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• an awful lot has happened in last 6 months 
• summary talks at QM'01 concentrated heavily 

on RH Ie results - still not enough time 

- I've "borrowed" liberally from those talks 


• I've tried to concentrate on what we now think 
we know that we certainly didn't know before 
- of course, everything is new 
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chronology of events 


...........j collisions detected, 
Long Island unscathed 

.....-~ RHIC preps for collisions 

more collisions, CNS Workshop 

press release 

Quark Matter 2001 

june augll~t octol'~r decemb~r february 
july september novemoer january 

PHOBOS paper IJPS II APS I 

collisions! 


IPHENIX Central Arms I 

ISTARTPCI 

.........-.

NATIONAl LI\BORATORY 
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Rille 

Destan Parameters: 
Bea m Energy = 

No. Bunches = 

No. lOlls IBunch = 

T'tHl'e:::: 10 hours 
La~., = 

the lay of the land 


100 GeVlu 
57 

1 x 109 

2 X 1026 cm-2 sec-l 

the accelerator 

• 	 two separate rings 
sharing one tunnel 

• 	 power supplies for 
some magnets not 
installed yet 

• 	 no storage RF 
• 	 accelerated to 130 

GeV/A 
- below quench current for 


final steering dipoles 


• 	 few Jl,b-1 integrated L 

,/"~............ 

'tlTIO"'''!. I >\IHll(,\T01Pi 
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"phase transition" in the accelerator 


global features of Au+Aucollisions 


4

• 


Transition energy 

• 

Beam energy 
[T. Roser [ 

• 	 dNch/dl1 at mid-rapidity 
-	 models predictions vary 

by over a factor of two 

• 	 dNch/dl1 vs centrality, 11 
- does wounded nucleon 

model still hold at these 
energies? 

• 	 dET/dll at mid-rapidity 
• 	 net baryon density at 

mid-rapidity 
- how close are we to a 

(net) baryon-free central 
region? 

dNch/dyly=o 200 GeV/A 


cpn99 

qm99 

qm9') 

qm99 

qm99 

qm99 

qaR9 

'99 

'99 

'99 

'99 

'99 

7m 

RHIC is first 
superconducting 
accelerator to have to 
deal with this 
- low, high energy particles 


in bunch have same 

orbital frequency 


-	 intrabeam scattering 

full complement of 
magnet power supplies 
will help next year 

..-'''lI............ 

"oI ..UIONA.l lABORATORY 

bOO soo 1000 1200 1400 1600 
rr-r'--rTl'-r-T"rr"fTiTTT 

HUlNG Idlf,tI<I<,. b<JfnI, _ _._ ~__ 

HUlNG+ZPC+ART Ii>-O!. ... 

RQMD !\•••lI'm, .... 

UrQMD IlKlb.! • 
VNl+UrQMD .b<lm.) ...• 
HSO.VNI+HSO (b<~. 


NEXUS ill<.::b' 


OPM Ift-fto' 


OPMJET ~fto,~) 


SFM,~, 


.EKJU lIdurlldOl1 ,booO) 

Hycho+-UrQMD ,WI 

McLV 1<INIdr!. booO) ..' ... 

[ P. Steinberg [ ......-""'f......... 
"'ATIONAt IAIHlkATOll'i 

••.. 

• 

• 
• 

• 
:. 

• 	 * 
• 



--
32 

PH:~'~~{ENIX ~""es 

charged particle multiplicity 

4~~------------------~ • good agreement 

~----~~--~~--~~~ o 100 200 300 
N 

400· not even easy to 
determine O'tot! 

[P. Steinberg [ part 

pseudo-rapidity···distributions 


-6 0 5 
4~--------------~ 

~Data 

2 J 't. 
~ tit. 

1r/~\..' ~ 
o :0 0 5 

• 	 PHOBOS has really 
fantastic 11 coverage 

• 	 when wounded nucleon 
model is divided out, 
there is still an increase 
at mid-rapidity 

• 	 evidence for some 
relative decrease in 
dNch/d11 at high 11 

11 	 [P. Steinberg [ .......... 

"'.'TICI"At I J\BON.\TOln"

Systernatic error 

-5 

t 3.5 
ctI 

:zc. 

a.q 3 

t=" 

~ 	2.5 

2 

between different 
experiments 

• 	 wounded nucleon 
models fails 

tl • evidence for rise 
with number of 

-...- YTX I SPEC TrICIc.IMI 
collisions 

-r-pp • 	 not at all trivial to 
-e- PHENIX determine N !part

......... PHOBOSPRL 




transverse energy 


• 	 acceptance 
-	 1111 < 0.35, .6.<1> =45° 

• 	 studied vs charged 
multiplicity and Npart 

i , . I 

o 200 400 

..... 
"••'.I•.. 

lB. 	Zajc I 


• 	 dNctldll and dET/dll seem 
to indicate an energy 
density of at least 50% 
greater than in Pb+ Pb at 
SPS 
-	 modulo parameters in 

usual Bjorken approach 

-	 formation time smaller? 

net baryon density (via pIp) 

I 

~ r ,"',... 	 ,,. 	 ....; 

j
0-	 i!

1::: .-0- -.0. -.q--.,+ Jco elf ~ 	 !.c 
0-	 J 

,""t 0." 

IlM_ 
02 

,.1< feU 

PT 	(GeV/c)[8. 	Huang I 

• 	 value of pIp - 65% 
- implies that 2/3 of 

protons at y=O come 
from pair production 

pIp < 1 is not "bad" 

• 	 much closer to 
baryon-free central 
region compared to 
SPS 

• 	 gluon dominated 
central region 

6



global features 


• 	 large particle production, rising faster than 
wounded nucleon model, suggesting 
significant particle production due to hard 
processes 

• very high energy density; more than 50% 
higher than SPS is likely 

• almost net baryon-free central region 

• 	RHIC collisions look (at first glance) like we 
had hoped they would look 

measuringelUptj~,ftow: two methods 


particle production 
relative to an 
identified reaction 
plane 

C(~ ) = R(~cI» Iangular correlations I
cI> B(AcI> ) 

..-""11.......... 

",\TIn",,,!. • ,I\DOII ArOltVIP. Steinberg I 

y 

V2 = (cos2l/J) 

t/J = atan Py 

Px 
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centrality dependence of elliptic flow 


rl!'!l··..r-······II···········,I·····················4.··.pfofOB4i)S··fl~relitnilla:ry····-; ~..,~ 

I 0 STAR (PRL) 
1--......~ .............Ac*,.:1................ . ....................................................................... . 

~I 
........................................~.............................................. . 

~ ............,.Q.................. 

0.2 0.4 0.6 0.8 1 

relative centrality 

Isurprise: very strong elliptic flow I 

WR 


IP. Steinberg I 

. .......,
...........

~A·FlUNIU. tAflUItATOn 

Pr dependence of flow 
~ 0.3 

Hydro+GLV: M. Gyulassy, --.c. 
M I. Vitev and X.N. Wang, 
~ 0.25 

nucl-th/00012092 

0.2 

0.1.5 

0.1 

o.os 

2.5 3 3.5 4 4.5 5 
Pt (GeV/c) 

• flow starts to bend over at -2 GeV/c 
• matches well with models that incorporate jet quenching 

IR. 5nelll"ng I .......... .. N~TI01\lAl. LABORATORY 
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spacetime extent of source (HBT) 

• e.5 • NA49 • $I'M 
'" ESI6 HA44• 	 surprisingly little change ~~ 

1 

in source parameters 
0.5 


'from SPS 

- people had been 


prepared for huge 

sources! 


• 	 possible that extraction 

of HBT values is 

influenced by very 

strong flow at RHIC 


10 

IJ. Harris I 

'" 

'" 

. 
!" 

.. 

.. 

• ... 
'''; • 

.J ." 

....... • • +~ 

.. 
• .... Ii • 

III 

" +• STAR•••... Preliminary 
J 

+!...~ 
I 
t t 

particle 10 bydEld.xinSTAR's TPC 


IJ. Harris I 1 P(GeYJc) 
,...,I..~.......... 

....,TlOs,. .. " .... DOItATORV 
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-u:; 
" 

Au+Au \fs = 130 A GeV 

= 
p 

-p 

pa.rticle 10 by TOF in PHENIX 


PHENIX Hi h Resolution TOF 
r 

J 
f 

0." 

1.5< P < 1.6 GeV/c 

K+ 

0.6 0.. I 1.2 1 .. 

Mass squared [Ge y2] 

1t/K separation < 1.6 GeV/c 
Proton separation < 3.5 
GeV/c 

IH. Ohnishi I 


,. tltMq'r.e/iminllry)topology and invariant mass 
K+ 

till. ,.1 1.1 ut 1.31 f.:l 1.:1 U lA....~ 

i
111 

': ! , l 
~.,-,-_L......t.:_'-~..:..c.-.-,- ...:."'--'..J 
us 1. 1.1 t,12 f.14 ua UI t.! 

..jGtfi) IH. Caines I 

'" ••• I, """"" "'1 I ",!, "I 
1. 1.3 1.32 1" 1.31 ua 1A 1.1 

...pew.~ ............. 
NAnoNflit IA80ltATQRY 
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P+P Pr spectra 


I• power law Pr fall off ·800e..vCDF · ! 
630C-llV i• interpolated to RHIC 	 UA1 ·ooot::.oV 1 

5OO(;.",V 

· ;>GOCoYenergies 
· ~,.:ft· ....v 

,-:fee'\.'• 	 provides basis for 
sri 

comparison with high 
p T single particle 
specta in Au+Au -3: h'+h 

10 ~ --2

10 
.. r 
f 
r 

-5f . . .. power law fit 
10 	 ~ 

IA. Drees I 

it's all p's out there! 
'~ 

• 	 pbars =1t-'s at about 
2.0 - 2.5 GeV/c 

• 	 same is true for p's and 
1t+'s 

• 	 odd in picture of high Pr 
jet fragmentation - you'd 
expect 1t'S 

'~'!lO~"'1 I ·\HON·\I'O't'..........

I:}I 
.......... 
u 
:> 

CD 10 
CJ 
'-"" 

a: 
1 ~ 

"'0 

.e: 10,... 
~ 

~ 10 ... 
~ 

Z 
~ 10 

10 

-1 

-2 

-3 

-4 

PHENIX preliminary 
Au-Au 
min, bias 
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what is the expected Pr behavior? 


Cronin effect: 
increase in 
yield vs pT, 
relative to 

p+p 

0.5 

t~ 
,,\ _ No shodowrn; 
• ~ ____ EKS98 sl\(lCfow1n9 
• \ __ MIJING snodo""FMJ 

\ 

\ 

,j}IA. Drees I 1III08KIia_ 
,",\tW"'l I ~80M"'TOR' 

normalizing yields to p+p 

-~ ,.4 f  5"-0 central preliminary 
C\I 
~ '.2 f- [J PHENIX (h++h")/2 • PHENIXrf 
C ~. STARh"g, 

t t 
I 

5 6 

(GeV/c)i Pt 

2 GeV/c IA. Drees I 

no Cronin effect 

seen - instead 

particle yields 


(relative to p+p) 

turn over and fall 


at about: 

Pr =2 GeV/c 
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i 

N
:-'10 
~ 
CD 

~1 
cr 
~ 
Z 
"010 
If 
,... 

~10 
,... -

~10 ,... 

10 

10 

10 

peripheral Au+Au 


-1 

-2 

·3 

-4 

-5

-6' 
C'~I~~~~2~~3~~4~~5 

o 2 3 4 5 
PI (GeV/c) Pt (GeV/c).......... 


o 

PHENIX preliminary 

h++ h-

peripheral (80-92%) 
.---~----------~ 

matches well 
with pQCD 
calculations 

N. Wang (200t) 
-dEA:lX.CI 

~~.nopl-lllDall1ng 

... dE&. O. tI\tIdOIling 
lIIadoW1n, pI.aoailng 

dEA:IX .. 025 GeYn'm 
IIIadoWIng, pI.aoading 

,... 

PHENIX pl9liminary 

t 

-5 X.N. WIIlgPRC61 (2000) 
10 -de.ax.0 

-6 
10 

no JIIac!OWIng. ~ pr.aoldlng 

--.' dE& • 0, IIIICkM1ng 
SIIadoIIIn, 1l-lllDalling 

dfAU .. 0.25 GeVIfm 
1hIdowing, pI-tlIDading 

[A. Drees,X-N. VVang[ "ATIO/lOAt L\St>RA'r<Hl)' 

central Au+Au 
C':' 

PHENIX preliminary 
CD 
~ 10 2 

pQCD higher 

if jet quenching 
included 

ss? 

·CIEAlx .0, iIII1II::tOwIn; 
-4 .tlll1IIIOWIn, pr-aoailng 

10 ClEAlx • 0.25 GeViIm 
.tIIIadcMIng, pI-aoadin; 

o 	 2 3 4 5 
PI (GeV/c) 

PHENIX preliminary 

r---~-------------;~ 

i -, 
~10 ,... 

-2 
1 0 XN. Wang Yl001) 

-3 
10 

-4 

-ClEAlx.O 
no.tlll_n;. no pI-IlI'Oadlng 

- .,. ClEAlx .. 0, .tIIIadoWIn; 
.tIIIadoWIn, pr.aoadlng 
CIEAlx • Q.25 GeVllm 
.tIII_n;.pI.tvodng 

than data; better 

1 0 0~--'-'-+'-"-'-'~2""""""'-'-'-3~'-'---I.-':4-'-'-"'--l-.J5 

PI (GeV/c) 

[A. Drees, X-No VVang [ 

c.r 10 
~ central (10%) 

Z 
"0 

£f,... 

-3 X.N Wang PRe 61 (2000) 

10 -ClEAlx_O 
no .tIII-n;, no pI-aoadin; t 
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spin physics 

• collaborators across STAR and PHENIX 

• 	measuring spin asymmetries in p+p collisions 
- unique RHIC capability (for now) 

• will measure gluon spin structure functions 

• commissioned production, acceleration, 
manipulation of spin polarized proton 

- achieved 500/0 polarization 


., 

IIIIDOIdiAva 
"'''"11'''''1. \AIilOIlAT(.IR' 

q~ ,Rt1I,C Y~ar.~: CPR In Summer 2~ 
~~ Fully equipped Snake and Polarimeter 

~ :...,10' p,)1. Prl.iton:-.' Bunch 
___...1' 20 Jt nlln mrad 

-14
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experimental improvements 

• 	 RHIC gets more Siberian snakes 

• 	STAR gets a vertex tracker 
- look for displaced vertexes (8 mesons) 

• 	PHOBOS gets a true second arm 
- pairs at very low PT' sensitive to large scales 

• 	 PHENIX gets an entire muon arm 
- not the only addition to PHENIX, but it is a big one 

with luminosity we will see ... 

• 	 pair physics (e.g., vector mesons: $, J/l.J!) 

• very high Pr physics (15-20 GeV 1[o's) 

• 	direct photons 

• 	scans in energy and species 

• 	p+A or d+A to establish baseline physics 

• systematic studies 
- energy scans 

- species scans 

........... 

"HIO!\At I AbOR,\'f(IRY 
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single electrons 

.----------

• 	 with more luminosity, 
look for heavy flavor 
decay to e+ 

• 	 also combine with Jl to 
look for open charm via 
O--;eJl 

U 1 1.5 2 U S U 4 
P,(GeVIc) 

di-electrons 


• 	 not enough integrated 
luminosity from RHIC to 
do J/q' this last year 

• 	 will be possible in this 
coming run 

sees J/\}I's here! 


10 130 GeV 
conversion background 

10 

the true believer L--~~~----"'" 

PHENIX PRELIMINARY 
Min.Bias Au+Au 

4 
~ 
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what didn't I talk about? 

• event-by-event fluctuations 
• strangeness production 

- soon to be charm production 

• 	slope parameters from PT' mT spectra 
• 	equilibration questions 

- baryochemical potential, freeze-out parameters 

• 	direct photons 
• 	 literally, dozens of other things! 

summary 

• 	 huge quantity of experimental results 

RHIC works! 

• 	 collision environment has high energy 
density, low baryon density, very 
strong dynamics 

• 	 particle composition, flow, rcO PT 
spectra all point promisingly in 
direction of jet quenching 

• 	 spin commissioned 
• 	 vector mesons coming with luminosity 

• 	 experiments getting new detectors 
• 	 next run A+A at full energy, high 

statistics. polarized p+p too! 
• 	 RH IC has stomped onto the physics 

scene - ozeki last year, yokozuna this 
year! 

-17



Measurements of Global Variables at PHENIX 

Kensuke Homma for the PHENIX collaboration 

Hiroshima University 

Measurements of global variables are the first key step to understand a full picuture of 
dynamical evolution of nucleus-nucleus collisions. I will present the results of measure
ments on the multiplicity of charged particles and the distribution of transverse energy 
as seen in the PHENIX during the first year's run. In addition to those rather estab
lished measurements as the first year's results, I will also discuss a prospect to measure 
event-by-event fluctuations as one of important global variables in the PHENIX. 

18



Measurements of Global Variables 

atP'HENIX 


Kensuke Homma 
Hiroshima Univ., Japan 

On behalf of the PHENIX Collaboration 

Feb 14,2001 

Contents 


C Charged Particle Multiplicity and Transverse 
Energy in Au+Au Collisions at "-isNN = 130 GeV 

(Nucl-exp/0012008 submitted to PRL) 

[J Prospects to search for anomalous 
event-by-event fluctuations 

..........- Feb 14,2001 


PH~~~;:;~ENIX 

19
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3 

Charged Particle Multiplicity 

and Transverse Energy 


• 	 Introduction: 

Importance of Nch and Etmeasurements 

• The PHENIX detector. 

. • 	 Experimental results: 

dN ,(dl1 distribution at mid-rapidity c

dEt/dry distribution at mid-rapidity 

Centrality determination 

• 	 Results and discussion: 

Comparison to model predictions 

Comparison to CERN and AGS data 
Feb 14,2001 

• Conclusions. 

Global variables: E t and Nch 

• Initial conditions, energy density of the system. 

x Scaling with ~s. 


x Mechanism of particle production, soft vs hard? 


Soft: Nch ex: N part 

Hard: Nch ex: Ncoll 

x Constrain theoretical predictions. 

Feb 14,2001 

-20
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Theoretical Predictions 


.112 = 1.5 

• 	 Various models predict 
different trends for 
(dNc,/dl1)INpart vs Npart: 

HIJING: (Wang, Gyulassy, 

nucl-th/0008014) 

(dNch fdTl)/ Npart increases 
with Npart 

5& GeV Saturation model: (Eskola, 
1 	 "r HIJING " ISR Kajantie, and Tuominen hep• UA5 

O.S - Saturation model • PHOBOS ph/0009246) 

00 SO 100 150 200 250 300 350 	 400 . (dNchfd1J)/Npartconstant 
N, 

VS !Vpart 

5 	 Feb 14,2001 

West BeamView East 

PHENIX..Setup: Beam View 
• 	 Pad Chambers: 

RpCl == 2.5 m 
RpC3 == 5.0 m 

1111 < 0.35, ~<I> 900 

8 x 4320 pads. 

E > 99%, 0' - 2 mm 

x 	 Lead Scintillator 
EMCal. 

REMCal == 5.1 m. 

1111 < 0.38, ~<I> == 450 

2 x 2592 PMT 

18X 0' - 8% 
0' 	 F~14 2001 

for 1Ge V y-quanta 

-21



7 

PHENIX...Setup: Side Vie~ 
fe~ 

Central Magnet ~~cr> 
..}'\>o 

~o~ 

ZDC North 

MulD 	 -

South 	 North 

• 	 Zero Degree Calorimeters 

Spectator neutrons with 1111> 6 

IZI==18.25 m 
3.0 < 1111 <3.9 ~<1> :::F~64001 

• 	 Beam Beam Counters 

64 Cherenkov quartz 
counters with PMT readout 

• 

Trigger and event selection 
BBe trigger: 

Coincidence of both BBC 
(at least two photomultipliers fired in each BBC). 

• 

Corresponds to (92 ± 2)% of the geometrical 
Au-Au cross section (<Jgeo. == 7.2 b). 

ZDC trigger: 

Coincidence of both ZDC (E > lOGeV) 

Includes mutual Coulomb dissociation processes 

97.8% of the BBe trigger events also satisfy 
ZDC trigger condition. 

• Event vertex restriction: 

8 
IZI < 20 cm around centre of interaction region. 

Feb 14,2001 

--22
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Charged Multiplicity Determination 

• Procedure: count tracks ona statistical 


basis, no explicit track reconstruction : 

Combine all hits in PC3 
with all hits in PC 1. 

Project resulting lines onto a plane 
through the beam line. 

Count tracks within a given radius. 

Determine combinatorial 
background by event mixing 

9 Feb 14,2001 

Track Vertex Distribution 

• 	 3 contributions: 

Peak at low R: 
primary particles coming 
from the event vertex 

Combinatorial background: 
dNB/dRoc R 


Exponential tail: 

in~flight decays 


. Accepted tracks
j .~ .......... ,...............t ....................... ......" ......................... ..
6 ...,..................[ 	 ': ...................[
; : : : 

l 1 1 1I'I' 4 .. ·, ....· .. ·..·.... +·.. ····· .. '·1....."·· .. ·· .. j.. ····........:.·....·....·........... 


1 0T1°t+t ~ ~ : 
F ..................: ................. ; ...... . 

j 8ackgrou~ 

2~: ' 
5 10 15 R:'ction(~ 

• 	 Number of tracks per event: 

Subtract average background on an event-by-event basis 

Count all tracks within R=25 cm 
Feb 14,2001 (=~ 95.9% of all tracks) 
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o 0.1 0.2 G.3 0.4 0.5 0.1 0.7 0 .. 0..1 1 

Minimum-bias multiplicity d'ist'ribution 
at ....JSNN = 130 GeV 

• 	 92% of a geo 
(Missing events are all in the 
lowest bins) 

• 	 Shape at high 
multiplicities determined 
by fluctuations due to 
limited acceptance. 

• 	 Scaling factor (geometry) 
to one unit of rapidity 5.82 
(lower axis). 

I I I I I I I I I I- .,0 	 6tIJ 
dNJdlll.. Feb 14,2001 

'1:1 
i ..................,........lIntH..,- .>1.4 

• 

11 

1 

0 

••••••••••••
••••••••••",. 

PHENIX 
Au-Au ..JsNN = 130 GeV 

• • .. • 101 

I • •I. 

1211 

, 
'.'. 

141 

'I, 

1. 1. 
NIIIberat bleb 

EMCal energy response 
• Energy scale: 

XO peak at 
EMCal measures full 136.7 MeV/c2 

energy ofy and e±----ooiiiiiiiiioiioli--

0.1 0.2 0.3 0.4 0.5 

.. 

Slow hadrons are 

absorbed in EMCal 


Relativistic hadrons 

produce MIP peak M (GeV/c2
 

) 

Red curve:
• EMCal energy response Au-Au data. 

proportional to Et : MIP peak at 

E t =1.17:0.05 EtEMCal 270 MeV 

EMCal energy resolution 
Blue curve is 

not important for the Et AGS test beam 
measurement data with x+ 

12 Feb 14,2001 
Ea.c (GaY) 
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Minimum...bias transverse energy 

distribution at vsNN = 130 Ge V 


~ 	.f~"" I' 'M~~'E:~~~~~' I' '~.• 920/0 of O'geo 
'10 • 	 1: (Missing events are all in 

PHENIX preliminary ~. the lowest bins) r 	 Au-Au vSNN 130 GeV ~, 

~~ 	 i' Shape at high 
multiplicities determined 
by fluctuations due to 1°1 	 ............. 
 i 
limited acceptance. 


tOr • :li • Scaling factors: 


• 	 ~; Transfonnation 1.1 7 .. 1 


1!f ! ! ! I I I ! ! ! I ! ! j ! , I , , !.! I _ ,I
j 	 t I I I I I I 

o 	 ~ a _ • ~ • Dead areas 1.03 

E.(GeV)i Geometry 10.6 


t! ,I! t 1, , ~ 

o 200 400 600 dE/dl1 I.. I 
Feb 14,2001 

Centrality dependenc:e 

• 	 Use BBC - ZDC response 
to define centrality cuts 
(in 50/0 bins of ageo) 

• 	 Determine 
<dNch ld'l1 > and <dEt ld'l1 > 
vs centrality 

1 ' 

10 

-25



i 1r.----------, 

10 

o 50 100 110 200 210 JIIO'" 

Calcula.tion of N part and Neoll 

• 	 Use simulated BBC - ZDC 
response to define centrality cuts. j 

• 	 Relate them to Npart and Ncoll 
using Glauber model. 

Straight-line nucleon trajectories 

Constant GNN=(40 ± 5)mb. 

Woods-Saxon nuclear density: 

1 


p(r)=po' {r-RJ
l+ex 

d 

R =1.19A1I3 -1.6IA-1I3 =(6.65+0.03)fm 


d == (0.54+0.0 l)fm 


15 

~ 

Centrality dependence 
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[AU-AU collisions at \fa; =130 GeVI •
;0. 5~1) I I I I I 1 I I I r! I )i , I j I! I I , I I I I, I I I I I l~ 

Il1 	4 5~· .
Q 	 • L 

~ 	4~
" ti305f 

2.5 

1.5 

1 ".r HIJING 	 • PHENIX 
• 	 PHOBOS 

0.5 - Saturation model • 	 UA5 

3r-

J._LL1.. Ll!. L....L"LJ J.• I...U 11 .LL L LJ "U .. 1..1. J _11...1 L 
50100 150 200 250 300 350 400 

Np 

16 

-
" 

j 
,! 	 11 . , -:J 

~ 

Data shows clear 
increase of dNclid1l 
per participant vs Npart 

In contrast with 
EKRT saturation 
model 

Similar to RIJING 
(although data 
"'15% higher) 

Feb 14,2001 
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Particle production mechanism 

dX/d1Jl =o = Ax N part + BxNcolln

,t ~ ~ 

2 '. "'!". "" t........ ...._';'-""'1" ....... [_. . 


1.5 -~A ~ O.88fO.28·! 
1 .....~ ',....•. i -, -.,,~ -·..··7 ,," ,1-..·«. 

0.5 ,}Q_~"q.?4 gQJ4 J... 
i 	 1 . t t 

o l ... U ..t.... l ~.J.j.....,t. ... , ...i.u"l.J•••1.U L.",.u.LI.l..l. 

{ 
~'-

o 	 50 100 150 200 250 300 350 .tOO . 
N" 

• 	 Consistent results: 
BI A=0.38+0.19 BI A=0.29+0.18 

• 	 Hard processes contribution increases with centrality: 

from -300/0 mid-central to """50% most central 
Feb 14,2001 

Compar'ison to CERN results, 
dX/ d1Jl l1=o oc N;art

i ~ 

~ 	 i ~ 
AJ..b.J..I.A ••.•,lu.J..J.~...<_1 !,..'.......1.......' ...,"'-'"1.....) 


so ... no 200 ., tao 350. 4GO 

N .. 


-------. 
>," 
Ii:n ......... \ .... , 

~"'-"".------ ....,.

i 

'~PHfNi-~ 
--'--."-'--"" ·.wAjet--!· 

Pf EN, X p~'clit11ill<~ry 1 i 
B~"""""""''''''W .t.lj,.L...u..I.:......u..aJ.I.l.t..d.....I.U..1..w..l 

5& 100 150 200 250 300 350 400 
Np 

a-value Multiplicity Transverse energy 

.PHENIX 1.16 + 0.04 1.13+0.05 

WA98 1.07 + 0.04 1.08+ 0.06 
WA97 1.05 + 0.05 

1":'_1.. 1~. ')110 
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Transverse energy per cbarged particle 


:: :: 

j : • PtellX p....ary
OA -···..·T············T······....·..............·.. ·......-;- .. ·· ........··· .. 

. 
0.2-·.. ··· ..1.. ·· ....···· .. -!-· 

ow_: 
·....··· ..·····*....E81·~· .. ··r·..·.... ··· .. ···

o 5 
j 

50 100 ~ 

dEt/dlVmindependentof~sNN 
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•••.• ,fIlM'.. 

.• -........ WA18 I 
o· "...uptdrnl';'" * WAfI . i 
... '-PHDi108 '. * ~.m' i 

I 

VSNN 

50100 'fa: 

>t.2I""T"T"1""1~~~~~~""~ii;ifi1 ........ : ........:....1 ... 1.......... , .......... :.... ... ,;; 


~.8 ......tttt~f*i···t···~···f'··11If· ··~····t 
0.6 ...... :......... ~ ..........'.....:......:.......... :.... ... ..... 


OA ...... 

~ ~ l 
0.2.... ····· ......·;··.PHe..~IImIR..,. ... 

. ¢ WAIl: . . 

°0 50 180 150 200 250 _ 360 _ .,.. 

dEt/dlVmindependentoflV~" 
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dependence 
• Assumptions: 

in Lab in C.M. 

dX :::::,dX dX :=::l.ldX 
dy d1] 	 dy d1J 

• Energy density (Bjorken): 

1 d4 R=1.12A1I3 

£=---

7rR
2 
1: dy 1: =1/m/c 

• 	From SPS to RHIC 

-50% increase in dNc/dy 

~50% increase in dEldy 

at least 50% increase in e 
Feb 14,2001 
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Conclusions on Nch and Et 

• 	 Centrality dependence of particle dNch /dl1 and dEt/dl1 
have been measured in -.JSNN = 130 GeV Au+Au collisions. 

• 	 Both dNch /dl1 and dEt/dl1 per participant increase with 
centrality: 

• in qualitative agreement with RIJING 

• in contrast to EKR T saturation model prediction 

• the increase is stronger than at SPS 

• dEt/dNch is independent of centrality and of-.JsNN 

Feb 14,2001 

Prospect to Search for Anomalous 

Event-by-Event Fluctuations 


Focus of this talk 


[] 	Construct an analysis framework to search for 
anomalous fluctuations. 

[] 	Check if the frame work is applicable to a 
measurement of isospin fluctuations. 

Feb 14,2001 
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J 

i)(t) =.fi-1)(t) +gO~l)(t) 
tC 

Motivation Introduction 
Search for anomalous event-by-event fluctuations on the conserved 

quantum numbers; A =N q - N q 

q N q +Nq 
where q can be any conserved quantum numbers like 

charge., baryon 1l11l1zher and isospill. 

l~"'Iuctualiofl Y;C'Cflorios 

a) Most probable Aq is saIne as standard values, but the size of 
fluctuation is different frOITI the statistical fl uctuation 

Net charge tluctuations 

b) Most probable Aq deviates from standard values =>DCC 

Assulning anomalous fluctuations could occur at any location and at 

any size of phase space=> Need lTIulti-reso)ution analysis 
23 Feb 14,2001 

2j bins, j Discrete Wavelet Analysis 
Input Signal 

Scaling C~oefficient cO)k 

2J-l 

f U)(t) = LeU)kl/>(2 j t - k) 
k=O 

Wavelet Coefficient dO)k 

2J-l 

g(j)(t) = LdU\1p(2j t-k: 
k::::O 

Po\ver Function P(j) 

()bservabJe ! 

