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PHOBQOS, PRC74 (2006) 021901; W. Busza
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2R EES
thermal freeze-out

NFOVEOEEFEZEDERDHY

the end of elastic interactions

locally thermal

| |
'035 I E— T T % CERN Energies ’
[ @Pbepb (b) S48 G " z-g e
10
E 3 5 P
~ : 025 | ' =
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;: 10k 289+8(MeV) 208:2(MeV) g ‘g $
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{LZERYESS RIFHE., #. LEDRE

s Y 7.3 (mi
= h

Pe s op2° T

Ag = exp(pg/Ten)s  Xs = exp(ps/Ton)

NFOVEITOIEREFZEDEHY
Dr—OEEIZKDN\FOVER 1
BRFHEEICKDIEFRER

RFHEEICKDINDFER — EERIE —

2
) Ka(mi/To) A2 A"

<N > = 34547

M. Kaneta and N. Xu,
J. Phys. G27 (2001) 589

T

T, :Chemical freeze-out temperature

u, - light-quark chemical potential

u, :strangeness chemical potential -
Y. :strangeness saturation factor .
Q; :1foruandd,-1 foruandd

s; :1fors,-1fors

g; :spin-isospin freedom 10
m; : particle mass

K2 : the second-order modified

Bessel function

Simple chemical freeze-out model (5)
remarkably well agrees with data. -5

Fai—h)7ILARS

Bt

T,= 176+9  [MeV]
b= 120412 [MeV]
= 14+1.8 [MeV]

e 1= 095£0.10
: + ® o o y/dof= 4.6/3

i AR
= P e e Z i

- * ¢

. 4

—  model calculation ®

-+ data used for fit

|+ data NOT used for fit

[ o Central
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history of temperature

CREDH#T)

0.5 1 r r 1. | v Tt T [ T T T [ T 1
= dN / dy | Ak
O -(a) S * |
initial temperature ﬁg B | * |
from the energy density (fEZE#1E) N
L | > ¢
* |
Phase transition at 0.3 x' T g e [ |
N _ - . ERENFICLD
*
critical temperature (#BE:#%) P SEEEAIE 0.3~0.6GeV |
[
Chemical freeze-out 0.2\ Tc
temperature ({LZ80ELE) @G0q o0 0 o O 40
AQAI , _ | ch
Thermal freeze-out %ﬁ/ox_,.-@ AL A A 4 A
temperature (A 1280 8EE I T
| | | | | | | | | | 1 | | | |
<p> °°F 4 4 +
0.4__++ + + + +
0.2%
200 400 600
dN_ /dn
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2RFHEREICKYRERY A XDKRESZERD,

Two particle interferometry

2

Q=|P1-P2|

X2

AX

2 E
= 2 2
S 8 C = 1+Arexp(-RQ)
S Ee
o n
(= B
2 —>
CA
&
) i
(_“ =
© e
g E AX=1/AQ
O o
0 —IIIIIIIIIIIIIII!IIIlllllilillllllllll
0 100 200 300

Q=|P1-P2| (MeV/c)

Fai—r )7 ILHARE HHt

ARRYIE AL IR
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Directed flow (v,) Elliptic flow (v,)
y

> <

—— EBEXHOESE o« FHFHERE. FHpT
> FFEMARDEIL : EventPlane

Fai—h)7ILARS Bt FURKME, IAE—



Experimental Reaction Plane (Event Plane) definition

plane with plane with
the directed moment the elliptic moment
L w;*sin(¢) T w;*sin(2¢,)
tan(®,) = . tan(2®,) =
L w;*cos(¢;) X w;*cos(2¢;)

(we:lorpporE,)
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Au (n<0)

Au (n>0)

Fa—Rh)TILHRESR. 3/24/2015, EBH

X (R.P.
_ x(RP)
specta ton
in fo d rapidit
Au piarty
Z
S (M)
Au
FUEKRYE. IAE—
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Au (n<0) Au (n>0)

S x (R.P.)

Au

Fa—Rh)TILHRESR. 3/24/2015, EBH

Au

specta ton
in fo d rapidity

)zm)

charged pion v,
proton pion v,
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HERIFES T

N\

\\
AGS RHIC
5GeV 200GeV
FBEIRILX—

Fai—r )7 ILHARE Eut

sHMEAFE

///

AGS
5GeV

RHIC
200GeV

FEIRILE—
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Reaction plane detectors spectator directed R.P.
(PHENIX)

U RXN (eta=1.0~2.5)
SMD/ZDC (beam rapidity)

— § —

BBC (eta=3~4)

participant elliptic R.P.

