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Wilkinson Microwave Anisotropy Probe
(WMAP, 2001-2010)

Spectrum of the Cosmic Microwave Background
Frequency (GHz)
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Qulntence
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at different cosmic
time !
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JACEE:Japanese American Cooperative
Emulsion Experiment

RFZEZIRICE DR ITRIVF—RFIZERDERA

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

Institute for Cosmic Ray Research, University of Tokyo, Tanashi, Tokyo 188, Japan
Department of Physics, Kobe University, Kobe 657, Japan
Okayama University of Science, Okayama 700, Japan,

Department of Applied Mathematics, Osaka University, Osaka 560, Japan
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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BEEIRILF—5 TeV/&F
DRFEERANRY 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

=b§§'.‘%EGD:2
FERICEDZAFRERR (RFAER)

FEHEODZERE MR UL

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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TERIC L ZEHNTRATR (RPLER)

FHRPDOIKIRF*
E = 5000 GeV/#%F=5 TeV/#&%F
ERFILFRE DIRF - RFEZERRR

Fig. 1.1 Collision of a primary cosmic-ray iron NUCieus,
of eneray 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 aboul
200 new particles (mostly pions) are creéated. The pions
decay in flight in the stratosphere, producing leplons
(muons and neutnnos). The charged muons form the bulk
of the cosmic¢-ray flux { ~ 1 per em® per minute) at sea
evel

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

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

- L.D. Landau Giit{&8vpE

¥

- J. Bjorken (RIF%E-

N

R, 1953 )
AL FHAER(C K

SIXRILF—BEDEIL, 1983)

E. Feri L.D. Land

du

J. Bjorken
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Progress of Theoretical Physics, Vol. 5, No. 4, July~August, 1950

High Energy Nuclear Events

Enrico FErMI

Institute for Nuclear Studics
University of Chicago
Chicago, Illinois

(Received June 30, 1950)

Abstract

A statistical method for computing high energy collisions of protons with multiple produ.ction'
of particles is discussed. The method consists in assuming that as a result of fairly ‘strong_ m.ter-
actiéns between nucleons and mesons the probabilities of formation of the various .p(?s.m.ble
numbers of particles are determined essentially by the statistical weights of the various possibilities.
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QED (EFEMKT) & QCD (EFEhF)

QED (77—~ P V): R
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— JSYORDBLASEL = 1/rikFYIvIl = 1/r0h \§E= @
QCD GE7Z—~U 7P V):
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- ISYHRFI-TERR =~ r KFYY Pl > —EDS
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RUVMEEFADER (QCD) [CHFDENANBHBIEDHER

@ The Nobel Prize in Physics 2004

"for the discovery of asymptotic freedom in the theory of the
strong interaction”

COFEEDESH
IS EL as
TR=ND

ok ks ok ks

David J. Gross H. David Politzer Frank Wilczek

d® 1/3 of the prize ® 1/3 of the prize Q) 1/3 of the prize

USA USA USA

University of California, California Institute of Massachusetts Institute
Kavli Institute for Technology (Caltech) of Technology (MIT)
Theoretical Physics Pasadena, CA, USA Cambridge, MA, USA

Santa Barbara, CA, USA

b. 1941 b. 1949 b. 1951
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Lattice QCD Calculations 16.0 |
F. Karsch, Lect. Notes Phys. 583 (2002) 2C

140
120 |
BEZT 7Y - RILY Y YARR 100 |

(IRILF—FBE « &RE TORER) ’

T’ w’ ol
e=g—T"'=37-—T* =12T" 60 |
30 30 40 |

h

4
zlz-(—) ~24GeV /fm’ 20
1 fin

0.0

Cin

—_—

898,1-4 .

