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History of temperature before/after the phase transition

v'v'va’lv'I"v"II"'Il'IIY'I'v

I
LHC

I quark-gluon Initial temperature :

RHIC plasma _-" 7 Direct thermal photon measurement
- J B
-
-

initial temperature Chemical Freeze-out temperature :
_ 7 Particle species, ratios are fixed
- at the end of inelastic interactions
]
o” Thermal Freeze-out temperature :
hemical freeze-out Particle spectra are fixed
- at the end of elastic interactions
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Critical Point :
15t order phase transition
non-monotonic behavior
expected fluctuation to diverge
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Baryon/Meson

10"

102

10°

Quark momentum distribution
--- extracted from multi-strange hadron ratio ---

arXiv:0801.2265 [nucl-th]

Fitting with Fries’ model (Tm =170 MeV)
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1.5

Hadron

QGP

Collective radial expansion
-during the partonic phase
-before the hadronic phase

Quark coalescence or
recombination mechanism
for the hadronization
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Number of quark scaling in elliptic flow
--- quark coalescence feature ---

Indication of quark flow (in partonic phase)
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Heavy Flavor Electron v
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Partonic collectivity v LIA+R
--- particle identified v, --- s
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Number of constituent quark scaling in
hadron v, as well as multi-strange
baryon v,: v, is already established
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Au+ Au /snn = 200 GeV
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e = SSE
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during the quark phase before the
hadronization. This seems to be true
even for heavy quark like charm.
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mass dependence of v, with hydro-model

> i Pb-Pb | sy = 2.76 TeV 2'? 40°/+
Vo{SP, |An[>1} +++

025 [alx

0.2

0.15

0.1

More radial flow in data
0.05
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in hydro, or hadronic ==~

AIP Conf. Proc. 1441,766 RALICE

PRC84 044903 PRELIMINARY

afterburner 0 . l ; | | | ! I !
2 2.5 3 3.5 4
P, (GeV/c)
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>'0 3| Centrality 10-40%
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High p; direct photon as penetrating probe

Y
Raa
p;>5GeV/c | hadron | y9r a
v, > () ~0 (surface)
0 ,,inc. ,dir.
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to a simple independent
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Energy loss at high p; and re-distribution
of the lost-energy at low p; at RHIC h
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effect on bulk

prompt photon - hadron correlation
N,y = associate hadron yield per trigger y

laa = Npry(AA) / Nory(pp)

PRL 111 (2013) 032301
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Enhanced thermal photon production at low p;

(GeV/c)~7]
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=
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pp fit *
Present data
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Virtual and real photon measurements via
internal and external conversion methods
with electron pair measurements

Real photon measurements with EMcal
Initial temperature of 300~600MeV

arXiv:1405.3940

10tl independent slope w.r.t. centrality e 4
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Direct (thermal) photon v, and v,

Vv, =< COS n(q) particle _ (I)nplane) >
(n=2: elliptic flow), (n=3 : triangular flow)

03} | u! Yiirect (calorimeter) 1 Alj 4 Aul IIQXP(II+O)__ ' l . -
—— ® Ydirect (conversions) /SNN = 200GeV {
0.2 | PHAENIX e i ﬁﬂ} _
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W -“é‘ } 10 8
-.-iE § E B
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Sanshiro Mizuno, QM14 pr |GeV/c]

@
CHH 1

— -
]

CEE ]
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|

e comparable to hadron for both v, and v; at 2~3GeV/c
e significant contribution from photons from later stages

(inconsistent with early photons from hotter period) --- direct photon puzzle
o flatter p; dependence of v, at low p;
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Higher order event anisotropy --- v; ---

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

Reaction Plane (x-z)

Fai—MT7ILVARE E

arXiv:1003.0194
PH(SBOS Glauberl MC

FURKYE, ITAE— 14



casel case2 case3

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

jet -

{ﬁ..fnach-cone
.............. ~like away
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Elliptic and triangular expansion
and freeze-out geometry

PR \ J/ /

Elliptic and Triangular expansion : v,, v, Elliptic and Triangular shape : R8T, RFBT .
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Event plane (E.P.) method
Vnmeasured = < COS n(q)_(I)EP) S
= < c0s N(P-Pyp) > < cos N(Ppp-Dp,) >

= 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
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4.0 GeVic< p':"‘ < 6.0 GeVic
2.0 GeVic < p.” < 4.0 GeVic
PbPb \f§,,=2.76TeV

_[ Ldt=3.1ub" CMS Preliminary

5-10%
<N, =329

10-15%
<N, =282

15-20%
<Nm,'>-240

<N, >=381

50-60%
<Njo4>=53.3

70-80%

<Np‘m>-l 5.7

Figure 5: Two-dimensional (2-D) per-trigger-particle associated yield of charged hadrons
as a function of An and A¢ for 4 < pfrrig < 6 GeV/c and 2 < pg*° < 4 GeV/e in 12
centrality classes of PbPb collisions at /s == 2.76 TeV. The centrality labeling is such
that 0-5% is the most central five percent of PbPb collisions.
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--- via v2{2} and v2{4} difference ----
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Measurement of

v2 fluctuation
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CMS preliminary PbPb centrality(%)
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Cross harmonics correlation with Q, selection (v, 5 0D +HEH)

