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¢ Final state interactions
CRAR vs /18— K2 - A\ROVART—R)

¢ Initial state dynamics (non-QGP)
(hZ—T SR 5EHME vs ANV T HEEER)
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Consider a collision of heavy ion such as Gold nucleus Au which has
118 neutrons and 79 protons. Au+Au at RHIC(2000) Pb+Pb at LHC(2011)

g

ZNF TAGS-E802/859FEERICH T
28SIEF TCHORWVWEFRRE—LZRHWT
T TEI=H,

19924, BNLOAGSHIEZRICH W T
BFH7=111-12 GeV/cD197Au
RFRZE—LDFIFAREE RS,
AGS-E8663E& &R1EKDR(1995)
(HFTHOTDEAFEZR)

CERNTII86FELYRKFHT-1200GeV
DiEE—A 94FLYKRFHIY
160GeVDEAE —LADIEN 1T H T,




Separation of Initial and final state
Interactions at RHIC/LHC

Au + Au collisions

l

;%'t%; %%tg— Jﬁ;{g%gn Final state interaction
(- f(-, among produced particles
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QGP->

2 V2 ~ | ATLAS 20-30%, EP
« EFTO— (collectlve flow) |2 ot =D
(FEEFE0Hm,EME70-) 5
dN
x 1 2vy, cos[n d 0.05 1
a5 X1+ Z n cos[n(¢ — ®,)] ) it
0 0.5 1 1.5 2
N S » pr [GeV]
* VIYyMIXRILF—OR C.Gale, et.al PRL110(2013)012302

y=0 i y=1ly=6
50 (time (fm/c))

Pb+Pb at 2.76 TeV  Ann.Rev.Nucl.Part.Sci. 68 (2018)




NIV pp, pA

NSV T(Lm), VB L F OBE DLV D T,
5T TR FRERTIE, QGPIRTE AV
EbNTEf, (PATIEYIVNIIVFUIHEWN)
PP CEMENEZ S A REEDERITH o7,

Landau (1953)

Tevatron E735, MiniMax QGP search in p+p pbar + p collisions
P.Levai and B.Muller, PRL67 (1991)1519 6
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Long-range rapidity correlations (Ridge)
Elliptic flow (v2), triangular flow (v3)
Mass ordering: <pt> and v2
Strangeness enhancement

Pb+Pb p+Pb p+p

‘I,I'ISNN =502 Tey W ‘I,I'ISNN =502 Ta¥ , ‘u,I'IS BN = 13 TeV e e

o
2 ., -

3102 \
2 1 AR LR
R by . R
LTI ) A
4 oy
s el B
o 4

Jet-quenching has not been reported yet in small systems.



final state effects

- s ERE
superSONIC (Romatschke)
IEBE-VISHNU (Ohio)
|IP-sat. + CYM + MUSIC + UrQMD (Brookhaven)
EPOS3 (SUBATECH)
MC-Glauber+ hydro (Bozek,Krakow)
dynamical initialization (Sophia)
TRENTO+Hydro+UrQMD (Nagoya)

c N—KRVART—R, NRAVART—NK
AMPT, BAMPS



V2 at RHIC

PHENIX Phys.Rev. C97 (2018) 064904

ﬁ

d+Au at |s, =200 GeV 0-5%  (b) T

*He+Au at |s,, = 200 GeV 0-5% (c) _

R R N DA R R AR
0.25p+Au at /s, =200 GeV 0-5% (a)
; —a— g'+7 Data
0.2 = p+pData ]
[ = w47 superSONIC
[~ p+p superSONIC
>N015:— p+psUpe
0.1
oo PHENIX
0: Ll b b T
05 1 15 2 25 3
p.(GeVic)

05 1 15 2 25 3

pT(Gewc)

05 1 15 2 25 3
pT(Gerc)



V2 from superSONIC hydro model at LHC

R.D. Weller and P. Romatschke, Phys.Lett. B774 (2017) 351-356

superSONIC for p+p, Vs=5.02 TeV, 0-1%

superSONIC for p+Pb, Vs=5.02 TeV, 0-5%

superSONIC for Pb+Pb, vVs=5.02 TeV, 0-5%

' v, m— *data f:Jr Vs=13 TeV ' v, m— ' 2v, m— ' '
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oo2f ¢ T / « ®* e ¢ S " o ¢
0 0.5 1 1.5 0 0.5 1 1.5 0.5 1 1.5 2
pt (GeV) pr (GeV) pr (GeV)
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H © o5} o ° 08T i
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0.1

0.05

Elliptic flow from EPOS3

in p-Pb at 5.02TeV

ALICE EPOS
3.074

. &=
P A @

A

&

+A

IIIIIIIIIIIlIIIIfII

+

:

V2R FDEERFIES
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11

K. Werner, et. al. Phys.Rev.Lett. 112 (2014) no.23, 232301



Multiplicity dependence of <pt> in pp

collisions at 7 TeV

e QGSITETII
«» PHOIET

L]
= = SIBYLL

data CMS

— FPOS3
svoe EPOS LHC

= = PYTHIA

data CMS
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50 100
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30 100
N