—

]

z o 1
3 flavour
2 flavour
AP

15
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1.0
QGP i CHBEHE
8 VI —%>,2 AEY; ‘
2 HA—HIL—i (u,d) ERIE—2, HREDRFEOIRILEF—FE: ¢=02 GeV/fm3
2 REY, 3 h5—
g = 37! (ud 41— DHDBEL) QCDHEERBIZKY .. BEDFEFRZEDDIFLELH10ELLE
o o)I ‘)l/ — x75§$

AE20 Dnt, o, i EFMR3DT
g=2J+1=3

Lattice QCDOFE: T ~ 170 MeV 20
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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 | pemm - — Early universe:

Collisions _}gg« 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=—

24



t = -19.800
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3D Hubble expansion

Figure adopted from
http://www-utap.phys.s.u-tokyo.ac.jp/~sato/index-j.htm

from T. Hirano’s slides (HEAPQ9)

UL/

K Freeze-Out

At f/‘

3,\ Hadron Gas

central region

,< 1 fm/c

beam axis

z

Nearly 1D Hubble expansion*
+ 2D transverse expansion

*Bjorken(’83)
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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

Pb+Pb Vs, = 5.5 TeV, L = 102" cm2s1

g



From ATLAS http://atlas.ch/



First Pb+Pb collisions at Vs, = 2.76 TeV
(Nov. 8, 2010, ALICE)

Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:30:46

Fill : 1482

Run : 137124

Event : 0x00000000D3BBE693



ATLAS (first Pb+Pb collision)

F\ Heavy lon Collision Event
e — P =

Run 168665, Event 83797

e e L EXPERIMENT

34
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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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Approved by the Research Board, December 2010

LHC MLEFDIKRER TS a—)L |

........
.......

* LHC run history and schedule

.........

- 2009 p+patvs=0.9TeV,2.36TeV . =

L
L[]
|

ES
- 2010-2012 SESSSE-_SSSES-

L[]
]
L

!|$|:‘|5‘|§|; ? g

p+p at Vs =7 TeV (and 2.76 TeV)

nnnnnn
Physics

Pb+Pb at Vs, = 2.76 TeV

2|"' :I;|§I:|§ H

T
|
T T

- 2014 full design energy == =
- expectations in following few years
ep+tp Vs =14 TeV, 1031 cm2s™1 (ALICE), 107 s/y
Vs =5.5TeV, 1031 cm2s1, 108 s/yx1y
* Pb+Pb Vs,, =5.5TeV, 102" cm2s™1, 10%s/y
* p+Pb Vs = 8.8 TeV, 1022 cm™3s™1, 108 s/yx1y
o Ar+Ar Vsyy = 6.3 TeV, 1022 cm™3s™1, 108 s/yx1y
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Tracking, PID B5 _g

Alice numbers:
1300 members

g 3 116 institutes ﬁ\]
B 33 countries

o

HMPID
L3 Magnet
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2T solenoid, toroid system (/BdI=1-7.5 Tm) Tracking in [n|s2.5 |
44m calorimetry in [n|<4.9

25m

Tile calorimelers

LAr hadrenic end-cap and
forward calonmeters

-
\ Toroid magnets | H LAr eleciromagnetic calorimeters
Muon chambers Solenoid magnet | Transifon rediction fracker
Semiconductor fracker

® Gigantic general purpose detector with well balanced performance
(resolutions/acceptance)

®* Emphasis on lepton measurements
® 2T solenoid for inner tracker

® Air core (less MS) + Toroid magnet (forward acceptance) for outer
muon system

* Accordion shape LAr calorimeters for fine lateral + longitudinal EM shower shape
slide from Jinnouchi (RIKEN QCD WORKSHOP 2011) 39




Compact Muon Solenoid

SOLENOID
3.8 T B-field

Silicon Strips
Pixels

Drift Tube (DT)

1
% catherine silvestre@cem.ch (LPSC)
[

Resistive Plate
Chambers (RPC)

Quarkonia CMS - Quark Matter 2011

MUON ENDCAPS

Cathode Strip Chambers (CSC)
Resistive Plate Chambers (RPC)
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R
Npart *

AHD R

Spectators
Npart ,J\

b: impact parameter

Participant: ERICBISL/=&F

Spectator: ERICBISUEM>/=BF (E8E)
N, HEBSEHTH
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(1) IRILF—BELEENS?