Analyzed by Daubechies3 wavelet 

Feb 14,2001 
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Fluctuation Scenario a) 

Introduce artificial rapidity correlation 

between neutral and charged pions to Ah,(1]J vs 1]" PO) vsj 
realize smaller fluctuation size. 

N,r(1Jk )/2-N o (1Jk ) 

Alz (11k ) = N"" 12+N: o 

1t+ 1tto 
'I 

\ I , 
,~-- ---/

\ j~ 
L111 O.7/2N 

25 

~ f" 

HIJ1NCi : 
··~~-+!It-HfffLllh+-l 

(NornlalE 

-
N 

-
-

• I • • .:.......ut... 

Fluctuation Scenario b) 

Enhance neutral pions in a rapidity bin 


! 	
PO) vsjby taking 30% neutral pions out of ~!;..(''!,) vs 111i 

total generated neutral pions. HUIN(] ~'i------"""": 
(Nonnalf . 

: .... ~. ~........ "t... 


I ..'-;S 

---
_4~iC 

J •.,t-I:.:t............t~~~ 

i §*iB '. e ....ey I 

' .. ~-
Enhance rr:O in 

1~1l 0.712N 


.. =-.. .. 
...

26 	 -- .. •• ... • •• -":'= ..~.,.Il) ... t I •~~"'"f-:-~.~...,... ..~ • 

., ------
I 
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Data Analysis 
N ±/2-N N ±-Nr0A = 1C 1C ~ .--:.,;1C:......-__ 

I 
z N ± 12+N 0 N ± +Nr 

1C 1C 1C 

/?un selection 
one ofB-field off runs, run 12426 was used in which obvious 

detector anomalies could not be seen. 

l)ST version 

V03 (available in Iphenix/dataI3/dst_data_ v03) 

27 Feb 14,2001 

l~"vent selection 
I. Trigger selection: ZDC:&&BBC' (Ox4000) 

2. PCI Z-vertex: IZpcll< 20 CITI 

3. Photon selection: 

corrected EMCal energy, ecore > 0.1 GeV 

corrected EMCal ToF, -1.5<tcorr<2.5 ns 

4. Rejection of PC I associated EMCal cluters: 

only for EMCal cluster with ecore < 0.7 GeV, 

EMCal clusters with tIEJIClIl-PCI < 10 enl were rejected as hadron like 

clusters, where dEMCal-PCI is a closest approach distance between a 

PCI extrapolated line and a EMCal cluster. 

5. Centrality selection: divide into five 20~1o percentile bins. 

28 Feb 14,2001 
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10~--------------------------~ 

ecore (HIJIN 

a 
10 

10 

o 0.2 0.4 0.8 0.8 

After trigg;er and Z-vertex selection 

'11 (pei I clusters) <P (P(~ 1 clusters) ".Ki C_.H,......) I PiiWM.1 C1.... c.....) I 

[)ata:Red 
HIJING: Blue 

.. 

...E.CIidll..(...I.) 

-Ie -11 1 "lIf 
<p (EM(tal clusters)11 (I~MC~al clusters) 

No obvious detector anolnaly is seen! 
29 Feb 14,2001 

Photon selection 
Energv of EMCaI Clusters ( Real Data ) IComcted TOF of EMCaI Clusters ( Real Data ) 

ecore (Data) 

o 02 0.4 0.8 O.B 12 1.4 1.8 1.8 G .l
.core( eVJ 

10000 

.... -2 II 10 
tc;o" (nl) 

tcorr (Data) 

e 

Energy of EM Cal Clusters ( MC ) Smeued TOF or EMCaI austers ( MC ) 

30000 

1SOOO 

10000 

tcorr (HIJIN 

.... -2 II 10 
tc;O" (n11 
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Rejection of PCI associated EMCal cluters 


dElUCa/-PCl VS ccore (Data) dEMeo/-pcl vs ecore (HIJING) dEl/Cal-PCI VS ccorc (Single) 

Multiplicity Correlation 

IMUlUplidt9 ce.nJallon between PC1 and EMC&! ( Re.. Data) 

., .~-.. ;""'........ +.........~.......... ~ ......... ~ ... . 


; . : 

.'f~'~'i" ~~~'f~~l; 'j'~.......;..........;..........; .........:... . 

~: ; 
: : 

RealDala 

Nent =79495 

20 40 60 80 100 120 1-10 

Number of EMCal Clusters 

Multiplicity cOlTelation 
between PCI and I~MC~al 
(Data) 
32 

IMulUplldty O:n'8Iation between PC1 and EMC8I ( Me) I 

...... ·::t··· ...... ;......... {..........j .......... ~......... 'r:: . ~ .. a L...
.... 

. : . : . . . 
.......; ......... ; •........ ; ..........;..........;.•.•...... :•..•.•...• j .. .. 


j .. i~.::: ~rest sablPl. 
.......~... ...... ... °r·········r······· .. ·-:········· ....~ 

: :. . . . . 

..:'.~: .. ~ 
.... ~ .... _ .. " ":' : : ..... 

~ l ! 

20 -10 60 80 100 120 140 

Number of EMCal Clusters 

Multiplicity correlation 
between PCl and EMCal 
(HIJING) 

Feb 14,2001 
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dO)k and pO) by Haar Wavelet Analysis 


i WiiNit tiiiiilClliil Ii I.. I ! WiiNit &iMdiiiiit F' i 1 .............,.1 

I WiiiW CiiIiIiIiI ill E2 I I WiiNit CiilllCliii Ii Fl I 

I WiiiW ciillliW. E4 I 

Size of enhanced 
region ~1l ~:= 0.7/23 

.. 

It 

prO) 

II,' 

]>(2) 

]>(4) 

prj) 

n 

JJ., ~ l",; .-1 
•.,.........~..,~.... •.a •.11 ....... t .......,. 

p(3) 

Data: Red 
HIJING: Blue 
30(~/O reo enhanced 
I-IIJINCi-: CJreen 

Resolut.ion Level Dependence 
I P(J)vs J I 

O.2X1~-· 

Data: Red 

HIJING: Blue 

3()<~';'J nO enhanced 
t-I IJ INC}: (ireen 

: 

O.lB r: 
Df{

0.16 ..'LIe<. .. 
~L " v>JJ 

0.14 
:~i~~,p ['I:f ~"l"h"l \"I"'Pirl0.12 ; ....J .. L...,- '-' OA· ..., .~ ... " .J." ....,...... 

0.1 reg:lQtl .41~--- :0.1V2~'--
0.08 

o.oet- . 

0.04 ----<P 

0.02 ... 

i i0
-o.S 0 0.5 1 1.S 2 2.5 3 3.S 4 4.5 

Systematic errors are under study 
I RMS of pm VI! I 
~X1~o~-·~~__~~__~~__~~__~~ 
~O.14 

jO.12 

I O.lf-·"",··"""""""""""""""""""'-:'" 

~O.oBt--,·,· ., .. ,"'" 

~O.08 

0.04 

~O.S 0 O.S 1.S 2 2.S 
14,2001 

it:' 

~ 

~ 

~ 

34 

-35



35 

Summary of Fluctuation Study 


• We found that the wavelet analysis is an effective 
way to search for anomalous fluctuations under 
the PHENIX environment. 

• We still need careful study to discuss any physics 
at this stage. 

Feb 14,2001 

-36



First results from the STAR experiment at RHIC 

Part! 

and 


Part2 (soft hadron physics) 


Akio Ogawa (Penn. State Univ.) for part1 
and 

Masashi Kaneta (LBL) for part2 

for the STAR Collaboration 

The Solenoidal Tracker At RHIC (STAR) is a large acceptance detector capable of 
tracking charged particles and measuring their momenta in the expected high multi
plicity environment at RHIC. STAR also has an excellent capability of particle identi
fication. Therefore, our focus of physics is not only identified hadron distribution but 
event-by-event base analysis. In summer 2000, Relativistic Heavy Ion Collider (RHIC) at 
Brookhaven National Laboratory had the first operation. We will report the first results 
from STAR obtained in Au+Au collisions at VB = 130 AGeV. In this workshop, we will 
address single particle spectra, particle correlation, event anisotropy, and event-by-event 
fluctuations. Additionally, our characteristic physics program, ultra peripheral collisions, 
will be mentioned. 
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First Results from 

STAR Experiment at RHIC 


-Overview & high P T -


Ogawa Akio 


Penn State Univ. / BNL 


For the *AR collaboration 


2001 Feb 14 


eNS workshop at Tokyo Univ. 


~R The STAR Collaboration 

- 400 collaborators 34 institutions 8 countries 

-38
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...iL 
~STAA
h 

STAR Institutions 

l ,So Ilahs: 

Argonne, Berkeley, and 

Brookhaven National Labs 


Arkansas, UC Berkeley, 

UC Davis, UCLA, 

Carnegie Mellon, 

Creighton, Indiana, 

Johns Hopkins, 

Kent State, MIT, 

MSU, CCNY, 

Ohio State, Penn State, 

Purdue, Rice, 

UT Austin, Washington, 

Wayne State, Yale 


( 'hil!a: 

IHEP - Beijing 

IPP- Wuhan 


Bra/H: 

Universidade de Sao Puoto 

Fn~hHld: 

University of Birmingham 

Fr;'HU~(": 

Institut de Recherches Subatomiques 
Strasbourg, SUBATECH - Nantes 

Max Planck Institute - Munich 

University of Frankfurt 


Poland: 

Warsaw University 
Warsaw University of Technology 

I{ns,ia: 

MEPHI - Moscow, LPPILHE JINR
Dubna, IHEP - Protvino 

3 

~R 	 STAR Detectorl~~tJ 

Yearl detectors 

TimE' 

Magnet 	 ProJ('ction 
Chamb('1' 

Coils 
Silicon Vertex 
Tracker : 
yr. 1 SVT ,addt'r 

FTPCs 

ZDC 11)( 

Endcap EMC 

Barrel EMC 	 1---- C:clltr<1I Tri 
1');lITPl 

+ TOF patch H[CH 

-39
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Particle ID Techniques 
dE/dx RICH 

s (dE/dx) = .08 

Ki;U)llJ Ipl i.599 G.v/, 

for KIn 

Kip 
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Particle ID 

Topology Combinatorics 

.....""""'. 

dn/dm-,., 

dn/dm,

<P from K+ K- pairs 
background
subtracted 

K+ K-pairs 

same event disl. 
mixed event dist. 

m Inv 

9 

SOIi,.. 
I.. 

8!\"4-'."I:"'~" 

i ,,
u, •• CAa U 1152 U4 lUI 

..._i) 

1111 STARPI1Inhlly 

't:'+ 
I .... 

STRANGENESS! 

n-
n+ lI1 

A 
I' 

"!! I II In I' i,,! I III r" II", I!!!!! "I II I:
211 


lJt 121 1.28 1.3 1.32 1.34 1.35 1,38 1.4 1.42or, j~!.!'! "I', "!,.!,, I ' ! 8
116 '1tI! 1.28 1.21 1.3 1:12 lJ1 III lJ. U 1.4 UI6 US 1.1 112 1.14 1.16 1.18 11 
 "'~/C;

"~Jc1 ... ,Gevlj 
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Typical tracks from 
Photon and nO y conversion 

-~----~--------~ 

• The e+e- pair from y conversion 

• 	 Large Pr coverage of y measurement 

from 50 MeV/c to 4 GeV/c 

11141 

180 I .. ~\,
Io 
> 
-SI 

-180 

-1SC1 

'"./ 
lIG.. •••••.. _...... ---....,. 

\ ....... ,.' . 
i "~."'" 

--~~~~~~~~~ 
-  -150 -100 -811 0 110 1011 110 _ 

x (an) 

1~.---------------------------~ 

yyinvariant mass [GeV] 

-1000 

-1_ 
-2000 

0.1 0.2 0.3 OA 0.1 0.1 

Data from Summer 2000 


-1.6 	M total triggered events 

-~ 1"; tt ,800K 	 \" i 

.! 140+ (L3 for collision vertex) 
~ 


~ 120 

o 

830K "min bias" ZDC trigger ~100 
I 

80K "UPC" CTB (+ L3 trigger) I 
--7hours of dedicated run ! 

~ Central (top 5?1c)) events 
5000 	 10000 15000 20000 25000331 K 

Central Trigger Sarrel (arb. units) 
~ Min 	bias events 

458 K 

12 
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~R Physics results from summer 2000 run 

will be covered by 1. i:~~, ~ & next talk 

1. 	 Heavy ion physics 
Spectra 

pi, K, P, photon, anti-nucleus spectra 
particle ratios 

rHigh PT 
Strangeness spectra, ratios, HBT 
HBT pions, proton, non-identical, EbyE 
Event by Event event anisotropy 

2. Photon & ponleron physics 


3. 	 Spin physics 
(Polarized proton was in RHIC Sep 2000) 
(Archived -20% polarization @ 30GeV in 1 week commissioning) 

'~Centrality bin" 

nch - #of primary tracks in 1111 < 0.75 Top 5(1c> central 
'" 90% of all hadronic Au+Au interactions For h-- spectra 

uncorrected 
Iz--..I < 95 em 

20 K evls. shown 

'. ft 
.. Cent,.., 

0.2 0.4 0.8 

Centrality ~ 

-44
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·0.4 -0.2 -0 0.2 0.4 0.6 0.8 

~R Negative Hadrons: 11 - distribution vs Centrality 
dN(h-)/dt] =244 ± 1 ± 16 (Pt > 100 MeV/c) 

~ 
r--------____-,........--, dN(h-)/dt] =264 ± 1 ± 18 (extrap. to all Pt) 

:!!300 ' z 
Increased particle production:" 

STAR, PrelIminary 
Pl> 100 MaV/e 

43% compared to Pb+Pb @ 17.2 GeV 250 ' 

.10·5% 

fi 40.30% 

'+. • '. ,.... ..' '. >,50 .. 40% 

100 
.80-50% 

70·80%
50 

80-70% 

Number of Negative Hadron. (N".) 

TJ 
Full efficiency corrections 15 

10··L...J-.J..................~........-......... 

STAR, Pi '" HIO MeV/c, III I c 0.1 

Hiling 1.35 o.1ault 

STAR, 5'110 most "ntr. 

HIJlng, b<3.4 1m I~n. of a • ...> 

o 50 100 150 200 250 300 350 400 

h- · Pt distributions and ( Pt ) vs centrality 
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• Top~ 

• 10 - ft x 10-· 

~ • 30·20%)( la' 
h 4O.3Q%x1D"" 

" S). 40% X 10.5 

.. 1JO·5Q%x 1at 

70.150% x 10.7 

8O·7n.x 10" 

1.21.41.61.8 2 
Pl. (GeV/c) 

I Ir·e 
h' I 

".551
f1. 

~0.5- + t + + ++ 
1 10-5% Top5'% 

1 T z)-10% 

0.45 F 30-~ 
40-30% 

50·40%~4c-
NA4960 - 5&Y.UA1""" 

70-60%
O.38~80-7O% SfAR. Preliminary 

, I ' I , ,I 

50 

-15% increase in <PT> 

frOITI peripheral to central 
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Negative Hadrons: PT distributions 

Power Law fit 

A (1 + PT Ipo) -n 

Po =2.74 + 0.11 GeV/e 

n =13.65 + 0.42 

STAR 

<Pt> =0.514 + 0.012 GeV/e 

NA49 

<Pt> =0.414 + 0.004 GeV/e 

UAl 

<Pt> =0.392 + 0.003 GeV/e 

Partonic Energy Loss Predictions: 

Hadron Spectrum 


M. Gyulassy, I. Vltev, X.N. Wang nucl-th/0012092 

'",- HIJING, no shadow., no quench. 
Soft+GLV quench., dN8/dy=200 
Soft+GLV quench., dN"/dy=500 
Soft+GLV quench., dN8/dy=1000 

----+)1 Hard=MRSD-' 

(K:2, Q2=p,//2) 

Centra. Au+Au 

130AGeV 


o 1 234 5 6 
PT [GeY] 
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...iL. 
"-tSTAR 
I/"<...' h- Spectrum: Comparison to VAl 

o i 
'':; t

« co 
1r.... ·······f:··············,·····················,.···lII···.......................

i Binary Collisions Scaling 
i 
Ir- STAR 

0.81 UA1-fit(130) X TAA 
.

r 

0.6! 
I 

i,-
r-

i 

.:"#ft+t++++d_.. .... .1 

0.41 
r . ;

: 

.: T+~... . I . .' 

~- STAR Preliminary
0.2t

i 

•
•• 

i. 
i 

r 

3 4 p;(Gev/cf 

Errors on pOints: 
systematic error 
on STAR data 

Gray bars: cumulative 
error including UAl 
scaling 

Hard: Binary collisions 
T 2fi + 2 mb 1/\ ,\ 

N iNN. ::: 1050 I 1
:\\ PI' 11111 n1l1 

_. () collisions / llUcJllOH 

son: \Voundt').d IHtd(lon 

N \'\ Np ~~44 I 2 19 

Partonic Energy Loss Predictions: 

Azimuthal Anisotropy 


0.30 
____ 11),110(;1 \: qU~"ll'h, t11\-d} 1I,I1U • Azimuthal anisotropy 
• • 1I)III'O'(il \qUi.'IlLh .. d!\;- J~ 5()(,10,25 
..--.. ll)dro· (il\ llll':l1.:h .. dI\J)~no at low PT provides 

control of geometry, S I :\I{ litH •• 

0.20 

c. 0.1 S • Different pathlength 
r: ., as function of f 

0.10 ----. leads to f anisotropy 
--"1

from partonic energy loss 0.05 

(J.on 

o 3 4 

PI fGcV] 

M. Gyulassy, I. Vitev, X.N. Wang nucl-th/0012092 
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0.2 

~R Charged particle 

anisotropy at high PT 

Top 5% central 
~ 0.3 
~ • cbarged particles 
.""N 0.25 - Hydro pions 

Systematic error 

10% - 20% for Pt 
= 2 - 4.5 GeV/cI-ellllllll~l r'~ 

....' 

III 1.& u 

Particle-Plane Correlation (radJ 

Only statistical 

errors shown 

0.1 


0 0 0.5 I 1.5 2 2.5 3 3.5 4 4.5 5 

·PRL 86:402,2001 Pt [GeV/c] 

~~\;
~AR Beyond flow mini jets? 

Anisotropic Flow 
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at =2-5GeV/c 
i 
c: 

If 1 

i 
c: 

~ 0.8 

13
• 0.1 

0.4 

0..2 

o~~~~~~~~ 

CI CUI 1 1JJ 2: 2.fJ 3 
A<l> 

Consistent with 

Mini -j et expectation 

ClA14 < n'n... <0.&43 

STA"'PIlE~"" 

A l/J distribution 

A l/J (mixed pair) dist. 

Measure event plane event by event 
Rotate mixing event to piinlinatp flow pf[pet 

I d tP distribution 


~ A l/J (rotated mixed pair) dist. 


,< 1 I 
j , ~., ~;"\l 

q, (Df";!;) 
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~ 0.6 
cc 

OM STAR Preliminal~ 

us 0.5 0.&1 

.R (Pt) Fluctuations fJl 
!'I 
» 
J 
m 
3 
3 m 
0. 
-.. 
1) 
c..,
0.1 
C 
m ........ 

~so 
~ STAR~cf;;:40 .. STAR 

~30 
'-'20 ~..--:~:-.-.~..... 
0';.0

<pt> (GeV/C) <l 0 
~·------------tt· 

-10<Pt> fluctuation excess is -20 L-__~__~__~~~ 

observ(~d 

10 

Central(15%) ~.....
* 11,. 

.. - Gamma 

,. '~ 

f • 

Distribution 

.,... , 

OA5 0.5 0.55 

",. 

0.6 1.65 0.7OA 
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CP violation 

QCD conserve CP 

I U F [II· 

Lift*Twist CP odd observable- can be nOJl-zpro 

Charge positive (I -' j f t*trwis t) 1(L i f t*'1' w i st ) 2 

Charge negative 

x =Lift =(p +)-(p-) 

y 

/ E 
t 

Twist=8 

$or ® B 
Mean = (4.1+-4.5) 10-6 
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Ultra Peripheral Collisions 

. .~.:.' .\U 

l 

~ n 
;\ll~~ 

r f!poi r 
~"\ll\u 

nf-.\Ii' 

Au + Au -7 Au + Au + pO Au + Au -7 Au' + Au' + pO 

to both nuclei (not photo-nucleon): 
- Coupling: photon-z2, Pomeron-a4/3 

• Large cross section: 380 mb for Au @ 130GeV - " 5% central" 

')hv.l.,1 ( \.1('\ c 
L,. t \ 1,it,' 

• Back to back particles in C1B. and nothing else 

• Nuclei may be mutually excited: neutron signal in ZDC 
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~R PT and· Mass I - 11+11
-It+lt+,lt-n:

UPC trigger (CTB) 

Min bias trigger (ZDC) 


Combined 
 + 
,_ 11+11

-It+lt+,lt-n

0.2 0.3 0.4 0.5 

PT[ GeVIc]PT< 1 0 OIv1 eV 

Clear enhancement 
at low PT -60MeV/c 

1)11()tO--T1U(:](I()Ji) 

() vC' r ., hcl C kgr() UII d " 

1 1.2 1.4 \v h h drops a~ ,'/{)l! expect 
mass[GeV/c 2] rr0 rnp 11 () s c: spa (: c 

First measurement of 
(nlustly incoherent 

Coherent EM Production 
in heavy ion interactions 

Ultra Peripheral Collisions 

Physics topics: 

yA ->VA coherent vector meson production 


Non-local interference of unstable particles 


Production cross sections, ... 


Yf ,PP->mesons. leptons 


Strong Field QED z*a .... 0.6 glue ball search, .... 


An example: Interference 

Can't differentiate between 
~~. 

< 
iii' ~'" 

2 slit interferometer!!' * 
p, co, ~ J/'I' negative parity: destructive Interference 
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Conclusions 
.STAR Detectors worked very well. and collected beautiful data 

• h- spectra never reach hard·-scattering linlit 

·'1'urn over at 2 < Pl < G Ge V Ie 

• Strong elliptic flow is rneasured to high PI 

·l)iverge froIll therrnalillodeis at 2 < 1\ < G (-;eV/c 

·Azilnuthal correlation is observed beyond elliptic flow 

·Excess in mean Pt fluctuations 

·No CP violation observed, yet 

-First lneasurenlent of Coherent ETv1 Production in heavy ion 
interactions 

To be continued to the next talk 
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First results from STAR 

experiment at RHIC 


-Soft fuufron pliysics -

Masashi Kaneta 

for the STAR collaboration 

Lawrence Berkeley National Lab. 


Focus on 

Til Hadrons 

• In future: IT o~ rjJ~ Q'-+n- ~ p~ (j)~ 1]~ 1]', L1~ A(I5.20)~ 
X(IJ85), J/'f/ and more 

!"i! 	 Freeze-out conditions of low momenttun 
hadrons by 
• 	 SpectralRatios 

• Thermal/Chemical Freeze-out 

• Particle correlations 
• Size parameters, Phase space density 

• Event anisotropy 

• V2 
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Spectra 


~I Momentum distributions 
• Information of thermal (kinetic) 


freeze-out 

• The inverse slope parameter of mT 

distribution reflects temperature 
and radial flow 
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Identified particle spectra 

STAR Preliminary 

j Fir;x ider;tiiF.::;oti ("0 
ivl..:CJ 1 

Au + Au at \ s,•.• N '. 1::'-!O (Ge\!} 

,"t ! ..~+-

STAR Preliminary 

0., 
STAR prefimlnary 

6~----------------~, • ,. tllO II» 1$(1 ., 

111 (flIo Number of negative hadron. (1'11<0.5) 

J', 

45-580/0 

Thermal(Kinetic) freeze-out 


f,,' ".f~------------------------~ 

mass [GeV/c2] 

ttl Thern1a.l freeze-out at RHIC 
~ Temperature is similar at SPS 

• Larger radial flow than at SPS 
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IU A "MI"'.~&NJ 
o NAIl/h•...,.".,." .tI .... 0.. 0...~Z 

i 


r-~-:~::'f-r-T~i 
r p Q HJ*o. T,..."Y, 4,>.0·80 1 

10 2l ---.....~.. ~ 
•••• \) (I, i 

K 
"~ 

~.""~ •••••• "! 

~ · · . 
~ •••• 
f Hydrodtnarnca' model: 
l
. E, Schnedermann et al. 
P~4~9~~~2 

10 -1 t ! I I I I , I I I 

r.-"''''--''- ..~-··---'-1
,T,_=9SMeVI

1:8 >= 0.60cl~ 

:) i 

J 

• 0" j 

. 1 
J 

I----L-.l 
o 0.2 0.4 0.6 

IItr-mass [Ge V fe2] 



• 

Ratios 


2!J PT dependence anti-particle/particle 
• Test slope for particle and anti-particle 

~ Anti-baryon/baryon ratio 
• Stopping or transparent? 

Tj! Particle ratios from hadrons 
<I Chemical freeze-out parameters 
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pip ratio 

lIi Mininll1rn bias data 
.1 No or \vea.k PT dependence 


, I I I i
0.8 ~ 	 

.~-o--0--0-+t _
0.6 l 

i.. 
t 004 t- SUbmitted to PRL 

Systematic errors<lOOA:t 

STARDdI 
0.2 r-	 

0.8<1 yl< 4 .. 

J I I I 1 
0.2 0.4 0.6 0.8 1 

pt(GeV/c) 

AlA ratio 


IIi 	No significant PT 
dependence in the 
ratio 

o 0.6-' 
r!1 The mean ratio 10 .... 0.5. 

= O.72±O.04 	 :< 
1< 0.4 

From 200 K Central trigger Au+Au 
Everts (top -15% mLlttlpllcity.) 

Systematic errors are Lnder 
evaluation 

0.1 

O~~~~~~~~~~~~~ 

0.5 1 1.5 ~t (G8V/~·5 

STAR PreHminary 
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lA 

............ • +++----.--.• • 

K-t I K

• dEldx IYI<O.5 
• kinks Event fraction =t~ 7% 

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 

PT [GeV/c] 

Multiplicity dependence of ratios 

0 
+=i co 
L

0.5 

0.4 

0.3 

0.2 

0.1 

AtA Preliminary 

Only statistic errors are shown 
Systematic errors 

PIp: 10010 

¢ 

AlA and g+IE"" : under evaluati on 

+ 
¢ ¢ ¢ 

PiP submitted to PRL 
Pr 0.6-0.8 GeV/e 
IYI<o.3 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 
Peripheral ~ Central 

111 Not baryon free at mid-rapidity 

~ An effect of anti-ba1JTon absorptioll in 
central collisions? 
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,~~ Chemical freeze-out 

....;na;yw;;ll 

1~!," 197±14 [MeVI 

. "B-48:I:12[MeVl 
II. =2± 4 [MeV) 

1.1.1(11)( =3.5114 

+pht

---(to- K·O/h"" 

Experimental ratio 

:> 
Q) 

RH!I= quarks-g/uons~ 
.t::. 

I-
(,,) 

~ 
:::J 

m 

250 

200 

!• SPS 

•1U 
Q. 

E •
{!!. 100 .... 
m 
.2 
~ 50.t::. 
() liadrons 

200 400 600 800 1000 

Baryonic Potential J.1s [MeV] 

.•.~,\ 

"··!~l ~ 
i;iS¥i"::;;;.J..,1 
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HBT 


Many topics in STAR measurement 

rI! PionHBT 
" Centrality 
" Transverse momentum 

8 The HBT excitation function 

:~ Phase space density 
:ii Event-by-Event HBT 
~J KOsKos AA, 

~ pp,pp 
7)1 xxx correlations 
:~ Non-identical particles 

Focus in 

this talk 


,~ 11 The HBT excitation function 

I#Iwa..~ 

• E885 • NA49 • srAR 
• E866 t{A44 

~ 	 Compilation 3D 7r7r-HBT _ 
0.5 


parameters as a function of';s 


• --100/0 Central Au+Au(Pb+Pb) 

events 


·y--o 
• kT ~0.17 GeV/c 

rat 	 No sigllificallt jump 

from SPS to RIlle 


!I! 	 We need ellergy' scall 

bet\,reenbotl1 energy 
 2

10 	 10
'~''''N(GeV) 

_""_1 *11 

l-

l 

i-

I

'" 
.. 

.. 

.. 

. 

•... 
• 

I I ..... • • + 
..L · 

• ..... • ••
t I 

Ii +• STAR....• Preliminary. • 

.++f + 
T 

· t ~ I. 
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_ven 
•

nlso ro 


Event anisotropy 


!Ii III mOlnentum space y 
Momentum space• 	Anisotropy measured as second 


hannonic parameter v 2 


P
¢=atan~ 

Px 

r~ V2 will be scale to initial shape 	 Almond shape 
overlap region inparameter E, y coordinate space 

if the SOllrce has a 

hydrodynarnical expansioll 
x 
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~ Charged particle v2 versus Multiplicity 

&:. 

C
U 

~~----~--~~~ 
N 

> 

111 Boxes show 
"initial spatial 

anisotropy" e 
scaled by 0.19
0.25 

O•1 

10 

PRL 86, (2001) 402 

1111 < 1.3 

0.1 < PT < 2.0 

Z 
" 1 

~

1tO~ 
C 

0.2 OA 

0.2 0.4 0.6 0.8 1 

nch/nmax 

nch= prin ary tracks in 1111 < 0.75 

..-... 0.1 .............r-II"""'I'"'....---.-.--..........................................-...--..............-w-I""'I-Il"""I""I"".....,.......,....,......'I""I""'I"r"T""I""'I""'I""'I 
..... 
~ 0.09 • pions
":l • protons + anti protons 

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

0.01 ~~~~ : + :~r;minarv 
00 0.1 0.2 0.3 0.4 

-./ 

0.8 0.9 I 

P t [GeV/c] I" 
~S'TAR 

lllaaSlll'...lIIl £r~ 
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I:i~ Comparison with a hydrodynamical model 


i!J Hydrodynamical calculations: Huovinen, Kolb and Heinz 

~ 0.1 ,....,...,........,..,...,,...,......,......-.-r...,..,...,.............-r"l""r""l"....................,....,......,........,..,...,,..,.......,r""I"""I"-r""'I-I'''''I''"''I''''''t'''"T'"I''"'
.... 


