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Experimental study using
Relativistic Heavy lon Collisions 4"

Accelerator Facilities

el RHIC(200GeV)
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Vv Instead of Big Bang, create QGP in an
experiment using relativistic nucleus-
nucleus collisions, i.e. Little Bang

v How & what we prove/study the QGP,
emerging connection with string theory,
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v Chapt. 1 What is Quark Gluon Plasma®?
v Chapt. 2 How to create QGP?
v Chapt. 3 What we learned at RHIC

e Properties of Bulk matter
e Azimuthal Anisotropy
e Jet quench

v Chapt. 4 Results from LHC
v Summary Remarks
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Chapter 1

What is Quark Gluon
Plasma?
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Primordial state of the matter; 0¢°
Quark Gluon Plasma -

0@ °
Proton,

neutron and
meson

v Hadrons such as proton, neutron and
mesons have a size of ~1 fm and are

hadron gas composed of quarks and gluons
T, p low
e Proton/Neutron ;: 3 quarks
e Meson ; quark and anti-quark
e Described by Quantum
ChromoDynamics
phase transition T.p = Confinement of quarks and gluons in
T, p critical hadrons
= Asymptotic freedom
v  What happen if we heat or compress the
hadron gas?
= Hadrons are overlapped each other
qw“?’"%’:a%‘”'“a v and quarks and gluons start to move
P

around In relatively large volume.

! Quark Gluon Plasma !
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QGP phase transition S

®¢ &
a ©

with percolation theory o P

pion

v Formation of long-range
connectivity in random system

e populate pions in 80x80 cells
randomly

e evaluate probability to form
long-range connectivity (from
top to bottom in this case)

Yasuo MIAKE, Asian Winter School, 2012.1.11

Toy Model

Probability to form long-range connectivity
A

1st order phase transition ?!



QGP phase transition
with |deal Gas Model

o O

Latent heat
Yasuo MIAKE, Asian Winter School, 2012.1.11 = 1st order Stefan-Boltzman's & = gT™* s
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QGP phase transition =

: '- 0
b l‘ﬁ
with Lattice QCD -
Center for Computational
Sciences, Univ. of Tsukuba
ACS F. Karsch, Lect. Notes Phys. 583 (2002) 209.
16.0 | ' ' ' ' T
140 } £ d
el - & SB,T4
120 7 Ll — S
100 ¢ T — d
8.0 i
Hadron Mass 6.0 3fiavour !
BN CP-PACS (1998) 40 2 flavour .
GF11 (1993)
. experiment 20 | T, g
0'0 1 1 1 1 1
1.4 1.0 15 2.0 25 3.0 3.5 40
my .
(Gev] 2
1
VIt can be 1st order
phase transitions
0.6 E C~ 006 - 102 GeV/fm3
quenched QCD
0.4
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Chapter 2

How to create QGP

How to produce pa:xrticles? .
How to obtain dense particle production?

10
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Produce particles in pp collisions

v Particle (mostly pions)

produced above the
threshold

v At higher energy, more

particle produced

5 >

x10

0 | SRR W— U—— W— _— - - . P WS SN S S U W U SSS— US—— S— S— — — - . 1L

1 10 102 10°

Vs (GeV)
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Produced particles populated -$e9
in cylindrical momentum space I

l Tp Cylindrical Shape of
_ Phase Space
P

""""""" —

Tm ~ 300 MeV /c

TPL

P
>

p|| ~ Pbeam

v Produced particles populated in momentum phase space,
which is cylindrical with pt~300 MeV/c

= Spaghetti

v Higher the energy of collision, longer the cylinder, with
almost the same radius

Yasuo MIAKE, Asian Winter School, 2012.1.11 12
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0@
d—n A E d’nt <pe>]
dy d—pg th ~300 MeV/c

d>n  dn 1 d?n Rapidity v

N = X 1 1
dp3 dy DT ded¢ yzilnE—pH%§ln1—ﬁ > 3

dy : Lorentz inv.

vV <nd & {pt) increase very slowly with ¥ s

Yasuo MIAKE, Asian Winter School, 2012.1.11 13



S L
Interpretation w. string picture °% °

60"

@ — @ v Flat dn/dy
O

e Lorentz invariant

v Constant {pt>

> e vibration of string

Vv Limiting Frag.

string tension
~1GeV/fm

>

v Often called as soft component _

Yasuo MIAKE, Asian Winter School, 2012.1.11
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Hard component, another type .o,

2D

of particle production oo’

i AL ISR 1IN 1972, deviation from
o m2al S the me scaling at high pt region is
10 LY p+p vs=200 GeV _ . .