V2(Low PT) vs V2(high pT)
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Event shape selection Q, (~v,)

relation of g,ntial —y, — ¢ final

for a given centrality e
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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—rI7IHARE

---=-=> Jet (large R)

-=-=-=> Jet (+hadron)

= "y ‘€= ----—> Jet (small R)
| ’%L |

I I
[— , > n0(hadron)
I g
: QGP : more and more surface bias
iven by enerqgy loss
inside surface 9 y 9y
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L \\E€MS Experiment a +
AN xpenmen\ p p CO

sorded: 2010-Ju \-(55‘&04\43. 28, awxu GV I (U4:2

- Results from High Multiplicity pp
A+A collision : a large system Z
o llision : a small system §

39779 / 4994 /i

LHC-ALICE

2010-11-08 11:30:46

1-0.6im - LI I W S R UL I UL LS
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20 102}
T il - e e e 10-3
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(b) MinBias, 1.OGeVlc<pT<3.OGeVIc

R(AN,A0)
o —

-
.

.

R

4

-

.

-

Fa—kh)TILHRESR. 3/24/2015, EBH

beam axis
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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 |

P Pb

Initial-state geometry
+

collective expansion

CMS Preliminary

- filine
PPb \fS, = 5.02 TeV, N/'™ = 11

o~
1<p_<3GeVic

PbPb \[sNN =2.76 TeV

— e— o
L2 18 18~
h_bg 17 g: ............
-l 216 F 1.

- zZ
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100 billion (1.78 pb’’) sampled minimum bias events from high-multiplicity trigger

pp Vs =7 TeV, N> 110 pp s =7 TeV, N> 110

[ 2<p®<3Gevrc |

. CMS Preliminary

T<p~<2GeVic

jet2

A
¥
b

7
SO

[ 5< P’ < 6 GeVic

1<

p;  <2GeVic

CMS Preliminary

High multiplicity
=& > pp collisions

Only around

Ridge region (2<|An|<4) pr = 2~4GeV/c
N o>
CMS Preliminary
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RAPIDITY

RAPIDITY

3< PRy, < 45 GeVic N

1+ R (y,p) for associated particles
with py > 05 Gev/c

AWAY

CERN-ISR
Nucl. Phys. B145
(1978) 305-348

\ eSS N

R+1l=

mean track density for high-pt events

mean track density for minimum-bias events
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CMS Prelimina CMS Preliminary

Y LHC-CMS
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ATLAS Preliminary
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)Y LfSRNEAREE ERRANREREN RAREE RRREERN PN SN SAAA! RAAG RALGL RALAE LALAE kil (; 50%1
. L. " |0-5% d+Au @ 200 GeV | | 025F ]
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AMPT simulation p+Pb 5TeV (string-melting on/off)
for ALICE backward-central A¢ correlation (|An|=3~6)

- ['Velting pT:o.on.E»Gewc T " J Melting p_05-1.0GeVic [
A-side:4.0< n<5.0 string-melting on .
2 e (0-20%)-(60-100%) “ =
(0) . e (20-40%)-(60-100%) +| I I+ %
8 . (40-60%)-(60-100%) + + + %
= s LA A Ay S
T o . Lo teed it 2
E’ Bl “*:ﬁ,\ MX-OW ‘ + $ '.”ﬁ S.
> : 4 Non-melting p :0.0-0.5GeV/c Non-melting p :0.5-1.0GeV/c 2
O g5 ! 8
T %
8 5 string-melting off : hijing + hadronic cascade o3
U) .
0w 2 o
<< 1 2
1 = 3 “‘*iu' =
- M - 'l jt . *" 1 1 '; ' \/\l“ -l\-fu
0P0. io0ts00teR et 00atod pasditates ¥ s RPN S A -
05 - : P 9 |
T e TR A
JPS 2014/Mar, TPC : n|<1 -
Kazuki Oshima, pr/m cuts are chosen for ALICE TPC-VOA acceptance. VOA: 3<n<5 (Pb-going side)
Univ. of Tsukuba VOC : -4<n<-2 (p-going side)
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Beam direction

Beam energy dependence of 2-particle

R
interferometry measurement (HBT effect) long

p; direction \:5

arXiv:1410.2559 Rout
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Fluctuation of conserved quantity

vs beam energy 1 N
Y
- 5 | f 29 o
e Higher order moments (o, S, ) ~ ] 0
of net-baryon (net-proton) and S 08 L 1 PRL 112 (2014) 032302
net-charge distribution o ® o $ (a) STAR net-proton data
e Non-monotonic behavior is 2061 T O 70-80% @ 0-5% |
expected around Critical Point. - (1y1<0.5; 0.4<p,<0.8(GeVic)
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Net-proton Ko?

Net-charge Ko?

New data from STAR with improved PID

CPOD, 2014/Nov, Bielefeld
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isson
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(b) STAR net-charge data
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new preliminary data
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