,.,N

.e 0.09 • pions

• protons + anti protons 
- Hydro calculations 

ptlGeV/c] ~ 

1llSa1llllMllll,1II1 N 

Charged particle anisotropy O<Pr<4.5 GeV/c 


till Minimum bias data 

:Ii Only statistical errors 

lli Systematic error 10% - 20% for Pt == 2 - 4.5 Ge V /c 

~ 0.3 h d t- I ~ • carge parle es 
N 

;. 0.25 - Hydro pions 

0.2 

0.15 

0.1 

0.05 

0 0 0.5 1 1.5 2 4 4.5 5 

P t [GeV/c] ~1~1'j(R 
Man!IIJi 'aRfJIa.l8Nl !><\ 
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'~a 	 Summary

iU••::::)lL 
nJifl'iZrn~~ 

£IJ 	 Net-baryon"# 0 at mid-rapidit)T 
• Anti-baryon/baryon ratios are toward 1, but still <1 

III Chemical Freeze-out 
• 	 ~:;h: same or higher than at SPS 
• 	 fIB : smaller than at SPS 

• HBT parameters 
• Similar to SPS 

lI! Large allisotropic f1o\v 
• 	 From mid-central to central data, 


Hydrodynamica\ model can describe v2 at low PT «2GeV/c) 


ljl 	 Thermal Freeze-out 
.. : similar to SPS/AGS Tfo 

It Large radial flow 

~ We need energy scan behveen SPS and RIlle! 
.....~ .... 

...8IIi1_1II1 t~TAR 

Future plans 

rIJ TOF 

• PID up to 2GeV/c ofJlT 

~ SVT 
• 	 Increasing momentum resolution 
• More strangeness baryons 

)!l EMC 
• Electron measurement 

IJj Full fields 
• Higher JlT measurement 
• Increasing momentum resolution 

1I1 With higll statistics 

• Physics of y, nO, and resonances 
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y and nO 


:!1 The e+e- pair fronl YCOll\rersion is measured 

Ijj Large y acceptance 
• PT = 50 MeV/c to.-;4 GeV/c, 1111<1.8 

0.1 0.2 0.3 OA 0.5 

yy invariant mass [Ge V] 

Dll/llIItttJQ/INlW 
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11'"0 Production in Au+Au Collisions at JSNN = 130 GeV 

Ken Oyama 

for the PHENIX Collaboration 


Center for Nuclear Study, Graduate School of Science, University of Tokyo 
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, JAPAN 

The measurement of 11"0 production from Au+Au collisions at .jsNN=130 GeV has 

been carried out at the PHENIX detector system of RHIC at Brookhaven National 

Laboratory. The results presented here are based on the data taken during the first 

physics run between middle of July to end of August 2000. 11"0 was reconstructed 

from two photons measured with a highly segmented electromagnetic calorimeter of 

PHENIX. The kinematic region of measured 1I"°S were approximately from 1.0 Ge V/ c 

to 4.0 GeV/c in the transverse momentum, and from -0.35 to 0.35 in rapidity. 

Motivation of this analysis is to investigate the jet quenching effect in the decon

fined quark matter that is produced in the extremely high energy density achieved 

by RHIC as predicted by the QCD calculations. High transverse momentum 1I"°S 

mainly come from jet fragmentations. Jets are produced by initial hard scattering 

of partons in the colliding nucleus. While the parton traverse the quark mat

ter medium, it is expected that the scattered parton loses its energy by multiple 

scattering and gluon bremsstrahlung, and jet will be quenched. There are also 

other effects that modify the production rate of 11"0 such as Cronin initial multiple 

scattering effect, initial kT broadening, LPM effect, and shadowing, and unknown 

theoretical ambiguities are still remaining. Such effects could be directly observed 

through a deficit in the invariant yield of 11"0. Since 1I"°S from the soft interactions 

are dominant at low momentum (py <1.0 GeV/c) and those are not sensitive to the 

energy loss in the medium, it is important to measure the high momentum 11"0. 

In this presentation, the centrality dependence of yield and shape of transverse 

momentum distribution of 11"0 are shown, and compared with theoretical calcula

tions by X.-N. Wang et al. which include different jet energy loss scenarios. The 

conclusion of this presentation is that the deficit has been observed in the transverse 

momentum distribution of 11"0 for central Au+Au collisions. It is not explained by 

straightforward scaling with binary collisions, and it is not inconsistent with the 

scenario of jet energy loss in the quark matter. 
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~112=200 GrV 

\~1tli ",ilhoUl ~I quendlill~ 
\ 

\, I) with ~. quenching 
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Pb!ic lMeal 
Ou..d-T.....,l'1'~ 

I I 

I 
40~=~~~-~~E~e~~wu~--_--~--~.--
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301------

20 
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Neutral pion p T spectra 

PHENIX Preliminary 

+ 
+ 

• 10% central 

• Minimum bias • + • 75·9".1% peripheral 

+ 
• + 

+ 

+ t 
• i 

i• 1 

Central collisions: comparison to WA98 

"-' 

e:.~ 9 

(\ 

..•. ,,·•. ··i·,·· .... ,.:. ....... 

PHENIX Prelimim*ry 

o PHENIX Data 
WA98Data: 
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Neutral pion pT  peripheral 

COll1parl$on to Wang pr.dlctlons
! - • • (WWW-'hpc.lbl.gov) 

• no:.lvodoWIno.1io pT broaclelllng 

..·.shiifoWiiHi:pTbrOlidei'iing 

I : 
t:! 

I ,. 
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Neutral pion pT - minimum bias 

Compari$on to Wang predictions 
. (~..lhpc.'bl.gov) 

• no~, no pT bfoadening 
• IIh.dowl~, pT broadeilirIiJ 

.; 

~'9 :: .:..: . ~ 

Neutral pion pT -10% central 

.. q()rI1pl!tri~onitci W"l'Igpr~i~ .c:)n~.. 
. .. (Www-hpc.lbl.gov) 

•.." .•. 

o PHENIX Data 

; ;: ; 

'. no.h~/noPT~""g 
:. shadowing, p T broad.nlrIiJ 

';~" ~jt: ~D :.~~1.:~.~·~· ki::S:~cioi" .,..... ~.,..... 

",6 
: i • i .. 

;

'~?';+':" 

;1· 
.~ .'.!. 
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Neutral pion p T - central I peripheral 
(normalized by mean number of collisions) 

PHENIX Preliminary 
10% central, <Ncoll>..as7 

.... 75-92% peripheral. <Ncoll>-S.5 . ~ 

! " 

'\ 
;' \ . -i ~ 

i 

/
; 

\. 
·•·•·•.•.•upper limit of syst. err. 

...~"'. 

Neutral pion pT - central I UA1flt(130) 
(normalized by mean number of collisions) 

PHENIX Preliminary 

1<Wo central, <Ncoll>-857 
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! lrl~Jltljl~ 

Tatsuya Chujo (BNL) 

for the PHENIX Collaboration 


b 

PffiK~NIX 


BRO_VEII 
NATIONAL LABORATORY 

mwaed try BrooId'IMn Sc:i4nc.~ 


for the U ~~l 01 Energ 
 BNU Tatsuya CHUJO 02114/2001 @ CNS workshop, Tokyo Univ. 

4' 

Pffi~~NIX Physics of Identified Hadron Spectrum-• _.::.~::~.';:a.lfii!r___________________ 

From identified single particle spectra, 

• Hydro-dynamical collective expansion velocity (~). } ___......... I Inverse slope 

• Thermal freeze-out temperature (Ttb). 

• Chemical freeze-out temperature and 

chemical potential (Teb' Jls, JlJ 


• Jet quenching effect at high PT by parton 
energy loss in medium (dE/dx). --------+.. , High PT spectra 

•Shed light on OGP formation at RHIC 

In this talk, we present identified (charged) single particle spectra 
as afunction ofcentrality, measured at RHIC-PHENIX 

-.--~---.-~~----•.....• - •....... -~ 


BNU Tatsuya CHUJO 02!l4/200] (~eNS workshop. Tokyo Univ. 
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PHENIX Hi h Resolution TOF 
Au+Au '.j5 =130 A GeV 

p 

p 

• Demonstrated Clear PID by TOF 
• Time-of-Flight resolution 

0TOF - 110-120 ps 

PHENIX Detector Setup 
..'t:C:7,,"~;~l#Jf;.~;a:.~dI~r:~:':~~';';';'------------

In this analysis, we use 

• Beam-Beam Counter (BBC) 
z-vertex, start timing/or TOF 

• Time-of-Flight (TOF) 
stop timing measurement 

• Drift Chamber (Dch) 
momentum, flight path length 

• Pad Chamber I (PCI) 
additional track z-in/ormation to Dch 

BNU Tatsuya CHUJO 02114/2001 @CNSworkshop. Tokyo Univ. 

Particle Identification by TOF 

111 

10 

I!.! -u -1 

* Fitted 1tt region 

-8 25 30 35 40 45 50 55 60
10 15 20 Time of Flight [ns] 

BNU Tatsuya CHUlO 02114/2001 @, eNS workshop, Tokyo Univ. 
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PID Cut Criteria 


-0.2 0.2 0.4 

Positive 
All momentum 

w/o PID cut 

0.8 0.8 1.2 1.4 

-0.2 -0 0.2 0.4 0.6 0.8 	 1 

• PID by m2 vs. momentum space 

• 1m2 2	 2
measured - m01< 2.5am 

• Momentum cutoff 	 .. 
.1t: 0.1 <p < 2.0 GeVlc 
• K: 0.2 <p < 2.0 GeVlc 
• p/pbar: 0.2 <p < 4.0 GeVlc 

BNU Tatsuya CHUlO 02114/2001 @ CNS workshop. Tokyo Univ. 

Correction factor for raw spectra 


iifiiUij 4,leS.". 

.-·t}:;",;,~~"ili[j.I.T_______________________ 

• 	 Based on single particle Monte Carlo 
--- positive~\ simulation.1t --- negativeF 	 ___________________________~~.. ~ 

~ 	 ... 
l  • 	 Included overaU effects I 

1. Tracking efficiency 
Pt [GeV/c) 2. Geometrical acceptance 

... 
3. 	 Multiple scattering 
4. 	 Decay in flight K 5. 	 Hadronic int. 
6. 	 Dead area of detectors 

• 	 Confirmed that the multiplicity dep. is 
small by track embedding method in 

4Ibri6"" .....,,) .... 11 	 Pt [GeV/c) 
real data. 

~ \ 	 p 
>W' C:r\

~'~--------------------------~ ~ 
l-

I 

0.0 	 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

Pt IGeV/c) 


BNU Tatsuya CHUlO 02114/2001 @ eNS 'Workshop. Tokyo Univ. 
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Centrality Classes 


• Used correlation between BBC charge 
and ZDC energy to define centrality. 

Dch raw multiplicity distributions • Extracted N part based on Glauber model 

o 100 150 

S-15~ 

200 250 300 350 400 
Number of DCH tnckslevent 

Centrality Participants 

()"s% 347± 15°/0 

S-150/0 271 ± 150/0 

IS-30°A. 178± 150/0 
I 

30-600A. i 76±15% 

60-80% 19 ± 60% 

8()"92°/0 s±60°A. 

BNU Tatsuya CHUJO 02114/2001 @ CNS workshop, Tokyo Univ. 

Results : Minimum bias PT spectra 


Minimum bias P1 spectra 

10 

0.5 1 1.5 

PHENIX Preliminary 

Au + Au@..rs;;;; = 130 GeV 

2.5 3 3.5 

PTrange 

03 - 1 8 GeV/c 

K 0.5 - 1.6 GeV/c 
'--. I 

proton 0.5 - 3.0 GeV/c 

pbar 0.8 - 3.0 GeV/c 

• pions yield -	 proton and pbar yield 
@PT-2 GeV/c 

--.. Large proton and anti-proton 
contributions at high PT. 

pt (GeV/c] 

BNU Tatsuya CHUJO 02114/2001 @ eNS workshop, Tokyo Univ. 
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Minimum bias MT spectra 
":·~:11>~~·••'U.f••a____________________ 

Minimum bias Mt spectra 

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

.... 

PHENIX Preliminary 

Au+Au@.[i;; = 130GeV 

..-.............. 
........... 

• In 0.2 < I1\ rnO < 1.2 [GeV/c2], spectra for 
all species scale by single expo function . 

• Similar inverse slope for 1t and K. 

• Tproton > Tn 

*Fitting results by single expo function 

1 dN--0<: A {ex mT - mo J 
mT dmT T 

1t± -- 205±5 (stat.) ±15 (sys.) MeV 
K ± -- 215±5 (stat.) ±20 (sys.) MeV 

• K+ 

::"l K

• p (X 10-1) 

6 pbar (X 10-') 

0.2 OA 0.& 0.8 1 1.2 1.4 1.& 
ntt-.... [OeV/C""2] 

p, p -- 320±10 (stat.) ±20 (sys.) MeV 

BNU Tatsuya CHUJO 02114/2001 @ CNS workshop, Tokyo Univ. 

rwt':fNIX 
Centrality Dependence of M T Spectra for pions 

PHENIX Preliminary 

II 

01... 

i 
~1... 
1 e... 

x+ 

• 
~ 

10 I 0-5 % 

10 l 

* . 
5-15% .... 
15-30% • ~ t f i
30-600/0 

60-80% 

PHENIX Preliminary 

~I 
$ !. 

;: 

a 
h!1... 
I.,.. 
10 I 

10 'Lu....L..lJ....L...i...l....U...L.l...U..I..LU....l..LLiUJ...L..u....L.I..L..L.LJJ..L..L.J..'-'-'-'-l 

o 	 0.2 0.4 0.8 0.8 1 1.2 1.4 1.8 1.8 2 
Mt - Il1O (GeVlC""2] 

• Single exponential scaling at 0.2 -1.0 Ge V in rnt-rno' 
• Almost parallel among all centrality classes. 
• Tn (central 0-5%) -- 210 MeV ±5 (stat.) ±15 (sys.) MeV 

BNU Tatsuya CHUlO 	 02/14/2001 @' eNS workshop. Tokyo Univ. 
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PW·K~NIX Centrality Dependence of MT Spectra for kaons 


10 J 
0-5 % 
5-15% 
15-30% 
30-60% 

PHENLX Preliminary 

0.2 OA 0.6 0.8 1 12 1A 
mt - Il1O [GeV/C""2] 

PHENIX Preliminary 

10'~~~~~~~~~~~~ 

o 0.2 OA 0.6 0.8 1 1.2 1A 
mt  Il1O [GeVIC""2] 

• Single exponential scaling at 0.2 -1.0 Ge V in Il\-mo' 
• Parallel slope among all centrality classes. 
• TK (central 0-5%) -- 217 MeV ±5 (stat.) ±20 (sys.) MeV. 

=: Tff, 

BNU Tatsuya CHUlO 02114/2001 @CNS workshop. Tokyo Univ. 

¥ 

PW.\~NIX Centrality Dependence of MT Spectra for p/pbar
C''':tJ'j''.@~·~____________________• 

o 0.2 0.4 0.6 0.8 1 1.2 1.4 o 0.2 OA 0.6 0.8 1 12 1.4mt - 1'10 (GeVIC"'2] mt -Il10 [GeVlC""2] 

• Single exponential scaling at 0.2 -1.2 Ge V in mt-mo' 
• Gradual increase from centrality 60-80% to 30-60%. 
• TpTOton (central 0-5%)"'" 325 MeV ±17 (stat.) ±20 (sys.) MeV> Tff,' 

BNLI Tatsuya CHUlO 02/14/2001 @ CNS workshop, Tokyo Univ. 

1 
0-5 % 
5-15%, 
15-30% 
30-60% 
60-800/0 

1G fL...L..J..-L-1...J.--I....LJ....I...I.....l.-L-l-l-l-.L...L..I...J.-L...I.w.....J-.L...J...L.-'-'--I-L...I 

PHENIX Preliminary 

1GI~-'-'--'~~~~~~~~~~ 
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Centrality dependence of T 


Centrality dependence of T
>" O.4S~------------_---, 
(I PHENIX Preliminary • Weak centrality dependence for Tn: and TK• "'; O.4f- AU+Au@~/sN.V~ =J3OGeV 

J! 
~ 

O.35f
CD • Gradual rise of Tproton and Tpbar from 
~ 0.3: peripheral to mid-central collisions. 

:0. O.2Sf-! 

1i O.2~J ~ 
• 0 
~ O.lSf

filled : + t open ; ~ O.lf-	 • protonlpbar
I	 • bonO.OSf
f-	 • pions 
O~~I~~I~_~I~I~_L-IL-~I~I~.~ 

o SO 100 150 200 	 250 300 3SO 400 

Number of participants 

BNU Tatsuya CHUJO 02114/2001 @ CNS workshop. Tokyo Univ. 

Mass Dependence of T 


Mass dependence of T
>" 0.45 

'1:rlntuitive explanation of mass dependence of TMo,t central (0-5'%) PHENIX Prelimiaary• 
~ 004 fitted: .. I open : 
~ 
(I t.. 0.3& 
E t T OC ~heremal + m· < 13t >2r! 0.3 
ct 
Q. 
(I o.~ ~t : Transverse expansion velocity ~Q. 
o 
1i 0.2 8 " 
!• ,. 0.15 

-! 0.1 1t K plpbar 

OLL~~~~~~~~~~~~~ 

o 	 0.2 0.4 0.& 0.8 1 1.2 


Mass [GaV/e""2] 


BNLI Tatsuya CHUJO 02114/2001 (g. eNS workshop. Tokyo Uni\'. 
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¥ 

~~~IX Comparison with CERN Energy 

O~--------------------~------I 
PHENIX Preliminary 

~ o.e 
~ 0.4 RHIC Au+Au (PHENIX1 • The slopes ofpions and protons at RHIC are • higher than that of Pb+Pb collisions at SPS. 
ii: • Kaon's slope is almost same at SPS Pb+Pb. 

I 

t 0.35 

0.3 

;; O.D 

0.2 

K 

(central 0-5%) 

_--.6. SPS S+S 

p sPs data: NA44 d 
(most central) 

o~~~~~~~~~~~~~~~ 

o 	 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 

Mass [GeV/c·*2] 

BNU Tatsuya CHUJO 02114/2001 @CNS workshop. Tokyo Univ. 

Conclusions 


• 	 Single particle spectra for 1t ±, K ±, protons and anti-protons in each centrality 
class are studied. 

• 	 In PT spectra, a large proton and anti-proton contJ.;butions at high PT. 

• 	 Weak centrality dependence of slopes for Ttc and TKo 

• 	 Gradual rise of Tproton and Tpbar from peripheral to mid-central collisions. 
• 	 T tc == T K < Tproton at all centrality classes. 
• 	 The slope ofpions and protons at RHIC are higher than that ofPb+Pb 

collisions at SPS. 
• 	 Kaon's slope at RHIC is almost same at SPS Pb+Pb. 

BNU Tatsuya CHUJO 02/14/2001 @ CNS workshop, Tokyo Univ. 
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Particle ratios in PHENIX at RHIC 

February 7, 2001 

Presented by: Hiroaki Ohnishi 

Abstract 

The PHENIX experiment at Relativistic Heavy Ion Collider (RHIC) 
collected more than three million of Au+Au collisions at VB 130 GeV 
per nucleon during year 2000. The PHENIX Time-of-Flight (ToF) mea
surement opens an opportunity to investigate identified hadrons with 
transverse momentum up to 2.0GeVIe. The systematic study of parti
cle yields relates to baryon stopping via protonlanti-proton ratios, to the 
existence and mechanism of enhanced production of light strange mesons 
via KI1r and Kip ratios, and to comparisons with predictions of chemical 
and thermal equilibration in these collisions. In this presentation, par
ticle ratios, i.e. K+IK- and proton/anti"'proton will be presented as a 
function of centrality and transverse momentum. 
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Particle ratios in PHENIX at RHIC 

Hiroaki Ohnishi 

Brookhaven National Laboratory 
for the PHENIX Collaboration. 

Hlroaki Ohnlshl [BNL] 
eNS workshop 02114101 

Motivation 

Investigation of particle production mechanism 
in heavy ion collisions. 

What can we learn from Particle ratios? 

» Ratios contain basic information about collision dynamics. 

• Chemical potential of quarks. _ Jls and Jls 

• Chemical freeze out temperature. 

• Degree of baryon stopping power. - pbar/p, Jls 

» 	This information will define boundary conditions of 
colli~ion dynamics. 

... Conditions at Freeze-out. 
This will be a first step to investigate 
whether Quark-Gluon-Plasma is formed or not. 
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Hlroakl Ohnlshl [BNL]... CNS workshop 02114101 

PH~~r:~tENIX Identified Hadron spectra 

Single particle spectra of pion, kaon, proton 
and their anti particles. 
Au+Au collisions at ';-SNN=130 GeV, Minimum bias data. 

, min. bias Au-Au 

PHENIX prelimina 

Pt (GeY/c) 

r-------'-----
~ 

10 ~ PHENIX prelimina y

J · '. ml n. bias Au-Au 

iol <~"s: .f! -w..;,: negative~,. "., 
~10 <
Z J.

"..- ."t"...,...e-.o" • K' ,," • 

,... C'.pbar .ft. " 
10" , IIn' 
10· =~ill 

o 0.5 1 1.5 2 2.5 3 3.5 4 

Pt (GeY/c) 

Hlroakl Ohnlshl [BNL] 
CNS workshop 02114101

PK~"'IX K +/K- ratio 

Expectation from previous experiments 


» K+/K- ratio decreases 

with increasing ,;-s 


10 » K+/K- ratio in 
p+p collisions 

• ,;s = 23 GeV => 1.6 

• ,;s = 53 GeV => 1.4 
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fC+C } KaoS

1Ni+Ni 

• E8661 E917 
• Au+Au 

.... 
E802 • NA44 
Si+Au NA49 ~b+Pb 

+ 

10 

Ts[GeV] 



---
Hlroakl Ohnlshl [BNL] 
CNS workshop 02114101 

PltJ~~~IX K+/K- ratio as a function of PT 

PHENIXPreliminay}' 


o 	 0.2 0.4 0.6 0.8 1 1.2 1.6 1.8 

PT [GeV/c] 

Within the statistical errors, K +/K- does not depend 
on PT over the measured range 

Hlroaki Ohnlshl [BNL] 
¥ CNS workshop 02114101 

PH~\::fNIX K +/K- ratio as a function of centrality 

1 

0.8 

0.6 

0.4 

0.2 
PHENIX PRELIMINARY 

50 100 150 200 250 300 350 400 
Npart 

No aepenaence as a tunctlon ot centrality_ 
Same trend are measured in SPS and AGS 
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Hlroakl Ohnlshl [BNL] 
CNS workshop 02114101 

PW~~~NIX Summary of K +/K- ratio 

K+/K- ratio decreases 
as a function of ,;-s 10 

( O.5GeV/c <PT<1.8GeV/s ) 

K+/K- @5% central 
= 1.29+0.07(stat) +O.19(sys 10 

K+/K- production at RHIC 
follows the trend 
observed in the experiments 
at SIS, AGS and SPS. I I 

10 

2 
f-

1 

f-

l-

1 

I 

K+/K- htC c 
+ } KaoS

1Ni+Ni 

• E8661 E9017 
• Au+Au 

-: 

... NA44 P/-IENI){ 
E802 .. 

prelinlinG
Si+Au NA49 ~b+Pb 

S+S • 

Hlroakl Ohnlshl [BNL] 
CNS workshop 02114101 

~'!~I"'IX pbar/p ratio 

» pbar/p ratio is increasing from AGS to SPS. 


il 
t SPS 

10-1 ~• ....== 
10'" 

AGS ~ 

• !
10'" 

1 10 10' 

JS[GeV] 
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Hlroakl Ohnlshl [BNL] 
CNS workshop 02114101 

pbar/p ratio as a function of centrality 

c:: 
S 0.8 
o... 
Q. _ 0.7 
Q. 

.J. 0.6...
c:: 
« 0.5 

0.4 

0.3 

02 

0.1 

• 

PHENIX PRELIMINARY 

0.8 GeV/c< PT < 3.5 GeV/c 

Systematic errors "-150/0 
Systematic error is not 
depends on Npart. 

o~~~~~~~~~~~~~ 

o 50 100 150 200 250 300 350 400 
Npart 

pbar/p ratio shows slightly decreasing 
as a function of centrality. 

Hlroakl Ohnlshl [BNL] 
CNS workshop 02114101 

pbar/p ratio as a function of PT 

o 
:; 0.9... 
Q. 

~ 0.8 
.0 
Q. O.7 

0.6 

0.5 


0-5%
0.4 

0.3 

0.2 
PHENIX Preliminary 

0.1 

00 0.5 1 1.5 2 2.5 3 
[GeV/c]PT 

pbar/p ratio shows constant as a function of PT up to 3 GeV/c. 

It is vary hard to extract pbar/p ratio at PT above 3 GeV/c 
due to small statistics. 
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pip 

Au+Au(b=()) 
dE/dx=O 

p+p 

Hiroaki Ohnlshl [BNL] 
... CNS workshop 02114101

ptt;",:£NIX pbar/p ratio as a function of P
T 

i
0 

0.9 .... 
Q.

-.:: 0.8 
«S 30-600/0.t:l STAR 
Q. 0.7 Min. Bias 

0.6 l+t+4 + 
0.5 

0-5%0.4 

0.3 
PHENIX Prelilninary0.2 

0.1 


00 
 0.5 1 

Hlroakl Ohnlshl [BNL] 
CNS workshop 02114101 

PH~"fNIX pbar/p ratio as a function of PT 

:l 
---3 

X.N.Wang, PRC58(1998)2321 

Au+Au{b=O)0.9 
dE/dx= I.n GeVl1ill0.8 

0.7 
0.6 
().~ 

0.4 
0.3 
0.2 
n,1 

I nteresting physics will contain o 2 4 6 K 1 () 12 14 16 1 H 2() I 

PT [GeV/c]in pbar/p ratio at high Pr " 
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Hlroakl Ohnlshl [BNL] .., CNS workshop 02114101 

PW~IX Summary of pbar/p ratio 

pbar/p ratio at RHIC shows 

Pf/ENIXdramatically increasing 

prelin1intll:v
from AGS and SPS energy. 

• 

•. No clear Centrality and PT NA44 
ES66 Pb+Pbdependence are seen 
Au+Au 

within errors. 
10-1 ~--,--~...............'-J-I...-----,----,,-..................a...u.J._-'----I.I 

1 10 1V 

JS[GeV] 

Hlroakl Ohnlshl [BNL] 
CNS workshop 02114101 

PH::,.~;:~ENIX K +/K- and pbar/p 

Both K +/K- and pbar/p 
are closing to 1.0 
from AGS to RHIC 
10~----------------~ 

I 

~ ~ '" AGS, E866 

~ 
SPS, NA44 

PI/ENDY 
prelilninal:v 

• 
.1 .1 .1 

10-1 1 

pbar/p 

Thennal model tells us ... 
Baryon chemical potential "- 50MeV 
Not baryon free(IlB=O). 

• liRtMeVI 

1I.S ,---.,,...--,.{-D_"'-;--...,..44~_.'T"""~-,..--;-_"';"-.....---. 

o.s e: 
- T-l60MeV a 
---- T -\65 MeV 

.. , .... " .... T.I70MeV 

"T1 

W 
h/chataed I» _._.._._-_.._.....__.-_...._"._.---1 = 

pip 
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Hlroakl Ohnlshl [BNL] 

CNS workshop 02114101 


Particle ratios in Au+Au collisions at 45=130 GeV 

are presented. 


No clear centrality dependence are seen in K+/K- ratio. 

pbar/p shows slightly decreasing as a function of centrality. 


K+/K- and pbar/p ratios show no dependence with Pr. 
( Kaon; Pr<2.0 GeV/c, Proton; Pr <3.0 GeV/c ) 

Particle ratios@ 5% most central event, @mid rapidity 

» K+/K- = 1.29+0.07(stat.)+0.19(sys.) 

»pbar/p = 0.54+0.01 (stat.)+0.08(sys.) 

K+/K- and pbar/p ratios are dramatically' 
decreasing / increasing from SPS and AGS energies. 

Baryon density at RHIC is much less than AGS and SPS, 
but not baryon free at mid rapidity. 

Hlroakl Ohnlshl [BNL] 
.. CNS workshop 02114101 

PH:~~<~tNIX The PHENIX Experiment 

West Beam View East 

Tracking system. 

»DC + PC1 + PC3. 

Hadron Identification. 
Time-of Flight measurement 
( Beam/Beam Counter -ToF) 
Time of Flight resolution 

""120 ps. 
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Hlroakl Ohnlshl [BNL]... CNS workshop 02114101 

PH1~£lNIX Particle identification 

Particle identification via Time-of-Flight. 

PHEN IX Hi h Resolution TOF 
~

1.5<p< 1.6 GeV/c-:;;(J 

• 
::::; " 

K+ 

0.. 06 all t 1.2 I .• 

Mass squared [Gey2] 

1t/K separation < 1.6 GeV/c 
Proton separation < 3.5 GeV/c 

Au+Au ~ = 130 A GeV 

.. '~....•...: ".. ,..,.'.'..".:,~" 
\ 

~.. ~ 
~" x-

p 

-
p 

~~~~~~~~~~~~~~ 

10 15 20 25 30 35 40 45 50 55 60 
Time of Flight [ns] 

Hlroakl Ohnlshl [BNL] 
......--- CNS workshop 02114101 

PH:~~;~::fNIX The PHENIX Experiment (II) 

. Centrality definition 

» Centrality selection based on the correlation 
between Beam-Beam Counters(BBC) 
and Zero Degree Calorimeter(ZDC). 
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CERN SPS hadron measurement 
Flow measurement with a puzzle, and interpretation 

of low mt enhancement of pion spectrum. 

Susumu SATO 

University of Tsukuba 

For the flow measurement at the SPS energy, several hadron species are analyzed in 
different rapidity region. Hadron identification in higher momentum at mid-rapidity, the 
time of flight method take an important role. The reaction plane is measured in target 
rapidity and the ellipticity of the flow is intensively studied in mid rapidity. The mid 
rapidity at the SPS energy has less disturbance by the spectator than in lower energy. 
An interesting feature is reported for the positively charged kaons. The ellipticity of 
the kaon shows out-of-plane emission pattern, which is the opposite direction of pion. 
Interpretation of the pattern is still in puzzle, and the comparison with higher energy at 
RHIC is of current interest. Other puzzle is seen at SPS energy, in pion single spectrum. 
Large enhancement in low mt region is observed. Interpretation by the contribution of 
the lowest resonance of nucleons is of large interest. And direct measurement of yield of 
the positively charged delta resonance enables studies of contribution from the resonance 
decay in comparison with other effects, like collectivity or the Coulomb effect. Such view 
is also of large importance at RHIC energy. 
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eNS workshop ( 2001 " Feb / 14 & 15 ) ,. CERN SPS hadron mea"uremelll 

CERN SPS hadron measurement 
Flow measurement with a puzzle, and 

interpretation of low mt enhancement of pion spectrum 

Susumu SATO 
Univ.ofTsukuba 

Contents 
1) Ellipticit)' at mid-rapidity 

-+ Difference in Kaon 
2) Low mt enhancement 

-+ Resonance role at mid-rapidity 

CERN-SPS-WA98 SU8umu SATO 

eNS wnrblwp ( 2001 / Feb i 14 & !;) ) .. ('ERN SPS hadH,I.l mea:;uumen't 

Flow measurement at SPS 
ectrometer with PID 

L11' ""- 1 0 jm/c 
[After collision] 

... 
Fourier Expansion of Azimuthal Distributions 

L.• 

[Before collision] 

, ".-tk aWl :1 
o.a 

F(;) =Fo{l+2~'1 oos(;)+2V2 cos(2tP)+ ...} 

0."... 0 -""'W. IIOtnIpt........ 


nat -OhIctIdfW ....t»ttapttbw 
0.,1 

I) '---------....
J-I 0 l:.'" 