= % . observed as a first time.

-\'.\ T T
10 “K

) * - V¥ Binary parton scattering followed
% 22GeV/e 1 by fragmentation produces back-

Ed’c/d’p(y=0) ( mbc’/GeV?)

0°F o \ih 1 to-back jet.
VA : . . .
o't vy " hard | v Main source of high pt particles.
; : R . . .
0| W ; = Please note very different mechanism
0°: SOftE e o back-to-back jet
of N J et a .
10 SR S~
0 1 2 3 4 5 6 T / AR
pr (GeV/¢) VZ SS |
= \
d3()' m, Cl —V 2 A—— : ]

Yasuo MIAKE, Asian Winter School, 2012.1.11 Jet




How to achieve dense S L

<
particle production o ®
. l\ ) v Higher th.e energy,
O e more particle
produced in pp
= Relativistic
® ® v'Nucleus cluster of

many nhucleons in a
small volume

A / A v Relativistic AA

SSSK { collisions achieve
e ———t7—¢&

=~ z dense particle
production

Yasuo MIAKE, Asian Winter School, 2012.1.11 16



Simulation at 100 GeV
Au+Au collision

>old >old In-coming
Lorentz

contracted
> / nucleus

2
E

SPOPENS




o :'S:O

® e . @F @
Biorken Picture °a
X
~ ~c v At very high energy,
A A nucleus penetrate
]
2R N 3 N >z each other, leaving
'\R K‘% ® ®
Lo 5 ~particles behind
1 1t v If the density is high
N enough, QGP is there!
. R . v QGP pulled apart at ~c
i g E g = 1dimensional expansion
\ 0 ; > unlike the 3 dim. expansion
“ \ E — of the Big Bang

Yasuo MIAKE, Asian Winter School, 2012.1.11 18



Evaluation of Energy Densitya

&y

9
& ¢

o
¥ e
4 , ) v BjorkenDiiig
N | E+p o O—L Y IRHEDIZOICIEFZE R
N IFIERFRIDREICEECY, TOIERH
I CNAROYDEZEFRAE NI DD,
{ P E B T L% ThOIEABRTS
iy S R LTRUHT.
\\y / free streaming
ekt Bry B SRFIIERIHS—EDERETM
Z> 2 1= B, E H (KELIRE)
y= 3 (g =)
v Energy density
t =T-cosh
TR? {z=7:-sinh§ £ = 1 1 dET
drdz = Tdvdy TR et o dy
de =i (:1=T@y =0 ~4.6GeV/fm’ RHIC
3
5 | >&~06-12GeV/im
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Key 1;: Time Evolution

Minkowsk v It is like Big Baneg.
 Froeze-out A i 1 1/ Time evolution in
N A | . .

[ statistical nature

e Parton cascade?

followed by partonic
thermalization (QGP)

e Hadron production

e Freezeout of v2 ?
e Chemical freeze-out

e Kinematical freeze-out

!\leed cpnsistent understandipg .of these epocs,
in particular, aspects of statistical nature.

Yasuo MIAKE, Asian Winter School, 2012.1.11 20
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Key2 ; Statistical Nature -

69"

EQGP ~ 2 GeV/ me] < Ex. Lattice QCD
€EQGP 2GeV

< _>N ~ N5

Ma.q < mrT > 1GeV
1
Ag = ——
noqq

L 02 [m

~ = 0.2 |Im

Hx 0.4

>\q < Rsystem

ONN 4[fm2]

~N — Y Nl

qu

n 3 Animation by Jeffery Mitchell (Brookhaven National
q Laboratory). Simulation by the UrQMD Collaboration

v What we expect,
e Statistical physics at quark level

e Hydrodynamical behavior at quark level

Yasuo MIAKE, Asian Winter School, 2012.1.11 21
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Important Feature of AA 2~

#80

0 g
R R
Tcol = A < Tint = A
CYbeam CﬁFermi
Participant
pectator | o b2
centrality = - .
Peripheral Collision Central Collision Ogeom — 4mIY
v'Nucleus is extended object R4 ~ 10 tm

v Collision time £ intrinsic time of nucleus
= Clear separation of participant and spectator
v Size of participants determines the initial geometry (eccentricity
later), the size of QGP and development of the system, it is very

important to sort the data accordingly
Yasuo MIAKE, Asian Winter School, 2012.1.11 23
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0.9

