse e Phases of QCD Requirements for characterization
R of the QCD phases!

o
o
=)
-
©
e
o
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g
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" » Specific shear viscosity?
v T, ug dependence
» Specific bulk viscosity?
v T, ug dependence
» Conductivity?

Critical Point Et C .
Hadron Gas Superconductor
| e ‘_ / Flow measurements provide
S goog;\:yon Chemical Potential Im po rtant CO nStraI nts
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Backdrop

(N/S)ruic €stimates — QM2009

Subsequently

uantum limit

conjectured

l (CGC) 1ﬁlﬂuﬁt I
sl PHENIX, v, WWHDD3

at al, PRL 032301 (2007)

Dreacher st al. PRCTE 024305 {2007
l_a;cg |Gtum} g 12007)

STARp cuﬁnﬂun {2009)

Gavin & Abdal-Azlz, PRL 37 162302 (2
l_ptmwﬂnn] inumber '[I-BHLIBJ‘I}GD!:IITHIHHDHJ
. calculations, Song SGMOE, Halnz WIWHD0S
P. Romatschke & U. Romatschke, PRL 33 172301 (2007)
PHEMNIE PRL 38 172301 [2007)
[—]
Heas at al, ardlv:0808.3710
[

H. Mayer, {Erﬁp 7E, 101701{R) {2007) [Lattice RCO]

1.85T)

HeatT,

Camir & Basa, arxXhv 08122422

(2009) [hadron gas]
1 I 1 | | I 1 1 1 | | 1 I 1 1 1 ! |

STAR Chg. v_ (2008)

» Convergence on
the magnitude of n/s at RHIC

4mnls ~1 - 2

» T dependence of n/s?
» g dependence of n/s?
> Interplay with /s

Status Quo
.. 11 A major uncertainty in the

o

2

4

6 8

10

12  extraction of n/s stems from
4r /s Incomplete knowledge of the
Initial-state eccentricity model

g, — n/s interplay?
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Status Quo
/ Luzum et al. arXiv 0804.4015

Glauber CGC 4
1/s=10
2 o] 'STAI'{ non-fiow coﬁ'ected'(est) I = l I l : , I l
[ e STAR event-plane 1n/s=10 [ 2 g$ﬁ gsggﬂg}zi:mcted (est). n/s=0.08
20F . 20 ’
i Tee%000,®_oe® 11/s=0.08
= ot i
g ) ﬁmﬂ%oo 009
- 0 -
& Oﬁooi m = m [ns=016 & Jnis=0.16
.10 0' s . >
5 o ‘
5 * .
0 2 3 4
p;[GeV]
Note
The Initial-state eccentricity n/s is a property of the medium
difference between MC-KLN and and should not depend on initial
MC-Glauber is ~ 20% due to geometry!
fluctuation differences in the models! This should NOT be treated as
_ an uncertainty;
g, — n/s interplay? NS /

Additional specific constraints can be applied?
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\ Backdrop ) B. Schenke SQM16

Initial energy density

I I I I I
_ pPb \s,, =5.02 TeV (IP-glasma)

02— ® CMSv,data, 185 <N

offline
< 220 — T
trk Eccentric

&
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" IP-glasma, b=0, n/s=0.18 (Very preliminary)
B Eccentric proton T\
~ ---- Round proton

|
o ylm)
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» What is the relevant substructure of the nucleon?
- valence quarks?
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A constraint for initial-state f/uctuat/ons |

Shape fluctuations lead to
a distribution of the Q vector

at a fixed centrality

%10°

fn = Qn;’f Y M )

2005
180f
160F
140F
120F

Pb+Pb {5y, = 2.76 TeV
(a)

-'E,'\- T T 1T TT
Eu_g Pb+Pb sy = 2.76 TeV

state fluctations

Qnz = E cos(ng; ). Qny = E sin(ne

~ » Cutson g, should change the
magnitudes (e,), (v,) at a given
centrality due to fluctuations

> Viable constraint for initial

Lacey et. al, arxiv:1311.1728.15

N
o

o
o
% TR

—

Vzﬂqzj;vz{qz[hvgJ]

=

Roy A. Lacey, INT Workshop

0.10 |

ALICE data
-S Yy 1
-® v (a)d
| Y Uy ]