ITRINF—BE
ETE:.E/V

ﬂ- YIE A

ATCERESNTZIT X TORFZERNVRL,

PEDFIETES.

2 DDIRIRIE T — R:

$RTHHF Bjorken
IARTHFHAE Landav
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The Bjorken Picture: $iF#{&

Key ideas:

® Thin radiator (RIFZXERKT HEL\T1RXD)
e Classical trajectories (g E2AY#11E)

e Finite formation time

BT ARIDLRIFIARE SN,
BB 1., C2RAFNERIND

45



Particles in a thin box with
random velocities

Release them suddenly,

L and let them follow
T classical trajectories
__________________________________________ without interactions
/ """""" - Strong pOSition_
mgﬁkﬁ;m; ............ —— %M%%ﬁﬁmwﬁﬂfzzz/r momentum
a.., ...................................................... \ Correla tions !
............................. S

FRF R RER R [



J.D. Bjorken, Phys. Rev. D 27 (1983) 140
“Highly relativistic nucleus-nucleus

collisions: The central rapidity region™

2d

20-20y- 4 Key idea: Use the

e space-momentum
correlation to
fom colfson o translate between
- spatial density dN/dz
g and momentum
poncale density dN/dp

Thin radiator RPLERISH |
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2d

/ | __—region of
/ interest

~ quanta emerging
-—=— from collision point
at speed of light

o

w._——— receding
nuclear
| — - wncake
[~
~-

~ A
ot | ct (nuclear overlap

| | region)

Energy _ (E)dN _ 1 dN@)

Count particles in the green box at some
time £, add up their energies, and divide by
the volume.

Particles in the box if

0<p,<dz/Ty,,,, (limitof infinitely thin
source)

dN dz dN dz

Number of particles dN =

d/3 Z tForm ) dy TForm
Average energy per particle (E)=(m)
Volume of the box V =A-dZ

A = Xy cross section area (limit r << R)

<8(t)> " Volume V

1 dE. (¢
(g = = 10
tA dy tA dy
dE, dN
dy =<mT>d_y
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1 dE.(¢) t>>2R/y Crossing time

tA dy =T, Formation time

(o) =

1 dET ( TForm ) 1 d E 1lfina1 State

<€(TFOHH)> - A dy - T. A dy
~ Y

tp jorken

Form
J




Energy density from E;at LHC

= ALICE (from E""", f . =0.55)

3 Energy density of the

. pHENXx25 . 0 3 medium from Bjorken
*]l. ~ };} 3 ofe ] = formula
~L;HT{~*7*“ NG
N ey =—— Y Ro1124" fin
" taR’ dy

Q |

to EgT =16 GeV/(fm’c)
ALICE Preliminary :
| | PbFb l;i-"'l\i 2.76 TeV I -
el * = 3xgpT at RHIC (0.2 TeV)
Npart  RHIC: et =5.41£0.6 GeV/

(fm2c)
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DA—D - TI—AVTSXI(QGP)& (K ?

16.0 | .
140 | Eea/TT -
€T — |
BERT 7Y - RILYSVAER 120 L o
(TRILX—ZBE ¢ &BE TOBRK) 100 | 2 -
2 2 80 }
T 4 T 4 4
8=g%T =37%T =~ 12T 6.0 | M_S:‘Iaivour—
A 4 40 ¢ 2 flavour
~12:|——| ~24GeV/fm’ 20 |
1 fm ' T,

0.0

1.0 15 20 25 3.0 3.5 40

HREDRFEDIRIINF—EE: ¢=0.2 GeV/fm3

QCDHEIERICLY, BEDRFEDIELEH10ZLL L
DIRINF—EBENSERREE

£, T =16 GeV/(fm’c) «— QGP I+ o TR F—BE
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(2) RODEFFRERELSL?



