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Wilkinson Microwave Anisotropy Probe
(WMAP, 2001-2010)

Spectrum of the Cosmic Microwave Background
Frequency (GHz)

400 1(‘)0 290 300 490 5(30
: T 12725 20,001 |
o 30F tostemperstne ol 275K
g
= = =31 H REFEHI=S 2%
« FEHE=RBEH (CMB) D:m EAlIE g
™ 100 |
T =2.725 K (Evonsamsnsiz) |
0

+ WMAP Eiﬁﬁ(j@mﬂ;ﬁb—tﬁﬁﬁm T
SEESEX SFHOR 13785




10-36 ¥
A2 —
3

AR

105 7
B, it
F O

30 5
JRFDRER

100 - 150 {B4
R DR AR

(WMAPHSHBFH.

SEHOBN L
3 43 FHOBN_LEDY)

KF, ANJDL
[RFEZDERK

100 A&
=D E, R,
Vr—H—NDHIR



Observables
at different cosmic
time !

B BBN (Big-Bang
| Nucleosynthesis)
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JACEE:Japanese American Cooperative
Emulsion Experiment

RFZEARICKXBDBIRIF—RFZERDE A

VOLUME 57, NUMBER 26 PHYSICAL REVIEW LETTERS 29 DECEMBER 1986

Average Transverse Momentum and Energy Density in High-Energy Nucleus-Nucleus Collisions

T. H. Burnett, S. Dake, M. Fuki, J. C. Gregory, T. Hayashi, R. Holynski, J. Iwai, W. V. Jones, A. Jurak,
J. J. Lord, O. Miyamura,® T. Ogata, T. A. Parnell, T. Saito, S. Strausz, T. Tabuki, Y. Takahashi,®
T. Tominaga, B. Wilczynska, R. J. Wilkes, W. Wolter, and B. Wosiek
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Science and Engineering Research Laboratory, Waseda University, Tokyo 162, Japan
Department of Physics and Astronomy, Louisiana State University, Baton Rouge, Louisiana 70803
Space Science Laboratory, Marshall Space Flight Center, National Aeronautics and
Space Administration, Huntsville, Alabama 35812
School of Science, University of Alabama in Huntsville, Huntsville, Alabama 35899
Department of Physics, University of Washington, Seattle, Washington 98105
Institute for Nuclear Physics, PL-30-055 Krakow, Poland.

(Received 30 May 1986; revised manuscript received August 27, 1986)

Emulsion chambers were used to measure the transverse momenta of photons or #° mesons produced
in high-energy (=1 TeV/amu) cosmic-ray nucleus-nucleus collisions. A group of events having large
average transverse momenta has been found which apparently exceeds the expected limiting values.
Analysis of the events at early interaction times, of the order of 1 fm/c, indicates that the observed trans-
verse momentum increases with both rapidity density and energy density.
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FIG. 3. Correlation of (P7) with the energy density £. Full
circles are for individual nucleus events (2 <2Z =<26) and open
squares are for proton-lucite events.
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DRFEERANY k

Fig. 1.1 Collision of a primary cosmic-ray iron nucieus,
of energy 5000 GeV per nucleon, with a nucleus in nuclear
photographic emulsion, carried by balloon in the strato-
sphere. Both nuclel are fragmented, and in addition about
200 new particles (mostly pions) are created. The pions
decay in flight in the stratosphere, producing leptons
(muons and neutrinos). The charged muons form the bulk
of the cosmic-ray flux (~ 1 per em® per minute) at sea
level
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SECOND EDITION

Introduction to
High Energy Physics

Revised, enlarged and reset

Donald H. Perkins

Addison-Wesley Publishing Company, Inc
Advanced Book Progran

2009.11.11 Heavy lon Café, IAHED RS 1 k&K D
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Fig. 1.1 Collision of a primary COSMIC-rary 10N NUCIeus,
of enerav 5000 GeV per nucleon, with a nucheus in nuciear
ohotographic emulsion, carried by balloon in the strato-
sphere. Both nuclel are fragmented, and in addition about
200 new particles (mostly pions) are created. The pions
decay in flight in the stratosphere, producing leptons
(muons and neutrinos). The charged muons form the bulk
of the cosmic¢-ray flux { ~ 1 per em® per minute) at sea
level