Chemical Ea. from particle .,

o o ’,a .
yield ratio o
T, 1573  [MeV] M.Kaneta, N.Xu, nucl-th/0405068
B | | | | | | | | | W= 31423 [MeV] . 00 2
1 loewoany Pp— + Y,=10310.04 N, — gZ / p dp
C A g 1T
£ y /dof=19.9/10 2 E,—u;)/T -
o2 J,  eBi—n)/T + 1
=4 ¥ [Ag
210 F w * E
= : A :
X [ 5 ) 200
-2 1
10 |- model calculation —
3 * ;' 150 v v—v——F——%—
A3l ) 100
10 A PHENIX data * c
- % STAR da
| | 'm I"1 | | | | | I-a | | | | 1 |(—, 50
K' p lp R B EYE: 5 p ASR ¢ KO
Ry R O R EEE O
g | | | | | | | | | | # | | | O 100 200 300 400
- n B T e S .
§ § meetEns SNt Npart
-4 l l l l l l l l l (*1)'Ledmimximmiamm

(*2) - feed-dowm effect 1= inciuded

v Only few parameters fit every ratio very well !
Vv Tch stays constant from peripheral to central collisions

Yasuo MIAKE, Asian Winter School, 2012.1.11 25



° gle J .
Transverse mass distr. oo
PHENIX, PRC69,034909(2004) collective
R 0.6 - I radial

[ | 1 I I 1 I I |
| @ Central (0-5%)
| O Mid-central (40-50%)

S S
E & I (g
~. 0.5

5 ‘\.\ e_E /T & K - 4 Peripheral (60-92%)
=l 'H' B F
> 9 a &
T 0. % ¥ P © 0.4} * % R
& o, @ - -
2 Yo L 7 ) - -

2 {.n i o - =
o L *}ﬁﬂﬁ @ 0.3 N ] - e
g " - e
3 S 02 & 1
= F Negative - K* o 1

'[‘D = 5'.;'&' ﬁll'l“-ﬂ} u 1 FE | | | | | "R TR

R e o 02 04 06 08 10
my - m, [GeV/ic'] Mass [GeV/c ]

collective

flow Vv Flatter m: distr for heavier particle mass

I 9 e Mass Ordering of Slope parameter T.

T ~ T — : : :
0t 2 O Vv Collective flow boosts pt distr. according

to its mass

Yasuo MIAKE, Asian Winter School, 2012.1.11 26



Blast Wave Model

o
‘* o
0o

69"

- _>
|
R |
B
e
~

0-5% positive 1F%

-
o
»
3
&

=
@ 3 .

% 10 E . T,=0.108 B, = o.77‘§ '\T,o =0.108 f; =0.77

g 20 v, B 5 N S 1

.'; 0 E . 1F o % 5

* % :

; 10 E v, g | \hgo” 5

g 1 E \ " e, j | e WY ]

'-E 10"E A‘l:"-- ..°o 1 t, :

E E ‘._A":.‘v’v",._ . 3 -3

= 2 &, o, ]

10° "; ', ‘.3

r 4 ":

104E ® 7T x100 él T x100 =

sf ® K 0 1 F K xs0 ]

10 E AP x0 % : AP x10 1
10“Fllll!llllllll'llllllllllllllll'111111111 g

r, |
- B, 0-5% negative

p(r) = tanh'l(/a’T) * 7/R

0 05 1 15 2 25 3 35 4) 05 1 15 2 25 3 35 4

P, [GeVic]
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P, [GeVic]

= AfR fryrdrm, 1,

p,Sinh p K | M coshp

|
Tfo TfO
PRC48(1993)2462.

I, , K;: modified Bessel function

Phobos, J.Phys.G34,51103-7(2007)
T T T T T T T 'E

& -
NU E ++ - (i)
5 - (7T+) 0-15% central
é 10° 3 o =
[ C
o -
>102: K
10 (K'+K)
z | “
5 -
< 10& +p
£ L
N
: | | | |

1
P, [GeVic]

v Good tool to separate
thermal and collective

v'Well described < 2 GeV/c



Baryon Anomaly % ®

1.8 |
16|
14|
12|

Ratio

Phenix; P.R.L. 91(2003)172301

anti-proton/pion

om AutAu0-10%
o & AutAu 20-30%
o o AutAu60-92%

¥ p+p, s =53 GeV, ISR
--- e'¢, gluon jets, DELPHI
------ e'e, quark jets, DELPHI

—e

Yasuo MIAKE, Asian Winter School, 2012.1.11

v In peripheral, p/n ratio at high pt

similar to those in ee/pp
suggesting fragmentaton process

v In central col., p/n ratio is very
large, while.