____________~.h._" ••~_ ........ _ .......___·....·.....·._ ...__.__...~:\•• __ 


CERN-SPS-WA98 SU8umu SATO 
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eNS worksho ) ( 2001 i Feb I 14 & 15 ) 

W A98 ex erimental setu 
\VA98/PIIENIX LEDA(ElVl.Cal.) 

ZDC(Had.Cal.) 

MIRAC(Had.Cal.) 

PMD 

Beam Target +P.ball, SPMD 
(20sPb:158AGeV) (2osPb: O.239mglcm2) 

Characterize Fireball fronl various aspects 
• [Hadron] m0l11cntum + pro; w/Mag. Spectr. 
• [Photon] Ey; w/EM.Cal. 
• [Hadron] global ET, Eo; w/Had.Cal. 
• [Photon] mult. distr.; w/PMD 
• [Char ed article] mult. distr.; w/SPMD, P.bal1 

CERN-SPS-WA98 SU8umu SATO 

eNS workshop ( 2001 i Feb f 14 & 15 ) CERN SPS hadron me3!lUremen'tv 

Reaction Plane determination 
By Plastic Ball (dE -E & delayed signal for It +).---_________--, [';:-.~-I Proton 

Py N ·dA; !'t 
___._; Semi -central ~ Central 

(PASIoIm.P/""') 

• •• P • 
• prot 

- .. o +.. 1r 0 +1r b.'; 

• 
I" 

Clear uha""•• al)'llUlMtry in semi -central events 

+.(.'('~<It"1 -(Jl,,) ",0.)(;0 :OOIR 

+l'O!';(!(~, -~;'/)l -().i)K..h:o,005 

lit ...,k:entral col 

CERN-SPS-WA9S SU8umu BATO 
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.. CERN SPS hadron mea~urellienleNS workshop ( 2001 ! Feb i 14 & 15 ) 

Elliptic flow of 1C + and K+ 

fourl., £xpItIlI«:l1 of Aalt'llJtJtal OIstrUItAIOM 

IgA Orv Pb+PIt c:el.lWolls 

"l~I" f~{i"*, ~t. Q<)~~J ~ 2~': <ro~l4()t' ,.,} 

...0 .....,...,.., ...,.......... 

.... 1 .......l'lNf ~Ir... 

~-:;~~:) 

II_~I 0.1 
PLB469 (1999) 36-26 

v2 0.0 

-0.1 

-0.1 

-0.3 ~ 

BEVALAC. 
-0.4 1 SIS AGS SPS 1 

s.~u.. ('ftltraI 

PLB469 (1999) 30-26 

L" " ___.~ .,....."~" • ".~••.,._ ~. ~-*-"... ,,- ..,,~, j.1.Ul-- ~.i ·910 I) 90 .90 Q 90
.". ..,110 

... ta"1t'.' Go'"' 
f oot··or-plane for K+ with C.t,. 95.7% 

At SPS energy, Kaon has d(fferent eilipticit}' 

compared to protons or pions 


CERN-SPS-WA98 SUBumu SATO 

eNS workshop ( 2001 ! Feb I H & !;) ) . ('ERN SPS hadrull mea "urrment 

Pt dependence. at mid-rapidi(v 

fl.4 
! :.1K'f O.l 

•~UO ++'• 
-fU 

0 v: 

0.4 0.6 o 0.1 

• "1.O.1i 

o 0.4 0.6 O.S 

• v2 increase with Pt , 

• vI remains close to zero. 
-our acceptance is at mid rapidity 

CERN-SPS-WA98 Susumu SATO 
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eNS worksho (20tH / Feb I 14 & 15 ) .. CERN SPS h;\flyun mea;O;UrP.UlfHl! 

Single Particle Spectra 
collisions 

10 1 

Ej3cr 

dp3 


mb:~. lOO
/c3~ 

10-1
. 

I I I I I 
I 

A proton .[S=23GeV
Q K+ ( X 1/1. 5 ) 
0 p+ ( x 1/35 ) 

Nucl.Phys.BJOO(75)237i 
"'I~ 

t- (l)Similar shape, and ~" 

~"'" (2)Similar slope 
.... for different 
X", particle species 

Ia. 

t· (called l1\-scaling) 
''11; 

~" , 
..~ ~ 

C' 

If......~ ~ 

i 
Ifit-fi (GeV) II I I I I I 

i 
I I I 

mt-scaling in proton - proton collisions 
CERN-SPS-WA98 Susumu SATO 

CNS wnrb,}wp ( 200 1 ; Feb I 14 & 15 ) " CERN SPS hadron measuremen't 

Single Particle Spectra 

(nucleus - nucleus collisions) 


_l__dN_ JI' __________--ro----r_~.,.-- 158AGeVPb+Pb 
Pb+Pb Pb+Pb 

Nucl.Phys.A6JO(96)J75c 

(l)Difterent shape, and 
(2)Different slope 

for different 
particle species 

Different shape and slope are observed. 

CERN-SPS-WA98 SU8umu SATO 

-99



eNS workshop ( 2001 ! Feb 114 & 15 ) ,. CERN SPS hadron wt"asuremenl 

Expanding Fireball Model - example of good 
arameterization 

, (I) Single ~pectra: . 
I transverse kinetic energy (mt) spectra
L PRL80(98)3467 

--+parameterization for---

different partic~~~pecies 110' 

Tr-139MeV, \py -0.42c " 1 


r(2)T~~~-~-~i~·-HBT··~-;~~1;-ti~-'----11 ~ \ 
i Habilitation(,971T.Peitzmann) ~ l~z 

10 0 O'---~-B~~;ti~~~ri~~e f~r ~pansi~~ ............-II1.t........ :5m"'-ass Ae ......
..... ............[...........v) 


$I ~Ritr - 0.43+0.16c 

Good explanation 
both for singles and two particle correlation, 

but/not using lO\Ner nlt -region I 
CERN-SPS-WA98 Susumu SATO 

eNS \\ork"hop ( ~:OO! f Fd, 1,t & 15 )i 

A ++ resonance 

• Lowest resonance of nucleon 

• M - 1232MeV (in Breit-Wigner functiorJ 

.ct-1.8fm; (r-111MeV) 

• Isospin3/2, Spin 3/2 
• Decay into pion and proton with >99% branching ratio 

S+~ 
+ _ -50% ) .. + + en> 
-~-+(t0j+p 0.8 j 

- _>990
". ) .. - + en> 0.4c/. 

AO_~-+ .. -+p 

_ -50% ) (toj+ en> 0 -1 
• Decayed pion gives lower transverse kinetic energy 

CERN-SPS-WA98 Susumu SATO 
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eNS worksholl ( 2001 Feb iII & l') ) I 

Particle Identification 
(with W A98IPHENJX TOF) 

'Y'> 8 
~ 

~6 
c:. 

4 

2 

o 

0.00 ...........................-...-..................,..............~-
2 'F·e 

=p. L -1 o 1 2 3 4 p(GeV/c)ffpf< 

0.10 

...----0_0_.5_1__1.--,5 0.05 
m2(GeV2/c4) 

Clear Particle Identification by ToF method 

CERN-SPS-WA98 Susumu SATO 

eNS workshop ( 2001 ; Feb i 14 & 15 ) . CERN SPS hadroll mea",un~men't 

Geometrical Acceptance 
~ 1~=====:::;:::===-::;~----------
::>
c3 
~ 

0.8· 
0.6 

'-' OA
S 0.2 

• 

o~----~-=~~------e 0.8 
0.6 
OA 
0.2 
o1:---.---0.8 

0.6 
0.4 
0.2 
o 1.5 2 2.5 

Measure around 11lid-rapidity, 
where hot fireball is expected the 1110sL 

CERN-SPS-WA98 SUflumu SATO 
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--

eNS workshop (20tH Feh / 14 & 15 ) " CERN SPS hadrun IDi'LhUrf:'illf'nt, 

Single spectra ------' 

o 1t+ (N(44) 

<> proton(NA44) 

vreliminary 

Slope 
(MeV) 

WA 

98 
NA 
44(*) 

,142 156 
.. + 

±3 ±3 

P 
251 
±25 

289 
±7 

(.) NucI.Phys.610(96)175 

- dN/dy 
""'A 
98 

NA 
44(··) 

138 155 
.. + 

±16 ±1O 

P 
25 
±6 

27 
+5 

(••) M.Kaneta, PhDTbeslS (1999) 

I--'--.L.-....L."-I-:...1.-...1....-'---1-1 --L...-i...--'--+I---'---L---I.-...f:--J...-LJ ............... Im - m(GeV) I 
o o. 2 0.4 0.6 0.8.1 t . 

Consistent shapes in different experiments 

CERN-SPS-WA98 Susumu SATO 

.. ('EHN SPS hadrOI: llH~;l~ureU1en·t 

Parameterization 
, for A yield by invariant mass method 

Invariant mass distribution 

Yieldraw 'nv 

oc YieldLl+ + Clt;nv f 
+Yieldcomb.B.G. Clt;nv 

Yieldcomb.B.G. a,nv lshould be evaluated 

CERN-SPS-WA9S Susumu SATO 
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eNS worbhuIl { 2001 i Feh / 14 & 15 ) .. CERN SPS hafiron mt>a:,urellH:nt 

Two normalization methods 

,'if'1I1 

f 1(1) TaU method I 
100! .' R.J 

6'tIO~ •• !'tiDAl 

I 
 normalize only in higher minv regIon... !500:- .. 

.. 

~ 

. "'I" ...",
i:Zl.l't"."jJ i. 

-
-

1 

-. 
: .-: (2) Breit-Wigner + 8ackgrou-

.. method 
211f( 

1
lool normalize in any minv reg·lon,- ,: assumIng YieldJ1++ folIows~'T 1:11.81.9 i 

I Invul....t IM"""U:""'\ I Relativistic Breit-Wi~er(2) (1) (PRL79('97) 354) . r~ume q3 1 
Ylled/l.++CiL;nv = 3+ 3' M : 8 

q J..l 4 - m JI r 1 v A++ A++ 

q:relative momentum of the pair in its C.M. frame,p:180MeV/c 

Two methods should be consistent 

CERN,SPS'WA98 SUBumu SATO 

CNS workshop (2001 ; Feh / 14 & 1;) ) " CERN SPS hadron measuremen't 

Tail method 
Yield in (Nn:=l %847 ev.. 

700 ••• 
600 -.

• 
SOO 

•400 • 

300 

200 •• 
lOO" 

•
OJ: 1.1 1.2 

•
• 
• 
• .. 

0.004 . 

0.003 

0.002 

•• Subtracted 

Real 
Mixed 

Eo=1.237±O.006 
f=O.086±O.014 

(GeV) 

Clear yield can be extracted by tail method 

CERN-SPS'WA98 SU8umu SATO 
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• • 

eNS work8hop ( 20tH! Feb i 14 & IG ) 

Yield summary table 

Value and Stathtical Error 

6++-1 spectrometer lev. (raw) fUl22 ±OJ) t0 

proton I spectrometer/ev. (raw) J.08() ±O.OJU 

6++-/proton (raw) (l.021 ±O.009 

e trk (30r4cham.) 0.79 ±O.02 

ePID 0.60 ±O.02 

e geo 0.145 ±O.oos 

6++Iproton 
(£ trk ,£PID, £ geo corrected) 

0.31 ±O.14 

6/nucleon 
(isospin corrected) 

0.62 ±O.lS (stat..) (45%) 

SysteJllatie Error 
Uncertainty of Tracking efficiency ±O.06 (sys.) (10%) 

Difference in normalization method ±O.02 (sys~) ( 4%) 

Difference for different local multiplicity 

i\t SPS, delta yield is, for the first tinlc. directly nleasured 

CERN-SPS-WAH8 Susumu SATO 

.. CERN SP~ hadnm mea"UffHneld 

.Population ratio: AI nucleon 

PLB477 (2000) 37-44 

-,100, -. 

60: 


40; 


t i Acquired from ~ / p, 
20~ • Isospin correction ! 

1 done for 208Ph 
..,_ ..... L.._~ 82o 1 10 100 

IEbeam(AGeV) I 

.1 Higher population is seen at SPS I 
====================================== 
CERN-SPS-WA9S SU8umu SATO 
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1 

CNS workshop I 2110 I' Fp,I, ; J 4 & 11) ) 

ILow mt enhancement in Pb + Pb (1) I 


d 2 N 

2trmt dydmt 

(Gev-2) 

102 

10 ~ 
~ 

1 

~======~~Neighboring 
several points for 

local mt slope 

o 0.2 0.4 0.6 0.8 

Low fit enhancement is seen in local1nt slope (Next) 

CERN-SPS-WA98 SUBumu SATO 

eNS work~hop ( 2001 i Feb I 1<1 & 15 ) ., CERN SPS hadrun measurf'meu't 

ILow mtenhancement in Pb + Pb (2) I 
0.2 

~ o 
'-" 

Q.) o. 15 

S 
tZl 

c;
8 o. 1 
~ 

0.05 

preliminary 

o 0.2 0.4 0.6 0.8 1 
Center of fittina 

region in mt - m ( eV) 

The mt enhancelnent is seen 
in n+spectrum in Pb + Pb collisions 

CERN-gPS-WA98 Susumu SATO 
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eNS workshop ( 2001 ,I Feb i 14 & 15 ) " CE.RN SPS ha!lron mea"urewenl 

Candidates of low mt enhancement 

(1) Collective motio~l 
_.._ ............_ .......•....__........................._ .......... _l 


e.g. Collective radial expansion 


I (2) Coulomb effect I 

Repulsion! Attraction from Charges 

I, II Pt(mt)(GeV/c) I
li3) Resonance decay 0.81 . •. ® 

A decay gives Ij . ® 
lowermt 1t 0.4: . ® I 
by kinematics! : I 

o'. -1 0 "'drJ 
There are more than one candidates I 

CERN-SPS-WA98 SUBumu SATO 

eNS worbhop ( 2001 i Feb i H & 1,) ) . ('ERN SP~ hailJull ll1ea~ufPm('ul 

..-------.10 5 ......,................-....-..-_.............................~..,;....O.._ 


_1_~ 104~~~~~__ 

mt dm t lOS F 


-=--
'-----'>----~10 2 

10 


1 


101 


-2
10 O~~~~O~.5~~~-1~~ 

Dashed line: Imt - m (Ge V) I 
exponential for eye guide . 

Collective motion (Thermal+expansion) 
Describing well for 

different particle species 

except low lilt 1t, and 

shape of1t is little 
affected by 

collective motion 
T=139MeV 

4) =O.42c 

consistent also "" 

with two particle 
HBT correlation 

7t spectra shape is little affected by Collective Inotion 

CERN-SPS-WA98 SU8umu SATO 
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eNS ,\'orksholl ( ;,WO I • Feb / 1"1 & 1') ) .. CERN SPS hadrun med""ttrf'WI':nt 

Coulomb effect 
f-~--------------"}0

3 
Nn

Ratio - I C~OUlOlnb! 
L__._._"._."..""_"__.____"~_____J 

I.;OYV n1t 

I~~nhallce 

0 0.2 0.4 

t: 
I I 

I 

T : 
' , , , + M.Kaneta Ph D thesis, 

" . 
',~ 

't-. 
1-

+ 1t-

' .., --. 

+ 1t+ 

I-

---exponential 

, . 
" . 

" .. , , 0 1.ooI...I...""""'-I-..J-I.-..1-..J.....J.....J.....J 

"t I-
I I I 

I I I mt-m (GeV) Io o. 1 0.2 	 0.3 0.4 0.5 0.6 

Low m enhancement is seen in both charge, and 

Coulomb effect appears as difference between 1t+ and 1t-. 


CERN-SPS-WA98 	 Susumu SATO 

1 tiN-._
mt dydrnt 

(a.u.) 

d 	included evaluation 
10 3 

/::,.decay + 
Thermal Expansion 
( 	 Upper and lower (u ror ) 

(---- Thermal expansion COIIPOf'IWIt)102 
preliminary 

101 

• 	 1t + (IAS8)100 

• 	 1t + (NA44) 

1 0 -1 L-o.-"'--'-.J.......t.--'--'-....L......o-..............-'--'---'--"--I...-I......I&L.L.L..L...J 


o 	 0.2 0.4 0.6 0.8 1 

mt-m(GeV) 

eNS worbhop ( 2001 ; Feb I 14 & 15 ) " CERN SPS hadron measuremen't 

Contribution of Il. Resonance 
~	( invariant mass) 


with a factor (1 + a) 

a= 


Nll.--7!i./::C.)+1C(Not.&.) 

Na-7lC{Not&.)+p(NoISe.) 
--+consistent with 
simulation (--1.5) 

thermal model+ T=139 MeV, 
4} =O.42c 

"thermal source" + "Il. resonance decay" is 
consistent with the IOW-111t enhancenlent of 1t: +. 

CERN-SPS'WA98 	 SU8umu SATO 
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eNS workshop ( 20lH / Fet) i I-t & 15 ) .. CER N SPS harir un mi'<i ;;urf'lllenl 

Summary 

At the SPS energy, 
e Using fragment at target rapidity, 

reaction plane determination is performed. 
An interesting feature in the ellipticity at mid 

rapidity is seen for the kaons. 

-+(still) out of plane emission 
--+comparison with RHIC energy is wanted. 

(PI Oed analysis is needed !) 

e Large fraction ( '" 2/3 ) ofnucleons are in 

1!i...1232) resonance states. 

--.Additional 1.5 tilnes of ~ are possible to 

be interpreted to contributed to 
the pion low mt enhancement. 

~ Penetration of pion matter is wanted to 
be studied at RHIC. 

CERN-SPS-WA98 Susumu SATO 

eNS workshup ( 200 l. ; Feh i 11 & 15 ) . ('ERN SPS hadrun mp.a~llr~men·t 

Well,.. other resonances 


• Chemical equilibrium tells, 
heavier barvonic resonance is still nlinor . 

• Mesonic resonances 
for example . 

• /(400-1200) --+ major contribution in JAM, 
while no presence at all in RQA1D, chemical calc. et al 

• plOJ --+ no systematic understanding with leptonic deca.vs 

That's still vague ... 


CERNSPS'WA98 Susumu SATO 
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Hydrodynamical analysis 

of elliptic flow at SPS and RHIC 


Tetsufumi Hirano 
Department of Physics, Waseda University 

Hydrodynamics has widely been used to describe the space-time evolution 
of nuclear matter produced in relativistic heavy-ion collisions. First I briefly 
comment on why hydrodynamics is necessary for studying the physics of 
heavy-ion collisions. There are a large number of analyses based on the 
fundamental theory such as an equation of state from lattice QCD, spectral 
changes of hadrons in medium from low energy effective theories of QCD 
and so on. Equilibrium at a fixed temperature or density is assumed in these 
calculations. On the other hand, real nuclear matter produced in heavy-ion 
collisions is by no means static; It dynamically expands and cools down owing 
to the pressure gradient. One possible way to connect static models with the 
dynamical phenomena is the application of the relativistic hydrodynamical 
model. 

Since hydrodynamics is directly connected with the equation of state of 
nuclear matter, the hydrodynamical analysis of flow is indispensable in un
derstanding the thermodynamical aspects of nuclear matter. Elliptic flow 
is believed to be a powerful tool to study the nuclear equation of state and 
the thermalization of the system. On the lines of the above discussion, we 
investigate non-central collisions at the SPS and RHIC energy by using a 
(3+1 )-dimensional relativistic hydrodynamical model. Initial parameters in 
the hydrodynamical model are chosen so that we reproduce the single particle 
spectra of hadrons [1]. Observed pion spectra always contain the contribu
tion from not only pions directly emitted from freeze-out hyper-surface but 
also decays of resonance particles after freeze-out. The decay of resonance 
particles after freeze-out dilutes the elliptic flow of nuclear matter. I found 
that the reduction-of elliptic flow is due to the decay kinematics [2]. Taking 
this effect into account, we analyze the experimental data of elliptic flow 
at the SPS and RHIC energy and show how large the effect is for the final 
azimuthal distribution of pions. 

References 

[1] T. Hirano, K. Tsuda and K. Kajimoto, nucl-thj0011087. 

[2] T. Hirano, nuc1-th/0004029 (to be published in Phys. Rev. Lett.). 
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Hydrodynamical analysis 

of elliptic flow 


at SPS and RHIC 


Tetsufumi Hirano 

Department ofPhy~~, Waseda University, 

Tokyo 169~1J555, Japan 


In collaboration with 
Keiichi Tsuda & Kohei Kajimoto 

[1] T.Hirano,K.Tsuda and K.Kajimoto, nucl-th/OOll087 
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Why Hydrodynamics? 

-Lattice QeD 
Equation of state 

-Effective theori 
Spectral cha~=t#=F=====r::=====::!I 
hadrons in m__.....____ 

-Etc. ~==t=======1. 

•At fixed T or nB 

STATICI 

Motivation & strategy 


Eq. of State 

(EoS) 


.Phase transition 
 ~ 
between QGP pha 
and hadron phase 

~often ing of EoS 

Collective Flow 

in Relativistic HI 


-Radial flow 

-Directed flow 

-Elliptic flow 


~ ~ 

~ 

Relativistic Hydrodynamic Model 
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Relation between 'in-plane' 
and 'positive v2' breaks down! 
Owing to resonance decays 

~-ll 
1.2 	 r III 

~1.q~ /, ~ I

'~~i?'! ~ II 
• 	 I 

! 

o 	 90 180 270 360 
Azimuthal angie ~ [de~ 

'" 	 ~ .. I r \ 

-	 , , 

Particle emission from 

hot matter 


Hot matter 

-Direct emission 

from freeze-out 

hyper-surface 


7r 	 -Feeding down from 
resonance decay 

1C 

1C 

+ 
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! Decay Kinemati~s ~ Px 
.' v<-vc,Rest frame 

\ 
\,Isotropic 

'\ 

I, 
I ,.emission 

,: vc = ,l 

P-.1t1t 

v>v'c 

-3 -2 -1 o 1 2 3 
'- -

cp radEmission angle is limited. 

Effect of decay kinematics 
on V2(Pt) 

0.6 -  - direct 1t VT =0..5 

0.4 

0.2 ,... 

-0.20=---~""'E--::-I-::-----=""":0.6;:----='"0.8:::-------::!1 

P, GeV 

Negative v2! 

See also, T.Hirano, nucl-thj004029, 
(To appear in Phys.Rev. Lett.). 

-o.s<Y<o.s •Toy model of in-plane
o.8....-----r---.-----,----r-------.. 

-p-mt elliptic "flow 

Tf=120 MeV 
-vx vx 
.. ~ 

y 

z 
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elativistic hydrodynamic model 

aTf-L )) =0 a ffn =0 

,u " ,u B 


-Energy & momentum tensor 


Tf-1 v == (E +P)u,UUV _ PgJ-l. v 

energy density, 
P: pressure, uP :4-velocity 

-Baryon flow 
.. ,./1 f-l 
riB =nBu 

nB:baryon density 

-Hadron phase 
Baryons &mesons 
+ exclude volume 

correction 
-Mixed phase 
TC(nB =0) =160 MeV 

P(nB =0) =59.0 MeV/fm 3 

-QGP phase 
u,d,s-quarks a~d gluon 

1 4
P=-E--B,B4 =233MeV 

3 3 

*C.Nonaka et al.,Eur.PhysJ.C17.663(2000). 

Initial geometry 

(Pb+Pb 158 A GeV at SPS) 


Impact parameters: 
Initial time: to = 2r =1.4fm b = 2.4,4.4,6.4,8.2,9.5,10.6 fm 

zYV 

Reaction Plane 
 Transverse Plane 
114
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-----

Initial parameters at SPS energy 
(Pb+Pb 158 A GeV) 

-Initial time: tj = 1.4 fm 
-Initial energy density: Eo = 3.9 GeV/fm3 
-Initial baryon density: nso = 0.46 fm-3 
-Freeze-out energy density: Et = 60 MeV/fm3 

E(x,y,z)=E(z)W(x,y;b), ns(x,y,z)=ns(z)W(X,y;b) 
1 ~-----

Wounded0.80.8 ,-... 
..C) nucleon0.6 C£ 0.6 

i><t scaling0.4 0.4 

0.20.2 __.:;-.!•.: ________ - --

..... ""',o 
o 0.2 0.4 0.6 0.8 I 1.2 1.4 ~IO o 10 


Z fm x fm 

Longitudinal Transverse 

-E/EmAJ 
n,J~

••••••••••. Vz 

1U=1.381m: 

Single particle spectra in 

central collisions at SPS 


rapidity distribution transverse mass distribution 
104 

.:--------.----y---...,.----r-----:o 
~ 

b=2.4 tm200 negativ~

hadron '-,,", _--=.f. 

...... 'iE • ..I.,J:
,* 

d 

~ 


~!~ 150 
j'1;:S 100 

.. ---~r.
,,'" l.rtf~;l-

50' 
,,; ',,-- baryon 

o .. ' 1 02 ~~-----:::.-'-::--~:----:-'-:::------:!
-3 -2 -1 0 2 3 0 0.4 0.8 1.2 1.6 2 

YCM ml-mo GeV 

Data from H.Appelshauser et aI., PRL82,2471(1999). 

Parameter tunin +Pb central collision 


<Tt>=117 MeV 
Freeze-out parameter { <Jlt>=323 MeV 
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I 

200 _ b= 2.4 fm _._._ .. b= 8.2 fm 
- - - b= 4.4 fin _.. _.. _. b= 9.5 fm 

150 ------- b= 6.4 fm ... • ..,-"'-"'- b=10.6 fm 
t_.~~~. 


~ r ... • •• , 
III. 

• 

~ ,,/ - --;" 
~ 100 '" r ..BAa... .' ~ 'I.,) ~ )---If ltif-' 

/ ~ ,..' II If'.,_ +':.,.. 
~./ ~';r"'''''''''K..~ ..... 'k 8"8.. \0

/,' .",,' 'k.... II , 
~,' ,,'" I................................. ..,. 
 'Ill" 

~ /' /' ..........; ...,., -"'-" 
'" ~.'./·~ ..... ··_.........·.1I....··..·---·..·.....·.·........::.·...." 
o .~;.s.:::::.......... <It.Jt..,!,,_ ~~ 


-3 -2 -1 0 1 2 
YCM 

Data from G.E.Cooper, Ph.D thesiS, UC Berkeley, April 2000. 

Single particle spectra in 
non-central collisions at SPS 

rapidity distribution transverse mass distribution 
~ lif~--~--~--~--~--~ 

> -0.1< YCM<O.1 -- b=2.4fm
0 103 '" - - - - - b= 4.4 fm 

10
2 ---------- b= 6.4 fm 

I~ 

N~]10 
~1 ~ 
~ 

:: -1 -'-'-'-'- b= 8.2 fm
10 _.. _.. _.. _.. b= 9.5 fm 

2 _..._ ..._ ... - b= 10.6 fm """ 
10- 0 0.4 0.8 1.2 1.6 2 

m,-mo GeV 

Simple scaling for initial condition 

in non-central collisions 


Differential elliptic flow at SPS 
V2 as functions of Y 

0.06 r-----r---.,....-...-----r----,..-,---. 

- total 5O<Pt<350 MeV 
0.05 ____ direct 1t , , 

0.04 ! resonances I" ' .. I 

N O.03 I data "","/ " .. 

~ " 

0.02 '" " 
"",'" I I ''''_0.01 .. 

o 1~···············1r t 

-0.01_ 1 o 2 3 4 5 6 -0.020 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

Y A GeV 
Data from 

Exp. data:6.S<b<8.0 fm http://na49info.cern.ch/na49/Archives/lmages 
Results:b=7.2 fm /Publications/Phys. Rev. Lett. 80: 4136 -4140 I 1998 

4<Y<5 


Total v2 is reduced by 

240/0 at midrapidity 


ow'ing to resonance decays. 


Total v2 is reduced by 

200/0 at pt=O.25 GeV 


owing to resonance decays. 
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0.08 
! 

___ a 

-

experimental data 
direct pion 

total pion 3<Y<6 
0.06 

- - from resonance O.05<Pt<2 GeV 
~ 

0.04 
-Reasonable agreement 
with exp. data below 

0.02 bIV4fm 

4 

b 
6 8 10 12 

fm 

-v2 for total pion is 
reduced by 11 0/0 

owing to resonace 

Data from 
decays. 

Centrality dependence of 
elliptic flow at SPS 

0.10 ;-----r---,,...----.---,----;--~ -Range 

A.M.Poskanzer et aI., NucI.Phys.A661(1999)341c. 


Initial parameters at RHIC 

energy (Au+Au 65+65 A GeV) 


-Initial time: ti =1.0 fm 
-Initial energy density: Eo = 15 GeV/fm3 
-Initial baryon density: neo = 0.135 fm-3 
-Freeze-out energy density: Ef = 132.2 MeV/fm3 
-Impact parameter: b = 2.5 fm 
-Initial longitudinal flow depends on x-coodinate. 

-dNctJdllll11l<l = 555 + 35(syst)
-dNctJdT\ 111=0 = 620 (PHOBOS, 6% central) 
-pbar/pl11=o = 0.57 <__:> -dNctJdT\I =o = 622+41(syst)

11
-<Tf>= 139 MeV (PHENIX, 5% central) 
-</It>= 77-99 MeV -pbar/p=0.65 (STAR) 
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Pt dependence of 
elliptic flow at RHIC 

0.35 r--I--'data(r---T-.im---r"um-bias---r")---r------r-----r-----.-----r--12.5.-fm-. - 0 ur resuIts are v2 ( Pt) for 
nun 

0.30 
0.25 

0.20 

I,~ 
charged pions, not charged 
Particles. 