2009.11.11 Heavy lon Café, IAHED RS 1 k&K D
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1950%FK—1980%F

- E. Fermi (BYF&EO#LE, 1950)

- L.D. Landau Giit{&8vpE

36

- J. Bjorken (RIF%E-

2N

R, 1953 )
AL FIAER(C K

SIXRILF—BEDEIL, 1983)

E. Feri L.D. Land
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J. Bjorken
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PURK
(2005-,
RHIC, LHC)

RRRY . £3
CERN SPS | (2000-2005 S

1000 1986~

Ecy=17GeV

(GeV)

o @ CERN LHC
100 LBL Bevalac faiidl| 2009™
~ Xz Ecy=5500GeV
297f2é933 ot - BRNL RHIC =
10 St L (19952000, 00"
o PRENETR AGS, SPS) Cliiaedd
77 | BNLAGS
1 ..l 1986"
=", ST T E=5GeV
- I | i l
1970 1980 1990 2000 2010 2020
09.1% 4 aw s e vare ey e e et e e e ey ey e e

2009.11.11 Heavy lon Cafe, HEBRODRASA XD

14



QED (EFEMKT) & QCD (EFEhF)

QED (P—U P V): R
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£} The Nobel Prize in Physics 2004

"for the discovery of asymptotic freedom in the theory of the

strong interaction”

David J. Gross

& 1/3 of the prnize

Usa

University of California,
Kavli Institute for

Theoretical Physics
Santa Barbara, CA, USA

b. 1941

H. David Politzer

& 1/3 of the prize
USA

California Institute of
Technology (Caltech)
Pasadena, CA, USA

b. 1949

Frank Wilczek

@ 1/3 of the prize
USA

Massachusetts Institute
of Technology (MIT)
Cambridge, MA, USA

b. 1951
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DA—D - TI—AVTSXI(QGP)& (K ?

Lattice QCD Calculations 16.0 |
F. Karsch, Lect. Notes Phys. 583 (2002) 2C
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2 REY, 3 H5—
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http://www.colorado.edu/physics/phys4230/phys4230_sp03/mainPage5 .html
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>

Relativistic

Temperature

T, L Critical
~170 MeV point

Early Universe

Color super-
Hadron Gas conductor

Color-flavor
) locking

M nuclei / < >
Neutron Stars?

Baryon Density

* QGP in Nuclear Physics
—Create at the lab. by heavy ion collisions

—Study the nature of QCD matter
at the extreme temperature and energy density

* QGP in Astrophysics
Heavylon | wemm - — Early universe:

Collisions _}g%« , g %y time < 10 seconds
— Possibly in the interior

Quark Gluon Plasma of neutron stars
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m 2R/y ~ 0.13 fm
RER T— TSR
p=r. y=—
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/ RHIC I o
- RHIC Basics:
= elativistic eavy on ollider

2 counter-circulating rings
—3.8 km circumference
—1740 super conducting magnets

* Collides any nucleus on any other

&% * Top energies: 200 GeV Au-Au

| 500 GeV polarized p-p

Flexible machine:
Species (p+p, d+Au, Cu+Cu, Au+Au)
Energies (19, 22.5, 62.4, 130, 200 GeV)

» 4 Experiments
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Display Event in PHENIX and STAR

ZIRFEZDIEBEHRICEWT, #6 00 OBDHFHEREND !
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12, 2000 @ PHENIX

First collisions at sy, = 56 GeV Au+Au
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Signatures of Quark-Gluon Plasma