Fragmentation process should
show n, < n_ as seen in ee/pp.

Vv Suggesting other production
mechanism.

2

Quark Recombination Model
(Quark Coalescence Model)

28



Quark Coalescence explains 3
Baryon Anomaly

s ) .
0@
Vv Quarks, anti-quarks combine to form
mesons and baryons from universal quark

Hadron distribution, w(pt).
() , Mm. distr. of meson (2q);
O O\, 27
C0 |\ WM<pt)zCM°W (p%)
.
Cc 8 " Mom. distr. of baryon (3q)
C L Wy(p,)=~Cy-w* (" /3 )
o S
OI/, 6\\'0 28
oc\_c..’/"-c w(pt); )
© Ce@ © Universal mom. 3
‘00 © \ distr. of quarks :
& < ©. {steep in pt}
QGP - S~

Because of the steep distr. of w(pt), RECO
wins at high pt even w. small Cx.

Yasuo MIAKE, Asian Winter School, 2012.1.11

Characteristic scaling features expected.

=»Quark Number Scaling (QNS)



Azimuthal

v

{

Anisotropy

A

(=



. : : R Y7
Conversion of anisotropy in - vy

coordinate space to momentum space o .

Vv In non-central collisions, participant region has almond shape.
= azimuthal anisotropy in coordinate space

VIf A< R, azimuthal anisotropy of the coordinate space is
converted to that of the momentum space.

=2 ; second Fourier harmonics of azimuthal distribution
v Goodies :
. . i N(o)=N.{1+2v,coslo-W |+ 2v,cos(2(p -
e Clear origin of the signal (¢) 0{ : ((/) 0) 2 ( ( 0))}
e Collision geometry can be determined experimentally

Yasuo MIAKE, Asian Winter School, 2012.1.11 31
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a —. ‘ °

o ¢ "

Conversion from ecc to v2

2 _ .2 2
Eece = v
e <y2+x2> - <p§—|—p2>

o2 — hydrodynamics ! —X/R—10

T
.

0.15

\ o1 P ]
: ;. I, 8mb !
i . .“'..”_.A...--- LPMMMbeccsesnsscncessasesessensnsancd i biilbta i
=" I = }
0.05 b

ﬁ

]

L |

1 mb ‘_

- ‘e, .

005 AAAAAA PN T S S T SR S S S S S S
.

v v2 saturates in the early stage

o Geometrical eccentricity disappears quickly

=y s sensitive to the early stage of the collisions
Yasuo MIAKE, Asian Winter School, 2012.1.11 32
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v2 of identified particle

v Characteristic behavior

PHENIX : PR.L. 91, 182301 (2003)

——— 71— ™ Mass Ordering of v2 at low pt
Run2 Au +Au at \ls_NN = 200 GeV, Minimum Bias, [n| < 0.35

AR

B K+K

I I |

p—

region, collective flow

<
w

I I I I l I I I | I I I | I I I I I

¢ (1) Departure at high pt

region
(> 1.5 GeV/c);

Other mechanism ; quark

® p+p

=
A

coalescence

Anisotropy parameter v,

¢ (2) Good agreement with

hydrodynamics, in which

early thermalization ~0.6 fm/c

Transverse momentum p; (GeV/c) perfect fluid
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Quark Coalescence alse 3
explains v2 behavior &

v Universal azimuthal distribution of

Hadron quarks
OO " fAzimutaI distr. of meson (2q);\
® -~ CZV—M cw? =(1+2v,, cos2¢)’
S ?
P =+ 4dvy cos2¢)
.o
© 9 '6\ OO Azimuthal distr. of baryon (3q);\
Coes Mo e * = (14 20, cos29)’
Oo \"Qo do ,
.::C{9\\ © . (1+6v, cos2g) o
= ©c

Azimuthal distr of quark; W
w o (l+2v, cos2g)

= Quark Number Scaling in v2 !

Yasuo MIAKE, Asian Winter School, 2012.1.11 34



Beautiful scalings of v2 02 "o

o g "
Au+Au 200 GeV  PHENIX PRL 98(2007)162301

o 0.1
=~ 0.09
A 0.08

0.07

0.06
U9 0.05

0.04
Ng  o0s

0.02

Reference Line

1 llllllllllllllIlllllllllllllllllllllllllllll

0.01

-llllllllllllllllllllllllllllllllllllll
00 02 04 06 038 1 1.2 14 16 1

.8 2
(m_-m)in_(GeV)
B
Nq
v Quark coalescence works !