Fa—rITIILBERR. 3/24/2015, EHf FURKME, IAE— 13
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Schematic of ZDC module

Aluminum box to support the
phototube and cable
/ interconnects. Side and end

views are shown. s " :
[— -1 “n L
) puT "wie” r

45 w3 o | = | A M 16¢ch. PMT “M16”
e ,

iy

355.6

N ittt ) ? | Shower
‘ ' Tl “ Maximum
/ AN 4 : Detector
/ | - e (SMD)
2503 ,
1o - WLS fibers

Scintillator strips

vertical-strips

Fa—RJTILRRES . 3/24/2015, EEFR SUEAMIE STIHE— 15



External Reaction Plane determination in ALICE
for v, measurement in TPC

*ZDC (2 arms, 4 segments in x/y)

*TO (2 arms, 1 ring/arm, 12 PMTs/ring)
TOCM : [-3.3~-2.9]
TOAM :[4.5~ 5.0]

* VO (2 arms, 4 rings/arm, 8 segments/ring)

VOCM : [-3.7~-3.2~-2.7~-2.2~-1.7]
VOAT :[2.8~ 3.4~ 3.9~ 45~ 5.1]

Fai—r )7 ILHARE Eut

FURKYE, IAE— 16



ALICE - ZDC
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VZERO-A

1
2
\§ 3

s Scintillator Scintillator

S o

: -~ PMT
W) Clear Fibers D
Fig. 2: Schematic drawings of elementary cell designs for VZERO-A (left) and VZERO-C rings 0-1 (right). For
VZERO-C rings 2-3, two scintillating sets (scintillator and WLS fibers) are connected to a single PMT through
four clear fiber beams (see Fig. 1).

PHENIX reaction plane detector / STAR reaction plane detector for BES2

Fa—Rh)TILHRESR. 3/24/2015, EBH FUEKRYE. IAE— 18



SMD1 (South) SMD2 (North)

Y (cm)

*

beam spot
distribution

(X-Cx)/ox
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PBBCl—r yvg PBBC2  PSMDI—z yg PSMD2  HSMD—g v PBBC

o = 1 — 1150
1100
1050
1000
950
900
850
800

nts from participants
are flowing opposite.

directed
plane

(bBBCI Vs d’aecz d)SMD‘I vs (t)SMDZ (bBBC Vs (DSMD

(I)zBBCl VS (I)ZBBC2 (I)zMVDl VS (I)ZMVDZ (I)zBBC VS (I)ZMVD
1 - 1150

1100
1050
1000
950
900
850
800

elliptic
plane

[-7t/2,m/2]
q

eee VS Puvp
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neutron spectator

charged particles
(pions) at mid 7

reaction plane line
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TPC multiplicity bin

ZDC x/y position correlation between A and C side

v

ZDC X A-side

. ZDC X C-side

ZDCY A-side

ZDCY C-side

(-1,1)

(1,1)

(-1,-1)

(1-1)

Fa—Rh)TILHRESR. 3/24/2015, EBH

flipped x-coordinate in one(C or A) side

FURKYE, ITAE—
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R.P. angle correlation between A and C side

ZDC(C) - ZDC(A) : dir. TO(C) - TO(A) : ell.

ZDC(C ZDC(A TOC TOA
o, © s D, (A) 2D, Cvs 2Dy,

Fa—Rh)TILHRESR. 3/24/2015, EBH

VO(C) - VO(A) : ell.

FURKYE, ITAE—
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Scaling Laws

19.6 GeV

62.4 GeV

Limiting Fragmentation (Au+Au)

130 GeV

200 GeV

preliminary
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The wiggle (the 37 flow component) is there.

