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Quark Gluon Plasma (QGP) |
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to search for a new state of matter
and to study property of matter
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Heavy-lon collision simulation
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Relativistic Heavy-lon Collider (RHIC) Large Hadron Collider (LHC)
Brookhaven National Lab. (BNL) European Organization for Nuclear
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Experiments at RHIC and LHC |

PHENIX
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Run 168875, Event 1577540 (; >
Time 2010-11-10 01:27:38 CET “Q
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A EXPERIMENT

Calorimeter
Towers

PHENIX

A+A central collision
A few — 10k particles in an event
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The end of elastic interactions,
where/when spectra are frozen.
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| Chemical Freeze-out from particle yield |
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Thermal photon radiation from QGP
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History of temperature |
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Comparison between beam energies
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Quark momentum distribution
--- extracted from multi-strange hadron ratio ---
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beam view
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Number of quark scaling in elliptic flow
--- quark coalescence feature ---

Indication of quark flow (in partonic phase)

0.2}

f. m*
A K
R

(a)

(=2
1<«
—_—

N
>

1 2
KE, (GeV)
m; - mass

QGP Seminar at JAEA, 13/May/2015, Tokai

0.1

0.05

PRL99 (2007) 052301 (D) ]

1 1 | 1 1 1

1.5

1 1 | 1 1
0.5 1
KE,/n, (GeV)
(my-mass)/n,

Partonic phase (

QGP)

Shinlchi Esumi, Univ. of Tsukuba

15



| mass dependence of v, with hydro-model |
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Beam energy dependence
of v, (increased radial flow)

Relative momentum shift of heavier

particles (protons) are larger than light I

hadrons (pions), which is consistent
with an increased radial flow.
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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} B Ydirect (calorimeter) | Au e RXP(1+0) | l -
— — ® Ydirect (conversions) —200GeV {}{
0 | PHENIX _ B

v, prellmlnary T } H ® i
0.1 .'.Eis i E§ EI 1 ikﬁi& 1 IE I HE ET B
03 F ——H —— R

0- 20% 20—40% 40-60% _

ZﬁZZO#i}H | HHHHHH 00A |

1 2 3 2 3 4 0 1 2 3
PHENIX, QM14 pr [GeV /c]

-
o

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

(inconsistent with early photons from hotter period) --- direct photon puzzle
 flatter p; dependence of v, at low p;
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High p; direct photon as penetrating probe
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Energy loss at high p; and re-distribution
of the lost-energy at low p; at RHIC
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Partonic energy loss
and Jet quenching

jet

\
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LHC CMS/ATLAS : Modification of Jet fragmentation

-re-distribution towards lower p; particles ._

-re-distribution at larger angle
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S EXPERIMENT
Run Number: 168875, Event Number: 786615
Date: 2010-11-09 23:38:28 CET

E. [GeV] Symmetric di-jet
| in p+p and
Calorimeter peripheral A+A

Towers

|
|




s
RN

e
<
—
\—
<

—
Z
Ll
=
Rz
L
o
>
L

~ 4

N,

\
N\ o 'L,;
; i?; >
ig)

\
4
C

oo

|
e

169136, Event Number: 1395684

Run Number:

ate: 2010-11-13 02:17:43 CET

D

in central A+A

imeter

Calor

Towers

AN,

it b

o
W Vo w—
o R ..\N“N.L—.\.l@‘l;v. p
PR 0 ot .
e
v, A Yy oy
b O—(FE AN RO~
2 e L s W e T s v
o I.v‘\‘l Vi vt o\\‘w. e
P O A AP \
T —_ Y S e
[ ‘.‘l-“v A — K.i




Jet asymmetry : A, A = ET1 - ET2
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A, measurement at RHIC-STAR

» similar effect with smaller
jet cone R~0.2 at RHIC
* lower jet energy than LHC,

smaller effect than LHC A =

* mostly recovered jet energy
within larger jet cone R~0.4

Anti-kt R=0.2, p1,1>16 GeV & pr12>8 GeV with preut>2 GeV/c
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Systematic test of energy loss and redistribution
with photons, jets and hadrons

These two effects (energy loss

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

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

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

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

Jet as a control tool to define

athlength e
D g - *gqﬂo -=-=-=-=> Jet (small R)
| '>%%@$ I

:4— : > 7% (hadron)

| i

: QGP : more and more surface bias
inside surface given by energy loss

QGP Seminar at JAEA, 13/May/2015, Tokai Shinlchi Esumi, Univ. of Tsukuba 27



Jet-medium interaction : hard-soft interplay

'(I)R.P.