Dehye Entrop
N"":“;‘D' mesen Screening <Ppr> Jumpw
Upsilon 20MeV
. ) L o
JIF ©) é
R !(H,e):ET | . (;ET
" Chiralty N.o/ N.+,.- Isospin
Phi-Meson Restoration Sﬂi 374 Fluc'tuation
| 2 MeV/
Width th,p
/ F few:
() 3 eggrt‘u?rbiweuent
: KK’_ dEt 1 dET
¢ dy € T
Compton N Charm
N gamna (pr>2GeV) charm Enhancement
| factor 2
| 20 ® W {e,n)
Jladiation from
Hot Gas (initial)
, .. UET | - GET
¢ dy 8¢ dy

t|'|--rrrx::| Radiation from
Noamma (P < 1GeV) Hot Gas {thermal)

f'['f)

,.

| o pical Level

of Error
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dE
dy
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133,

c.f.) PHENIX 388 Conceptual Design Report
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Jrwvbh&?

(taken from P.Stankus PHENIX Focus talk, 2005)

On-line
display
from

Fermilab,
ca 2004

ERNICEHASNDISVESEEH->/\KOVODR
1. 92— I —AVELTOE L ESHERTR
IS TER NS

2. BEERFICED, BEICLTHI 80 AM@IC
XF SR > THRL

A UA2 two-jet event, ca 1982
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More Jets in HEP

PN N R W "
L ¥ " r n» . ]
MOCHRG XM B I U
'
t P

' Bel e I8
POCIRe M

CDF two-jet event
Delphi 1992
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STAR event display in p+p



STAREER(CKDI TV RANRY

Find this-::------in this

p+p —jet+jet
(STAR@RHIC)

- UDURBH S, RRFIXERET ; 0
J1TvhcERDIFEITDEEERNIC AULAY 777

FHEICHEE ! (STAR@RHIC)
(475) BEIFEZRAWVD
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JrIvh&E2NFAUADH (p+p)
p+p — di-jet

PRL 90, 082302

_l I I I I I I I I 1 I I I I I I I I_‘

0.2 — p+p min. bias

i 4<p,(trig)<6 GeV/c *STLR i

p.(assoc)>2 GeV/c -

1/Ny g qer AN/d(40)

A ¢ (radians)

e trigger: highest p track, p>4 GeV/c
* A¢ distribution: 2 GeV/c < py <p trigser

* normalize to number of triggers
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STwvb&E2RFAAUADH (Au+Au)

Phys. Rev. Lett. 91, 072304 (2003).

B L L L L _

s e d+Au FTPC-Au 0-20% -

= 0.2— _ _ —
3 - — p+p mMin. bias 7sTAR .
= i _
= - . * Au+Au Central -
o - v -
s 0.1 —
k= - -
= i _
= | - -
L A Y e _

. | | | /. | | N

A ¢ (radians)

DT—4ZEBRTBICIL,

- TJI—FBE:
dN_/dy ~ 1100

e 3. g

Away side: _ TxLE—mE

Au+Au ?:L‘.\ﬁ%‘%’?&i‘l?’il’ﬁ] e>100¢, (1)
DIy SHR! (=& > 15 GeV / fmd)

Near side: p+p, d+Au ERU




Jet

Suppression
at RHIC

Quarlus/—

Animation by
Jeffery Mitchell

Hot and ®
Dense
Nuclear
Matter
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{E%j% a)b\ ? 3 007:_ | #  Centrality: 0-10%
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< 0060
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EHMEEFIIRZASADIZA5M 7

& ;_'I'Fj"'haagt'per'.'ph'éeai';;
@ [ = = T
most central
s b b b b b A -10 ................ R —
R q?-w: (ra‘glian:;, -10 -5 0 5 10
X (fm)
dN dN
(pT,p;b) = (1 4+ 2v2(pr; b) cos(2¢) + ...
prdprdyde "7 2mprdprdy — )

Simple answer: Yes! JE& 25 ULV EHHEE)
MiR5%EE(VH RHIC THAZT-.
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T[T rr[rrr Tyt