= Universal/Statistical distribution at quark level
Yasuo MIAKE, Asian Winter School, 2012.1.11 35
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By
“Nearly perfect Quark-Gluon Liquid™ ©2 "o

o g”
PRL,106,192301(2011)
central < » peripheral
MC-Glauber  hydro (1/s) + UrQMD n/s
" 2 0.0 1
0.25 - _~ -0 " L 008 |«—_
omall € large £ 02} e | AT

0.4 ' ,
- -
0.3 JES 0.1F 4:,'/:, »
E 02 l s v {2} (€ )
' 0.05 o # 2 part/ Gl
el I

0.1 = <V2> / <8part>Gl
. | . | . | .
0 0
10 30 50 0 10 20 . 30 40
central < » peripheral _(I/S) dNCh/dy (fm )
peripheral < » central

v Systematic study with hydrodynamics i < (n/s) < &
e for various centralities, n/s & initial conditions AT I AT
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Further analysis of higher
harmonics X

B Schenke, arX|V.1 109 6289 0 T soa0n =
0.25 . 025 | |vo 2020 e
V2 —— / S — O 08 0.2 | \I;HZEON:IB)?\// o .
_ o 2 e N ° P
vz = | 20-30% central 77 o ol [HENY, e
\V} = . 1. e
0.2 r V4 solid: a=0.115 fm e 01} e
5 = dashed: a=0.2 fm == 005 | T
- o
= .
O 15 B - /// | 0O ;)&5 1 1.5 2 25 3
- pr [GeV]
>C 0.3
0.1 : = _ =" 7 2 v, 20-30% - - n/s=0.
) - V5 20-30% - --
_ - 0.2 F|PHENIX v, re
_ 2= — PHENIX v+~
- , —— — 0.15 | |PHENIX v, ~a-
0.05 /” —= o = 01t R
- o = - —— — //T’ _%
— = == —— 0.05 | i
- e =~ | T e
0 3 _ ; , , , O o 1 15 2z 25 s
pr [GeV]
0 0.5 1 1.5 2 2.5 3 o
~ | [v,2030% — | | |
pr [GeV] oas 20507~ 1/s=0.16
vg 20-30%
0.2 | |PHENIX vy ~o .
PHENIXV —a b
. . 045 | [PHENIX V) o ¢
Vv Viscosity as low as the quantum bound :
01
= Perfect Fluid ! 1 0.05 | =]
n/s > — ~ 0.08 st
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Shear viscosity

50
O @

internal resistance to flow

Low 7

High n

y dimension

boundary plate
(2D, moving) velocity, u

o
‘@ ©
0@

<

r

-
shear stress, t

fluid

boundary plate (2D, stationary)

Yasuo MIAKE, Asian Winter School, 2012.1.11

From view point of Kinetic theory,

~~ 1 %)
SN
(A—0)
(n/s) ~pA ¢ 0

(uncertainty principle)

dimension less in natural unit

J

v Strong coupling



First n/s from AdS/CFT
correspondence calc.

f

VOLUME 87, NUMBER 8

PHYSICAL REVIEW LETTERS

20 AucusTt 2001

Shear Viscosity of Strongly Coupled N = 4 Supersymmetric Yang-Mills Plasma

G. Policastro,!> D.T. Son,>* and A. O. Starinets!

'Department of Physics, New York University, New York, New York 10003
2Scuola Normale Superiore, Piazza dei Cavalieri 7, 56100, Pisa, Italy
3Physics Department, Columbia University, New York, New York 10027
“RIKEN-BNL Research Center, Brookhaven National Laboratory, Upton, New York 11973
(Received 14 April 2001; published 2 August 2001)

Using the anti—de Sitter/conformal field theory correspondence, we relate the shear viscosity 1 of
the finite-temperature N° = 4 supersymmetric Yang-Mills theory in the large N, strong-coupling regime
with the absorption cross section of low-energy gravitons by a near-extremal black three-brane. We show
that in the limit of zero frequency this cross section coincides with the area of the horizon. From this
result we find § = §N?T3. We conjecture that for finite "t Hooft coupling g% N the shear viscosity

is 7 = f(g%N)NT?, where f(x) is a monotonic function that decreases from O (x21n"'(1/x)) at

small x to 7/8 when x — oo,
DOI: 10.1103/PhysRevLett.87.081601

Introduction.— At finite temperatures, the large dis-
tance, long time behavior of gauge theories is described,
as in any other fluid, by a hydrodynamic theory [1]. To
write down the hydrodynamic equations one has to know
the thermodynamics (i.e., the equation of state) of the
medium, as well as the transport coefficients: the shear
and the bulk viscosities, the electrical conductivity [in
the presence of a U(l) gauge group], and the diffusion
constants (in the presence of conserved global charges).