KRARBLEEARE

B iEE:
KIZEDIHEDZARINV () LR FERAID AR
V(B BRPHED TR A TR TINVS

> FHER > EADERAIFZERRE TERE
EDPOIERS MHOTINVS,

pure thermal light
source =)
£
-
£ heavy
Pt
expanding
source
. light
)
Z
-
< heavy
Pt
BEAHEERE:
BIRDENES:

BE T TEEINDARODIRILFE—9% (pT) > RILY
TNt (H—<IL9fh)

BiRDHDBE:
HBRES TR BRSNS, EVRIFIERELEIRIV
F—%15%, FHANER, BAZBCRDP>THFMED

LT3 > FHRE 53
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PRELIMINARY
Pb-Pb 5, =276 TeV

—a— 0-5%

—— 5-10%

—— 10-20%
ool R
w0 RESEY
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- —=— 50-60% B 4
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p, [GeV/c]
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02
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102
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Cly| < 0.5
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PRELIMINARY
Pb-Pb |8, = 276 TeV

2.2
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—=— 50-60%
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PRELIMINARY
PD-Pb |8, = 2.76 TeV
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T, (MeV)

EHBATDORDSROBIRRE

015

0.1

0.05

Au-Au, pp, 0.2 TeV, n, K, p

—— Pb-Pb, 2.76 TeV, 1, K, p

- ROBERIERE Br:JEIED 66 % !
- RHIC (0.2 TeV) 5 10% #,
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INROVERBRDULLH (1)
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vint, K /K*, pbar/p HIF4RLE

13 ALICE Preliminary

0-5% centrality
1.2

1.1

\NUAA-RNVALE
~1.0

1

0.9

EJ""-E'?JJ [0

0.8
0.7F- —®— \'S =276 TeV (ALICE Pb-Pb)

——4— \ Sy = 200 GeV (STAR Au-Au)

0.6 E— \ Sy = 200 GeV (PHENIX Au-Au)
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-—D—.

0.5 . .
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ALI-PREL-8993
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ﬁn'l'ﬂl]ﬂ' VJL:E?)V_C“ Up>» Tch ZkHB!

Pb Pb \SNN—Z 76 TeV

 Prefiminary :

particle ratio
2
[

2
I
|

10-3— - Data ALICE 020°/ (preltmmary) +—q :

_ET_164MeVu 1MeV

101

K'nwt Kiw  pltt Pt Elvt T Qlvt Qv

KRBT, TRTOEFHE=—DOD/NS
A—HTIT4vNT 5,

« #5R:T_ =164 MeV, pz =1 MeV



Temperature T (GeV)

02

0.15

01

0.05

Center of Mass Beam Energy \féNN (GeV)

5400

20

5 1

Pb-Pb (2.76 TeV)

partonic phase

LHC

0-20% central

Model: MIT bag/QGP gas
A Chemical freeze-out data
Fit to freeze-out data

O  nucl-th/0511071, Andronic et al.
- Freeze-out at n = 0.12 fil

tMseimicnImriay
.-
.,

SPS AGS SIS

SUINESOS0ONEY/

G

//BUNXE }

0.01 01

1

Baryon Chemical Potential ug (GeV)

Braz. J. Phys. vol.37 no.2c Sdo Paulo June 2007

http://dx.doi.org/10.1590/5S0103-97332007000500024

N. Xu
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\ Freeze-Out At

- Hadron Gas 4
\_/’ | |
SVEBEBITZEEES
IN— BN 8EL
AT ITIREEQGPAERK
{L=RIRLF RS

AANNND
NP>
central region

Y

1

)
;
S

1.< 1 fm/c : 3
o 5 (GEBMRE AR
1 53X 2 W7t A E )
R | % B R T R

(FHMERELN K D)

ime scale Temperature scale
10fm/c~10-*3sec 100MeV~1012K
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(4) RDIRIE, Foald?