V2 0.18 ci“tgggt&‘egiiqqfw Hydro curves: _:
0.16 = | | 200 Gev K T, = 165 MeV, A
0.141 | * ;gg g:: P\:P_\ T; =130 MeV —:
0.12 | v 200 GeV Cascade - Lines:
0.1 = Hydrodynamics calc.
0.08 - = with QGP type EoS.
0.06 - =
0.04 D STAR _; *viscosity = resistance of liquid
0.02 - : PHEENIX E to shear forces (and hence to flow)
0= 1 Plelilnin'u} —
0,02 el 1 e WY N SR * Required QGP Type EoS in

0 02 04 06 08

1 12 14 16 18 2 Hydro model
pr (GeV)

||.‘.\+:I+

I

I(ub\b\éf

@ t=0.6 fm/c .
g =20 GeV/fm3 45




Analogy in Cold Atomic System

- Same phenomena observed in gases of
strongly interacting atom at 10° K

100 pus
200 ps
5Li (@ 106 K)
* Laser (optical) cooling 400 us
* Fermi gas system
*(3p,3n,3e-): odd
number of nucleons and 600 us
electrons
« spin MV atoms.
* Quantum effect in 800 us
ultra-cold atoms. M. Gehm, S. Granade, S. Hemmer, K, O’'Hara, J. Thomas
Science 298, 2179 (2002) 1000 ps
The RHIC fluid behaves like this, that is, 1500 pis

a strongly coupled fluid.

2000 pus
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JINUAY (BHLF) XVY (PEF)
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ROA—=D I DHKD Hhoid
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BRRISRLFDv, AIE

AutAu; sy = 200 GeV; Mid-rapidity
I I

N | ' l '

z 0.3— Hydro model STAR *h'+h Kg . A+A

o [ |

@ 02— _

-

@ .

al - —*—‘— T _

)

o 01— —

-

-

@

.9 i + - |

- A PHENIX on*n cK'+K op+p

< oyt MR TmTm JRTR P
0 2 4 6

Transverse Momentum p; (GeV/c)
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o 9% .o
| ' | T Q
......... Polynomial Fit . 095“0000 K
Ll 9 A/
T*#“++i+ """" f o, 50 @
&‘ '1 ‘F » QQ 0 000 9
0.05 3 _
c N i
¥ !
f* O O pHp
# A K2 ® A+A
AK+K ¥ B+E
A O e,
0 1 1 |1 2

p+/n (GeV/c)

ERIA—DOETHOR— G BIAKYILD

— HEF (UA—U-RT7A—7UX) n=2,

- NUAYy ((R) 274#—232) n=3,

FEADEASA/\NROY LANILTIEEL, 74— LXNIVTER - REL TWLWAEEN |
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Probatility

BTHRTAET D
KFOIXRINF—DHh=RE

YIE DRI S —
IRIVF—af (RIVYT9)
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E

_5 e

exP[ kT R

H

H

&

S

N

ER

RHICTOZ +£ %% RICH THIE

0 E /T
RxEF e
R EDNRFOY RN S yx P
I =

INYDT SR

f 1 3 5
~1GeVic =3GeVic  p_(GeV/c)
*EFOIRILFE— I

B3 : SEEPDROVNMIEONE
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HAmE DAIE

4 4 AuAu Min. Bias x10°

—
ou
mi 7

—r
o
u AL LI IR RLL rrn
Ty
» > ’

© *  AuAu 0-20% x10°
o *  AuAu 20-40% x10

& v P+pP

-------- Turbide et al. PRC69

Ed’N/dp®(GeV2c?) or Ed%c/dp® (mb GeV2c?)
=

i

.7Illllllllllllllllllllllll
10 1 2 3 4 5 6 7

pT (GeV/c)

DATA: T,,> T, ~220 MeV
MODELS: T,,= 300 to 600 MeV

Lattice QCD prediction: T, ~ 170
MeV

Indicating thermal photon
emission at low p-.

JPS 2010, Sep. 13, T. Chujo

PHENIX (PRL 104, 132301 (2010))
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Observables
at different cosmic
time!

