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Impact parameter & Reaction plane

Impact parameter vector b :
1 L beam direction
"Iconnects centers of colliding nuclel

4 b = 0 <> “central collision”
many particles produced

L 4
@ “peripheral collision” D

fewer particles produced
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Impact parameter vector b Reaction plane:

'} L beam direction spanned by beam direction and b
"Iconnects centers of colliding nuclel
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1) Superposition of independent p+p:

high
density / pressure
at center

momenta pointed at random
relative to reaction plane

2) Evolution as a bulk system

Pressure gradients (larger in-plane)
push bulk “out” - “flow”

\ / “zero” pressure
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1) Superposition of independent N-N:

momenta pointed at random
relative to reaction plane
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¢-Vrp (rad)
2) Evolution as a bulk system
N
Pressure gradients (larger in-plane)
push bulk “out” - “flow” L
;%V\V/% more, faster particles B
in- | | |
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midoeamited|C altiBisions

Normalized Counts

STAR, PRL90 032301 (2003)
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peripheral collisions

Normalized Counts

STAR, PRL90 032301 (2003)
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liptic flow: collectivi " |

“Elliptic flow”
« evidence of 0.1 - FittoKiand A
collective motion -
. 0.08 |- A
- quantified by v, : o % %TL ..... 4}‘“
* geomedrical anisotropy 0.06 - ° &:J o i
- momentum anisotropy =%, ' % .
N > 0.04 ° L mO+0
* sensitive to early pressure o, D e EaT
- evidence for 0.02- ’Ef A KE O AR
- early thermalization U_ ""% o THT* O P+P
. - I S L L S L |
QGP in early stage 0 05 1 15 > 25
p+/n, (GeVic)
. T-T,= 8 fm/c \
HYdrOdynam'C \t‘u" !/,-/ rr
calculation of Eioys
system evolution N
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Directed flow

-~ Anisotropic flow

Higher harmonics

Picture: GUrQMD \ <px>or directep flow
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» V, Increases with p+
» Mass ordering at low p-
» Meson/baryon splitting at intermediate p+
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STAR, PRL 116, 062301 (2016)
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idiate p;: [

J """""" LI '__I 1 1 1 T T 1 I LI l-

0.15F  0-30% T 0-30% 1 0.15;
' I AutAu, s = 200 GeV | ;
1 1 =01

E

] 0

I | I I L1 1 :—l-‘
0 1 2 0 1 2 0
- 'pT/rlq' ('G'eV/'cv) ~ (m_-mg)/n_ (GeVIc)
0157 0-30% 1 0sd% 7T 015F

Partonic collectivity picture is
supported for u, d, s. _\/ 2 2
What about heavier quarks? My =+ Pr +My
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o Eggg $9 Charm quarks seem to
: azggf flow as much as light
B0 e quarks.
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... Vpvsbeamenergy

Elliptic Flow |
o~ 0.1 I Rich structure:

0.08
0.06
0.04

Transition from in-plane
to out-of-plane and back
to in-plane emission:

*l
b

0.02
0

Low beam energies:
rotational behavior

¥ Fopi (prelim.)

A E895 i R
-0.04 & o Mid beam energies:
@® CERES squeeze-out
-0.06 W NA49
* STAR _ _
-0.08 M Phenix High beam energies:
@® Phobos ind di
ceod 2o o,d  Pressure-induced in-
10" 1 10 10° 10° 10° plane emission
E .../A (GeV)
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Vv, splitting

» disappearance of QGP?

between X and anti-X: 2 assumptions:
» coalescence

» effect due to finite pg? » more scattering for
« everything can be explained... transport quarks
T T T J. C. Dunlop, M. A. Lisa and P.
O 06 _— Sorensen, PRC84 044914 (2011)
o n _\
L A AU+AU, 1 O%‘4OOA
—~ : \8 \\H n-SUD = wlr~ =di] > vzt = ud],
< 004 ¢ w[K+ = us] > vo[K~ = is],
S = o
>N v[p = uud] > vy[p = uud],
. n[A = uds] > v[A = ids],
6 002 v[p = uud] > v[A = udf],
>N (v2[p = uud] — v2[ p = uud))
p —

PRC 93 (201(2

> (1[A = uds] — w[A = ads)).
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°X (0, splitting between B and M:
H S S — » fit the baryons and mesons separately
% 5 o » perfect NCQ scaling — v,(B)/v,(M)=1.5
l | » apromising drop for anti-X in 10-40%
—y : + > future high statistics: anti-proton and K-
10%-40
an
n) = dn
- foa (P15 7) 1 + e—(pr/n=b)/c
el D s - —
_ %o ’
| 0.3
1 s
N N ; N
¢ 40%-80 > 0.2

PRC 93 (2016) 14907 . mvm (AN A
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The estimated reaction plane is
called the event plane.