;:.~.15 S'I fl --0.5<Y<0.5 
0.10 -Impact parameters in our 
0.05 2.5fm numerical simulations are 

OL~::::;;"""'---· 

-0.05 0 1 
PI 

1.2 1.4 1. 1.8 2 
GeV 

2.5, 5.0, 7.5, 10.0, 12.5 fm. 
2.2 -Experimental data 

-+ minimum bias 
Data from 
K.H.Ackermann et aI., PRL86(2001)402. 

V2 rises linearly. 

Centrality dependence of 
elliptic flow at RHIC 

0.08 . . 
• 12.5 fm • 10.0 fm • charged~ _ -Our results are v2 for charged0.07 

0.06 ! I 7.5fm ! data(charged) pions, not charged particles.f • 
0.05 ! -Impact parameters in our! 

;::..NO.04 S.Ofm numerical simulations are 
0.03 

! •
! 2.5, 5.0, 7.5, 10.0, 12.5 fm. 

0.02 I 2.5 fmIII I<1.3 •0.01 ~0.1<PI<2.0GeV 
o J I l o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

ncblnmax Similar behavior 
Data from to exp. data 
K.H.Ackermann et aI., PRL86(2001)402. 

-118



· . Summary 

.(3+i)-dimensional hydrodynamic simulations 
«Effect of resonance decays on observed 

elliptic flow 

-Central collisions =. 'Full' thermalization 
-Semi central collisions . ..•.. . .. 'Partial' thermalization 

*RHIC 
-Central + semi central'" 'Full' thermalization 
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Three particles Bose-Einstein correlation in 

terms of Coulomb wave function 


M. Biyajima1, T. Mizoguchi2 

1Department of Physics, Faculty of Science, Shinshu University, 


Matsumoto 390-8621, Japan 

2Toba National College of Maritime Technology, 


Toba 517-8501, Japan 


Abstract 

The recent data for Bose-Einstein Correlations (BEC) of three
charged particles obtained by NA44 Collaboration have been analysed 
using theoretical formula with Coulomb wave functions. It has been 
recently proposed by Alt et al. It turns out that there are discrep
ancies between these data and the respective theoretical values. To 
resolve this problem we seek a possibly modified theoretical formula
tion of this problem by introducing the degree of coherence for the 
exchange effect due to the BEC between two-identical bosons. As a 
result we obtain a modified formulation for the BEC of three-charged 
particles showing good agreement with the data. Moreover, we inves
tigate physical connection between our modified formulation and the 
core-halo model proposed by CsOrgo et al. Our study indicates that 
the interaction region estimated by the BEC of three-charged particles 
in the S + Pb collisions at 200 Ge V !c per nucleon is equal to about 
1.5 fm",,1.8 fm. 

keywords: Bose-Einstein Correlation, three-charged particles, Coulomb 
wave functions, high energy heavy-ion collisions 
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I ..... 
N ..... 
I 

§ 1 Introduction 


Study on HBT effect (Bose-Einstein correlation (BEC» is necessary, to de


tect the QGP in experiments at RHIC & LHC. 


Original HBT effect ... photon 

Hadronic HBT effect··· pion, Kaon, proton 

1990 : Importance of Higher-order BEC (3rd, 4th, 5th, ... ). 

1994-5 : To describe the charged BEC, Coulomb wave function is necessary. 

Formula for two-charged pion correlation function by Coulomb wave 

function was proposed. 

Moreover, from data on 7r+7r- or K 7r combinations, we can estimate 

R's, because of Coulomb wave functions. 

1999 : Formula for three-charged pion correlation by Coulomb wave func

tion was proposed by Alt, CsOrgo, Lorstad and Schmidt-Sorensen. We 

can apply this one to analyse data. However, we had no concrete infor

mation from their original one (See 5th transparency). 

==> This fact suggests us that we need to look for possibly modified 

formulas. 

Three particles Bose-Einstei n correlation 
in terms of Coulomb wave function 

M. Biyajima1, T. Mizoguchi2 

1Department of Physics, Faculty of Science, Shinshu University, 

Matsumoto 390-8621, Japan 

2Toba National College of Maritime Technology, 

Toba 517-8501, Japan 

Outline 

§ 1 Introduction 

§ 2 Analysis of data (37r+) by original formula by Alt, Csorgo, Lorstad 

and Schmidt-Sorensen 

§ 3 Diagram decomposition of their formula and introduction of degree 

of coherence A 

§ 4 Core-halo model and laser-optical approach in core-part 

§ 5 Concluding remarks 

Possible formulations for three-charged particles correlations in terms of 

Coulomb wave functions, in Phys. Lett. B (in press). 
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f'..:) 
f'..:) 

I 

Formula for 31r+ correlation function by Coulomb wave function (AIt et al.) 

Ng~~ ~ ~ Jd3xIP(Xl)d3X2P(X2)d3x3P(X3) 

·11/Jf1k2(XI, X2)'l/Jf2k3(X2, X3)1/Jf3kl(X3, xt) 

+1/J~k2(Xl' x3)1/Jf2k3(X3l X2)1/J~kl (X2l xt} 

+ 1/Jflk2 (X2 1 xI)1/Jf2k3(XI, x3)1/Jf3kl (X3l X2) 

+1/J~k2(X2l x3)1/Jf2k3(X3l xd1/Jf3kl(Xll X2) 

+1/J~k2(X3l xI)1/Jf2k3(Xl 1 x2)1/Jf3kl(X2l X3) 

e c e 12+1/Jklk2(X3l X2)1/Jk2k3(X2, Xl)1/Jk3kl (Xl, X3) (1) 

where 

"I,e (x. X·) r(l + ';'1}. ·)e1r1Jij/2ei~j.rijF[-';'1}·· 1- ';(k"'r" - k ... r .. )]
'f/~kj tl J '''IIJ ~·'tJl ,~ tJ iJ 2J tJ' 

rij (Xi - Xj), k ij = (ki -c- k j )/2, 

Tij = , kij = Ikijl, =ma/kij 

F[a, b; x] : confluent hypergeometric function 

r(x) : Gamma function 

123 132 213321 231 312 

~{t t t + t t t + t t t + t t t + t t t + t t t}
Xl X2 X3 Xl X2 X3 XI X2 X3 XI X2 X3 XI X2 X3 Xl X2 X3 

PWA(1) PWA(2) PWA(3) PWA(4) PWA(5) PWA(6) 

This approximation for 31r+ collisions is guaranteed by 

S. P. Merkurev, Theor. Math. Phys. 32 {1978} 680. 

M. Brauner, J. S. Briggs and H. J. Klar, J. Phys. B 22 (1989) 2265. 

4 

Notations 
N(2+ or P(kl' k2) 

NBG P(k1)P(k2) 

N(3+ or 3-) P(kl' k2, k3) 
P(kl)P(k2)P(k3) 

123 132 213 321 231 312 

~{t t t + t t t + t t t + t t t + t t t + t t t} 
Xl X2 X3 Xl X2 X3 Xl X2 X3 Xl X2 X3 Xl X2 X3 Xl X2 X3 

PWA(1) PWA(2) PWA(3) PWA(4) PWA(5) PWA(6) 

N~a~e ~ ~ Jd3XIP(xt)d3X2P(X2)d3X3P(X3) 

.!ei(k1'Xl +k2'X2+k3'X3) + ei(kl'X2+k2'Xl+k3'X3) 

+ei(kl'X2+k2'X3+k3'Xt) + ei(k1'Xl +k2,X3+k3'X2) 

+ei(kl'X3+k2'Xl +k3'X2) + ei(kl'X3+k2'X2+k3.xd!2 

1 [x2]p(X) 1.-,- n?\'l/? exp - 2R2 

Data corrected by Gamow factor are usually analysed by N~a~e , 

e21r1Jij 1 
G(kij ) = l1ij = ma/kij .

-1' 

Notice: Gamow correction =/: Coulomb correction 

3 



§ 3 Diagram decomposition of their formula and introduction of degree 

of coherence A 

= 	 1/J~k2(XI' X2)1/J~k3(X2' x3)1/Jf3k l (X3, xd 

~ eikI2'fI2eik23'f23eik31'f31 = e(3j2)i(k1'Xl +k2'X2+k 3,X3) , 

A(2) 	 1/Jf1k2(X}, X3)1/J~k3(X3' x2)1/Jf3k l (X2' xd 

~ eik12'f13eik23'f32eik31'f21 e(3j2)i(k1'XI +k2'X3+k3'X2) , 

A(3) = 	 1/J~k2(X2' XI)1/J~k/X}' x3)1/Jf3kl (X3, X2) 

~ eikI2'f2Ieik23'f13eik31'f32 = e(3j2)i(kl'X2+k2'Xl +k3'X3) , 

A(4) 1/J~k2(X2' X3)~k3(X3' xI)1/Jf3k l(Xt, X2) 

eikI2'f23eik23'f31eik31'fI2 = e(3j2)i(kl'X2+k2'X3+k3'Xt} , 

A(5) 	 1/Jf1k2(X3, Xl)~k3(Xl' x2)1/Jf3k l (X2' X3) 

~ eik12'f31eik23'f12eik31'f23 = e(3j2)i(kl'X3+k2'Xl +k3,X2)
>-' 
N 
W 

I 
A(6) 1/Jf1k2(X3, x2)1/Jf2k3(X2, xd1/Jf3kJXI' X3) 

~ eik12'f32eik23'f21eik31'f13 = e(3j2)i(kl'X3+k2'X2+k3'Xt} . 

~d f f + t f f + f t f + f f t + t f t + f t f}
Xl 	 X2 X3 Xl X2 X3 Xl X2 X3 Xl X2 X3 Xl Xz X3 Xl X2 X3 

PWA(1) PWA(2) PWA(3) PWA(4) PWA(5) PWA(6) 
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§ 2 Analysis of data (31f+) by original formula by Alt, Csorgo, Lorstad 

and Schmidt-Sorensen 

Q~ (kl - k2)2 + (k2 - k3f + (k3 k 1)2 

Figure I: Analysis of 311'+ BEC in S + Pb collision. (a) and (b) are results of Eqs. 

and (2), respectively. 
3.5 -,--r---.--.---r---r---r---r---r---.r---"Ir--.----. 

---- (b) 
-(a)3 

<:) 	 2.5 
a:I 

~ 2 


~ 1.5 


0.5 
0 50 100 150 200 250 300 

Q3 (MeV) 

Table I: Estimated values for the data by Eqs. (1) and (2) using CERN-MINUIT program. 

Formulas C R A3 

Eq. (1) O.941±O.026 2.47±O.14 17.6/16 

Eq. (2) O.986±O.028 2.36±O.26 1.37±O.19 

or 3-) ( 2 2)
C 	 1 + A3e-R Q3 (2) 

Formula by Alt et al. with CERN-MINUIT shows big discrepancies among 


data and theoretical values !! 


Reasons? partially coherence, long-lived resonances, contaminations, 


temperature, flow effect, ... 

5 
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.t:. 

I 

Introducing the degree of coherence ,\, II'!. for mark X t we obtain 

N(3+ or 3-) 
NBG ~ C f d3XIP(xt}d3X2P(X2)d3X3P(X3)[FI + ,\,F2 + ,\,3/2F3] (3) 

Our results 

Figure 3: Reanalyses of 37r+ BEC in 5 + Pb collision. 
3.5 

(a)
3 

o 2.5 
~ 
:;:- 2 

~ 1.5 

0.5' I 	 ! I I ! I ! II 

o 	 50 100 150 200 250 300 
(MeV)Q3 

Table 2: Reanalyses of 37r+ BEC in 5 + Pb collision by Eqs. (3) and (4). 

X2Formula C R [fm] ,\, / NdoJ 


Eq. (3) O.917±O.032 1.53±O.20 O.55±O.07 6.7/15 


Eq. (4) O.984±O.029 2.60±O.28 O.33±O.04 7.7/15 


Eq. (3) C (1 + 3'\'e-iR2Q§ + 2,\,3/2e-1R2Q~) (4) 

8 

Figure 2: Diagram reflecting three-charged particles Bose-Einstein Correlation (BEC) and 

Coulombic potential (Vc). X means the exchange effect of BEe. 
l' 2' 3' 2' l' 3' 3' 2' l' 

GllGll 
ffiffl ~ 


2 3 2 3 2 3 

(a) (b) (c) 

l' 3' 2' 2' 3' l' 3' l' 2' 

f.f.t~fR

123 123 123 

(d) (e) (0 

Fl = ! t A(i)A*(i) ~ 1 , 
6 i=1 

F2 ~[A(1)A*(2) + A(1)A*(3) + A(1)A*(6) + A(2)A*(4) + A(2)A*(5) 

+A(3)A*(4) + A(3)A*(5) + A(4)A*(6) + A(5)A*(6) + c. c.] 

~ BEC between two-charged particles 

F3 = ~[A(1)A*(4) + A(1)A*(5) + A(2)A*(3) + A(2)A*(6) + A(3)A*(6) 

+A(4)A*(5) + c. 

pw) BEC among three-charged particles 

7 
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N 

<:.n 
I 

Effective degree of coherence: 

A3 = /;(p2 +2p(1 p)) + /;(p3 +3p2(1 - p)) 

A; /;(p2 + 2p(1 p)) 

Table 3: Typical results from analyses of data of NA44 Collaboration by Eqs. (5)rv(6). 

37r BEC 

p 1.0 0.8 0.6 

/e 0.743±0.050 0.779±0.055 0.856±0.061 

A; 0.964 1.007 1.022 

R (fm) 1.53±0.21 1.72±0.25 1.87±0.27 

X
2 

/ Ndo! 6.7/15 6.6/15 6.6/15 

37r -t 27r BEC 

p 1.0 0.8 0.6 

/e 0.633±0.028 0.647±0.029 0.688±0.032 

A2 0.400 0.402 0.398 

R (fm) 4.69±0.45 5.34±0.54 5.85±0.59 

X2/Ndo! 14.6/17 14.9/17 14.9/17 

Data on 27r are taken from ensemble of 37r. 

10 

§ 4 Core-halo model and laser-optical approach in core-part 

Figure 4: Physical picture of core-halo model. 

P(Xi) = Pe(Xi) + Phalo(Xi) , /e = (ne) / (ntot) 

(ne) = (ncho) + (nco), p = (neho) / (ne) 

N(3+ or 3-) 
---",-",....... ~ C [ ! d3XIPc(xdd3X2Pc(X2)d3X3Pc(X3) 

,(PI + /;p2P2 + /;p3F3) 

+ ! d3XIPc(Xl) . t53(xt}d3X2Pe(X2)d3X3Pe(X3) 

. (2/;p(1 - p)F2 +3/;p2(1 - P)F3) ] 

N(2+ or 2-) 
"_"O"" ~ C [j d3XIP(Xl)d3X2P(X2)(Gl + /;p2G2) 

where 

+! d3XIP(xdd3X2P(X2) . t53(x2)2/;p(1 p)G2] 

G1 = ~ (11jJ~k2(Xl' X2)1 
2 
+ 11jJ~k2(X2' xdl

2 
) 

G2 = Re (1jJ~k2(XI' X2) ·1jJ~k2(X2' xt}) 

(5) 

(6) 
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§ 5 Concluding remarks 

• Original formula by Alt et al. 


===> No concrete information on R. 


• 	Modified formula with degree of coherence A 


phenomelogical formula (# of parameters: A, R) 


• Modified formula with 	core~halo model can be applied to analyses of 

data. 

Figure 5: Sets of fc and p estimated in analyses of BEC of two-charged and three-charged pions 

using the CERN-MINUIT program. Widths of fc's stand for error bar of ±20". 
I. 

0.8 

0.6 
31C~21CBEC~ 

0.4 

0.2 


0 


,PYX 4«(((({K((((([ 

0 0.2 0.4 0.6 0.8 
p 

@ Common region for p(= (ncho) / (nc)) and Ic(= (nc) / (ntot)) exists. 

® More concrete physical picture( # of parameters: Ic, p, R, Rhalo -+ 00) 

© A= I: holds between two modified formulas, providing p = 1 . 

• However there are discrepancies R (27I'+) 5 fm and R (37I'+) 1.8 fmt'V 	 t'V 

in analyses of data by NA44 Coli. 


===> Numerator da / dQ3 (37I'+) and denominator da / dQ3 (BG) are nec


essary. 
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Electron Measurement in PHENIX 

Yasuyuki Akiba for the PHENIX Collaboration 

High Energy Accelerator Research Organization (KEK) 

One of the unique capabilities of PHENIX among RHIC experiments is the ability to 
identify and to measure electrons and electron pairs at central rapidity. During the year 
2000 RUN, PHENIX has recorded a few million Au+Au collisions at sqrt(s) = 130 A 
Ge V. Electrons from the collisions are clearly identified in pt range from a few hundred 
MeV / c to 4 Ge V / c. The electron channel is sensitive to many interesting processes such 
as open charm semi-Ieptonic decays, thermal radiation, and di-Iepton decay of vector 
mesons, while background electron sources include Dalitz decays and photon conversions 
in the detector. We also measured inclusive spectrum of photon from its conversion to 
e+ e- pair. The results from the electron measurement in PHENIX will be presented. 
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QM9S'pre-symposiUl!l 
"single electron'l spectrum in 
Rhic Au+Au central collisions 
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Beam View East 

Y.Akiba 

.electron (D West 

• Energy 111casurenlcnt 
+TOF (pion ID) 


CNS Workshop Feb15, 2001 
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. All charged 
..... '~~' . 

A clear peak in 
energy/nl0mentulTI 

'L~~TithlUC (E/p) ratio is seen at 
A·'~l.· ' 

" 	 . ~"~; 	 . ; L 1.0 after RICH hit is 
, i! ,.,.. 

, 	 required 
• 	 EMCAL E/p cut 

cleans up the rest of 
the background. 

• 	Random background 
is also subtracted. 

{~('.")., ',,:.' :.",' ,:., ':'''':,' ",":",,~': .'' 

'/,-,',< ',<,- ,,' "j ,", '-\ 

iCN~:Worbhop Feb15, 2001 	 Y.Akiba7 

... ..... ".... .>,on-going to look 
0.1 1 1.5 2 2.1 3 3.1 4 

'.:?:\>.. .. .....•.... '........... : ...·electron over the 	 PI (G.V/c) 


,....... 	 ' , '. '.. . und. 

i~.WQrkshopFeb15~ 2001 	 Y.Akiba8 
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PHENIX PRELIMINARY 
Mln.Bias Au+Au 
~SNN-130GeV 

ctruln 

• Y (Full field Data) 
• y (zero field Data) 
.. y (haff field Data) 

1 1.5 2 U 3 S.5 
Photon P t (a.V/c) 

Y.Akiba 
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.: . ": ,":,.,:.','; 

'.·.·'.,,·:,will 
,:#unntlate a few . 
;,;l~()usatldstimes .. of this 

":;"":.'statistics to measure J/'P 
,.,.'·.atld . light vector Inesons 

with full two arm 
system. 

PHENIX PRELIMINARY 
Min.Bias Au+Au 

10 
4 

~SNN - 130 GeV 
conversion background 

10 

o 0.5 1 1.5 2 2.5 S S.I .. 
N,...(Q-Y) 

eNS Workshop Feb15, 2001 13 Y.Akiba 

f:lltS),Ons at sqrt(SNN)=130 Ge V 
""·.,,C',,·, 

r'"nt'AtTr~~S to search for "excess" 
,heavy quark decays 

.... > ... d.atawlll come in RUNO! with 
.' . Arm system. 
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Observation of rh%mega meson modification in 
nuclear matter 

M. Naruki 

for KEK-PS E325 collaboration 


J. Chibaa, H. En'yo, H. Funahashi, H. Hamagakib, M. leiria, 

M. lshino, M. Kitaguchi, S. Mihara*, T. Miyashita, T. Murakami, 


R. Muto, M. Nomachic, K. Ozawa, F. Sakuma, O. Sasakia, 

H.D. Satoh, M. Sekimotoa, T. Tabaru, K. Tanakaa, S. Yadama, 


S. Yokkaichi, Y. Yoshimura 

Kyoto University, a KEK, b CNS, Univ.of Tokyo, c RCNP, 


* present address, ICEPP, Univ. of Tokyo 

Modification of hadron mass and decay width in nuclear medium is one of 
the most interesting problems facing hadron physics today. We observe decay 
of ¢> meson from the nuclear targets to inspect hadron properties modification 
at normal nuclear density. The Experiment is performed to detect ¢> ~ e+e
and ¢> ~ K+K- decay modes simultaneously. We measure the invariant mass 
spectrum of lepton pairs and branching ratios of two decay modes, sensitive to 
mass shift of ¢> mesons. 

Analysis of recent 1998-1999 data shows that the mass spectrum of e+e
pairs originate in Cu target is significantly different from that in case of C or CH2 
targets in near w mass region. The enhancement is seen for the heavier copper 
target suggesting mass modification effect in nuclear matter. Moreover, the peak 
is seen in the ¢> mass region. In 2000, we have newly installed the forward lead 
glass calorimeter and the vertex chamber to improve the particle tracking and 
identification for the further study of such vector meson modification on omega 
and phi mesons. The detail of the experimental procedure will be presented 
with the data we have aquired so far. 
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':~JtIt~~,er 
, : :®nvolutedwith1hemass resolution 

··...·.. <i·.......·; .. /4(+K 
.... Pl4Jt.·;rfJiSs~l$mtifloatibt'l- arnpJiW~"$hape were 

estimaledbytheanalysis of the data. 

'·}~·;j~I.~~~eq, .; ... ,.tn~~~~pt toreptoduce 
,ri~ntRl.s:sPEl~rtJm'with",the8e'sources was ,nat"successful, 

, " 

·:J~e~~~~~~ete~.~. ",' i 

Ntr~blfo ~.. t<.+K"). j f\1t1l 

.. [U-1.0ltO.O!l, ) 

/ 

mass number A 

K Otawa~,(N$. Univ. of Tokyo 
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• The.·KEK.~·~"':E~25·.measure~.·th~jnvariant.·.rn~·distributi0n~::Qf'e+~- aYl(j 
t<+K" c~anl'1ektt()o~~~~iQOatuAII(;)fV8()tOrrrieson rnOdifleatlol'latnorrnal 

nuclear:den$ity·•. in .12GeV~'p·+>-~;'f"*.ibhs. 