PACS numbers: 11.25.Hf, 11.10.Wx

In this Letter, we compute the shear viscosity 1 of the
strongly coupled finite-temperature N° = 4 SYM theory
(the bulk viscosity of this theory vanishes due to scale
invariance). We first relate, using previously known results
from the AdS/CFT correspondence, the shear viscosity
with the absorption cross section of low-energy gravitons
falling perpendicularly onto near-extremal black three-
branes. We further show that this cross section is equal to
the area of the horizon, in a way very similar to the case of

1

v no question here, please,

(U/S)AdS/CFT —
dm since no answer

Yasuo MIAKE, Asian Winter School, 2012.1.11 39




Hard comp.

{om}?.w‘

Partonic energy loss
Medium response

Tomography
A

Y/

e
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Compare pp & AA

Phenix; P.R.L. 91, 232301 (2008), PRD76,051 106(200%7)

) E Y10
) - ) =
S 1 = Au-Au— ° X @ 200 GeV [80-92%] S q02.° = Au-Au— ° X @ 200 GeV [0-10%]
S ol ® p-p— X @ 200 GeV x T5%2% S 10'& ¢ p-p—°X @ 200 GeV x T%10%
- . i\ 0 NLOx T *[CTEQS, KKP,u=p 2p] >, = = NLOxTj\"*[CTEQS, KKP,u=p -2p ]
'O|_10 ? | [W.Vogelsang] -°|_ 1? :\ [W.Vogelsang]
Qo PR Q. - °
T 107 g 107= e
NZ a4l S _2; me
o 105 Q10° .-'\
B - ) B - m
-— B Q Q o - l. N
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Vv Peripheral ; AA=superposition of AA
Vv Central ; suppression of high pt
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Suppression of high pt g

particles i

|\N/|uc(;jl$'ar . Ras — "hot/dense QCDmedium” dnaa/dprdy
oaifcation AA = ”QCD vacuum” - <Nbinary> ’ dnpp/dedy
Factor

Au+Au - 200 GeV (central collisions):

< | . Direct v, vy* [PHENIX]
- * Inclusive h* [STAR]
10 A 7° [PHENIX]
- *[ ® n [PHENIX]
=N - E%] GLYV energy loss (dN”/dy = 1400)
1 binary collision R Hf %] L
< | scdling o~ ) g -] iﬁ#ﬂ _______ + # _________ Neoy Sealing
= N R R - O
o 5
I, 7\ ol _
* TLA .
034 femmmmemr® _ oo * ig %; &; A 4&4} A %l
e . AAAA
participant scaling m ZM&; A# |
scaling

T \l‘ ﬁ&ﬁ& %T\

| | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | | |
o 2 4 6 8 10 12 14 16 18 20
P, (GeV/c)

v Pions are suppressed, direct photons are not
e Accidental with Npart scaling !?

Yasuo MIAKE, Asian Winter School, 2012.1.11 42
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AutAu vs d+Au

Phenix; P.R.L. 91, 072303 (2003)

é 2_ 1 ] T ] T I T I T I T I T I ! <] 2 2_ 1 ] T ] T I T I T T I T I < |
: B 3 =L :
o B o Au+Au 200GeV 1 180 =
- M h*+h 0-10% /N+N ] n°0-10% /N+N - E
1.6 1.6 A + + |
N ] N G- -+~+.+. ]
1.4 = 1.4 l'.._" =
1.2} 1 1.2f il E | .
L . L ’ -
£ 1 _
- | w - A
0.8 -] 0.8 il:l —
0.6 - o6 * -
0.4} H 0.4} ]
- g - d+Au 200GeV * h*+h 0-20%/ N+N .
0.2 e oof ]
0 R BT NGRSO R NN NN S TR AN M S 0 R BT NGRSO R NN NN S TR AN M S
o 1 2 3 4 5 6 7 8 o 1 2 3 4 5 6 7 8
p; [GeVic] p;[GeV/c]
Au+Au at vsyy = 200 GeV d+Au—h*+X at vsyy = 200 GeV

//
{ [HYSICM.