Qncos(n¥,,) = Q. = Zw,-, cos(ng;)
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Q. sin(n¥,,) Z w; sin(ng;) 500
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U, = | tan~ le /n 300

E877, Phys. Rev. C 56 (1997) 3254
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Collectivity is a
global effect:
multiple particles
correlated across

1
-
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S . .
. - 7]
rapidity due to a 8 1 1 T _I‘ :
common source N- ¢ E [
I g :: 5 I 5’
I | % 5
STAR, Phys. Rev. C 72 (2005) 14904 | AvAU 100%-80% |©  mAU+AU60%-20% |© m A
0.1 4 d+Au Minbias +©  ad+Au Minbias a d4
0 O p+p Minbias Zb Op+p Minbias O pA
» Note 1: collectivity > Note 2: correlatlons not related to
does not imply a the reaction plane (jets, resonance
specific physical decays, momentum conservation,

Interpretation (i.e. HBT and so on) are commonly

collectivity # hydro) called “non-flow”...
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-~ Cumdants

* ¢c,{k} measures correlations from groupings of & particles,
explicitly subtracts correlations from < & particles

cn{2} = ((2)) = {{cosn(p1 — ¥2)))
cnf{d} = ((4))-2((2))°
cn{6} = ((6)) = 9((4)) ((2)) + 12((2))’

* ¢,{k} are related to v, {k}

vn{2} = Ven{2}, v {4} = \/ eaidl, v dB) = e,

* v,{LYZ} —removes all lower-order correlations

——
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» Several approaches give different v, values.

» Different centrality dependence.
» Non-flow and flow fluctuation.

S
4= =
= T 0
i 3 e - N §:>u
i; ¥~ AuAu: 200 GeV £
35_ + Standard _§§
i o Vy{4) E
s - V,{ZDC-SMD} =
0:1“1““1“1.1.,“1“,,1“.,1,1“1“1:
0O 10 20 30 40 50 60 70 80

% Most Central
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0.2 - * *D. mOH Au+Au
Elliptic flow v, is supposed to be
proportional to the initial spatial
eccentricity, &: (Optical Glauber) For same N, (~ same initial
05 — o2 density), V2/5_std IS much Iar_ger In
Esd =3 Cu+Cu than in Au+Au collisions
o, +0, )



In Monte Carlo Glauber model,
geometry is sampled by a finite
number of nucleons.

] participant
plapk’

X
reaction
plane

YV
Eccentricity varies from event to
event, even at fixed impact
parameter. y’rV Y/I\
The participant eccentricity is 2 2
more relevant if flow is measured ~_ oy—0 \/(J —03)" +4(oy)

part —

w.r.t the participant plane. y+0' . gy +o° 2



Re-interpretation with participant eccentricity
yields v, scaling between Cu+Cu and Au+Au.

I T I
0.4 PHOBOS (2005) —
200 GeV Data
~ 0.3 —
a
W Cu+Cu
=, 0.2 M o jot to + toe
\>/ *++# Au+Au
0.1 %' —
| | |
% 100 200 300 400

Collision centrality Npart 24



What is thermalization ?
Equal partition of energy.

How is the thermalization achieved
Interactions !

How do we address the degree
Kniidean niimher (K=A/R) 1/K

Fully thermalized (
Ve -

Incomplete equilibr: 25




(2] 1 B 1T N .
= |—= Va (4 Va2 When K is small
1-1= 1= oc K
L € Jhydro 1 + K/Kp € € o (Hydro Limit)
o —’U2— ]_ :v = :v = e
€-hydr01+(oc id_N>_lL =1 o< 1/K When K is large
. Ko - & L E duyaro (Low Density Lim

C. Gombeaud and J.-Y. Ollitrault, PRC77 (2008)054904

= STAR chg., {v {4}, std.c}

- STAR chg., {v {ZDCSMD}, standard ¢} K : Knudsen number

e STAR chg., {v,(FTFC), part. {23} o : parton X-section

. STAR chg., CuCu, {v {FTPC}, part. ¢{2}} _

» PHOBOS, {v_{Trk}, part. ¢} C, : speed of sound

s PHOBOS, CuCu, {v {Trk}, part. ¢} S :transverse area
—

1 ¢
/\ .~ We may even extract
STAR

viscosity (n/s) information
from the scaling and fit:

1/s = 0316 L HER

Preliminary
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ect liquid

R. Lacey et al., PRL 98, 092301(2007)

1
[s<2x| —
7 X(4n)

1/41T is the conjectured
guantum limit.

- Meson gas
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03 STAR, PRL 115 (2015) 222301
0.5 [ geometry dominated by
C i initial state physics
02 i iﬁﬁi‘iﬁ%ﬂ o o
- eLEy *f;{gggo.q¢‘¢‘:’ oot ? t * * l
B &5 geometry |'
& 015 QQ:HE S dominated by | H
> C g?ia impact parameter h I,II |
01l ¥ |I
I® . U+Uv_2)/e,(2)
0.05 '_ﬁ ] U+U,V2{4}/Ez{4}
o Au+Au,v2{2}/£2{2}
B o Au+Au, v {4} /e,{4}
0
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However, J/@ doesn't seem to flow:
not enough flowing ¢ quarks to regenerate J/y.

0.4
- Au+Au 200 GeV 0-80 % STAR preliminary

0.3

0.2 _

0.1 ‘; E B

- 0F &

'0.1:_ *

0.2 = * Jhy—-pu*u lyl < 0.5, Runi4
= e J/y—e'e lyl <1, Run10+11

-0.3 = [] maximum non-flow

" :Jllllllllllllllllllllllllilllllllllllllllllllllll

03273 4 s & 7 8 9 10

P, (GeV/c)

30



03F 77 CeV 0%-10% :i ;T&o
=, 2K
0.2 iﬁ )

0.1 '
~ 0F Tq' """"" s M ''''

10%-40%

> } , _— 9t
prc 93 (213 Ezlgc;lis GeV ‘1‘
0.2 > @ meson v, may
or may not
o disappear.
> » Even if it does
01 disappear, it may
not mean that the
FzRoCéf QGP disappears.
> Remember J/y in

0.4
- Au+Au 200 GeV 0-8
0.3
0.2
o1 3

Regeneration is small,
given finite v, of charm
or strange quarks. 31