« BEFNFENTHNRZELT, &
LADRKEZIPEMRZAE

eHanbury Brown & Richard Twiss
> ZHFOEERBLVEDAERERZERDR, (1950FRXCH)

eGoldhaber, Goldhaber, Lee, Pais
SR FREERERICISH (1960)
SALER—RFOZH FIiHBEZR /=,

C P(p19p2)
2
P(p,)-P(p,)
N 2
Do (@)
= 1+Aexp(—R2q2)

=1+

Particle emitting source



- E§T539@ﬁﬁ9 HBT radii (Rlong’ Rside’ Rout)
X Rout- X2 @ RHIC

HBT JEDSHHR. SHENB

Volume V =R, X R4

— t~10 fm/c: 40% higher @ RHIC

'Phys.' L'eﬁ.' B'696 '(2(!11') 328

— 400 ————————r
E L A E89527,3.3,38,4.3GeV ;
T 350F A NA4987, 125, 17.3 GeV .
5 [ m  CERES 17.3 GeV 3
c 300F % STAR®624,200 GeV :
3 [ O PHOBOS 62.4, 200 GeV 5
% 250} @ ALICE 2760 GeV ;
o : :
200F .
150F ;
100 A ﬁlﬁ 3
50F :

O~ ——"%00 7000 1500 2000
4 B3 (AN _/dn )
C

7, (fmi/c)

1oF A E89527,33,38,43Gev ]
A NA4987, 125, 17.3 GeV 1
jol ™ CERES 17.3 GeV » 1

[ % STAR 62.4, 200 GeV 3

[ O PHOBOS 62.4, 200 GeV 4
8 ® ALICE 2760 GeV .

. i %ﬁ % :
6 a y
af ]
2f % ﬁii ]
0 [ M PO TS WUy, FUNT PRy S SPAr| STY WSS PN I PR W 1 | g o o ., i

0 2 4 6 8 10 12 14
n 113
R e S N T

/
ey

long
= mT:“Jﬁ*Tlﬂuml

Phys. Lett. B 696 (2011) 328
——————
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A UA2 two-jet event, ca
1982

Jrwvbh&?

Vv hk=BlEBHEZEHHoT/\ROVAFOR
1. D=9 - JIL—AVRATOSLVESHERTT
IS THERK

2. EBFERFHICED. FUuBICLTI8O
FaCELS
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Jet
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at RHIC

Animation by
Jeffery Mitchell
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vy MIglEE/ Dy (EM4HF; ATLAS)

mm CATLAS

2 EXPERIMENT

Run Number: 169045, Event Number: 1914004
Date: 2010-11-12 04:11:44 CET

S1E, [GeV]

40
: Calorimeter
30 Towers

20




SxyMIHEE/ DTy

CMS Experiment at LHC, CERN

Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520
Lumi section: 249

~ (EAA>; CMS)
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FALOTIEDIRILEF—IEXFRE
Di-Jet Asymmetry (ATLAS)
¢ TRILEF—DIEXTE A,

DA TREGIERATTA DD !

s NI RILFX—IF. EEBIZDHF

ERIZERIEL TULVBAEAH A oT= (CMS),

« Centrality 0-10%

ATLAS Preiiminary 3
—276TeV}

i Centrality 10-20% _ |

E;,>100 GeV |4
E >25 GeV

e

T T _ T T T 7
Centrallty 20-30% 1
CJHUING+PYTHIAS

® Pb+Pb Data ;

ETl B ETz
ETl + ET2

A =

J

ATLAS (G. Aad et al.),
PRL 105, 252303 (2010)
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L N — O —_y
SHRFLEF IR ADDIZH7M 7
L] u
ATLAS Preliminary Pb+Pb\s,,=2.76 TeV L, =7ub’
1.2 0-10% 1<p<2GeV,|n<25
1= -
0.8 : : - :

2

dN/d(¢-y) arbitrary scale

dN AN

prdprdydye (pr, :b) = 2nprdprdy (1+ 22(1@; b) cos(2¢p) + ...)
EEICENEFEEMIRDEA LHCTH
A1=.
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v, RHIC vs. LHC

RHIC (Nsp=0.2 TeV )T®D v, & LHC (\Vs=2.76 TeV )TD v2 (FIFEAERL,
INIVIIEREZ—DEENFEALERL ! ?