A. Wetzler (NA49)
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Directed flow v,

- strong anti-flow of pion (and p-bar)
- small but significant anti-flow of proton

- sign change of v1 slope around 10GeV

- minimum around 20GeV

E ot
12fm/c
7.5 F AR
NN
5 N3
Ve
25 F i
-
X O0F :
-25 :
_5 » -
_7'5 _) flow i
_]0 N % antifbw 1M

-10-7.5-5-250 25 5 7.5 10
Z [fm]

J. Brachmann et al., PRC 61, 24909 (2000).

Fa—Rh)TILHRESR. 3/24/2015, EBH

4.5

45
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3

.25

o2

@13

o1

.03

PRL112, 162301(2014), arXiv:1401.3043

0_ 10-40% Centrality o _
-0.02/- i ‘/I/I -
-0.04 { a) antiproton-
T 0.01 b) proton

> S |
L \
%" | e ’ e
- e “
- ! c) net proton-
0.01- .
B 1
\\ ).
L — ‘/" """""""" e Data | |
L 8 ¥ UrQMD | |
2
10 ys, (Gev) 10
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5)\‘

Spectator Plane
from ZDC in ALICE

Transverse (sideward) impact
from collision on spectators
gives directed (v1) plane Wp.

W, : Reaction Plane d
W, : Spectator Plane ’
W, : Participant Plane

target

Fa—R)TILHRESR. 3/24/2015, EBH g FERYE. IAS—
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Rapidity dependence of v,

odd (g5 | even [y ]
Vi~ [Wsp) Vi (Wep)
_ x10° arXiv:1306.4145 _ x10° arXiv:1306.4145
s odd v, B even v, N
A 10-20% A 10-20%
p t p
05 |- v s0aon PP | ool P sp N i
4  10-60% with fit PRL 111 (2013) 232302 == 10-60% with fit
0 e ——— 'i:l‘ ............................................... | .l ............... '#l'. ..............
I ¢ @)
............................ | U 1 N SNSRI > 5 WO A €. SO
ity /S| | B
05~ weak momentum conservation
between spectator and participant
ALICE Pb-Pb@2.76TeV p >0.15 GeVrc " ALICE Pb-Pb@2.76TeV p,>0.15 GeVic ~ 104
1 1 1 -0[-5 1 1 1 1 é 1 1 1 1 05 / 1 1 1 1 -01'5 1 1 1 1 é 1 1 1 1 015 1 1 1
n n
Rapidity odd (probes flow in the reaction plane): Rapidity even (sensitive to fluctuations):
odd _ odd /.
vi©(—m) = =vi®(n) vi®(—m) = vi T (n)
V°dd — 1[\/ (PP 4y flljt 1] even 1 P t

Fa—Rh)TILHRESR. 3/24/2015, EBH FUEKRYE. IAE— 28



v {¥
x10® 1{

sp)

p; dependence of v,

ALICE Pb-Po@2.76TeV in|<0.8

— polynomial fits

- odd even v, |
ol e Qo 5-80% T

PRL 111 (2013) 232302

Fa—Rh)TILHRESR. 3/24/2015, EBH

v {2PC
arXiv:1306.4145 1{ ' } '
S
% J - . =e= ALICE PLB708 249 (2012)
“7 " Retinsk _al.
| [ | 006} ... Rensayacta
‘ 0.04+
0.027 00-10%
............................................... 0 =
] | | ] -0'02- 1 - 1 L -
3 35 4 45 0.5 1.5 2.5
i prlGeV [c]

Amazing similarities of v,(p;) shapes for these 3 cases,
while v,{2PC} is much larger by more than factor of 10
caused by very strong momentum conservation.
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Au (n<0)

N

Cu (n>0)
=¥‘§\\ )}xURPJ

(-
A8

Vi

Au
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- 30-60% Cu+Au |'s,, = 200 GeV e Al
0.3 A vy (‘Y smp) X 4 Cu ,"‘;"\ \“. F1,smp
— ' *
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dN/d¢ ~ 1+ 2v,cos(n(¢-P)) + 2a
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STAR Preliminary, QM12
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dN/d¢ = C (1+Z 2v,cos(n¢))
n=1:v,
n=2:v,
n=3 : v,
n=4:v,

LN ]

FURKYE, ITAE—
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Higher order event anisotropy --- v, ---

black-disk collision, sign-flipping v, like v,
initial geometrical fluctuation, no-sign-flipping v,

arXiv:1003.0194
PH(SBOS Glauberl MC

Reaction Plane (x-z) 10—

Fai—rM)F7ILARE Eut FURKME, IAE— 36



casel case2 case3

beam rapidity beam rapidity beam rapidity
A - A - A -
n-even : - { ridge like
Vo) = V() XL
,,,,,,,,,, " " . & fluctuating el N\
........... R g initial condition
...................... v.(n) = v, () | |
mid- mid- mid- nearside
rapidity ] rapidity rapidity
participant /
R S S alln: S
o _. va(n) = v () away side )

jet -

{ﬁ..fnach-cone
.............. ~like away
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Vo D}, Va{®.}, v, {®,} at 200GeV Au+Au

arXiv:1105.3928

0-10 %
0.25F
Au+Au 200GeV

[ J Vz{‘pz}
A V3{‘P3}
O V4{1P4}

0.2+

e 0151

0.1f

0.05

10-20 %

20-30 %

30-40 %

40-50 % 50-60 %

0

00511522533.500511522533500511522533500511.522533500511522533500511.522.533.5

P, [GeV/c]