. -_

[ i

L A

2 . _' |
. '- —
fe ]
ov ]
b i
I T T T O T N N O O A
LI 1 I LI 1 I LI 1 I 1 ]
L {b}_
. i
Yy y v ¥ ¥ v ':
[ T TR T A T I T A A B i

0 20 40 60

Cent. (%)

13



Compressibility & Bulk viscosity at the CEP

For an isothermal change

VAP = Ndu Inverse compressibility
au 8P 1 ?toki'c, Friman, and K. Redlich, Phys.Lett.B673:192-196,2009
(20, (5, R Ta——
oN oN Pk : . o
v.T ol U Dg_ nq'l{“-xq] a-..-_._____-—-" - |
i e mmmmmmmmT T TTTTT
From partition function one can show that os- e
2 I [« e ] T
1 £5<N>j_<N2>‘<N> 07f o |
N\ ape )~ (N) ]
L ) -\." L — wT=04
KT_l oC <N> > = Cl 05——m7 ~ - - g - :L."T=ﬂ.ﬁ _
(V7)) — -
0.4 . - WTCEP
STT ! ] 1 ] 1 1
05 1 15 2
The compressibility diverges at the CEP T,

At the CEP the inverse compressibility = 0
Scaling function provides an independent handle
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The BES at RHIC allows the study of a broad
domain of (ug, T) — plane.

Rapidity dependence of (up)
The Phases of QCD

200 GeV
T I T

b, =037 =005y, '

—

Color”
Superconductor

Neuftron Stars
-

900 MeV

Barvon Chemical Potentia

» ug & T variations via beam energy or rapidity selections.
» Several systems for geometry and fluctuations
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STAR Detector at RHIC

EEMC

Magnet MTD BEMC TPC TOF

» TPC detector covers |n| <1
» FTPC detector covers2.5<|n| <4

Roy A. Lacey, INT Workshop
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Analysis technique

» All current techniques used to study v, are related to the correlation function.

» Two particle correlation function C(A@ = @1 — ¢,) used in this analysis,

_ dN/dA¢p(same) 2 Zd(p C(A4p) cos(n Ag)
C(A‘P) = "dN/dAo(min) and V= Ty CaP)
V2 (P P1) PLB 708, 249 (2012)
v (pT) =

(@)

v Factorization ansatz for v,, verified.

v" Non-flow signals, as well as some residual detector effects (track

merging/splitting) minimized with |An =5, —n,| > 0.7 cut.

Roy A. Lacey, INT Workshop
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Results
Unr)

In| < 1and |An| > 0.7

39GeV |

L B
[ 72 (1)%/u -ﬁl(l)fy L] L] STAR Preliminary
0.15 |- V3 —o— 0GeV - '
v, 200 GeV ) " 8
: VS —— . .
01 STAR Preliminary . N ]
= ’ [
> . ¢ 1 ]
¢ I o ¢ ]
- . . T N ‘ :
0.05 n ] o .
" - P 4 1 M |
[ o : s ' r " o s i ll ]
of &4%4s t i 1 e af i ]
] P T I T R T T T MO S T [ M N S I | | I T T T B B | T T R W [N TN T S O N M S MY S A T N |
0 0.5 1 1.5 2 2.5 30 0.5 1 1.5 2 2.5 3
pT[GeV/c] pT[GeV/c]

» v, (p7) indicate a similar trend for different beam energies.

» v, (p7) decreases with harmonic order n.
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Results

Un(r)
In| < 1and |An| > 0.7
-IVZIIAu-ALIIIIIIIISTA7R'}PGCIVIII
- 0%--40% 1 reliminary
015 V38 145 GeV * + ]

3 V4|—A—|

- STAR Preliminary :

0.1 - ' - |

> I 0 * Z } ]
_ I [ i _

B 0 '_ N i

0.05 | } I _ . _

l. l. ¢ * I ]
0_—,,,???..“.. | ‘.?{""'_

L L1 1 Lo | ]
0 0.5 1 1. 5 2 2.5 30 0.5 1 1.5 2 2.5 3
pT[GeV/c] pT[GeV/c]

» v, (p7) Indicate a similar trend for different beam energies.