QGP Seminar at JAEA, 13/May/2015, Tokai

Jet axis dependence
with respect to geometry

Shinlchi Esumi, Univ. of Tsukuba
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Higher order event anisotropy --- v5 ---

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) T P 10—
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Elliptic and triangular expansion
and freeze-out geometry

final

initial

Elliptic and Triangular expansion : v,, v,
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Elliptic and Triangular shape : R"8T,, RHBT .
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Event shape selection Q, (~v,) |

relation of g,intial — v, — g, final
for a given centrality
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n plane trig.

PHENIX
preliminary

-101234-101234
A(I) = q)Asso. - ¢Trig.
Shinlchi Esumi, Univ. of Tsukuba 31



LHC-ALICE

/ /
4/ “/// / 2010-11-08 11:30:46

high temperature and density system <---> small and high multiplicity system 1

p+p collision : a small system 2
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Two particle Ag—An correlation

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

R(AN,A0)
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minimum bias p+p events |<—>| high multiplicity p+p events |

(b) MinBias, 1.OGeVIc<pT<3.OGeVIc
N (d) N>110, 1 .OGeVIc<pT<3.OGeV!c

i~
< =
c <
< e
p— < -
o - E -
4 g S
EIANA NS 4
2
LHC-CMS 4

inter-correlation between di-jets

3 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 \jsNN =5.02 TeV, N‘;k 21
1< P, < 3 GeVlc .

35-40%

PbPb\[Syy=276TeV " |°
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1

e

v
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CMS Preliminary

PPb yf5 = 5.02 TeV|N?.
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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
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1<

P <2 GeVic

LHC-CMS

CMS Preliminary
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RHIC beam energy scan program
--- from high-temperature to high density ---

[l The Phases of QCD
LHC Experiments

Temperature

/

Crossover

~70 MeV/—-+--2--2 5.

Critical Point

Color

Hadron Gas y
Superconductor

Nuclear /
_—~Vacuum Matter Neutron Stars
0 MeV—+= - ‘ .
0 MeV 900 MeV

Baryon Chemical Potential
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Directed flow v, PRL112 (2014) 162301
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——* final

Beam energy dependence of v, and v,

Smooth trend (not not?) of v, and v; with beam energy

0.08 .
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PHENIX: Phys. Rev.Lett. 98, 162301 (2007). |
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CERES: Nucl. Phys. A 698, 253¢ (2002).
E877: Nucl. Phys. A 638, 3c(1998). .
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STAR 130 and 200 GeV: Phys. Rev. C 66,873 034904 (2002); Phys. Rev. C 72,790 014904 (2005)
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Beam direction

Beam energy dependence of 2-particle =
interferometry measurement (HBT effect) long

py direction “gh
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Local parity violation
in a strong magnetic field
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Fluctuation of conserved quantity

VS beam energy  aestaner
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M../" spectra and direct ythermal
from STAR experiment

Chi Yang, QM14
| | | | | | | |
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Low mass di-lepton yield :
almost consistent with CERES at ~20GeV
somewhat lower than PHENIX at ~200 GeV
thermal photon spectra : consistent with PHENIX
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sPHENIX at RHIC-BNL
(New York, USA)

ALICE at LHC-CERN for Luminosity upgrade
(Geneva, Switzerland)
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Summary

from SPS to RHIC, LHC

+ Temperature

» Collective expansion
« Jet quenching

+ Small system

« Beam energy scan

slide from H. Sako, ATHIC14, Aug/2014, Osaka
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