REVIEW

’ L v High pt suppression in Au+Au, while not
-~ observed in d+Au.

= Effect is not due to initial state, but final state.
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Onset of suppression /.
between 22 and 39 GeV ¢

PHENIX, PRL101,162301

| | | | | | | | | | | | | | | | |
— Vitev,\/syn= 29.41GeV, —
— no energ'\lylosi = \/S = 22.4 GeV —
B O \/ = 62.4 GeV .
o[ N\ o \/s,, = 200 GeV i
- ] Vltev 22.4 GeV, 130 < dN%/dy < 185 -
- [ Vitev, 62.4 GeV, 175 < dN%/dy < 255 -
- Vitev, 200 GeV, 255 < dN°/dy < 370
1.5 _
B Cu+Cu, 0-10% most central u
:tt B mOe ]
o o _
LN I 1/ I ]
i 111 TJ)] [
B @) O | 7
S LS FYN ks FROTRTRY R U N S N
0.5 1?2?21??1?1111 i 1 L
0 B | | | | | | | | | | | | | | | | | ]
0 5 10 15

o (GeV/c)
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v Two quarks suffer a
hard scattering in AA
collision

e One goes out to vacuum
creating jet,

e but the other goes

«— Ny - through the QGP
suffering energy loss due
- . to gluon
v ' Manifestation:

> (quenched) jet
> e attenuation/

“ L 4 ,, ® ® ®
Jet quenching in nucleus- disappearance of jet

hucleus collision. e suppression of high pt
hadrons

Yasuo MIAKE, Asian Winter School, 2012.1.11 ® mOdification Of jet frag' 45



near siae

Modification of
back-to-back corr.

i/
%&

//// I\Waway side

i:rtr-g = 4~6 GeV/c X prassee) 2 GeV/c

e d+Au FTPC Au 0 20%

&
N

1 I I I ] 1 I I 1 I I I

— p+p min. bias

* Au+Au Central

o
-l

1/Nyigqer AN/ (A0)

pedestal and ﬂow |

Sspan

| | | | | | | | | | l

Yasuo MIAKE, Asian Winter School, 2012.1.11

l 1 1 L L L L 1 1 1 L 1 L 1 1
1 SUDU’E‘S:[C(I 1 2 3 4

Star; P.R.L. 91, 72304 (2003) J Direct evidence of

loss of °‘jet’

v Azimuthal
correlation w.r.t. high
pt leading particle

(trigger).
pp ; clean di-jet
dAu; similar to pp

Au+Au; Similar on the
same side (suggesting
jet-like mechanism), but b-
to-b disappeared

Effect is not in initial
but in final stage

Energy loss of partons
iIn dense matter
created in Au+Au
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Energy loss in QED

Energy loss of charged particle in a matter

—

)

o
|

J T TTTTI

ut

on Cu

Bethe-Bloch

2
S
Q
>
Q /
= [/
— =
S —
S 2
NE |
210 _E g ..
< e Radiative '~ Radiative
2 [ Minimum  effects 4~ losses
g ionization reach 1% R -
3 | Nuclear - i
2 [ losses N\ | le-sz=="T1 S W -
¢ Without o
1 | | | |
0.001 0.01 0.1 1 10 100 1000 104 10° 106
By
| | | | | | | | |
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[MeV/c] [GeV/c] [TeV/c]

Muon momentum

Collisional

v Bethe-Bloch

Radiative

v Bethe-Heitler
(thin; L<KA)

v Landau-

Pomeranchuk-

Migdal

(thick; L>> 1)

v ' Measurements of dE/dx gives prop. of matter

e Energy loss in QED plasma gives T & mo info.

Yasuo MIAKE, Asian Winter School, 2012.1.11
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Energy Loss in QCD

E E-AE

AE o o
+ Collisional

AE x 0}
E ¥ AE
; Radiative
| BAE AE o (2

X
(medium)

v Many theories on
e Collisional loss

e Radiative loss

= Bethe-Heitler regime
=_L_PM regime
= “dead-cone” effect

Yasuo MIAKE, Asian Winter School, 2012.1.11

Radiative loss is dominant

Effects are;