(1) v5 is comparable to v, at 0~10%
(2) weak centrality dependence on v,

(3) Vi{Dy} ~ 2 X v {D,}

Fai—h)7ILARS

Bt

charged particle v, : n|<0.35
reaction plane @, : |n|=1.0~2.8

All of these are consistent
with initial fluctuation.

FURKYE, IAE—
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Event plane (E.P.) method
VnMeasured = < COS n((l)_(I)EP) >
= < cos n($p-Dpp) > < cos N(Pp-P,) >

= v, True X resolution i orden
2-particle correlation method .
p, 2Pt = < cos n(Pp,-Dgp) > < €Os N(Pg-DPgp) > °
- v, () X v (8 .

F(x) =1+ X [2 p, cos(n x)]

Rapidity-gap

Scaler Product (S.P.) method
2(4,6,8,) particle cumulant
Lee Yang Zero

av, Il\\//\\// S

if resolution=1

E.P. method 2-part method

-1t O-D, T ba-bs T

Fai—r )7 ILHARE Eut

TR KYE IAE— 39



4.0 GeVic < pzq < 6.0 GeVic

= ¥ CMS Preliminar
2.0 GeVic < p.” < 4.0 GeVic J- Ldt=3.1ub y
PbPb \[5,,=2.76TeV

5-10%

15-20%
<N yy>=240

20-25%
<NM_.>=203

25-30%

<NDM>-I71

30-35%

35-40%

<NDM>-142 <NN">-| 17
- 1o
Z s
22
g@
> 1.5
4 4 4 4
4 4 4 4
50-60% 60-70% 70-80%
<Npgq>=53.3 =N <Npar>=30.5 <N >=15.7
i <
a ~ 1. o
‘Z § ; 0.15]
82 :
Z

Figure 5: Two-dimensional (2-D) per-trigger-particle associated yield of charged hadrons
as a function of An and A¢ for 4 < pfr”g < 6 GeV/c and 2 < pF°°¢ < 4 GeV/c in 12

centrality classes of PbPDb collisions at /s~ = 2.76 TeV. The centrality labeling is such

hat 0-5% is the most central five percent of PbPb collisions.
:Fl_“t.)l%lwggg é(' %72}}%81%{1&@%} central five percent of PbPb collisions
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(b) MinBias, 1.OGeVlc<pT<3.OGeVIc
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minimum bias p+p events |<—> high multiplicity p+p events |

(b) MinBias, 1.OGeVIc<pT<3.OGeVIc

(d) N>110, 1.0GeV/c<p_<3.0GeVIc

R(An,A0)

inter-correlation between di-jets

- " e correlated multi-parton interactions

e collective behavior in small and
dense system

' . ridge structure
beam axis g
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| p+A collisions A+A collisions |
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2P F Ty AR EQGPHZIKRDEFZRE A5,

- strong @, dependence and left/right asymmetry (coupled with energy loss and flow)
- broad out-of-plane correlation enhanced more in central (redistribution and expansion)

- weak ¥, dependence
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Further tests of hard-soft interplay using correlation
between jet modification and geometry/expansion of QGP

Nyt dep. analysis

®, dep. analysis ®, dep. analysis
& N Y4 N

o AN AN /

e Multi-particle correlation

e Jet-hadron /y-hadron correlation
e Jet fragmentation function

e Di-jet distribution

Yet another axis as a control parameter
to define path length, geometry and expansion.
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These two effects (energy loss

Systematic test of energy loss and redistribution
with photons, jets and hadrons

and redistribution) can not be Closer and closer to
clearly separated experimentally! | | the initial parton energy
I , 9:
Gamma

Jet reconstruction is to
recover the lost energy to get
the original parton energy.

Jet as a control tool to define

path length

Fai—r )7 ILHARE

---=-=> Jet (large R)
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= "y ‘€= ----—> Jet (small R)
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: QGP : more and more surface bias
iven by enerqgy loss
inside surface 9 y 9y
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