> v, (p7) decreases with harmonic order n.
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Results
Uy, (Cent)

In| < 1and |An| > 0.7
0.2 <pr <4GeV/c

Au-Au ' 05v, —m— |
0.04 __ STAR Preliminary 200 GeV . zi _“_ STAR Preliminary 39 Gev |
. VS ——
0 ]
L [l
|
> [ ’ T .
0.02 |- s ¢ ¢ ¢ 4+ u .
[ ' \ { -: ‘ [ ] o o o |
R A A '\ L
I' ' i' A 'y A 2 ) 7'\
0 ¢ t ' } 3 3 | }
YRR TR [N T T TN [N T T T N T T T N A T T T N TN T A T [N T M T A S M | I M A | I I T S T N T T WA T [N T T T [N TN T [N T T T T [N T T T N S N

Cent% Cent%

» v,(Cent) Indicate a similar trend for different beam energies.

> v, (Cend) decreases with harmonic order n.
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Results
Vn (Cent)

In| < 1and |An| > 0.7
0.2 <pr <4GeV/c

0.04 - STAR Preliminary 14.5GeV y/i —— L STAR Preliminary 7.7 GeV V3 —&— |
|
n
[ |
>= i . T . . . i
0.02 n A . g |
» ¢ e 0 e v 4 * |

R A I'

R TR IO A L

Cent% Cent%

» v, (Cend) Indicate a similar trend for different beam energies.

> v, (Cenddecreases with harmonic order n.
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‘Results v, (n)
|nref| <land|n| <4
0.2 <pr <4GeV/c

[ STAR Preliminary Au-Au Vy —— ]

- 200 GeV V3 —@— -

0.06 |- 0%--40% vy

LI - ]

0.04 [ -

= B m i
- B | - i
| =

002 o @ ¢ o ® o

E‘ S ® ° e, E

O [ FN A A A ]

B 1 1 | | 1 Ll Ly oy

o
o
W
[
[—
(V)
N -
N
(9)
W
OV
(V)
AN

» Mid and forward rapidity v,,(n) decreases with harmonic
order n.
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Results

VUnG/swn)
In| < 1and |An| > 0.7
0.2 <pr <4GeV/c

1 1 1 II 1 I 1 1 1 1 1 I 1
| STAR Preliminary Au-Au 0.5 Vo — 1 — ]
I 0%--40% vy —e— ]
0.03 Ve a ]
| T
i s ! ]
0.02 "N L o
c i . ]
> I ® ]
i o © _
001 & ¢e¢ ¢ -
s g b2 o
T —~
I 1 1 II
10 100
Vs\n[GeV]

» Mid rapidity v,,(/syx) Shows a monotonic increase with beam energy.
> v,(\/Syn) decreases with harmonic order n.
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Resu/
Results Vo (\/Sun)
TPC and FTPC
0.2 <pr <4GeV/c

0.08 Au-Au TPC —— —
- STAR Preliminary ~ 5%--50% FTPC —@— -
0.06 — - "
- m | 7]
B m - .
o 004 ™ ®-
— . ]
N ® :
0.02 — o © -
- ¢ -
0 — -
| — ' | 1 N 1 1 N 1 1 " | —]

10 100

Vsan[GeV]

> Mid and forward rapidity v, (+/Syy ) shows a monotonic increase
with beam energy.
» Forward rapidity v, (\/sNN) shows a stronger dependence.
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What indications do we have for the flow constraints?

o
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Expansion Dynamics

Flow Is acoustic

Acoustic viscous modulation of v,

5T, (tk)= exp(—%—kz_lt_)JTW(O)

Staig & Shuryak arXiv:1008.3139

Scaling expectations:

Straightforward to include bulk viscosity

n2 dependence

Initial Geometry characterized by many
shape harmonics (g,) = drive v,

S

. n=2 ~n=3 n=4
32 (1+22v cos| n(g—¥ )]]
k=n/R tcR
2n 1 ¢
0T (n,t) = exp (=Bn?)0T,,(0), B = EgﬁT

v, ‘s are related

(Vo (pr)) "

NCON

(vnm)}ocexp(_ Vs nzj
&, RT

(Vo (pp)) "

(gn )1/n

oxp -

B
T M)

|

System size
dependence

In( j 7
&, RT

The factors which influence anisotropic flow — well understood
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Scaling properties of flow \