8\ BBN (Big-Bang
Nucleosynthesis)

Matter-Dom. Era

BE K (TLEY) & eV DN e
1043 sec 3 min 105y 1-10 Gy

SFIMEZIVOERETIRLUILEETDIRILF—(F] eV.

1 eV OREHITRILF—ZBHDORMAEDRERE(ET11,604 K

(j:'fzta) \¥L§}JUFFH)

= &8 Type la SNe, CLUSTER M/L
10 | fime: (log(t)isec])

SLORNFKFORE : T =300 MeV ~ 4J8E
(4x1012 K)
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28956FDOEA

- 4 JK°C%=5

218 > QCOMEERIZRE

L ETEERA

E DN 7
ETILICEK B BRE

0.2

0.1

[ 2.5-4 GeVic x 2 -3 GeVlc, All Charge |

2 007
< 006k
0.055

-

k- —— p+p min. bias

.| * Au+Au Central
I

........... H: S ".'_ :.. s S :*:_ e
ik T A R
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L 2
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-1 0 1 2 3

P IR
4
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3. LHC-ALICERS




Snap shot of ALICE Control Room (2010.08.25)
- Data taking period, very quite... -




Ei*ﬂa)ﬁ’w‘.jr %?‘@IX%EI :;a.é .

First colli ; %on p+p v/s= 90 GeV
3, ALICE Control Room) = .




The first “event” in p+p 0.9 TeV

Viewer 1 Multi View | DataSelection | Selections | @A histograms | WindowStore |
j Hidel 3D View IActionsl Hidel RPhi View

-80

60 80

|»

-100 -80 -60 -40 -2

Command EventCtrl |

First | Prev | [T 02 7215 _Next | Last | Il Refresh | Il I Autoload Time:| 5 3] | =l

Itn raw—Aata event infa ie auailahlal




...and 7 TeV p+p

# CIR mo TS reft; Signa < S 2] O

(L1 no TS refit; Sigma > S 27] @

® I m IPC refit 5| @

# AW 5 nclh=3 & SPD hner 15] @
LI TS ncl>=3 & bed em P] O

-400 -200

-600 -400 -200

No raw-data event info 13 availablel
[ESD event info: Run#: 104068 Event type. 7 (PHYSICS EVENT) Period. 1 Orbit: 21a4S BC. becb
Active trigger classes: CSMEE-ABCE-NOPF-ALL CSMBA-ABCE-NOPF-ALL CSMBC-ABCE-NOPF-ALL
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After 9 months later...
Already Iots of first results from ALICE !
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LHC First Physics

Collision Event at

Enter the néw'era of’/

Mip Tefea wet oo o ASE DALY TUSNUAY wverty bory

i
Mgt - Ermegy Collmnm ot 7 "o
LM @ CRFn
0020

7 TeV collision events seen today by the LHC's four major experiments (clockwise
from top-left: ALICE, ATLAS, CMS, LHCb). More LHC First Physics images »

LHC research programme gets underway

Geneva, 30 March 2010. Beams collided at 7 TeV in the LHC at 13:06
CEST, marking the start of the LHC research programme. Particle
physicists around the world are looking forward to a potentially rich
harvest of new physics as the LHC begins its first long run at an energy
three and a half times higher than previously achieved at a particle
accelerator. Read more...
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Press Release

CERN completes transition to lead-ion running at the LHC

Geneva, 8 November 2010. Four days is all it took for

the LHC operations team at CERNZ to complete the
transition from protons to lead ions in the LHC. After
extracting the final proton beam of 2010 on 4
November, commissioning the lead-ion beam was
underway by early afternoon. First collisions were
recorded at 00:30 CET on 7 November, and stable
running conditions marked the start of physics with
heavy ions at 11:20 CET today.

"The speed of the transition to lead ions is a sign of
the maturity of the LHC,” said CERN Director General
Rolf Heuer. "The machine is running like clockwork
after just a few months of routine operation.”