= 0.3
- 2 20.30%
> 0.25 (20 1090% (s1aR)
B3 20-30% (STAR)
| 30-40% (STAR)
0.2 *
0.15 . 4;;&’ i I
} . QJ*‘"‘M" RO
v ¥y
0.1 i b
<l $
ih
[
0.05F gt
»
0 05 1 15 2 25 3 35 4 45 5

P, (GeV/c)

ALICE: PRL 105 (2010) 255§02



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 ps
* 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 LHC/RHIC fluid behaves like this, that 1500 pis

IS, a strongly coupled fluid.

2000 pus
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JIp (c-cbar A—OREIKRE) DFER (1976)

http://www.bnl.gov/bnlweb/history/nobel/nobel_76.asp

"LETTERS

2 DECEMBER 1974

o
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50 |
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200 +

100
50

20

o (nb)

10

"IG. 1. Cross section versus energy for (a) multi-
jron final states, (b) e*e” final states, and (c) u*u",
=", and KK~ final states. The curve in (a) is the ex-
sted shape of a 6-function resonance folded with the
ussian energy spread of the beams and including

The ernsae asntinna chaum in M)

200 r

e ®

e —————— &
_e—--—"

(0)1

o1l

(c)

1l

EW LETTERS

2 DECEMBER 197+«

3.10 3.12

diative processes.

Ec.m. (GeV)

3.4

80
242 Events

s

70 + SPECTROMETER

B At normal current

60+ [J-10% current

50 F

s0t

30

20+

EVENTS /725 MeV
T T T
N

NN

—

“J” particle
S. Ting

3.25 3.5

me+e—[GeV]
7IG. 2. Mass spectrum showing the existence of J.
sults from two spectrometer settings are plotted

>wing that the peak is independent of spectrometer
rents, The run at reduced current was taken two

nths later than the normal run,

“psi” particle
B. Richter

PRL 33, p1404 & p1406 (1974, Dec 2) 77



QGP TDOHhS—F /\1 ik

y

‘ V( I’) c-cbar potential

» I
Perturbative Vacuum Color Screening :

Jhp: c-cbar RiFIKRE < AR AR RS TR REEE
(Charmonium). %0_6 : Ko (0.59 fm) E
Y: b-bbar FRiZIREE = 7 i
(Bottomonium). 05 | (058 fm) -
Jhp & Y suppression by Debye : ho Debye length from lottice QCD
screening effect of color charge, e :
_ell_bove the critical temperature 03 J /Y020 tmy E

c’ : ]
One of the QGP signatures. g T 015 E
Proposed by T. Matsui and H. o1 [ 2 ' k
Satz, Phys. Lett. B178, 416 :
(1986). OIS T s s s 4 as




JA—2a=r) LL\iKEe

& 5 .

State J/¢ (1S) | xc (AP) | ¥ (25)
c-cbar m (GeV/c?) 3.10 3.53 3.68
ro (fm) 0.50 0.72 0.90
State T(AS) | xp (1P) | T (2S) | x, (2P) | T (35)
b-bbar m (GeV/c?) 9.46 9.99 10.02 10.26 10.36
ro (fm) 0.28 0.44 0.56 0.68 0.78
: . ’. T/T¢ 1/(r) [fm1]
decreasing binding energy
Y(15) @
%(1P)
HA—A=YH LREDT R TOHTFEHR 1409) @9

> QGP DBEEETIZ/55, 4 (2P) Y(35)
*(1P) w(2s)

|



Higher Y States Suppression (CMS)

Events / ( 0.14 GeV/c?)

mb\ﬁﬂﬁ_ﬁ“ J:U El(i'é(‘fét%uo

J:U

80 F CMS Prellmmary 7
mi_— fit ! ppNs=276TeV E
o 0.0<|y| <24 .
60[- p" > 4 GeV/ 0<p, <20GeVic -
- Ly = 225.1nb" ]
50 ]
- p p ¢ = 92 MeV/c? (fixed to MC)

m,,, (GeV/c?)

1 12 13 14

Y(25+38)/Y(S)|,, =0.787515 £0.02

Y(25+38)/Y(1S)

Events / (0.14 GeV/c?)