J

: : 1
Acoustic Scaling — =

0.12
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v’ Characteristic 1/R viscous damping validated with n2
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-1.0 0.25 r .
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-1.5 0.20 | n&%
- '% h‘ ]
=2.0 .__‘_;: | ]:Pwnﬂ E:I% 3\
w 0,15 @ o 5
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dependence at RHIC & the LHC

v' Important constraint for n/s

0.0
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Acoustic Scaling - RT

0.15 ————————————— -0.4
CMS Pb+Pb @ 2.76 TeV
Vv _B3" | ¢ pT=03-3GeVic
|n£—”joc p
3. RT 1-0.8
1/3
dN
RTOC( chg e \’K
dn 010, ¢ % 11y =
. & T8,
LN >
)3 =
u.al;‘"w""l"" IR B AL BN B B \!x —_—
i ecccentricity ¢ \ 116
08— @ — \?
i . Py X
L . AN
0.4— ® —
i ® e R 0.05
ozl ° . ] ¢ 1-2.0
- . ® -
%so~ 00 %0 300 280 300 380 400 S
N 0 100 200 300 0.1 0.2 0.3
N 1/RT

part

» [Eccentricity change

alone is not sufficient v' Characteristic 1/(RT) viscous damping validated

v Similar patterns for other p; selections
v' Important constraint for n/s & {/s
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Acoustic Scaling - RT ,
Cinl Yo | o W 2.0
n < RT - Pb+Pb @ 2.76 TeV -
0 B p+Pb @ 5.02 TeV ] n - e 0-5(%) ]
3 v ons2 AN ) o |
I ¢ n=3 RT oc : 15F o 2025 -
HE ' a7 o ER -
i ""'\‘ [ = oW I
< ~ - A 40-5 .
2L RO ] 3 . v 50-60 ]
—~ [ Tv e S 10r s * 8§
QC \“0' ~’~. % - ; ; )
c 3+ ‘.‘ - z : ; :
< *_ : “;
£ & ] I I
4l I o 050 & ]
i ?\\ ] ! ]
-5 :_ ? . 0.0 I ! ! | ]
[ - 0 1 2 3
-6 | - p, (GeVic)
0.15 0.20 0.25 0.30 v’ Combined scaling understood
1/RT
v' Characteristic 1/(RT) viscous damping
validated

Important constraint for n/s & {/s
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1Un
Acoustic Scaling - 7 [Vn(pT)j o exp(—fn)

,/ 8n
2
Pb+Pb @ 2.76 TeV 207 _
I e pT=05-10GeV | i Pb+Pb @ 2.76 TeV |
V. w i 10-20% ) - ) .
(;j . exp(—,B " ) °1 ] -2 =2 05-10% |
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v' Characteristic n?viscous damping validated
v' Similar patterns for other centrality selections
v' Important constraint for n/s & {/s
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Viscous coefficient

In| < 1and |An| > 0.7
0.2 <pr <4GeV/c

Au-Au

B T -

03 | 0%-do% ML 05n=4 —8—
u o |

| I * I | :
Vo2 b —+ o _
l I ' 1 | * _
T i _

0.1 - 1 |
C | | Lo Tl L] -

10 100 10 100
sy [GeV] sy [GeV]

» The viscous coefficient & shows a non-monotonic behavior
with beam energy

31

Roy A. Lacey, INT Workshop



s . ~ v _ﬂ”
Extraction of n/s In (—“] oc —£
" Lacey et. al, arxiv:1311.1728

0 r T— Au+Au @ 0.2 TeVL (c)
 (a) (40 /S)ggp | P} {[=+=-=MC-Glauber ]
- O .D -1 e me——— =-MC-KLN .
1L v 11 r Dgta /1.5
- h_;"-. = 2 = 7] S !3
— i . ¢ 3 4% Al |
E I -';‘ ] | {\%"ﬂ _ |F ﬁ-_ i
@’ R s AL | .
- " e — - — =
S N R TR, g s
= | 5. B \ﬂ;_ Ny B, i é_g_. |
i NI R ] sy ]
i N T S | ]
-3 7 N N 77 19-°
i N R [ ]
| Visc. Hydro. R | Visc. Hydro. \b-,q L/ _
m = MC-Glaube m=MC-KLN Ik i
_4||||||||||||||||||||||I||||I||||I||||||I||||I||||I||||I|| U-D
0.5 1.0 1.5 0.5 1.0 1.5 o 1 2 3
Slope 1R, (fm™") Axnls
sensitive o _ _ _ o
to 4mtn/s Characteristic 1/R viscous damping validated in viscous

hydrodynamics; calibration = 4mn/s ~1.3 + 0.2
Extracted n/s value insensitive to initial conditions
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-[Epilogue ]

There is a wealth of data which can be leveraged to
constrain the extraction of initial-state independent
transport coefficients
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End
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Viscous coefficient

» The v,, measurement are sensitive to &,,, transport coefficient /s and the

expanding parameter RT.