• 	··Particle·identification.and··:the··mass:"re$OlJ;itlOn·:are·achived·.to,m~~t/trl&::phY$ics 
~~~~. . 

• The anaIYE;lsof'99+7-K+K"data ShOWs nosigni~~signa'fOl' 
t1'IE!~~'~~if,JCBtI()n Int~inVariarttmass~umofthischar)nel 
,·w.itl11Itl:t~~currentstatistlcs.. 

:f•. ,t":1.~t;:J6;~otfte.•• ·.'98/~.+e··daUltWe····have::Ob$ivfid:at1··.·exeesS.·ovef·1he··known 
··.·S/;;i;:;:t,t*~r~~JS~o~~~i:~I~Vl~i())~~~i;';Natti~;il'fij)rpl'etation· of.tt"te.~$s.·iS 

');"'; "'.,/ ,,':,~t:'.(p;~ep7._ifi~atiQninnt!~fe(ir matter. : 

iji1~}~~~;.~~t.fl:t~~t;;~.~~~data and.2OQQ/aata.al'enow in pmgress; 
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Hadronic constraints for vector mesons in medium 


Su Houng Lee 

Yonsei University 

To identify the existence of quark gluon plasma in heavy ion collision through the mea
surements of proposed signatures, it is necessary to explore all possible explanation of the 
proposed signature through hadronic scenarios. In this talk, we will look at the signatures 
related to the vector mesons observed through the dilepton spectrum. First, in relation to 
the J/psi suppression phenonomena in hadronic model, we will discuss the J/psi+ pi or 
J/psi+ rho total inelastic cross sections. Current estimates vary by an order of magnitute. 
We discuss the uncertainties within each model and discuss new developements within 
the effective hadronic model approaches. Second, in relation to mass shifts of light vector 
mesons, we discuss how the QCD sum rule constraints can be used to test the validity of 
hadronic models to explain the enhancement of low mass dilepton observed in heavy ion 
collisisons at CERN. 
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Hadronic constraints for vector 
.Signature of QGP in RHIC 

mesons in medium O. Miyamura et.al. (86), Matsui, Satz (86) 

Su Houng lee, Yonsei Univ . • NA50 Collab. Phys. lett. B 477, 28 (2000) 

a., 1. J /'l/J suppression
aDY 

25 (a) Motivation; 
is 0"008 = 1 mb compatible with hadronic models 20 

~ 

15 ty,~", 
(b) Meson Exchange Model "-.-..-f 10 
'y . T

1 	
L, nutl PRe in press 

5 

Er 2. 	 light vector meson 
D F! irn,Hl, H. Kiln; L: N 

suppression by QGP 
example: Blaizot et.al. (PRL 85(00)4012) 

3. Summarysuppression when € > €c 
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Models for J /'l/J Absorption by Light 

Hadrons 

most important processes relevant for RH IC 

IN ~ D' JI'V ~ D 

x ~ D P ~ D 

at threshold 

metno 

pQCO in me -+ 00 limit 


PRC 1.031902 

8 PRe 62, 03:J,lJ03 


~lm 

~ 0.3 mb 
~ 3....,., 7 mb 

8. Lee PRe 	 ~ 2 rv 5mb 

3 

.Without QGP 
Capella et.al. (PRL 85(00)2080, PRC59(99)395) 

g4Q 
.::::: 
~ 
3-'" 
Ii' 

20 

t 
0 0 20 100 

Here, O'abs = 4.5mb and O'co == 1mb 

• 	 Known from transport model (C. Ko PLB 396(97)39) 

that O'co > 1mb can explain J /1/J suppression seen 
at CERN. 

Is 1 mb compatible with estimates from hadronic 
models? 



2. 	 quark exchange model 
O'abs ~ 1 mb for 7r + J It/J -+ D*V, DtJ*, D*V* 

A· 	 ('a~~ 	
,,- ..•~ ........
14 	 I) 

! 

~ ~-,--. 
rt 	 I ~ 

....... 

<:J1 o 
I 

5 

1. pQCD in the heavy charm quark mass limit 
with dipole approximation et.3L) 

(Tabs ~ O(Il,b) 

I 
I 

I 
I 

0', 
I 

I 
1 

0 1 
1,,,, 

h 

i I dxeiqx(hlT JJf.p(x)hf.p(O)lh) oc f: d,,(hIOnlh) (q~ohr 
n 

with eo = 2mD - mJ/'I/" q2 = m1/1/I 


But 


(a) neglect confinement (coulomb 	bound state) in cal
culating dn 

(b) higher twist? (hIOlh) 

(c) OPE at separation scale me, eo = O.8GeV ? 

(d) fit to O',,(N-t-ec is not a check because eo = 3.8GeV 

4 



Models for J /1/J Absorption by Light 

Hadrons 

uabs > 1 mb seems compatible with hadronic cal
culations. 

refine the calculation and use this as a guide line 
for RHIC 

~ ,....... 


7 

3. 	 meson exchange model using effective Lagrangian 
<Tabs ~ 0.3 mb (Martinyan et.al.), 3 "J 7 mb (Halgin, 
Ko ..), 2·"V 5 mb(Oh, Song, Lee), 

example: <T1f+Jt1/J-+D+D' = 1 mb with A = 1 GeV 

D* D D* D D* D D* D D* D 

D D * D * 

1t Jtv 1t ltv 1t JtV 1t Jtv 1t JtV 

Martinyan.. Haglin. Lin and Ko 011. Song. Lee 

1 10 3 10 ? 

relative strength 

uncertainty comes from 

1. form factor A = 1 "J 2 GeV 

2. 	 four point coupling (0 "J value at SU(4) limit) (effect of 

Dl meson). 


6 



2. 	 quark exchange model 
lTabs ~ 1 mb for 7r + J/1/J -t D*D, DI)*, D*EJ* 

.\n~.'(, 

t! 	~ JX:I) 

.. 

~ 7---'---: ~ 
II 	 I..: 

....... 

c.n 
N 

I 

5 

1. pQCD in the heavy charm quark 	mass limit 
with dipole approximation 1<, et.J! 

(Tabs ~ O(tLb) 

I 
I 

I 

Jtty ~D( 
D 

\ 
\ 
\ 

\ 

h 

i f dxeiqX(hITJm,(x)h;.p(O)lh} oc f dn(hIOnlh} (q~ohr 
n 

with fa = 2mD - mJ/1/" q2 = mJ/1/1 


But 


(a) neglect confinement (coulomb bound state) in cal
culating dn 

(b) higher twist ? (hIOlh)~me 

(c) OPE at separation scale me, fa = O.8GeV ? 

(d) fit to IT-yN-tc'C is not a check because fa = 3.8GeV 

4 
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.Explanation of Data 
ILi9ht~~~ 

0.100 

0.""o 

CII ---..f: V{'.<:tl'r me"'!lS 

~.r! 
p :, ..--+
'1 t il . ., Ij , i\ v 

_,..' ~i.-.-"'~"""". 
....

In 
• (lIeV) 

.Signature of partial chiral symmetry restoration in 
HIC 

Order parameter (ijq) 

(V~I(X)'/~(O) - (AJJ(x)Av(O)) 

x phase space .CERES Collab. . 
, 
L 

{1
tl. 

.Spectral density in medium 10" 

CERESlNA45 Pb(158AGeV)+Au 

1. mass shift (Brown-Rho, Hatsuda & lee) 

2. conventional many body effects 

(a)7r-7r-p (b)N-~-p 

n.",.-- .... 
11 

p ~ 
.... 1t ,,/---'" P r-N " 

p>02GeV <N",>=250 

" 2~1~<2.65I \: 8.>35mrad • 96 data 
• 095 data 

~~± 
J ·1--t:t:~...·· ,'J ~ 

~~-. 
1"~ 

0.2 0.4 0.6 0,8 1.0 1.2 
M.. [GeV] 

Red: U,Ko,Brown PRl 75(95)4007 
purple: Rapp, Chanfray,Wambach NPA617(97)472 
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.Consistent use of Form factor satisfies QCD OPE 
constraints Friman, Kim, Lee NPA653(99)91 

1.0 

Without fonn factor 

O.5~~ 

pI 	 0.0 i I VIV 

f With form factor 

-0.5 f 

-1.0 
0.0 0.5 1.0 1.5 

0) [GeV] 

I 
>--' 1. 	 necessary to refit the CERES data? 
c..n 

""" I 

2. 	 Models used in Manybody approaches have to be re
tested (example: p-A reaction, constant phase space) 

11 

.N-~ - p couplings 


I(JP) r Total(GeV) lp IRNp S'£ 


N(940) 1(1+) 0 1 7.7 4 
N(1520) 1(~-) 120 0 7 8/3 
N(1650) 1(1-) 150 0 0.9 4 
N(1680) !(~+) 130 1 6.3 6/5 
N(1720) 1(~+) 150 1 7.8 8/3 
~(1232) ~(~+) 120 1 15.3 16/9 
a(1620) ~(1-) 150 0 2.5 8/3 
a(1700) ~(~-) 300 0 5.0 16/9 
~(1905) ~(~+) 350 1 12.2 4/5 

2 
I: = q2 (IRNP) [F(q)f ER(q) - mN 

mp w2 - (ER(q) - mN)2 

For a(1232) used INb.p from Bonn potential 

1\2 ) 1 
INb.p = 15.3, with F(q) 2 2( 1\ +q 

but in Bonn potential, 

1\2 _ m2)2 
INb.p = 15.3, with F(q) = ( 1\2 + q~ 

almost a factor of 4 smaller 

10 



,..... 
c.n 
c.n 
I 

Isu-m~ary I 
1. Models for J /1/J Absorption by Light Hadrons 

(a) 	O'abs > 1 mb seems compatible with hadronic 
calcu lations. 

(b) refine the calculation and use this as a guide 
line for RHIC 

2. 	 Light vector meson 

(a) Models used in Manybody approaches have 
to be re-tested 

(b) h-A reaction to produce vector meson in 
medium would be very useful (constant phase 
space) 

12 



J/'ljJ in pA and AA 

H. FUJII (University of Tokyo, Komaba) 

I will present a brief review on the production of J /'ljJ in pA and AA collisions. 
In 1996 the results from NA50 collaboration at CERN-SPS showed a dramatic drop 

in the 'J/'ljJ/DY' ratio from the 'base-line', which has been attracting much interest and 
arousing many discussions in the community. 

First I'd like to talk about what is the baseline. Historically the J/'ljJ suppression in 
the 0-U collisions was discovered by N A38 (1989) shortly after the proposal by Matsui 
and Satz in 1986 as one of the QGP signatures. However, the following experiments of 
S-U as well as p-A revealed two facts: (i) the observed suppression in A-B is explained 
with the same 'absorption' cross section (a1/JN rv 6 mb) in p-A, and (ii) in the p-A events 
the J/'ljJ and the 'ljJ' show the same suppression. People then granted that the observed 
suppression is the 'normal', nuclear effect, because we don't expect QGP in p-A. 

Theoretically these two facts are understood with the 'pre-resonance' state in the 
hadro-production of the quarkonium; The cc pair created in a hard parton scattering 
needs a 'formation time', typically l/(mDD - m1/J) rvfm, to become a physical resonance. 
Within this duration there is no difference between the J / 'ljJ and the 'ljJ'. Furthermore the 
NRQCD calculations suggests the 'dominance' of the color-octet cc state in the quarko
nium production in the Tevatron Pi> experiments, which may explain the large cross 
section rv6 mb of the nuclear 'absorption'. 

For the heavier system such as Pb-Pb, the quarkonium state will be formed inside the 
hadronic matter where a bunch of produced mesons exist. Unfortunately we don't have the 
right value of the J / 'ljJ-meson cross section. There are several theoretical estimates based 
on the quark exchange model, the meson exchange model, the short distance QCD and 
so on, but they differ by several orders of magnitude! The comover suppression scenarios 
have been considered extensively, taking into account the uncertainty (e.g.) in the cross 
section with the comovers. However, they seem incapable of explaining the 'threshold'
like structure of the anomalous J/'ljJ suppression observed in NA50 collaboration, and the 
QGP formation remains a likely scenario to interprete the data. 

Recently the NRQCD calculation is subjected to trial at Tevatron, and the NRQCD 
prediction for the quarkonium polarization produced at high-p-L in the Pi> collision is 
inconsistent with the data! The crisis for the color octet production scenario? In QM2001 
conference, Qiu and Sterman suggested that the polarization could be understood in a 
more consistent QCD calculation. Within their framework of the quarkonium production, 
nuclear suppression effects appear differently from those in the NRQCD and may explain 
the anomalous J/'ljJ suppression without QGP! I'd like to mention about their work if 
possible. 

Therefore, it seems fair to say that more systematic experimental study for the J /'ljJ 
is needed using BNL-RHIC and CERN-SPS as well as the theoretical efforts to under
stand the data before drawing any final conclusion, although the NA50 data undoubtedly 
suggests something new. 
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H.FUJII (U of Tokyo, KomabO 


1. Basic idea 
2. Time scale 
3. p-A~S-U 

4. Pb-Pb 
5. Some discussions 
6. Outlook 

Feb/15/01 	 FunI, CNS Workshop 

Quarkonium ·rnelting in QGP 
Debye Screening (Matsui+Satz PLB178('86» 

"-tCd 
(WI} 

• 	 Q's produced only in the early stage 
• 	 Screened Potential btwn quarks in 

dense medium -+ no 
2 tUrn) 

• 	 At hadronization, too far apart 

Satz• 	 f\Jote 
-	 Assuming static, infinite medium 
-	 Collective effects 

'I' (1$ 'I'(2S) X(1P) 

J.lD[GeV] 0.68 0.35 0.35 

Tlfc 1.2 1 1 

Feb/15/0l 	 FUJII, CNS Workshop 
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;.J~"'YI·CollilioftClldiIlOCIGtion 


Two reasons for expecting the suppression in QGP 

1. 	 Color screening ...quarkonium melts in QGP 
Collective effect, I just explained 

2. 	 Gluon Dissociation ... only hard thermal qluon in QGP breaks Q'm 
Incoherent effect 
At TIV.2GeV, 

Gluons in hadron is soft:<k>confv.6TN.1GeV 
Gluons in QGP is hard: <k>deconfN3TN.6GeVNBE of'll 

• Analogy: 'mean field' and 'collision term' in the Boltzmann eq. 
• In QCD, either of two effects dominates, or both? 

Febl1SIOI 	 FunI, CNS Workshop 

Questions asked in t86 paper 
• Can 'II escape before the plasma formation?-+Maybe not 
• Debye length, quarkonium radius in medium -+ LQCD 
• Non-plasma suppression? -+ observed 
• Can the'll suppression in the plasma survive the transition?-+ I hope so 
• Can the'll be observed? -+ observed 

How to look at NASO data? Let's go thru pp, pA, A8 
__). 

o .. 
12 o 20 40 60 80 100 120 140 

e.,.(Ge~' 

Febl1SIOI 	 FunI, CNS Workshop 

10 

r·'clT..c_o...:;,,~4~.:~)(_,1 
It 1ICDI-1<)ooA(Io.W.u)( 

o ~._GoI'II.)·U('llql) 
• ~.l"""'ic)-""('" 

J 8 10 
L(tm) 
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Scales of Quarkonlu", cmd HIe 


• cc pair produced~1/2mc~O.lfmlc 

• Bound state formation ~lfmlc Pb 

• At SPS, 2R~14fm,2RJy~1.4fm 

• At RHIC, 2R~14fm,2RJy~O.14fm 
Q 

Feb/15/01 	 FUJII, CNS Workshop 

'" 

; 1. 

(L-scaling or Glauber model) 0.0 
 • "" 

0,$ • .111 C" ¥o! 
(.rCJ.' W t:0.1: 2. The ",'I", equally suppressed 	

0.• • ')(:' v P S'J 

D.!'!f\.laYve expectation was 	 a • '"'1"'.,-- ·r~··-r' """"""-_.•- .. ~ ''''f1'"""'! ~ ... "1' 1':"1""'i~' 

suppression observed by NA 38 in 1987' 
U Cf. Kharzeev et at .ZPCl4(9n307 

The same O'abs""6.5mb explains P-A and A-B , 

110 	 10 lOS 10· 

1. 	 O'tot\fIN""3.5mb [photo-production] 
AB 

0'('IIN)/0'('IIN)""4 [size of onia] 

Interpretation: 
No QGP: This is 'normal' 

Pre-meson, state 
propagates in nuclear medium 

Needs justification... 
PLB466,408 

Feb/I 5/01 FUJII, CNS Workshop 

.. ;:,pt'~Jf.t('''} 

.~A,!c..: ... ~0ItY,> , 

LJ J)W.!..tU'!II'-f-' 

·r+* 
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';i':;~ •• ~···"'.··NRQCb 
-----------.. ,---,----,-------...--.-.-----.,.- ..- ..,-.--"-'-"-1 

lMotivation for Color Singlet Model i singletL_,___,_____.. __~___.__.__.__......~ .._,_._ ..._.____.. _._..._....... _,...__._...............J 

12' 12! 1• 	 Pair Creation - Relativistic effect: fast 
I:
! :, I 
I I

• 	 Bound state formation - Internal motion: 
slow 

=> factorization assumption: octet 

. Theory developments: Octet Model 
• 	 Parton fragmentation at high PT 


Importance of Color-octet component 


IV' >=1 (QQ)I >+O(v) I(QQ)gg >+... 


Caveat; octet elements not small 


Febl1S/Ol FunI, CNS Workshop 	 7 

Pre-lMson to physical meson 

· 'tl/'V ratio drops at S-U 

FNAL E866, PRL84,32S6 

· Interpretation 
- Pre-meson is evolving to phYSical one 
- '('Jabs' changes in the evolution 1.0 ~--'-'-~~~""""'-"-r-r-.....-r-r-'-'-~ 

0.9 

0.8 

0.7 

• 	 A supportive trend observed at FNAL_a 
E866; 800GeV/c p-A, Be, Fe, W 

0.9 

- Fast xF>O.6; same suppression 
- Slow xF"'O; stronger for V 

0.8 

0.7• PhYSical resonance in nuclear medium 

.SXF 
olXf 
_LXF 

---  SXF!Ja 
'-'-'-  IXF!Ja 
___ LXF.6a 

.....-...---... ~--

fim;-f~
~~QL 

eJl¥ ~~ 

tut' =-=~ 
E86S1NuS&a ~ 
800 GaV P + A -> JI¥ 1~ 

02 

0.1 

L 

0.6 ~....I..O.O"'"-"'-""-'0.~2~O.l-.4~-'-0.8""""-'--'''''''''O-'-8...Il...0-l1.

X
Feb/IS/Ol 	 FUnI, CNS Worksuuv F 

o 
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NA50,PLB 
.Y("~·;J_·";~I.4-(;;;.J>;;';·;-i 

• ~1/I\".)~("'.1fJlhllO\olllli 
r "I(e. _1l0iii:.) -lIi.II'.III) ; 

• --""--I")'""'~
!Surprises 

• Sudden drop of 'II at 8fm in L-scaling 
• The'll well below the 'normal' absorption 

~-7 No threshold for",? 

"~A 
! 	 i 

Tempting interpretation: QGP formaion ~~ 	 ~ 
~,-l.-__,__ .L_~.... .i ....,~ ......... .J...'_._'_.-'".I-, ... ".1_,,,-... ~....J 


o : • I • 10 12 
I. ,.m) 

BE('f/)....50MeV, BE(x) ....200MeV, BE('I') ....650MeV 
~ i\I f)'·fIN 
r.; "'t',P;tt't~'ltllI&_I'!u.Wl.ft'ie • 
• pt\ .Jtiq.'tJ-I,l,••",,,,,"'ftt 

20 

1'5.:
NB. 

-In the finer bins, the 'l'/DY ratio behaves smoother 10? 

-Drop around largest Et may be fluctuations (Ding et al. QMOl) 5 j 


o '~"-"~-"7""''''~ ·t·'~·····T""·' .....,..-r,.. '·TT. -,. 

o 20 40 60 80 100 120 140Feb/I 5/01 	 FUJII, CNS Workshop 
E.(GtVj 
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CoInoversPn,K,N,... 

• 	 There are a lot of comovers 
• 	 Model assumptions IQ 40 

mConstant x-sec. 	 "Ng 35 
E.g. (J'IINabsN4.8, acoabs~.7mb 15" 

Number of comover ex: Np - 30 

~ 
;g 25 

• 	 Incapable of describing the 20 

structure of 'II suppression 
15 

10 

5 

0 
0 

Feb/15/0l 	 FUJII, CNS Workshop 

o Pb-Pb1995 

a Pb-f>t)19S.withMirimumBiu 

• Pb.Pb1996withMirimumBiu 

- Oei:ss et ol~ Ref. 12 

•• -.- Sp\eles. et 01.• Ref. 13 
---- Kahana et 01 •• R~'. 14 
•.•. - ArmeetQ et <:II" Ref. 15 t 

20 40 60 80 100 120 140 
e,. (GeV) 
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""'hobsorptiOft cross sections 
l\lso S.-tl Lcc~s talk 

'V"'j P-1>" J" I .. 

1. Quark exch model 	 Braun-Munzinger+Redlich, QM99 

Uncertain confining potential 

2. Constant (comover param) 

3. 	 Meson exch model 
Range l/mc,-O.1fm 
formfactor 

4. 	 Short distance QCD 
Small ... soft gluons in h 
Maybe not heavy enough 

and so 	on. 

Feb115/01 	 FunI. CNS 

0 r"--:""~----'-I----'--1--,---,--.----r-..---.---

..., 	 5 
J:.l 
'E: ..... 
p 4 
Q. 
8 

3 

~. 
o~ :2 

..PL. 

g.8 4 4.2 4.4 4.6 	 4.8 5 
5 112 (GeV] 

Relevant relative kinetic ENO.3 GeV 

Workshop 11 

Any consistent view for '" and ";1 

• 	 'V' ...hadronic absorption or melting? Lourenco, NA38 QMOl 

At first glance. very similar to the", case in Pb-Pb 
Naive comovers cannot explain the", and 'JI' at the same time (Vogt) 

NA38 
PLB 466 (1999) 408 

~ 
~ 

• G pp. pd, p·w p v / ? ~ "/I' 

• ,0 S-O 

4 5 

/ §~ 

, ......" 

T 

o 	 1 8 9 
L(tm)melting of 'V' ? 

Feb115/01 	 FUnI. CNS Workshop 12 

!,,{.,,-,oC,\''r.t''!) ,J ~1fA~!: 
A P\.t~Oc;..\"h' i4-<".JW........WJ 1N.l ,Sj

'* ".'.'4t~,:"",,:,( ,\ 

• 'J;;,~h:1O')("'\'fr, .. ·!l\IA\~; 
• 1t1·).4.f'~AI~M't~\;/r\·t .. , :NA.~i 

~0.9-
~0.8 

0.7 

0.6 

0..5 

0.4 

0.3 

0.2
0.005 

o " 
I W fO • 

Drop by factor""" 3 	

0.1 

.t ~ 0 
10 10 10 

Apup...1i1e B_pi 
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Pt broadening 
Any other qualitative change in \V observable? 

Not quite 

NA50 
~ 	2~--------------~~PT broadening is observed and ~ 


understood as ~ 

~1.75• 	 multiple scattering of initial 


parton - random walk 

• 	 Final state interactions 1.5 


w/comovers may possible 

125 

QGP scenario 
• high pt "'S escape from QGP; iY\U"i;~GSC') 
• QGP reduces "'S from hot zone; decrease? 

.II. ~ p-A (AoP.PII 1200 BeY) 

6 I'oWN,.A (Aoc...,U) /1110 GeY} 

o ~ ()'A (AoCu,Lt (100 GaY) 

• ~ a.u CIOO GeY) 

• ~o f'b.PII !HI8Gey) 

o 2 4 6 8 10 

L(fm) 

Feb/IS/OI FURl, CNS Workshop 13 

PersoMlc·.···.·.•·.··.lnt...ts 
• 	 What we saw might be the L-scaling breaking for'll at Pb-Pb, the 

similar was observed for w' at S-U before; Cf. analysis xF-dep. by E866 

• 	 Description with O'abs""6.5mb, 'x-sec of octet state', constant seems 
crude; it may well change in resonance formation -> Qiu,QMOl 

-» Consistent description of 'I' and V (10,30% of '" come from 'I" and X) 

• 	 Quarkonium formed with medium effects, both screening and collisional 
dissociation 

-»More quantum description for QbarQ ~ Q'm in QeD medium possible? 

FebI1S/0I FURl, CNS Workshop 	 14 
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c ......_ 

...... 
• 

c ......... ____... 

...,.---

For detaiis, Qiu ct aJ. (ll;'Q i\10 I 
Color octet model fails in pol of 'I' at high Pt ~w estimate for the nuclear suppression 
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••• + - Params; £, form of prob., cc creation 

- Capable of explaining p-A, AA, they claim 


Feb/I 5/01 FUJII, CNS Workshop 15 

Outlook 


• RHIC will be different; 
- Thin nuclei 2R/y"'0.1fm .....L-scaling o:~ multiple 

collisions? i 1 

) 1 

- Pre-meson in the co-mover gas/QG~ : 
• 'nco propto Np' could break i i Au 
• How to describe the pre-meson in QGP~ : 

~ f 

- Above which y the difference obvious? II 

• That's one of our interests (Matsui) 
Q 

• Data show up soon! 

• Keep your mind open ... 
- '11 enhancement? 

Feb115/0l FunI, CNS Workshop 16 
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Quark matter in neutron stars 

T. Tatsumi 

Department of Physics, Kyoto University, Kyoto 606-8502 

I would like to give a review about quark matter in neutron stars, based on our recent 
works(1),(2). Quark matter may be the final form of matter in the high density limit. As 
an alternative it may be the ground state of finite density QCD. Since there is no clear 
indication, at present, about the critical density of the deconfinement transition at finite 
baryon density, we can take it rather wide region. For long years many people believe that 
quark matter is a weakly interacting system by exchanging gluons due to the asymptotic 
freedom of QCD and it may be a simple system different from the ordinary condensed 
matter. Recently, some interesting ideas have been actively discussed about the structure 
of quark matter: color superconductivity and the mixed phase of quark-hadron matter 
may be typical exam pIes. 

I will forcus on two current topics in my talk; one is ferromagnetism of quark matter(l) 
and the other is the mixed phase of quark-hadron matter(2). In the recent paper I proposed 
a possibilty of ferromagnetism of quark matter by a simple consideration and found that 
one gluon exchange interaction always favors the spin alignment and the critical density of 
ferromagnetism should be order of nuclear density, below which saturated ferromagnetism 
is realized. I also suggested that the superstrong magnetic field observed in magnetars may 
be understood from the microscopic point of view if we consider magnetars as quark stars. 
I will present the basic idea and some new concepts inherent in quark ferromagnetism. 

There is a controversy about the existence of mixed phase of quark-hadron matter and 
this issue should be related to a basic theorem in statistical physics. Original statement 
is very clear: if there is a first order phase transition with more than one conserved 
quantities, we must apply the Gibbs conditions to get the equilibrium equation of state. 
In the case of quark-hadron phase transition, if it is of the first order, charge conservation 
and baryon number conservation must be ratained during the phase transition. Then it 
has been discussed that the mixed phase composed of quark-hadron matter may appear 
well below the critical density of the phase transition and develop over a wide density 
region. For example you can imagine an appearance of quark droplets immersed in nuclear 
matter. So this issue is a problem of the structured phase in other sense. I will discuss 
this issue by showing how creation of droplets is difficult if we take into account the Debye 
screening effect. 

References: 
(1) T. Tatsumi, Phys. Lett. B 489, (2000) 280. 
(2) T. Tatsumi, D.N. Voskresensky and M. Yasuhira, to be submitted. 
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Direct Photons in Pb+Pb Collisions 

Terry C. Awes, Oak Ridge National Laboratory 
for the WA98 Collaboration 

The observation of a new phase of strongly interacting matter, the quark
gluon plasma (QGP), is one of the most important goals of current nuclear 
physics research. An extensive experimental program to search for and in
vestigate the QGP is nearing completion at the AGS at BNL and at the SPS 
at CERN, with more recent efforts just getting underway at RHIC and in the 
planning stages at the LHC. Several observations from the program at CERN, 
such as suppression of the J / 'ljJ resonance, and enhancement of strangeness, 
hint at interesting new behavior of the matter produced in these collisions. 

While many of the observations imply a hot and dense initial phase 
with strong rescattering, consistent with the assumption that a quark-gluon 
plasma was formed, a direct signature of the plasma and its properties is 
missing. Thermal radiation of photons (both real and virtual) was one of 
the earliest proposed signatures of QGP formation. Unlike hadrons, photons 
are likely to escape from the hot and dense system immediately after pro
duction, without further interaction. Thus, photons carry information about 
their emission sources from throughout the entire collision history, especially 
from the initial hot and dense phase. In contrast, hadronic observables pro
vide information about the late stages in the evolution of the system. 

Recently, Aurenche et al. have shown that the photon production rates in 
a QG P are considerably greater than those calculated in earlier lowest order 
estimates. Following this result, Srivastava has shown that at sufficiently high 
temperatures the photon yield from quark matter may significantly exceed 
the contribution from the hadronic phase which might then provide a direct 
probe of the quark matter phase. 

Excess photons (real and virtual) have been observed in 158 A Pb+Pb 
collisions at the CERN SPS. These measurements are presented and the 
results are discussed in terms of pQCD and in terms of thermal models 
which might allow to extract information about the initial temperature and 
the critical temperature. 
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• Motivation 

• Direct Photons 

• Analysis Details 

• Systematic Errors 

• Results 
• Comparison to pA and Theory 

• Dileptons 

• Conclusions 

T.C.Awes, ORNL, CNS Workshop 
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Searching for QGP Phase Transition with y's • 

"Classic" method: study heat 
capacity as a function of 
temperature to deduce 
change in degrees of 
freedom. 

» 	 Heat from calorimetry 
(Transverse Energy) 

» 	Temperature from 
spectrum of radiation 
(Photons) 

T (GeV) 	 Or, if emission rates are very 

.Cleymans,Redlich, and Srivastava et aI., PRC 55 (1997) 1431. dd~ffereln~, d~ yield migkht
Irect y In Icate quar 

matter. 

T.C.Awes,ORNL, CNS Workshop 
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Quark Matter vs Hadronic Matter Emission Rates • 

"HM shines as brightly as QM" 

»Photons good thermometer 


F.D.Sfeffen, PhD thesis, Giessen, nucl-th/9909035 
Kapusta et aI., PRO 44 (1991) 2n4. 
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T.C.Awes, ORNL, CNS Workshop 

But, Aurenche et al. have shown 
that "new" NLO processes dominate 
the y rate in QM. 

PRO 58 (1998) 085003. 
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(il.'lentifi08tCn of pIIO'IUIS, fII' and 'I1-mMons) 

allaln-Pad.. 
SIIIcan-Drl1t Detec1ara 
(j:8eUdOl&pidly-dist. of 

charg«J j:Brticla8) 

F......... 
C8larl..... 

5 T.C.Awes, ORNL, CNS Workshop 

___________VV A_9_8_A_c_c_e_p_ta_n_c_e__ ___________~ 

a) '1rfJ (sin~')')
0.0'1 

3 
0.32 Single Photons from XO 

b) ft° (both tJ 

0.32 : Both Photons from XO 

2 

c) '1 (both ')') 

3 0.0'" Both Photons form 11° 

0.5 1 1.5 2 2.5 3 3.5 4 

Transverse Momentum (GeV/c) 

T.C.Awes, ORNL, eNS Workshop6 
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8 

______D--ir-e-c-t-P-h-ot-o-n-A--nQ-I-ys-i-s-O-v-e-r-v-ie-w------. 

• 	 Statistical Basis: Compare 
measured "I spectrum to 
calculated decay "I spectrum. 

• 	 Decay is calculated from 
measured 1t°'s and 11o'S 

• 	 Use GEANT "test" particles 
to determine efficiency 
(overlap effects) 

• 	 Vary "I identification criteria 
to investigate systematical 
errors. 

T.C.Awes, ORNl, CNS Workshop 
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_____________E_v_e_nt__S_e_'e_c_t_io_n_____________~ 


120 
a).~ 

!IOO 
..1:1 

i 80 

~ 
I.U 60 
...J 

40 
10 

o 20 40 60 80 100 120 

LEDA Mullipficity 

208Pb + 208Pb 

• 100/0 most central = QGP 
search sample. 

• 200/0 most peripheral = 
Reference sample - pQCD 
prompt photons. 

20 

10 

100 200 300 400 500 600 

158 AGeVIc 
-a.,~ .......... ~IttaJCal'" 

tn:t_(llJkaI) «_ (llbl " 

lKSFieliOI •. 619t(Jii.) Blm 
lMSfitldOl' •• 58'11.(11.) 1S'.!!Il 
19M FitldOi 2lII. W5J.\5l,) l2Q)IQ7 

19M FitldOl' 2li. O'.!Q'l.(SI.) 1ll9J1o 100 206 366 400 500 600 

Transverse Energy (GaY) 

9 	 T.C.Awes, ORNl, eNS Workshop 

____C_h_Q_r_9_ed_-_H_Q_d_r_On_B_QC_k_9_r_ou_n_d____• 


0.6 	 With Dispersion Cut 

Case: 


Narrow Showers = 'Y Candidates 


• 	 Use Charged-Particle Veto to 
tag charged showers. 

~ 	 0 1:-'-L-.I....I..I.,.~.I....I..I.,........J.."I".,I.J..U..L....u.u..u..LLJ...L.~.L..I.I.I....I...I.I.I...I..I....I.......... 


'S 	 0.6 
Magnet OffCD • 	 Correct for 'Y conversions,~ 	0.5 

"'C VENUS+GFANT Central CPV efficiency, random &0.4 
~ association. ~ 0.3 • 
() 

5% charged-hadron 

contamination. 
4 

10 	 T.C.Awes, ORNl, eNS Workshop 

~ 
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0.3 

; 0.2 

o • 

Magnet On • Central 
o Peripheral 

mal o~....~~~~~~~~ 

0.2 
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0 
0 a5 I L5 2 25 3 ~5 

Transverse Momentum (GeV/c) 
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____C_h_Q_r_9_ed_-_H_Q_d_rO_n_BQ_C_k_9_ro_u_n_d____aIl 

o ___N_eu_t_r_o_n_+_A_nt_i_-n_e_u_t_ro_n_B_Q_ck_9_r__u_n_d___aIl 
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• 	 calculated correction 
Assumes VENUS+GEANT 
(Check (n/Y)VENUS VS. PNA4,)YWA98) 

• 	 Incident flux is large! 

• 	 Large reduction due to 
detector response (small 
energy deposit) 

• 	 Further reduction by y-like 
shower requirement. 

1-6% Contamination correction 

T.C.Awes, ORNL, CNS Workshop 

~ 0.6 
CD Magnet On • Central 
~ 0.5 o Peripheral

.t:: rn 0.4 l 

ta 
.:: 0.3i 	 t0 

Z 0.2 
'""0&0.1 ... 
~ 	O~~~~~~~~~~~~ 
o 0.6 

Magnet Off 
0.5 

VENUS+GFANT Central 
0.4 	 0 

0.3 • 

0.2 

0.1 

00 0.5 1 1.5 2 2.5 3 3.5 4 
Transverse Momentum (GeV/c) 

11 

_ -3r ,.'eIO .........~~~..LJ..J...J.........u..~~~..............w~i-J- : 

'S
~0.15 After Detector Response (VENUS+GCALOR) 

• All Showers 
o Ndl1'OW Showers'C'

tU 0.1 
.Q 
c 
+
cO.05-

0.5 1 1.5 2 2.5 3 35 4 
Transverse Momentum (GeV/c) 

Case: 

All Showers = y candidates 


• 	 Use Charged-Particle Veto to 
tag charged showers. 

• 	 Correct for y conversions, 
CPV efficiency, random 
association. 

10-200/0 charged-hadron 

contamination. 

T.C.Awes, ORNL, eNS Workshop 
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Final Y PT Spectra 


158 A GaV 20Bpb + 208Pb 
loj 

)n 

Corrected for charged and neutral . ~ • • CeIlll'II1 background, efficiency, and 2 ~ 10 
.:I Ptrip/ltTlll 

acceptance . 
.@: 10 

~ 
Zl 

:> Fit to power-law form: w ·1 
~ 10 

·2 ( Po10 
Po + Pr 

.j 

10 Inverse slope: 
-4 

10 
T= Po In + Pr/n 

·s
10 TCentral= 198 + PT/37 MeV 

-6 Tperipheral= 147 + PT/22 MeV10 
0 0.5 l.5 2 25 3 3.5 4 

Transverse ~bJm {GeV/c) 

13 T.C.Awes, ORNL, eNS Workshop 

____s_ys_t_e_m_Q_t_ic_a_I_E_rr_o_r_o_n_Y_Y_ie_ld____• 


1.2  • Check consistency of finalPeripheral • NurrtIW SIttIturs: 
• FA,I! Cur result with different 'Y1.1 
" ltoCI'V 
(> NurrtIW utttl rrtJ CPV identification criteria. 

.. __ ..--.......-....................... -_......... -
IVI ---lilffi~:t!tl'-~ • Sensitivity to charged..... Ix ?'  hadron and neutron 

backgrounds vary by factors 
Z 0.9 

0.8  of 2-4.I I I I I I I 

1.2  Central 

• Identification efficiency 1.1 1 varies by 2-3 for differentJ. 

.... i-Ht ~. HI ... - ,. -'jl .........-rnltu• i T I •• 1 
 methods for central case. 
~....0.9 .... '" .. 

to- r-..... Systematical error on y yield rv3% 

I 

0.8 
I I I I I I 

o ~ 1 U 2 U 3 U 4 
Transverse Momentum (GeV/c) 

14 T.C.Awes, ORNL, eNS Workshop 
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________D_e_C_aY__B_a_Ck_g_r_O_U_nd__Y_S_O_u_rc_e_s________~ 

S • Direct is extracted from 
15 
if 1 difference between 

measured is and calculated~ 
:::::I 
o decay Ys.tb -1 
~ 10 
C\I • 1'V97% decay is from

IX) 

measured 1t0 and 11°.'!5c -2 __ 
o 10 • Assume m,--scaling for 11° ~ and others.at 

WIHMI •• . "--_. 1._...... ............
s_ ..~......... tm) e(J:Y.C-"l 
 ~"'. 
 ...,..
l:u.. T1I'"  .+.-'1 
$17.) Q.5S1IWt1 JUl..T1•p .;,,-., ..I.~.+.-., "",1Ir" 

u ...t,;1!-., n ... 
m.o 10 Q.QS ••11'"i .... "';;., 1..... .. .... III»~.L1' 

~ ::-MI""-5 JQ.Wif( V1.• 10 o.Q210 ~~~~~~~~~~~~~~~ 1C11.•." " .... 1.1.1.o 0.5 1 1.5 2 2.5 3 3.5 4 
(Ir"w") ,U...,Q.I G.Ol'a:: ",., _.....,Transverse Momentum (GeV/c) 1:1.'" IJno w Q.W1 

15 T.C.Awes, ORNl, eNS Workshop 

Extraction of nO Yield ~ --------..,

Combinatorial rt Background Problem: Use mixed 'YY events 
to determine shape of background. 

1.5<PT< 1.6 GeV/c 

1!58 A GeV 208Pb +208Pb 
Per1pheral a) 

b) 

C) 

H 

158 A GeV 208Pb +208Pb 
Central a) 

1.5 < PT < 1.6 GeV/c 

b), 
••• '. 

l'l 
. 

."'-tt. 
• 

C) 

l't +. 
0 50 100 0 "0 100 1$0 200 2"0 .300 .3$0 400 .,,0 "00 

m'll(MeVr02) 

16 T.C.Awes,ORNl, CNS Workshop 
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Shower Overlap Effects Again: 1t0 •

--------'
.. 
150 r----------------. 

QQC0800"d'POP1i;;,)4*if 
o PeriphertJIxO 

.. PeriphertJI Simuldted XO 

/30 j--'--I-..L..I....I.I..L...J...JL...L~ 1-'-'-L..w..I~I...I.-I-~1-'--'-L...L....I..I~I..J....I...JL...L..I....L...i 

~ 0.8 
.~ 

0.6 I-ffi 
8 
i~ 0.4 
:cIc::! 0.2 

a) Perip,eral 
• AIISlrmwn 
• Nurtf1I/I1SJtllWff"1 

"IIDVno 

'f Nurtf1I/I1l11'1dltflVtlD 

o ET> 1.5 atV 
a 0<0.7 

t """ 
IIII&IIIIRR~"I"""""""" 

+ 0 aOoOoODOaOooacoooac 
0 0 

o 
o 

o 

O~=O~I~~~I~I~L...L..L..I....I.I~I-'--'-L...L..I....L...iI~I~~ 

L 
b) Central 

0.8 

51

o I I I I I I I0~~~j~~/~~L~5~~2~L...L2L.5~~3~~~5~~4 

Transverse Momentum (GeV/c) 

17 T.C.Awes,ORNL, eNS Workshop 

135 I 

___________F_i_na_'__1tO_·_P_T_s_p_e_c_tr_a___________• 

Corrected for efficiency, and -~ acceptance. 

Z " 
" 

;> Fit to power-law form: 
UJ 

~ 
( Po )n

Po + Pr 
Inverse slope: 

T= Po In + Prln 
TCentral= .250 + Dr/SO GeV 

Tperipheral= .216+ Dr/45 GeV 

18 T.C.Awes, ORNL, CNS Workshop 

i 10 

II 
10'( 

-2 
10 

-5 
LO 

o 0.5 

158 A GeV 2D8Pb +20Bpb 

• Cmll'",1 

o PrrlpJaer",1 

1.5 2 25 3 3.5 
Transverse Momentum (GeVlc) 
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19 

Systematical Error on nO Yield ~ 
--------~ 


1.4 
a) PeriJileral • NlIrr/f1lll SIt/f1lll"J 

.. noCPV
1.2 

• NlIrr/f1llllllrilrfJ '/fIUQ 

o E.y> 1.5GtV 
~ 'lo! 1 1Br:mm~m~~c a<9.7Z 
x,
Z 0.8 

0.6 

1.4 

1.2 

1 

0.8 

0.6 

o 

b) Central 

• 	 Check consistency of final 
result with different y 
identification criteria. 

• 	 Combinatorial background 
varies by factor of IV2 

• 	 Identification efficiency 
varies by 2-3 for different 
methods for central case. 

Systematic error on1t0 yield IV 3-6% 

T.C.Awes, ORNL, CNS Workshop 

__________E_x_t_r_ac_t_io_n__of__~_O_Y_ie_'_d__________• 


10000 ,---------------, 

5000 

158 A GeV 20BPb +201!Pb 
Central a) 

1.0< p,-< 1.2 GeV/c 

-

o 1-A-I-..I...I-I..............I..I.,.L...J.....L....I--J....i....&.....I-.L...&....L..................................i-i-.I....j 

1.005 

O. 995 	 1-'--'-..J.....&....L................L-.L....I..-'--'--JL.-...I-I......................L....l-............... -'--...I......J'-"--'-"'"""I 


'8 /000 

i 
I 

300 400 500 600 700 BOO 900 
mn(MeVlcf) 

• 	 HUGE Y'f combinatorial 
background.. 

• 	 At Iimit of statistics for 
central, no signal for 
peripheral. 

• 	 Goal: check my-scaling 
assumption for central. 

T.C.Awes, ORNL, CNS Workshop 
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_________m_T_-s_c_a_li_ng__Q_nd__n_O/_n_O_R_a_t_io_________~ 


·1 
10 

a p-p NA27 and otherexpenm.,1s 

• p-Be CERESffAPS Compilation: 
: ~~~ee HE~~S-1 ~ ....~_" ..... 11 0/1t0(p,- ~oo ) =O.SS±O.02 
: ~:~u WABO min. bias ',' ~ . ~ ~ 
'f Q..Au .~ .-: 

+y-
t t +~ t

t 

WA9S mT-scaling of "o/no : 
Pb 

Pt (GeV/c) 

WA98 Central: 

l10lnO(p,- ~oo ) =O.49±O.08±O.1 
o a, U 2 2' J ~ 

Transverse Momertum QeVIc 

21 T.C.Awes,ORNL, eNS Workshop 

0.5 1 1.5 2 2.5 3 3.5 4- 0 
Transverse Momentum (GeV/c) 
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• First, consider ylreO ratio and 
compare to calculated decay 
background ylnO ratio. 
(many errors cancel) 

• Ny and N1t measured at each 
p,- for "all showers" condition 
(largest corrections - errors) 

No significant yexcess within 
errors (low Pr though) 

T.e.Awes,ORNL, eNS Workshop 
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___D_i_re_c_t_y_s_e_Q_rc_h_:_P_e_r_ip_h_e_ra_J_P_b_+_Pb____• 


'w 10 

I 

Peripheral Collisions 
• MeIlSured 
CI AcceptllnCe CofTI!.Cled 

158 A GeV 208Pb + 200Pb 

-~----
t 

L..I...I..J.......w. ............ ..I....A...J..................................a............&...O..I.~~.............L..I...I..J1..I.-I 




_______D_i_r_e_ct__y_se_Q_r_c_h_:_c_e_nt_r_Q_J_P_b_+P_b________~ 


o AcceptullCe Corrt!Cled 

::== Calcula1ed Background 

~ 1.8 
CD 

- 0 	 0.5 1 1.5 2 2.5 3 3.5 4 
Transverse Momentum (GeV/c) 
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• 	 First, consider y/xo ratio and 
compare to calculated decay 
background y/xo ratio. 
(many errors cancel) 

• 	 Ny and Nx measured at each 
Pr for "all showers" condition 
(largest corrections - errors) 

Clear y excess beyond 
. errors - must 

consider 	 errors. 

T.C.Awes, ORNl, CNS Workshop 

___c_o_m_p_Q_r_iS_o_n_o_f_Y_E_x_c_es_s_to_E_r_ro_r_s____~ 

• 	 Compare measured y yield to 
calculated background 'Y. 

• 	 Total errors 
include those of (Y/XO)Meas 
(Y/1r,o)Skgd and the xO fit 
uncertainty . 

Significant excess 'Y beyond 
(jstat + (jsyst for central 
collisions at high PT. 

T.C.Awes, ORNl, CNS Workshop 

1.8 

1.6 Peripheral Collisions 

1A 

1.2 

1.2 

1 