60

__— PbPb fit

------ pp shape
p‘Tl >4 GeVic

|||||||||||||||||||

h CMS Prellmlnary

PbPb \ s\ = 2.76 TeV 1
0-100%, 0.0<|y| <24
0< p, < 20 GeVic

Lin = 7.28 b

6 = 92 MeV/c? (fixed to MC)

PbPb

Y (28 +38)/Y(15)|,,

Y(4s) suppressed by 0.6 = 0.15

11 12 13 14
my, (GeV/c?)

Y(25 +38)/Y(1S)| pypy = 0247015 £0.02

PbPb —O %l 019+00‘;

-0.15 —

CMS

CMS-PAS-HIN-10-006
CMS-PAS-HIN-11-007
CMS (S. Chatrchyan et
al.),
arXiv:1105.4894 [nucl-ex]
(2011)

Y(2s, 3s) further suppressed; 2.4c effect



Table 1. Charmonium states and binding energies.

JOURNAL OF PHYSICS G: NUCLEAR AND PARTICLE PHYSICS

doi:10.1088/0954-3899/32/3/R01

INSTITUTE OF PHYSICS PUBLISHING

J. Phys. G: Nucl. Part. Phys. 32 (2006) R25-R69

TOPICAL REVIEW

Colour deconfinement and quarkonium binding

Helmut Satz

Fakultiit fur Physik, Universitit Bielefeld, Postfach 100 131, D-33501 Bielefeld, Germany
and

Centro de Fisica Teérica de Particulas (CFTP), Instituto Superior Técnico,

Av. Rovisco Pais, P-1049-001 Lisbon, Portugal

Received 14 September 2005

State Ne J/ ’1{' Xc0 Xcl Xc2 ‘l” Published 8 February 2006
Online at stacks.iop.org/JPhysG/32/R25
Mass (GeV) 298 3,10 342 351 356 369
AE (GeV) 075 064 032 022 018 0.05
Table 2. Bottomonium states and binding energies.
State T oo xet xe2 Y X0  Xbi X T
Mass (GeV) 946 986 989 991 1002 1023 1026 1027 1036
AE (GeV) 1.10 070 067 0.64 0.53 0.34 0.30 0.29 0.20
Table 4. Quarkonium dissociation temperatures [19].
State  J/y(1S) x(IP) ¢¥'(2S) TY(1S) x(1P) T(2S) x»(2P) T(3S)
T/T. 210 1.16 1.12 =4.0 1.76 1.60 1.19 1.17




it&b

- 201 0&F&D, BHREBEIRILF—ICELBIEIXRILF—FRF

EREEN. CERN- LHC IBELr

* iﬂﬁ_ﬁtfﬂ_:&m/ﬂn * HI*)L:\:“—

AQ/
EvOINUDEET O ubBDIRRE. "V LIV 7&E

ZBEYIE

Kjfc_o

3357

(QGP) Z=4%£

P

- IRRIGEREDN S, LHC TER=NTIZEQGPOMEDHSH

DD DOH B,

- EERRIIIRLEWBFIRoTZENMD, E<FEHULBWVLWHARED |

82



=Lz I1E
NI TERDONERELIRIVFE— ES5FEDNS?

Lego |GICIEE

IMS Experirhent at|LHC, CERN T
atarecorded: SunNov 14 19:31:39 2010 CEST
Hun/Event: 151076 | 1328520
umi.section: 249

2l

Pb+Pb @ sqri{s) = 2.78 ATeV
2010-11-08 11:30:48

Fill : 1482

é&l\ 1137124

vent : 0x00000000038BE693

2 xybhSQGP YHZBMBAL THSDHHLNIERNV?
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h Multiplicity Event in p+p 7 TeV
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FURKRT IV—T DOEEK
(ALICE 3EB% EMCAL)



ALICE ¥ (vl ER
EEjJElU% — IR HERDEE (R KX)
A 60% expansion of EMCal
Beam View arranged to permit back-to-
back hadron-jet, jet-jet and
gamma-jet measurements.

Goal: QGP tomography via
detailed «jet quenching»
studies: PbPb/pp jet x-section
ratios, fragmentation
functions, ...
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