K. Werner, et. al. Phys.Rev. C89 (2014) no.6, 064903

150

ch
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Enhancement of multi-strange

from Pytthia8+hydro
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ALICE Pb+Pb {4
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10 100 1000
(dNch/dn)ni<o.s

Y. Kanakubo, et.al. PTEP 2018 (2018)121D01, nucl-th1910.10556
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A=A Tpp.pALAA D EERE %
BIETIE5LDEK

AMPT (A multi phase transport) model T%
WAWAEBIRTISLLLY,

HIJING - string melting
- ZPC (parton cascade)
— coalescence - ART (hadron transport)



V3

. AMPT

a C
:."T""TT'F"'T'TTTT‘TTTT‘TTTTT"'T': :T'l""'l"'1"""""’l"""l"fl""'T"'T"'I"""T""F'1
0.08 d+ M\JS“=2UGGI”0—5% - ﬂ+ﬁuv‘5m=52.4'ﬁlvﬂ—5% - d + Au Vsyy =39 GeV0-10%
' Global systematics =+ 0.3% L Global systematics= + 1.8% L Global systematics = + 3.6%
0.07 - e, (EP) = ameT v, (Parton Plane) =
- P. Bozek, W. Broniowski
0.06 [ = Phys. Lett. B747 (2015) 135 E
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L.He, T.Edomonds, Z.Lin, F.Liu, Dolnar,F.Wang, MPLB 753 (2016) 506

AMPTD/N— N VB ELISSRAERI TN ?

AMPTTCEDLSWN— N UDBEZELTVWION AR THBE, 1OEEFRLAWT,
2)—=ZXTIRd /=M UHSRILWS,

— anisotropic parton escape mechanism
We design a Random-¢ Test (destroy collective flow but keep the anisotropic shape):

Normal: Random:
v, from the Random-¢ Test
purely comes from escape

<V5> L ndomes / <V normal T@110  ~ fraction from pure escape:
dAu@200GeV | pPb@5STeV | AuAu@200GeV | PbPb@2.76TeV
b=0 fm b=0 fm b=6.6-8.1 fm b=8 fm

u/d 93%(all quarks)  72.9% 65.6% 42.5%

16
Zi-Wei Lin (2019)



E.Levin anL.V.Gribovd M.G.Ryskin, '83
A. H. Mueller and J. Qiu, '86
J. P. Blaizot and A. H. Mueller,'87

Structure of the hadrons at high energies

oo |- ——— H1 PDF 2000

= ZEUS-S PDF

\ ] 32D F—P —}wb—;:;ﬁfilﬁ > JI—FD
Saturation scale H IR



No—J 5 R 5B

Hard partons

Non-abelian Weiszacker-Williams filed

Cloud of Small x partons Classical Yang-Mills fields

AZ—7 52 5HE /KO, F%".?r*?o)ﬁl?\)l/ﬂ? MBIRICHITDE
RE #EC BARYIESSEE 2004 &£ 59 & 3 5 p. 148-156
https://doi.org/10.11316/butsuril946.59.148
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Azimuthal correlation strength

Initial state effects

e Glasma graph + jet graph
— "i (Dusling and Venugopalan 2013)

P

* Classical Yang-Mills (BNL group)

hydrodynamics

initial state

— correlations * CYM+Pyth|a
__ response to mass ordering of <pt> and v2
intial gsometry B. Schenke, et. al.
> Phys.Rev.Lett. 117 (2016) no.16, 162301

Event multiplicity for fixed system size

@ Color reconnection A.O.Velasquez, et.al.PRL111(2013)04001
@ Radiating antennas M. Gyulassy, et.al, PRD90(2014)054025

@ Target field anisotropy A.Kovner et.al. PRD83(2011)034017

@ Collectivity from interference B.Block, et.al. JHEP 1712(2017)074
@ Color dipole orientation bias E.lancu et.al. PRD95(2017)094003
@ Elliptic gluon distributions Y.Hagiwara, et.al. PLB771(2017)374

19



Vo

0.2

0.15

0.1

0.05

|IP-Glasma + Classical Yang-Mills

B. Schenke, S. Schlichting, R. Venugopalan, Phys.Lett.B747 (2015)76

ATLAS v,(2PC) 110 < N§° < 140
CMS v,{4} 120 < N?,f(f <150
Gluons 1=0.0 fm/c v,(2PC)

V,(2PC)
Gluons 1=0.2 fm/c

V,(EP)

0.1

0.08

0.06

o 0.04

0.02

-0.02

T T T

ATLAS v4(2PC) 110 < Ng° < 140
CMS v4(2PC) 120 < Nff < 150
Gluons 1=0.0 fm/c v3(EP/2PC)
Gluons 1=0.2 fm/c  v5(EP)

v3(2PC)
Gluons 1=0.4 fm/c

v3(EP)

O = O =
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Phenix, Nature (2018) “Creation of quark-gluon plasma droplets with three distinct geometries

How to discriminate models?