- suppression of high pt hadron
- unbalanced back-to back
- modification of jet fragmentation

softer, larger multiplicity,
angular broadening

AE'gluom > AE’qua]c‘k > AE’chalrm > AEvbottom 48




Sophisticated Analysis
on both Raa & v2

i/
%X

v2 not

explained
by pQCD

0.2

15

PHENIX PRL 105, 142301 (2010)
- (a) W wepG A ME: A?W -4 ) | A r: aasicer | V2 favors
- , . AdS/CFT
i - - = IW: I~ 4 —K)I oo WD~ dllp 3
i é - ‘ AFE x /
¢ — - IW:I~ |4 o _/

K

fluctuatlon/

saturation

Raa explained by both models

v Analyze both vz and Raa together

e Large v2 favors stronger path length dependence
Yasuo MIAKE, Asian Winter School, 2012.1.11
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Tracking
Chambers

Dipole

HMPID
L3 Magnet |

PHOS

Yasuo MIAKE, Asian Winter School, 2012.1.11



View from RHICians

RHIC LHC
v snn(GeV) 200 5500
T/Tc 1.9 3.0-4.2
£ (GeV/fm3) 5 15-60
T acp (fm/c) 2-4 >10

Yasuo MIAKE, Asian Winter School, 2012.1.11

v 'Nothing much changes
from RHIC to LHC.

e Nevertheless,

= |_arger/longer QGP

= Nice to confirm RHIC results

v Moreover, higher
energy jets become
available!
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More gluons !!

- 1- parton — hadron+X at p_=5 GeV/c :
(@) —
S 0.9\ quarks gluons _ _
2 -
= 0.8 %y
g - :':tr
o 0.7
IS
E.: 0.6
cC L
S 0.5
S 0.4
2 03
® o
) 0.2
S - /
0.1// NLO pQCD, KKP FF [W.Vogelsang]
- I N I ‘ | I O N ‘ | |
0
10 10° 10°
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Chances at LHC

10 V.S. Pantuev, arXivihep-ph/0701.1882v 1
—— (h'+h )2, 5" = 5500 GeV

AuAu, cent=10-15%

——- p, s =5500 GY¥ £10r 4.t
102 —— (h'+h )2, 5" = 200 GeV 3 8‘ Trigger Jet| Sy
I L pc'. 5"7 - 200 G¥/ 6— Mach cone ” s
= s M —— (h'+h )/2, 87 = 17 GeV 3 ldee” M,
c% 10 -—= p,s =17 GeV 2_ Hz.s
0
O LO pQCD by |. Vitev, a4 2
-!ED 10° hep-phro212109 <k i1
et 6|~ Original N
Ng LHC '3‘ ::;e:;::’nlgtf Mach cone qo.s
g 10° ' > = 1.8 Ge¥ T ] iéé S0
\v\ 2 - 2
N \ RHIC N9 =" v'Many orders of
1 : :
0 maghnitude higher!
o ... .., o VDetail analysis of
S0 100 150 the energy loss
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Hot/Jet Results
from LHC

—={ S —————

Large jet energy
asymmetry

=2.76 TeV 0-10% :
ATLAS
Pb+Pb'

(1N_) dN/dA

0.8 1
AJ
Eri — B
A, = bm T2
Er1 + Ers

Atlas, PRL 105 252303(20 1 o)

Erqi > 100 GeV

1 1 r I
. Pb+Pb Data
O p+p Data

[JHUING+PYTHIA RS #
o ]

Little modification
of angular corr.

2 2.5 3

= |¢p1 — P2

Vv Detail study of dijet asymmetry

e pp vs Pb+Pb

Yasuo MIAKE, Asian Winter School, 2012.1.11

Challenge to theorists!



Raa & v2 at LHC & RHIC

i/
%&

0.08
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Future: fluctuations

! ‘* By I
%
o o

Fluctuations of the Universe

v Clue to th
e MC Glaube

Yasuo MIAKE, Asian Winter School, 2012.1."

Fluctuations of Little bang

WMAP -0.6im
10 , | 6C
5C
5 o \ d
— ALICE, Sep,201 1
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Fig. 1. Left: correlation function for charged hadron pairs from head-on Pb-Pb collisions. Right:
corresponding spectrum of Fourier harmonic amplitudes vs n.
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Summary Remarks 02 '®

o @

v Relativistic Heavy lon Collisions have provided very
interesting play ground for theorists

v 'New players have joined and they are amazingly
successful

e String theory, Black hole dynamics, AdS/CFT

v Now challenges are,

. “Holography and colliding

o Jet quench, gravitational shock waves in
. . ] Energy asymptotically AdSs”

e rapid thermalization, density  PRL106,021601(2011)

Eln™

= parton cascades too slow 1

e Initial conditions 0.5

= chiral glass condensate 3
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