~~~~~~~~~~~~ 

o 0.5 1 1.5 2 2.5 3 3.5 4 
Transverse Momentum (GeV/c) 
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___D_ir_e_c_t_y_s_y_s_t_e_m_o_tl_'c_o_1_E_rr_o_r_s_u_m_m_o_ry___• 
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25 	 T.C.Awes, ORNL, CNS Workshop 

53 1.9 -ti.3(-9.1) 

Central Pb+Pb Direct Y PT Spectrum •-------- ,',. 

10 

• 	 Compare to proton-induced 
prompt 'Y results: 
» 	Assume hard process - scale 

with the number of binary, 
collisions (=660 for central). 

\ 

» 	Assume invariant yield has\ 
\V form f(xT)/S2 where\ 

xT=2PT/S1/2 for sV2-scaling. 

• 	 Factor ",2 variation in p
induced results. 

-s 
LO 

Similar 'Y spectral shape for Pb 
case, but factor tv2-3 

LO 
-6 r enhanced yield. 
-7 

I 	 I10 WA98 nud-ex,lOoo6007, PRL 85 (2000) 3595.
0 	 0.5 1 

26 	 T.C.Awes,ORNL, CNS Workshop 

~E----------------------------~ 
158 A BeV 208Pb + 2al.Pb 

Cen1ral Collisioos 

• WAgs Tril Aelul 

pA Results II sIll :: 19.4 GIIIV 
tcaledto SIr.!. '" 17,3 GItN 

• EII29 C-O.75q.,.<O.2) 

I I • I I'll}, J I 

l.5 2 2.5 3 3.5 4 4.5 
Transverse MornerItum (BeV/c) 
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__D_ir_e_c_t_y_:_c_O_m_p_Q_ri_S_on_to_PQ_C_D_C_Q_I_CU_'_Q_ti_o_n_,. 


10 	 .,...---------------, 

r 1 
> 
~ 

f) ·1 
,g. 10 

156 A GeV 208Pb + 206Pb 

C6ntral Collisions 

• WA98 Thill'llllul 

pA Results at Sl(/. =19.4 GeV 
scala:ito SIll! =17.3GaV 

• e!S29 

·4 
10 ~ 

·5 
10 ~ 

• E704 

CTEQ4, No intrinsic kr 
10 ·7 ~..uI...L..L-L..L..l.I.J...I..I..J...... I..J...I",..I3[\'....... \ 1 ~",
1 L.,L..l..J...u1..J....L..I-~I....... 1.............. 


o 	 ~5 1 L5 2 25 J 15 4 ~5 

Transverse Momentum (GeV/c) 

27 

• 	 NLO pQCD calculations 
factor of 2-5 below SVl =19.4 
GeV p-induced prompt "I 
results. 

• 	 But p-induced can be 
reproduced by effective NLO 
(K-factor introduced) if 
intrinsic kT is included. 

• 	 Same calculation at sV2=17.3 
GeV reproduces p-induced 
result scaled to sV2 =17.3 
GeV 

Similar "I spectrum shape for 
Pb case, but factor "'2-3 
enhanced yield. 

T.C.Awes, ORNL, CNS Workshop 

__D_ir_e_c_t_y_:c_O_m_PQ_r_iS_o_n_t_o_M_o_d_e_1C_Q_I_C_UI_Q_ti_o_nS__,ail 

N' 
> 
~ 

f) 

,g. 

~ 
....-t 

w 
Jj 

".. 

.,,-----------------, 

1 

-I 
10 

-2 
10 

.j 

~ 10 

158 A GeV 206Pb + 206Pb 

Central Collisions 

• UrQMO, Durni1ru e1 al. 

10 -5 Hydro, Srivastava and Sinha 
Tj=335 MeV, ;=O.21rn1c 

Tc=180MeV 

10 -6 pOCO. Wang and Wang 
------ CTEQ4, ~=O.g (GeVlc'f 

CTEQ4, No intrinsic k,. 

; 

• 	 Good agreement with Hydro 
calculation including QGP. 
» 	Annihilation with 

rescattering process in QM 
dominates at high Dr 

» 	High Temperature: Tj = 335 
MeV (from tj Tj == 1/3 == 
O.2fm/c) 

» 	 Short formation time equivalent 
to indusion of prompt and 
preequilibrium contributions? 

• 	 URQMD predicts large 
preequilibrium component at 
high pT 

WA9S nud-eX/0006007
4.5 

T.C.Awes, ORNL, CNS Workshop 

o 0.5 1.5 2 2.5 3 3.5 4 
Transverse Pvbmentum (GeV/c) 
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Hydro Prediction for hadron spectra • 
--------' 
" 

29 

c 

'. 
10-2 L......J..---L---"-.....I..-..L..-...JL...--I..--'---I.--L--~'-""-...I-L-.-L---L----'"'-.....&....:Ia....L.-.l 

o 1 2 3 4 

MT-Mo (GeV/e2 
) 

T.C.Awes,ORNl, CNS Workshop 

__N_A_5_0_I_nt_e_r_m_e_d_ia_te_M_Q_S_S_f.l_+f.l_-_E_X_c_es_s__ail 

l' 

• 

NASO observes excess ).1+).1

pairs in intermediate mass 
region between <p and J/V 

Has same shape as open 
charm contribution. 

Could it have a thermal 
origin? 

T.C.Awes, ORNl, eNS Workshop 
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--- QN 

-----lfM 
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Centrality dependence of the NA50 J-l+Jl- ~ 
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Central, Pb+Pb@SPS 

1.5<M<2.5 GeV 
INASO 

o 1 2 3 

PT (GeV) 

Srivastava and Gale 

Same 
hydrodynamic 
model 
calculation 
can explain 
excess J.l+ J.l
pairs in 
intermediate 
mass region 
and 'Y excess. 
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________________s_u_m_m_a_r_y________________~ 


• 	 Significant direct photon excess observed in Central Pb+Pb 

collisions for Pr 2: 1.5 GeV/c. 


• 	 Excess is "'2-3 times greater than the prompt photon production 
expected from scaled p-induced measurements, or from pQCD 
calculations. 

• 	 In a hydrodynamical model the observed excess can be 
explained as result of thermal radiation from the quark matter at 
an initial temperature Tj = 335 MeV with Tc=180 MeV, implied by 
a short thermalization time "Co = 0.2 fm/c. 

• 	 The NA50 intermediate mass J.l+J.l. excess has also been 

suggested to have a thermal origin, but dominantly from 

hadronic matter with much lower TI = 192 MeV. 


• 	 Important to investigate consistency of the interpretations and 
additional kT or pre-equilibrium contributions. 

Look forward to early y, nO results from PHENIX! 

T.C.Awes, ORNl, CNS Workshop 
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Photon and Dilepton Emission Rates from Ultra-Relativistic 

Heavy Ion Collisions 

Jan-e Alam 
Physics Department, University of Tokyo, Tokyo 113-0033, Japan 

Abstract 

The production of (both real and virtual) photons from matter created in 
nuclear collisions at CERN SPS energies will be discussed for the following 
two scenarios: 

(i) Nucleus + Nucleus -tHadronic Phase, 

and 


(ii) Nucleus+Nucleus -tQGP-tMixed Phase-tHadronic Phase, 


by taking into account the in-medium effects on the hadronic properties. It 
is observed that the photon spectra measured by the WA98 collaboration 
is well reproduced by (i), if a substantial reduction of hadronic masses is 
considered in the thermal bath. The data is also well described by (ii), it 
is rather difficult to distinguish between (i) and (ii) at present. The initial 
temperature of the thermal bath is found to be "" 200 MeV. The enhancement 
of dilepton yield in Pb + Au collisions at low invariant mass region measured 
by CERES collaboration can also be described with a similar value of initial 
temperature. 

-194



I 

.~------------~".-.------'-

eNSW...t(.S"t)~ 
T0\41. I "".' 'It-ts'., (ot 

Photon 'and Dilepton Emission Rates 
from Ultra-Relativistic HeaVy 'Ion 

Collisions 

.. • 

lan-e AIam 


./ 
(P~ysies Department, ~niversity of Tokyo)


" 

,. 

" "'\ 

T. Hlltsudat'I';K~,~,jya1t/;S.Sarlcar aDd B.SiDha.' ' 

• Introduction 

·~ecIi·um'Effects 

.Sources: 
" ',",' 

,. 

-ElllisSionof:E}lectromagnetic Probes 
~ 

. '.,' Spa.~eTiI:ne:Evolution
.cReswts and Discussions 

-S>\,:;"!'"O" ';',;-,,' 

, . 
> A 

-A.nri.als 'of Physics, 286' (2000) 159-248; 
-PhysicalReviewC,63 (2001) 021901(R); 
-nucl-th/OOl1032 

.... 



I 

i 
I 

P • .).pt.,hotllas 
dQ .. . .. f tho. dXb 	 di1

E.l3. (A + B -+ "Y + ....) = --.F4 / A (X4 ) Fb/ B (:2:6) E .J3 
"~p Xo Xb ~~p 

dN Mpp
E d,3p = TAA EdJif 

* TAA = Average Number Nucleon- Nucleon Collisions/ qiJ& 

~ 	 (WAD8 Collaboration, Phys..Rev. Lett. 85 (2000)' 3595) 

* Forintrlnsic kr of partons: !(kr) = exp~k.j./(kt)]/?r{~); 

(kf) =0.9 GeV2 ' . 


(Ferbel & Molzon 1984;. Owens 1987; Wong 8& Wang 1998.) 
Scaling: 

Dimensionality - GeV-4 => supplied by ·Mandelst~··vari


abIes (quark mass =0 and strong and EM couplings are di

mensionless. ) 

In general the invariant cross section C8D. be expressed as a 

function of! (orP'r)' (J and ZT{= 2PT/..fi) . 

If two of the diInenSi;nless variables held const.ant then the 

dimensionality. arguments l~ads to: .. 


Edupp = F(XT,8) 
d3p 82 . 

This scaling can be spoiled by the DlomentUDl depenclfmce 
of 0" and from the .sca1ingviolation ofstrueturefunclipD.S
*Bard QCDphoton~=> nornpilize the scaled p-p data (E.104). 

'" 

• Ultra-Relativistic Heavy Ion Collisions: 

• (i) A + A-tHadronic Matter 

• {ii) A + A-.-, [Hadronic Matter]* 

• (iii) A 	+ A-+QGP~ Mix. Phase 


- Electromagnetic 1", 1+"

*.large mean free path 

" * negligible final state interactions 

* emitted at all stages. 

• Sources of real PHOTONS: 

- Decay photons ?r0 --. "Y,)" fJ 


- Prompt photons (A + B -+ 'Y + X) 


- Thermal Photons 


' 

-+ '11 

• from quark matter 

* fromhadronic matter 

• Sources of DILEPTONS (virtttal photons): 

- DaHtz (e~g. 1fo -+ 7e+e-). 


- Drell-Yan(A +B ~ l+l-+X);DmesoDd~6 


- Thermal· DileptoDS , ' 

,>

* from quark· mattf;lr 

*. trDmbadropiC .matter 

.. 



• FromQGP (QeD Compton. Anuihila.tion., BrOOJ&Citrahlllng & qlj Thermal Dilepton/Photon Emission Rates: 
annihilation with scattering): (McLerran 8& Toimela 1985; Gale ,&c.Kapusta 1991.) 

(KapUsta et ai, 1991; Baier et al 1992; Aurenche et al 
dR Q ( )" ,,'1998.) 'd'q = -12rq2 1+2m2!q2.j1--4m2j q2{Pr+PL) fBE(llo) 

c-...lsi "'X1.. 1 Jmn~~L 
{JT,L= 1r(q2 +ReIT¥.Lrf +{lmh¥,L)2 

.,plasma resonances =:;} Signal of~ecC)nftnement ..~ 1.. ," " yo 

(Weldon, 1991;)'
~c:;' .~.=q , 

:Y 

1. 	

y 

...... 
<:0 
--l 

I 

""" e 

. 
E dR = ~ aad (-EfT) [In (2.912E)

cf.3p 	 9 211'2 exp g2 T 


+16(h-.. h){In 2+ !}] 

where JT ~ 4.45, JL!::::: -4.26 and , 'I . 	 'I 

67r . 
s.ct :=; (3S _ 2n./Yln("T/Tc) ; ~ = 8 (k~.l"tI) 


Qs(T = 200MeV) '" 0.3 => 92 ,...;' 4 

g.« 1 ==> Ct" « 0.08 

... 



m'" = m [1 - 0121 (T(GeV))5.24]
p. . p • 0.16 

*'. =' [1 ..- 0 fiA'/o (T(GeV2)7.09]
mw _ rnw ·V'ft:·O.16 .,) 

(Sarkar et at, 1999) 

• UniversalSca1ing Hypothesis 

mY = f,.~ =W.O.:::: (1- 0.2"'B.) (I_TE)A , 
~ .mv Iv Wo no· Xl 
~ 
I A=Ij6{1£'!l BrCtWll- Rho(l'!ambu) Sc8ling 

(Brown & Bho, 1996) 
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.:Q~~~turo\~dYDamics(QHD) 

Theeffectiveumssof p/w can be p~ametrized as: 

J 

.Tl~er~"E!)otons..r.~Oln h,ot badroni~~tte~' 

Essential components are n; p .,) W AI I I ...".. 

r _ ;:11 • ( .• () -\ )1l.,4 :;' eF'jW ( ..... ..,. ) 
L.. - -!!.e.:,;" 1f X 1'1f} -e ·""1/''''' '2 PJ'x pv. :J, 

where 

JP -= (Pv x BVf.th + (if x ({)I!i +§~1r* x j1'}h 

To O((!2g~JJ) imaginary part leads to :-at~ for 

For example: 
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EOS and Space Time Evolution 

eQGP: 

r 4 
eqGP = 3909QGP~ + B; 

1t'2 
PqGP == ....;.....gQGpT- 

90 
J 11'"2 • 

sQG.P = 4g09QGPr 
t 

• Mixed Phase: 
TF 

Smir = IQ(r)sQ+ fe(r)slI. . 
(. 1!t ilflt"-C-n'A< \us~~ 'f\D\'fIMo;where 

fQ(~) = l. (rrq -1) 1r -:.$-.t..Q .... 


r -1 r . "f.S'4 

• Ha.dronic Matter (7J", P. W, 1], at ~d N) , -ell .;. r'lCr\. 

, 

" 

B 

tep 
__ e8 = ~ 9i J (21£')3 E~ f(E" T) 

dJp #' . 
PH =: Jt gil '(21r)3 3Ei I(Ei, T) 

f.H + P11 '. .rri3 .' ..,.-2 .' . t'7'f3 
811 = ,." =4aeff(T!~- =490gdf(m·(T),T)~" 

I 

Sound VeloCity, c;2 ·IT.dsH =.[ Td.g~ +3] 
i. IJH dT gdf cfI'~t
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(3+1)D Hydrodynamics: 

...dN·(45{(3)) 
21(4 4amr2f 

~~. 

.J. Phys.G 23 {1997}' 469).. 

. 
R2 4a.eB.Tt t 

A ~T

ely , '!L""'1 ~. 

.tlS ... 
WR1'T.dyoc1rRlTidy = 

T~"''klt!l .' fiuidflelds vary appreciably over a length scale of 
path then the effects of viscosity will be impor-

lscouseffects .;;> lower 1::, 

dN...· 45((3)
---~~2r-= 2~ 

7t = 1 fm/c '0 
I 

N 
o 
N ~7"ijr)= exp{r - :A)/6+1 

f 

(von Gersdorlf et aI, 1986.) 

I 

a+2(r)""t1r(-n, r) ;:; Vo~' RA 

(Heinz etal, .1992; 'Braun-Munzinger et al 1996) 
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• The number of 'If' -1(' colliBloDs in the region M "'m; Is 
lPyenby 

.!1 dN .. (\C..~Q e!- J.. 
. N~r == 2x 3x BpdMtltiIM-m; lcr,,) 

Thermal equilibrium 1WQ" not be reaUzed in the case of 
dNch/d1J = 150 and 210 since the number of colUslons per 
particle in thesystsm, f'V Nw'X/{1.5dNch/di}) < 1. This quantity 
is I'V 2 - 3:for dNe:It/d1J == 270 and 350.. 

• The condition T~ < Texp is satisiled throughout the evo
lution ·process, indicating that the use of hydrodynamics is 
reasonable for space-time description. 

• For dNcIt./d11 = 150 and 210, dlleptoDs seem to originate 
from a badronic source with initial temperature ",170 MeV.. , 
For the higher values (270 and 350), however, the data can 
be described by both QGP and hadromc initial states. 

• We conclude that in order to reproduce the. CERES 
dileptoll data or WA9~ photon data either a substantial re
ductiQ~.in vector meson masses or 'the formation of QGP in 
the initial stage with·:n '" 200 MeV is necessary. A simple 
hadronic model is inadequate to reproduce the data. 

• Although the dllepton data can be described by a large 
broadening of p, thePT distribution of photon Is almost un... 
affected by such pheJl-omenon" 
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Re-Hardening of Hadron Transverse Mass Spectra 
in Relativistic Heavy-Ion Collisions 

A. Ohnishia 
, N. Otukaab 

, P.K. Sahua , M. Issea , and Y. Narac 

a Division oj Physics, Graduate School oj Science, Hokkaido University, 

Sapporo 060-0810, Japan 


b Advanced Science Research Center, Japan Atomic Energy Research Institute, 

Tokai, Ibaraki 319-11, Japan 


c Physics Department, Brookhaven National Laboratory, 

Upton, N. Y. 11973, U.S.A. 


Transverse mass spectra of hadrons are important as a measure of pressure gen
erated during heavy-ion collisions. Expecially, the inverse slope parameter of trans
verse mass spectra is known to be a linear function of particle mass, T' (lv.f) = 
To + l'v! (32/2, where To and (3 are interpreted as the temperature and collective ra
dial flow velocity at freeze-out. This collective radial flow exhibits a maximum at 
around AGS energies, and decreases at SPS. In other words, the softening of matter 
is observed at AGS-SPS energies. The softening phenomena might signal QGP for
mation, but it can be mimicked also by hadronic (resonance and string) DOFs [1,2]. 
In a hadronic scenario, a large part of energy is exhaused to populate abundant 
heavy resonances or hadron strings at high energy densities, then the translational 
kinetic energy cannot grow linearly as a function of the energy density. 

Then it would be very interesting if 
a re-hardening of hadron spectra is ob
served above SPS energies. Since there 
is no narrow structure of hadrons in the 
higher mass region than 2 Ge V, it is very 
hard to explain re-hardened spectra of 
hadrons at higher energy densities in a 0.25 

hadronic scenario. Actually, recent anal ~ 0.20 
ysis of RHIC data by PHENIX collabo

~ 0.15 
ration suggests this behavior, as shown 
by H. Ohnishi et al. at the previous JPS 

0.10 
~,.........,..~-~~--+-I~-~.............---.-; 

RHIC 
SIS AGS JHF SPSmeeting in Niigata [3]. 0.6 

In this presentation, we analyze the =- 0.4
hadron spectra in heavy-ion collisions at 
relativistic energies from 2 A Ge V to 0.2 

0.0 L--..._-,-__~. --~------'65+65 A GeV by using a jet-implemented 
10 100 

hadron-string cascade model, JAM [4]. "st-lN -2 mN (GeV) 

We show that the data at AGS and SPS 
are well described, and that the above expected re-hardening really emerges in the 
calculated results in JAM, as shown in the right figure. 

[1] S.K.Sahu et al., Nucl. Phys. A672 (2000), 376. . ' 
[2] N. Otuka, Theis, Hokkaido Univ., March 2001: N. Otuka et al., In preparatIOn. 
[3] H. Ohnishi for PHENIX collaboration, JPS meeting in Niigata Univ., Sep. 2000. 
[4] Y. Nara et al., Phys. Rev. C61(2000), 024901. 
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* 	QGP Signals 

* Anomalous J/'lfJ supression
o : Deconf. phase --t No Bound State (Matsui & Satz) 
6. : u(J/'lfJ-h) = constant (?) (h = N, 7r, p, N*, strings, ... ) 

* Strangeness Enhancement 
0: QGP --t Fast Chern. 'Equilibrium 
6. : Rope formation (Sorge), 
x : multi-7r --t Strange particles (C. Greiner) 

* Low-E Dilepton Enh. 
6. : Partial x-rest. rather than Deconf. 


(Hatsuda & Lee) 


* Softening of particle spectra 
o : Decrease of Directed Flow (SIS-AGS) 
x : It can be explained in Hadron-String Scenario 

(Hadronic DOF + Mean Field, Sahu et al.; Otuka 
Thesis) 

• Possible Explanation 

1. 	QGP is formed at SPS energy Pb+Pb Collisions. 

2. 	Hot and Dense (Heavy-)Resonance-String Gas 

(Approximate Hagedorn Gas) is formed. 


* J/'lfJ + N* --t DD 
* string + string --t Rope -+ YY 
* Large Mass Energy H Smaller Pressure 

Key Loglc:-H'aaron-Ga's"becomes"Softe'i,ancfSoffe'r:--'--"
at 	High Energy Density. (Hagedorn, 1965) 

t'f'O. 14-1iJ, lJiV,", H'OfKSnOp - tiJ:11l/ IeaI' lJne IH! U. lOKYO 

Re-Hardening 


of Hadron Thansverse ~lass Spectra 


in Relativistic Heavy-Ion Collisions 


Akira Ohnishia 

in collaboration with 
N. Otukaah , P.K. Sahua, M. Issea

, Y. Narac 

a. 	Hokkaido U., b. JAERI, c. BNL 

1. 	Introduction 

2. 	Pion and Proton Spectra at RHIC energies 

3. 	Re-Hardening 

4. 	Summary 

Abstract 

We analyze the spectra of pions and protons in heavy-ion collisions 
at relativistic energies from 2 A Ge V to 65+65 A Ge V by using a 
jet-implemented hadron-string cascade model, JAM. In this energy 
region, hadron transverse mass spectra first show softening until SPS 
energies, and re-hardening may emerge at RHIC energies. Since 
hadronic matter is expected to show only softening at higher energy 
densities, this re-hardening of spectra can be a good signature of the 
quark-gluon plasma formation. 
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\Collective 	Flow I 
P.K.Sahll et al., NPA672(2000)376 

FOPI -a
300 ~ EOS -e

E877 -A

NA49 --r-

RBUU 	-fOO f 1/T\,/ CASC _._+._.~",. , 
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LL100 ~ 	¢ 

to 
0.1 	 1 10 100 

Beam Energy (GeV/A) 
a Why does it become soft ? 


Hadronic OOFs + Reduction of MF 
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0.1 
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Y.Nara et al., PTP Suppl. 129(1997)33, N.Otuka, Thesis; to be submitted. 

Au(11.6 A GeVlc)+Au 

b<3.Sfm 

0.2 0.4 0.6 0.8 1.2 
mrl11o(GeVI 
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~~oftening at SIS-_AG§_-SPS 
Chujo, Thesis. 
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a SIS Au+Au (EOS. PRt 75 (19115) 2002) 
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IThermal E~~I~t:i~n of Matter (JAM a~d-H-ANDEL)I 
Temperature during HIC 

T ~ Pip (Ideal Gas EOS) 
p== Total Hadron Number Density 

0.20 

~ 0.15 
~ 
e -e 
:" 

0.10 

8. e 
~ 0.05 

0.00. 
o 1 	 2 73 4 5 6 

PSaryon (/Po) 

Why Multi Pion Production Reduces P (and thus T)? 
-7 "Blob" may playa role of Massive (Continuum) OOF. 