» Acoustic ansatz

v" Sound attenuation in the viscous matter reduces the magnitude of v,,.

» Anisotropic flow attenuation,

v P2 1
_noceﬁn’ﬁo(n_

&En S RT

» From macroscopic entropy considerations

arXiv:1305.3341

(RT)3 o« —

arXiv:1601.06001

» The viscous coefficient & encodes the transport coefficient 2

1 1 1
In <(U")?> “In <(E"):> =Al-(n-2) g] / (2—N>3+ln(c)
(v,)? (€2)2 1
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V2

v,(n)

|nref| <land|n| <4
0.2 <pr <4GeV/c

| STAR Preliminary  Au-Au STAR —®— T STAR Preliminary ~ Au-Au
- 0%--40% PHOBOS —8— + 0%--40%
200 GeV T 62.4 GeV

0.06 | T -

TV ST

0.02 —

» Reasonable agreement between the STAR and PHOBOS
measurements.
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dNchg

scaling p+p

dn
| p+p Inelastic (@) (b)), | p+p NSD fa) | (b) |
& CMS _ NW=N“ . CMS == Mup= Hrw
[ 4 ALICE [— M =N, s AUCE || sesssssn Moo = N
T oUA T " CDF T
# PHOBOS & AT
[ o IMSEL . v UAS ; , o
G ® b | 42 = B e - e
,f’- 2L } s ]
i a / - =
: i 2]z 5 P ] 2
g 4 P B - - z f >
A T 2 ﬁj | pract Z
it y F 11 = IF I -1
e
B‘p"f _x’
_-'tt
D.I.I.I.I] NN I 1T O T VT O IO TN |77 O W V1 W W WA h | lllllll.ll_Lu u Ll Lol L1 aitnl 1 pranl L1l Ll 1 U
10 100 1000 10000 10 100 1000 10000 100 1000 10000 100 1000 10000
S (GeV) Vi (GaV)
r : . 3
AN /dn|ine = [bivg + ming log(san)]” dN. /dn|nsp = [bnsp + minsp log(/San)]™ s
b]:"']I': — [}SQE + ElﬂDE MINE = D,_’E?__D - U[H].-_L b‘HSI} = D.T-i? + [}.[}EE., MysD — D.EEI? + [}.[}D?..

Further scaling validation over full range of \/syy for p+p
v' Similar /syy trend for quark and nucleon scaled multiplicity

density
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dN.p . ,
—— scaling p+A & A+A(B) S~ (TR)? ~ (bjq 20
n [ & p+p NSD i
v FPb+Pb@ 2760 GeV L L ¢ A+AB _
[ a Au+ﬁ-.u% 200 Gev (@)1 BHE I A - =
"m Aushu @ 62.4 GeV T : i
25 —; AEH—'«E% 270 Gey -+ . - s 415 o
Lo Auvhu @ 7.70 GeV 1 - P . &
(4 Cu+Cu@ 200 GeV 1 . ,/FFCE‘F‘ - Z,
vy Us+U @193 GeV L - . —_
= ‘e Cuthu@ 200 Gev T C T § =
) Fa p+ Ph@ 5020 GeV T - i 410 2
JFaop #T gﬁgfﬂi{' i 1 2
5 T gkt - 1
S T = | I 1as
E 15 __ tj ﬁ __:_ -|||||| Lol o vl o3 oo ]
1 ﬂﬂﬂiiﬂﬁ'};; 1c 10 100 1000 10000
_ T _mmEEEEE S5 (GEV)
or T sazEER b
-||| L1l L1l l__|||||||||||||||||||||||||I||-:||I||||||||||||||Ij|:|.4
10 100 1000 1 2 3 4 ) = 2 4 6 8
I 173 . 173
dM/dn (N ) (Nopp!

AN /A7) j1—0.5 = Napp [ban + maa log(vs)]”,
baa = 0.530 + 0.008, mas = 0.258 + 0.004,

Scaling validated for p+A & A+A(B) systems
v' Similar patterns for A+A(B) systems at the same /syy-
v' Logarithmic dependence of (py) on multiplicity
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