Operating the LHC with lead ions - lead atoms stripped
of electrons - is completely different from operating the
machine with protons. From the source to collisions,

PR21.10
08.11.2010

An event recorded by the ALICE experiment from the first
lead-ion collisions, at a centre-of-mass energy of 2.76
TeV per nucleon pair.

More event displays: ALICE, ATLAS, CMS

operational parameters have to be re-established for the new type of beam. For lead-ions, as for protons
before them, the procedure started with threading a single beam round the ring in one direction and
steadily increasing the number of laps before repeating the process for the other beam. Once circulating
beams had been established they could be accelerated to the full energy of 287 TeV per beam. This energy
is much higher than for proton beams because lead ions contain 82 protons. Another period of careful
adjustment was needed before lining the beams up for collision, and then finally declaring that nominal data
taking conditions, known at CERN as stable beams, had been established. The three experiments recording
data with lead ions, ALICE, ATLAS and CMS can now look forward to continuous lead-ion running until

CERN’s winter technical stop beains on 6 December.
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First Pb+Pb collisions at Vsy, = 2.76 TeV
(Nov. 8, 2010,

ALICE)

2.76 Ale¥Y

2010-11-08 11:30:46

Fill : 1482
Run:
Event

Pb+Pb @ sqrtis)

137124
0x00000000D3BBESS3



ATLAS (first Pb+Pb collision)

F\ Heavy lon Collision Event
e — P =

Run 168665, Event 83797

e e L EXPERIMENT
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N/

| CMS Experiment at LHC, CERN
{| Data recorded: Mon Nov 8 11:30:53 2010 CEST

CMS (first Pb+Pb collision)

Run/Event: 150431 / 630470
Lumi section: 173
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RHIC vs. LHC
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RHIC vs. LHC
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RHIC vs. LHC
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RHIC vs. LHC

RHIC LHC
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ﬂ Large Hadron Collider (LHC)

: LHC Basics :

Magnets: 1232, 15 m long, 9 T, superconducting dipoles
Circumference: 27 km

p+p Vs =14 TeV, L = 1034 cm2s-1

g



ALICE experiment
ALICE = A Large lon Collider Experiment

« Dedicated heavy ion experiment at LHC:

— Study ‘state of matter’ at high temperature & energy
density; QGP.

— LHC: 30 x energy of RHIC
« Expect very different type of ‘QGP’

* ‘hard signals’ to probe QGP (jets, y, cand b
quark )

» First Pb+Pb (2.76 TeV) collisions Nov. 2010

« ALICE Institutes from Japan.
— Hiroshima Univ.: PHOS
— Tokyo Univ. (CNS): TRD, FoCAL upgrade
— Univ. of Tsukuba: EMCal, DCal

Rommxs (g kuk 675 S ik

THE UNIVERSITY OF TOKYO University of Tsukuba
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ALICE Collaboration

Collaboration:
> 1000 Members
> 100 Institutes

> 30 countries

Romani
South Africa

Ukraine

Mexico
JINR

Russia

Netherlands

Czech Rep.

- Spain/Cuba
@\ ! Japan,) Brazil

lovak Rep»

Korea taly

—France

\—Finland
\—CERN
Denmark
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Calorimeters: PHOS, EMCAL
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Counts

Counts per 2.0 MeV/c*

Strangeness productions (p+p 7 TeV)
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Charm at p+p 7 TeV
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Di-Jet event (7 TeV p+g

| 7

Reconstructed Jets UA1 Cone R = 0.4:
s | mrems NN Jet 1: n=0.02, ¢ =306°, p; =71 GeV, Tracks 15
N N ’ ’ ’
vl }\\\\\\‘ AN Jet 2:n=0.84, $ =132, p, =47 GeV, Tracks 9
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High Multiplicity Event in p+p 7 TeV
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Figure 1. Conjectured QCD phase diagram with boundaries that define various
states of QCD matter based on SyB patterns.

T. Hatsuda, K. Fukushima, arXiv:1005.4814v2
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