1t 1t 1t 1t 

1t 1t 1t 1t ~~~:I 
... .. .. 	 "Blob"';~".:;:::....~."4(N N ~"",,:::;,:.::-:.. N 
..·W):· 	 ~ ... 't() :::::::> r~~ 

1:(N N N 

reo. 14-1<1, l/1~':) worKsnop - l:ul1v tear vne (HI V. 10KYO 	
;) 

~,_Il!~!E~U_~c?l?_~!ties of Hadronic Cascade 
a Small OOF models may give Too Stiff Spectra 

... Why do ARC and ART Explain Data? 

Answer: 	 Multiparticle Prod. with finite Formation Time 
Generates Effective Large OOFs. 

ARC: Y.Pang et al. PRL68('92)2713, 

ART: B.A.Li & C.M.Ko, PRC52('95)2037; PRC57(,98)2065. 


~ Spectra with Multi. Prod. (HANDEL)I 

Au(11.6 A GeV/c)+Au --+ p,1t+,1t

N ,.. 10 2 
Q) 

CJ-~ 10 1 

E 
"C 

0E10 
~ 

C\I Largertf 
~ 10-1 

..... Larger DOF ?C\I 
"C 

Lj=0.8 fm/c 

Mid-Rapidity (lY-Ycm!<O.2) 

Central (b S3.3 fm) 

- . 
1t (x 0.1t~•• 

Exp. • -• 
No Multi. ."(o 'c 

10-2 

o 0.4 0 8 
mt-mo (GeV) 1.2 
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iJACEE ;~ultsl (Y,Takahashi ct aL. NPA461(1987)263c) 

1.4. 
• JACEE HEAVY 


1.21- 0 JACEE p+C t10" 100 T.V. • 
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~Yd;;; -+- UrQMD resultsl (B..q. et ai" PRC61(2000)064909) 
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cr How about Re-Hardening ? 

• Preliminary RHIC data 

* Pion Slope Parameter = 291 MeV (Phenix) 

* Proton Slope Parameter ~ (400-500) MeV 
(H.Ohnishi for Phenix @ JPS) 

· .. Very Hard Spectra compared to those at SPS 
Very Hard to explain in Hadronic Scenario 

• Earlier Suggestions of Hardening 

* JACEE observation « Pt > grows quickly) 

* Hydro + UrQMD « Pt > grows quickly) 

* Nu Xu @ QM2001 (,B(RHIC) > ,B(SPS)) 

... In this work, 
* We study proton and pion M t spectrum 

in SIS-AGS-JHF-SPS-RHIC energy region 
systematically, by using 
a jet-implemented hadron-string cascade (JAM), 

* and demonstrate that the" Re-Hardening" 
is actually expeced in the calculation. 
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IJAM rJetAa-~.iicroscopic transport lTlodef) I 
Y. Nara et aL, PRC61(,OO), 024901. 

* DOF: h(B, B", M, M* (m ~ 2 GeV)) + s(Strings) 
+ Partons (at higher energies) 

* a: Hadronic (hh +-t hh, hh f7 h) 
+ Soft (hh+-ts, hh-+hs, hh-+ss, s-+hhh... (1] 

ch+-t ch, ch-+ cs (c= (qq), q, q) [2] ) 

Diquark ~r - 1 fmlc Breaking '-" I.~~\ i '2/ 
·\1 ff Tor 1(- 1 GeVlfm ) ..... 

Resonance 
+ String 
+ Jet 

+ Hard (Jet Production, at higher energies) (3] 

* No Mean Field (in progress), No Medium Modification 

[1] "DPM Lund" ('" HIJING) + Phase Space 

(2] Consituent Rescattering (rv RQMD), c= (qq), q, q 

[3] Jetset (Pythia) 

Version: JAMl.009.27 (April 2000 Version) 
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* 	 IVleasure of Generated Pressure 

10 
3 

AGS: Au (11.6 A GeV/c)+Au, Central 
10 2 

r1t=230 MeV········· 
10 1 rp=270 MeV 

10 a E802 (symbols) 
10-1 n JAM (hist.) 

N- 10-2 

> 3~ 10 
l-
E r =245 MeV ---
~ r~=270 MeV 

~ NA49 (symbols)
C\.b JAM (hist.) 

>-' I ~I -E(J1 

I ~ 
C\I 

;:: 10 3 RHIC: Au+Au (VSNN = 130 GeV), Centra 

10 2 r =260 MeV········· 
10 1 r~~370 MeV 

10 a JAM (hist.) 
10 -1 

10 -2 

10 -3 

o 	 0.5 1.5 2 2.5 3 3.5 
mr -rna (GeV) 

Nicely Reproduced, except for 

Low Energy Protons (No Mean Field) 
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* Rapidity Distribu~ions: Hadron Yields 

AGS: Au (11.6 A GeV/c)+Au, Central 
~E802 (symbols) 

.......-:- ~~ ~::: .-. GeV)+Pb, Central 


NA49 (symbols) 
JAM (hist.) 

200 

0' r:dIT ~ ::;-......... 7ft..

. - JAM (hist.) 

-1.5 -1 	 -0.5 0 0.5 1 1.5 
YcrrIYNN (TtCrr/TtNN) 

* Globally Good, except for 

Systematically Larger Stopping Power of Protons. 
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* Sumnlary and Co~clusion 
• Re-Hardening of Hadron Spectra 

is very hard to explain in Hadronic Scenario 
since more and more hadronic heavy DOFs are acti
vated, (Otuka, Thesis) 

then it can be a good signature of 

BULK QGP formation. 


r-;--Rf.fTC--prel(mTn'ary resufts ancfJAM'cal. 

l show re-hardening between SPS and RHIC energies. 

* JAM results systematically reproduces AGS~SPS-RHIC 
energy heavy-ion collisions. 

o dN/dll(charged) ~ 570 

o p/p ~ 0.63 

o Slopes: a little softer than data 

* Local Maximum of {3 may appear at around JHF-NSP 
energies. It can be a consequence of If the highest bary
on density" . 

1.:1 
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Re-Hardening emerges 
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Quark-gluon Plasma . 
and Lattice QeD at Finite Temperature and DensIty 

Chiho NON AKA 

Department of Physics, Hiroshima University, Higashi-Hiroshima 739-8526, Japan 


abstract 

The study of the quark-gluon plasma (QGP) is one of the hottest topics in the high energy 
nuclear physics and many analyses have been done from both experimental and theoretical 
side to understand the QGP phenomena. QGP is a new state which is predicted by QCD 
under the extreme temperature and density conditions. Lattice QCD provides us powerful 
tools to understand the nature of QGP from the first principles. Here, we present the recent 
development in lattice QCD from the point of view of the investigation of QG P phenomena. 

Recently, thermal freeze-out and chemical freeze-out a~alyses are discussed based on statis
tical mechanics in the heavy ion collisions. These results show that the concept of temperature 
and the chemical potential have some meanings. Lattice QCD can describe the statistical me
chanics in equilibrium state. Therefore data of lattice QCD contribute the explanation of the 

data of experiment (CERN SPS and BNL RHIC). 
First, we introduce the formulation of the lattice QCD at finite temperature and density 

briefly. The phase transition structure is one of the interesting subjects. In lattice QCD the 
confinement/de-confinement phase transition is evaluated by behavior of the expectation value 

of the Polyakov line. 
We focus on the specific topics of the recent development in lattice QCD, which is directly 

related to QG P phenomena. There are several technical advances in lattice QCD in addition 
to improvement of computer performance. The several improved actions have been proposed 
to remove finite size artifact and to obtain the solutions near to the continuum limit. By 
using anisotropic lattice, some physical quantities such as glue-ball mass which was difficult to 
measure can be measured with relatively high accuracy. 

At finite temperature, many calculations have been done and various physical quantities are 
measured. Concerning critical temperature and the equation of state, the most of results which 
are obtained by using several kinds of action are consistent. The hadron spectra is the one 
of the interesting topics. Recently the J / 'ljJ suppression and possibility of the mass shift of p 

are reported in the ultra-relativistic nuclear collisions. We discuss relevant lattice calculations. 
The transport coefficients are also discussed. 

On the other hand, at finite density the progress of the study is slow. There exist difficulties 
of the evaluation of the fermion determinant in SU(3) QeD calculations, i.e., the complex 
action problems. Though many trial calculations in SU(3) QeD such as Glasgow algorithm, 
the conclusive work has not been presented. Now, the new approach to SU(3) QCD is presented. 
From QCD-like theories such as SU(2) QCD, models with quarks in the adjoint representation, 
and QCD at finite isospin density we obtain the some information of SU(3) QCD. Here, we 
report the recent work of SU(2) lattice QCD at finite density. 
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Quark-gluon Plasma 

and 


Lattice QeD at Finite Temperature 

and Density 


Chiho NONAKA 

Hiroshima University 

February 15, 2001, eNS workshop 


Contents' 

• Introduction 
• Formulation of lattice QCD 

- Finite temperature 

- Finite density 

• Recent developments of lattice QCD 

• Lattice QCD at finite temperature and density 

Recent Results 

• Summary 

C.NONAKA, Hiroshio1a Univ. 
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Introduchon 

• Thermal Freeze-out and Chemical Freeze-out 


~""'J ,.. ____ It ... ....... ................. .c _ .._ "._w... >A _ ....1 • 

~ .,.. ~ "',_ •.••• ~t 
........ 
e 

--~,"-_""""""""'__ ,,",,.A'A,'),',,_~ "."" _''''''"'~''''-'''''P"\+_"... ..... "',',"" "~''''''''''''~ 

0,0 c a o,~ 0 6 0 • 1 0 
p; (O."} 

By Redlich, QM2001 

Temperature 

and 


Chemical potential 


Lattice QeD•Statistical mechanics 

C.NONAKA, Hiroshima Univ. 

-----  _____I.??=~Ji:I;;,;i;?~.~'<.:.:,:,.:oa~ I ~ ..~W.r"J4:,;;~ 4: 

Formulation ofLQCD (1) 

• finite temperature 

- Matsubara formalism for finite temperature 
Z =Tr e ~ ~H =f [d41 ]e-S[+ 1 

S[cp ] = f dX4 f d 3xL 

o 


a : lattice spacing 

boson : periodic 
fermion: anti-periodic 

C.NONAKA, Hiroshima Univ, 
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Formulahon 0/'LQCD (2) 
• Finite density 

-	 Introduction of chemical potential 

Wilson fermion 

Z =Tre-P(H-!JN) =JDUD~ e-(SO+SF) 

SF=-W 
4 

W = 1- K L {(I- y ")U,, (x)o x',x+Ji + (I + y ,,)U; (x)o X',X-Ji} 
".1

1(: 	hopping parameter .... quark mass 
~ ~ ~ - i~ 

3 

W = 1- K L {I- Y j)Uj(x)ox',x+i + (1+ Yj)U; (x» x' } 
i-I 

-K Je"a(1- Y4)Uix)a ~ + e-I'a(l+ Y4)u; (X')o A}L x',x+4 x',x-4 
C.NONAKA, Hiroshima Univ. 

Formulahon o/'LQCD (3) 

• phase transition 

-	 Confinement IDeconfinement 


Polyakov line (order parameter) 


(L) =(~: LL(X») - e-t.FqP 


~: free energy of the static charge 

,, 

(L) *- 0 deconfined ( ~ finite) < > 
, 

~_....--..-~-,~1

L 	 confinement; 

/L) =0 confined (ilFq infinite' 	 ! 
\ 	 I J: deconfinemen 

..,. __ft : 

I 

Tor J.1 
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Recent Developments ofLQCD(l) 
• improved actions 

Reduce discretization effect (z:t. 0) on coarse lattice 

Sgauge = -J3{coLTrtl+ClLTrB+C2LT;tl+C3LTrtl) 
Co +8c}'+ 16c2 +8c3 =1 

- Renormalization group improvement 
Iwasaki, perfect action etc. 

- Symanzik improvement 
Mean-field improvement (tadpole improvement) etc. 

C,NONAKA, Hiroshima Univ. 

Recent Developments ofLQCD(2) 

• anisotropic lattice (Karsch, Burgers, Nakamura, Klassen, Engels et.al.) 

-	 High accuracy measurement 

anisotropy 


as 
» pole mass analyses at finite temperature 


temperature /' Nt ~ 


»glueball mass (Morningstar et.aI.PRD56(,97)4043) 


- problems 
» as is large 
» Complicated analysis with anisotropy 

C.NONAKA, Hiroshirna Univ. 
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LQCD 

at finite temperature and density 


• Finite temperature 
- Many analyses 

» Critical temperature, EoS, Hadron spectrum 
Transport coefficients, etc . 

• Finite density 
- Complex action problem in SU(3) QCD 
- Response to chemical potential at J.! =0 
- QCD-like theory 

» SU(2) QCD 
» Models with quarks in the adjoint representation 
» QCD at finite isospin density C.NONAKA, Hiroshima Univ. 

LQCD at Finite Temperature (1) 
• Critical temperature 

action Ref. Nf Nt Tc[MeV] 

plaquette [1,2] 0 00 268 

Symanzik [1] 0 00 269 

RG [3] 0 00 276 

RG+clover [4] 2 4 171(4) 

Symanzik+p4 [5] 2 4 173(8) 

Symanzik+p4 [5] 3 4 154(8) 

[1] Beinlich et.al. 
[2] Edwards et.al 
[3] CP-PACS 
[4] CP-PACS 
[5] Karsch et.al. 

Ejiri hep-latl0011 006 
• Order of phase transition 

Nf 0 1 st order 

Nf=2 2nd order 

Nf=2+1 on progress 


C.NONAKA, Hiroshirna Univ, 
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LQCD at Finite Temperature (2) 

• Hadron spectrum 

NA 50 J/V suppression Mass shift of p ? 
... 

CERESlNM5 S-Au 200 GeV/u 
> ... 
~ 

CD 10 2.1 < 11 <2.65 

. . .-.' 
~ 

• Pb· Pb 1998 with Minimum Bias 

0.5 

P.I. > 200 MeVlc 
e..> 35 mrad 

(dNc:h Idll) - 125 

0.2 : 

Pb Pb t 996 with Miniml,lm Bias 
Pb -Pb 19915 

• SoU NA3a 
. p-A NA38 

P - p{eI) NAl5il 

o 
o 0.5 1 1.5 2 2.5 3 3.5 

£ (G9Vl1m3) 

C.NONAKA, Hiroshinla Univ. 

LQCD at Finite Temperature (3) 

• Maximum Entropy Method Analysis 

Y.Nakahara, M.Asakawa, and T.Hatsuda 

PRD60( 1999)091305, hep-Iat/OO 11040 

Spectral Function T=O 

i'_50 

J 25 -+ Finite Temperature 

75 <a) PS channel 
K=O.1557 
K:::{).1545 
K:::-·(}. J 5.~ 

• ~~....--~-...-+-...........~ 
3t (b) V channel 

2 .. , 
m[GeV] C.NONAKA, Hiroshima Univ. 
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• •• 

LQCD at Finite Temperature (4) 

• Chamonia near the deconfining transition 

T.Umeda, R.Katayama, O.Miyamura, and H.Matsufuru, hep-latl0011085 

Gentle slope ... Spread 

-Strong spatial correlation 

J I may not easily be 
melted until 1.5 r; 

C.NONAKA, Hiroshinla Univ. 

:·.• ·:·./;./:.::!.;·:;i;~~ti.~.,_________________ 

LQCD at Finite Temperature (5) 
• Heavy quark potential close to T C 

F.Karsch, E.Laermann, and A.Peikert, hep-latl0012023 

2.00 .....-----r------..,..--~-ry~-,-,-r-';""t... ..-+""'""l-<;- 
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............... . 
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C NONAKA, HirosJlirna IJ 
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LQCD at Finite Temperature (6) 

• Transport Coefficients 

S.Sakai, A.Nakamura, and T.Saito, NPA(1998)515c 

-	 space-time evolution of hot and dense matter 
Relativistic Hydrodynamical Model 

'1 Gev
3 

0.4 

0.3 

0.2 

0.1 
Iwasaki's improved action f f0.0 quench 

1.2 	 1.6 2.0 

TIT 


Shear viscosity in physical" unit C.NONAKA, Hiroshima Univ. 

LQCD at Finite Density (1) 

• Hadron mass response to chemical potential 

S.Choe, Y.Liu, and O.Miyamura (QCDTARO collaboration) 

Staggered fermion (Nf=2) 16x82 x4 
Screening mass 
Ps T = O.97Tc T =1.1Tc 
Response to Ils (Ils = Ilu + Ild) 

Mass 0.295-0.427 0.75 
2nd small large 

(0.18-0.35) (5.39-4.31) 
Response to Jlv(Jlv = flu· .. J.1d) 

1st very weak very weak 
2nd large (negative) weak 

(-13.1--8.56) 	 (-1.32--1.54) 
C.NONAKA, Hiroshima Univ. 

IT ~: ",,0, ~~I...o 
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LQCD I1t Finite Density (2) 

~=5.26 (0.97 Tc) 

rna = 0.0125 rna =0.017 rna =0.025 
Jj 0.295(0.001) 0.352(0.001 ) 0.427(0.001 ) 

2nd response 0.18(0.52) 0.27(0.35) 0.35(0.29) Ps to Jls 
~=5.34 (1.1 Tc) 

Jj 0.751 (0.001) 0.747(0.001) 0.756(0.002) 
(Jls = Jlu + Jld) 

2nd response 5.39(0.10) 5.82(0.16) 4.31(0.10) 

~=5.26 (0.97 Tc) 

rna = 0.0125 ma=0.017 rna =0.025 
1 st response 0.006(0.057) 0.023(0.036) 0.005(0.021 ) 

2nd response ..13.1 (0.60) -10.28{0.47) -8.56{0.32) 

~=5.34 (1.1 Tc) 

1 st response 0.0007{0.0071 ) -0.0008{0.0065) 0.0022{0.0023) 

2nd response ..1.32{0.32) -1.48{0.32) -1.54{0.41) 

Ps to Jlv 


(Jlv = Jlu - Jld) 


C.NONAKA, H iroshima Univ. 

LQCD ot Finite Density (3) 

• SU(2) Lattice QeD 

S.Muroya, A.Nakamura, and C.N, hep-latl0010073 

- Wilson fermion (Wilson action, Iwasaki action) 

-	 Link by link update 44 ,43 x8 
Number density Expectation value of Polyakov line. 

~ 

12 1C =0.158 -e,-., 

1C =0.180 >-+-< 
8 fret~ field limit 

4 

o 

O.S 

L 
0.4 

0.3 

0.2 

I.= 1.60 ... 

... 

...::.,. 

K= 0.185 

,: 0.180 

o 0.2 0.4 
J.I 

0.6 0.8 o 0.2 OA 
Jl 

0.6 

c .. NON.AK/\. Hiroshirna Unl\,'. 
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1 

EiO'en value ol'W
(:) ~ 	 -:J S.Muroya et.al hep-latl0010073 

• Shell and bean structure (B=1.6.. K = 0.180) 
'J 0.8 'J 0.8....--....,----.----.--..-----------.------, 
~ J1= 0.0 ~ 
.§ 0.4 

o 

-0.4 

o 	 2 

J1= 0.4 

.E 0.4 

o 

-0.4 

o 	 2 
Re ().w) Re ().w) 

'J 0.8,------,-----------,----,--,---,-----, ...... 0.8 ....--....,-----------.------.--...--........-----.

l J1= 0.7 ~ J1= 0.6 


.§ 0.4 
 .§ 0.4 
.,- ,.... . .. ~ 

o o ;~~~~~:~~;:i'~::.;:~!~~~; 

:: L-t---'-_~_'____'__---'-_ 
o 	 2 

Re ().w) Re ().w) 

C.NONAKA, Hiroshima Univ. 

-0.4 

2 

SU(2)LQCD

S.Muroya et.al hep-latl0010073 

• Mass of 1t, p at chiral limit 

Jl> 0.4 1t massive 
T 

!
I 	 i 
l. .l;J.·, 

i\ I 
I~ I~ Chiral symmetry restoration I 

t 

. 0 ".,o 0.2 0.4 
II 

C.NONAKA, Hiroshirna Univ. 
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Summary 

• 	Lattice QeD 

PoJII'.IJIfIiJ Tools to understand QGP physics 

• 	Recent developments of lattice QeD 
-	 High accuracy measurement 


improved actions, anisotropic lattice 

computer performance 


• 	Lattice QeD at finite temperature 
- Many analyses 

• 	Lattice QeD at finite density 
- Response to chemical potential, QCO-like theory 

C.NONAKA, Hiroshima Univ. 
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CNS Workshop (first circular) 

Title: 	 Physics of QCD many-body systems 
-- What we learn from the RHIC Year-1 

Place: Lecture Room 1220, the 4th Science Building 
Hongo campus, the University of Tokyo 

Date: February 14 (Thu), 15(Fri), 2001 

Properties of nuclear matter under extreme conditions of high 
temperature and high density, and of hadrons in the nuclear 
matter, have been drawing strong interest of both nuclear and 
particle physicists. Experimental studies with high-energy 
heavy-ion collisions have been a strong driving force in the progress 
of this field. With the startup of the RHIC operation in the summer 
of 2000, further progress is expected in understanding properties of 
hadrons and QCD many-body systems. 

The main focus of this workshop is on the hot results from the RHIC 
Year-1, with enough time slots for discussions. Related topics are 
alos covered; experimental results from KEK, GSI and CERN-SPS, and 
recent theoretical processes on neutron star, color super-conductivity 
etc. 

Those who want to have further information, are recommended to visit 
the home-page listed below. 

* Home page: http://phenix.cns.s.u-tokyo.ac.jp/cns-ws/index.html 
* Due date: December 10th (Sun) 
* Email: ws_secretary@cns.s.u-tokyo.ac.jp 

Organizers: 
H. Hamagaki (CNS/Tokyo) hamagaki@cns.s.u-tokyo.ac.jp 
T. Hatsuda (U. Tokyo) hatsuda@phys.s.u-tokyo.ac.jp 
H. En'yo (Kyoto U.) 	 enyo@nh.scphys.kyoto-u.ac.jp 
M. Asakawa (Nagoya U.) yuki@nuc-th.phys.nagoya-u.ac.jp 
S. Sawada 	 (KEK) shinya.sawada@kek.jp 
K. Ozawa (CNS/Tokyo) 	 ozawa@cns.s.u-tokyo.ac.jp 
J. Nakano 	 (CNS/Tokyo) jnakano@cns.s.u-tokyo.ac.jp 
T. Sakaguchi (eNS/Tokyo) takao@cns.s.u-tokyo.ac.jp 

-230

mailto:takao@cns.s.u-tokyo.ac.jp
mailto:jnakano@cns.s.u-tokyo.ac.jp
mailto:ozawa@cns.s.u-tokyo.ac.jp
mailto:shinya.sawada@kek.jp
mailto:yuki@nuc-th.phys.nagoya-u.ac.jp
mailto:enyo@nh.scphys.kyoto-u.ac.jp
mailto:hatsuda@phys.s.u-tokyo.ac.jp
mailto:hamagaki@cns.s.u-tokyo.ac.jp
mailto:ws_secretary@cns.s.u-tokyo.ac.jp
http://phenix.cns.s.u-tokyo.ac.jp/cns-ws/index.html


eNS Workshop Program 
Physics of QeD many-body systems 

Ifhat we learn from the RIfle Year-J 

2/14 (/fED) 

9:00 - Registration 

9:30 	- 10:15 (40+5 min.) 

RI-lIC: the year in review D. Morrison (BNL) 
10:15 	- 11:00 (40+5 min.) 

Measurements of Global Variables at PHENIX K. Homma (Hiroshima Univ.) 
11:00 	- 11:30 (25+5 min.) 

First resul ts from the STAR experiment at RHIC A. Ogawa (Penn State Univ.) 
11:30 	- 12:00 (25+5 min.) 

First results from the STAR experiment at RHIC - soft hadron physics 
M. 	 Kaneta (LBNL) 

===================== Lunch =========================== 

13:30 	- 14:00 (25 + 5 min.) 

1r 0 Production in Au+Au ColI isions at S1l2 = 130 GeV K. Oyama (Univ. of Tokyo) 
14:00 	- 14:30 (25 + 5 min.) 

Charged Hadron pt Spectra T. Chujo (BNL) 
14:30 	- 15:00(25 + 5 min.) 

Part icle rat ios in PHENIX at RHIC H. Ohnishi (BNL) 

===================== Coffee Break ====================== 

15:30 - 16:00 (25 + 5 min.) 

CERN 	 SPS hadron measurement 
- Flow measurement with a puzzle, and interpretation of low mt enhancement of 
pion spectrum. 

S. 	 Sato (Univ. of Tsukuba) 
16:00 	- 16:35(30 + 5 min.) 

Hydrodynamical analysis of elliptic flow at SPS and RHIC 
T. 	 Hirano (Waseda Univ.) 

16:35 	- 16:55 (15 + 5 min.) 

Three particles Bose-Einstein correlation in terms of Coulomb wave function 
M. 	 Biyajima(Shinshu Univ.) 

18:00 - Reception 
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2/15 (1HlJ) 

9:15 	 9:45 (25 + 5 min.) 

Electron Measurement in PHENIX Y. Akiba (KEK) 

9:45 	- 10:15 (25 + 5 min.) 
Observation of pi w meson modification in nuclear matter 

M. Naruki (Kyoto Univ.) 

10:15 	- 10:50 (30 + 5 min.) 

Hadronic constraints for vector mesons in medium. Su Houng Lee (Yonse i ) 

10:50 	- 11:25 (30 + 5 min.) 

J1'l1 in pA and AA H. Fujii(Univ. of Tokyo) 

11:25 	- 12:00 (30 + 5 min.) 

Quark mat ter in neutron stars T. Tatsumi (Kyoto Univ.) 

===================== Lunch =========================== 

13:30 	- 14:05 (30 + 5 min.) 

Direct Photons in Pb+Pb ColI isions T. Awes (ORNL) 
14:05 - 14:40 (30 + 5 min.) 

Photon and Dilepton Emission Rates 	from Ultra-Relativistic Heavy Ion Collisions 
Jan-e Alam (Univ. of Tokyo) 

14:40 	- 15:15 (30 + 5 min.) 

Re-Hardening of Hadron Transverse Mass Spectra in Relat ivist ic Heavy-Ion 011 isions. 
A. Ohnishi(Hokkaido Univ.) 

15:15 	- 15:50 (30 + 5 min.) 

Quark-gluon Plasma and Lattice QeD at Finite Temperature and Density 

C. Nonaka(Hiroshima Univ.) 
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Participant List 

Akiba Yasuyuki tJdl liz KEK 
Alam Jane University of Tokyo 
Awes Terry ORNL 
Bentz Wolfgang Dept. of Physics, School of Science, T okai Univ . 

Biy~ima Minoru • i:tA • lIffl:*:~.~. 
Chujo Tatsuya tP~ iltfl Brookhaven National Laboratory 

Danmura Ayako fffi*1 *D.J..'f ~~:*:.~••~ ( - ~if) 
Esumi Shinichi u:1IJ . .5.:*:.~.*~ ( - ~if) 
Fujii Hirotugu .# ~~ ••:*:.:*:.~.e~~ifHMm.aaM.~ 

Fukushima Kenji *- iIt ••:*:.:*:.Jf1C.*~ifH';j. 
Hayashigaki Arata #iI if ••:*:.:*:*~••~ifH'4(f]JEBif) 

Hirano Tetsufumi IfIIf m-~ .IIEB:*:.JlI..tIl 
Homma Kensuke *M •• ~A:*:.:*:.~.*ifHM~.M••~ 
Ishihara Aya :fiJI{ :5t1f The University of Texas at Austin 

Ikeda Takashi )ihEB .. ••:*:.:*:.Jf1C••~ifH'4 (f]J EB if) 
Kajihara Fukutaro WJI{ 3xiB Jj!.IIEB:*:••I.~. 
Kajimoto Kohei W* ....?"'l. \ Jj!.11 EB :*:~ :*:fI' tP1IifH • 
Kaneta Masashi *m ftiJij Lawrence Berkeley National Laboratory 

Kim Hungchong Institute of Physics and Applied Physics, Yonsei Univ. 
Kiyomichi Akio ;.iI ~J5 lnst. of Physics, University of T sukuba 

Lee Su Houng Institute of Physics and Applied Physics, Yonsei Univ. 
Lange Soren FRANKFURT Univ . 

Maedan Shinji 1fJ~ • :A-It:! Tokyo National College of Technology 
Masui Hiroshi iI# iii .~.:*:.~••~ (=B~if) 
Mineo Hirobumi *. .~ ..:*:.:*:~Jf1C••~ifH'4 (f]JEBif) 

Miyama Masanori ~LlJ :iE*C Department of Physics, Tokyo Metropolitan University 
Mizoguchi Takuya ;to •• A~•• 
Morrison Dave BNL 

Morita Kenji am iltiJij .11m:*:••I..ftI1 (:*:flif) 
Muroya I Shin .i:t 'I) Tokuyama Women's College 

Muto Ryotaro It. JE::t:iB ••:*:~ ••ftI1 
Naruki Megumi Jit* • ••:*:~••ifi 
Nonaka Chiho IftP .:ra ~A:*:.:*:.~••ifHM~.M••~ 
Ogawa Akio IJ\ HI Bl~ Penn State Univ I BNL 

Ohnishi Akira :*:l§ ~ ~t.lI:*:••~!IJ~••e:1! 
Ohnishi Hiroaki :*:l§ ~~ Brookhaven National Laboratory 

Ohnishi Kazuaki :*:l§ -It ••:*:.:*:.Jf1C.e~itifHt~ 
Oyama Ken :*:LlJ iIt ••:*:••..'ff.iM.ifHiz~~-
Saito Naohito •• ilA RIKEN/RIKEN BNL Research Center 

Sakai Shingo i;i~M .It .i!:*:.!f'-J.~~ (=.lUJif) 
Sakuma Fuminori tlf~M .!EA ••:*:~ ••• 
Sakurai Katsunori .# IIllJ .lIm:*:. :*:fI' tP lIifHI! 

Sato Susumu tlf. jI Inst. of Physics, University of T sukuba 

Shovkovy Igor School of Physics and Astronomy. University of Minnesota 

Sumi Yoshio • .Jt •• Department of Clinical Radiology, Hiroshima International University 

Suzuki Naomichi -* ~lI "~••I1HM:*:. 
Tatsumi Toshitaka • It• ••:*:••~. 

Torii Hisayuki A# ~ft Kyoto Univ.lRIKEN 

tsuda keiichi *EB 11 Jj!.11 EB :*:. :*:fI- tP 1IifH. 
Yabu Hiroyuki Ii itz •••.tr:*:•••• 

Yokkaichi Satoshi 298m tI RIKEN 

Yokokawa Kazuo 11m -~ .Jj{:*:.:*:~Jf1C••~ifHM(f]JEBif) 

Yoshida Shigefumi aEB lI.!E Jj!.11 EB :*:••I.~. ~.-ZJij~.~t4 :*:tI· tP!IifH. 
Zaic William Columbia University 
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