t=1.0 fm/c t=1.7 fm/c t=32fm/c t = 4.5 fm/c < > < >
6 _ I pn R | A s BAA | |Raten Rens £t BN ove Les G ERLRE RERsEma s LIS RR AR LA BRI PUL R0 T P s ) %‘ 82 83
4l 030 5 0.6 -
T 23 o [ ]
E 08 % 7
>-20 025 % i
=k ]
6 = ]
= —
63 0.20 ]
4 8 ]
= 205 h
E ol .
>0 0.15 ]
-
-
6 0.10 -
4 B
— 2 -
E 2 i
SO ANEEEE @4 TEEIEE 00 R 0.05 -
:h_2 m
-4
6
: 0.00

BA0 024 06450/24 6615024 6 6-4220P 45
x [fm] x [fm] x [fm] x [fm]
Hydrodynamical models predictions:

p+Au d+Au ., SHe+Au p+Au __  d+Au



Color fields in the domain of 1/Qs in CGC

Color correlation length = 1/Q _s =0.1-0.2 fm

.ff 3
II_A vp—|—Au > vd—|—Au > v He+Au
\ o f

\_7 for large transverse kick p; > Q4

va.3(p1) would be identical
for different small system
at fixed N, at large Ny,

M.Mace, V.Skokov, P.Tribedy, R. Venugopalan, PLB 788 (2019) 161-165 22



Phenix, Nature (2018) “Creation of quark-gluon plasma droplets with three distinct geometries

How to discriminate models?

Hydrodynamics

Color Glass Condensate

3
,Ug—kAu > Ug+Au > 0 He+Au

n

23



Phenix, Nature (2018)

Comparison of models

B.E""l""l""l""l""l"" IIIIIIIIIIIIIIIIIII

0.16L @ v Data PHENIX
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|||II|FI‘|I‘*JI.} Pl il B 1

I Trenrid
0.18EP+Au |5, =200 GeV 0-5%  (a) L defu |5, = 200 GeV 0-5%

(b} & “Heshu 5, =200 GeVO-5%  (c)

p,(GeVic) p_(GeVic)

mAEMIIERZELSBIRLTWS,

05 1 15 2 25 38 05 1 15 2 25 8 05 1 15 2 25 2
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Color Glass Condensate (MSTV)

Mark Mace, Vladimir V. Skokov, Prithwish Tribedy, and Raju Venugopalan
Phys. Rev. Lett. 121, 052301; Hep-ph1901.10506
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MSTV

Mark Mace, Vladimir V. Skokov, Prithwish Tribedy, and Raju Venugopalan
Hep-ph1901.10506

1 W PHENIX d+Au 0-5% ] PHENIX p+Au 0-5%
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Va(p )

CGC (MSTV)

Mark Mace, Vladimir V. Skokov, Prithwish Tribedy, and Raju Venugopalan

Erratum: Phys.Rev.Lett.121,052301(2018) received 13 June 2019
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{pr) (GeV)

CGC+Hydro+UrQMD

B. Schenke, C. Shen, P. Tribedy, nucl-th1908.06212

L e L
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T~ 0~ 0.6 fm/c
T~ 0.6 ~1fm/c

7-%1~2fm/c

Pythia8 and collectivity

Multi parton interaction (MPI)

String shoving, transverse push, recombination

Hadronize. Color rope
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Ratio of yields to (zx"+ 77)

Enhancement of multi-strange
hadrons in high-multiplicity pp
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Chirstian Bierlich Phys Lett. B779(2018)58

String shoving In pythia8

Shoving g = 40
Shovingg = 4
No shoving (Pythia8)

[— [
e o (CMS pp 7 TeV) T

2.0 GeV<p, <3.0 GeV
2.0<|An|<4.8
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Showving v {2}
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Showing va{2, sub} -

10 20 k] 40 50 60 70
Ny, high mult. trigger (0] < 0.9, 0.1 GeV <p, < 3.0 GeV)
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Jet-quenching and v2 at high pt

Nagle, Ann.Rev.Nucl.Part.Sci68 (2018)211
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PATIEIC YNNI T UF VI H VDL, SEEFEDV2HHBD XA EH?
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o TRIAIE

Summary 20195 10H 81T

Bl Tpp, pA, AAOERINIRILEREATE 5,

» Parton cascade model (AMPT) CEHIFIR T ptD KX LR I
EREATTERLN,

o NS—J S A EMEET JL(MSTV) TeorrelationtdERBA TE ALY,

» String recombination, shaving and fusion to rope in Pythia8

THEEAMRIET TS, plpiz B KICFHE T 2708 fRR
TRERHWVWAWNEH B,

» HERWIG event generator: cluster hadronization -~ new model:

p/pi ratio BHI LIRS T=D ALY VR FHA LT E,
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=@EHE

SRR

o SRIKIERY vs /X—R > H A4 —R(anisotropic parton escape mechanism)
WA DHEERTEERENGRATEDDIXFREETHS,

o VNI VF 7 LT, high-ptDv2% EHERBAY %? Parton escape
mechanism ZHR—kLTWBDH? H B, initial dynamics7/ZlF T
:2BA 9 5CGCZ=HYR—MLTWLBDH? Pythia8?

s HT—VJ S RABREEETIVICEHEEDETEDILR i.e. CYM + jet
AN =2 (e
°ete-, e-p,and e-A?
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