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David Morrison, Brookhaven National Laboratory

« an awful lot has happened in last 6 months

« summary talks at QM’01 concentrated heavily
on RHIC results - still not enough time
— I've “borrowed” liberally from those talks

» |'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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RHIC preps for collisions

collisions d:etected,
Long Island unscathed

more collisions, CNS Workshop
press release
130 GeV/A Au+Au| [ Quark Matter 2001

june august october december february
july l september  novemper january
PHOBOS paper | | JPS || APS EROOKNAVEN

collisions!

PHENIX Central Arms
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the lay of the land

12:00 o’clock

- BRAHM,

. 2:00 o’clock

PHOBOS
10:00 o’clock -

RHIC
PHENIX
8:00 o’clock STAR
o 6:00 o’clock

4:00 o°clock -

Design Parameters:
Beam Energy = 100 GeV/u

O 9 GeV/u No. Bunches = 57

High Int. Proton Source  BAF(NASA) 1 49 Q=+79 No. lons /Bunch = 1 x 10°
T e = 10 hours

stove

L,. =2 X 10% cm2sec!

{IEP/NP

1 MeV/u
Q=+32 TANDEMS

——_—

o
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the accelerator

- two separate rings B —
sharing one tunnel .
» power supplies for

some magnets not B
installed yet

* no storage RF

+ accelerated to 130
GeV/A

— below quench current for
final steering dipoles

» few ub-' integrated L

3 i
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~ “phase transition” in the accelerator

* RHIC is first
superconducting

Transition energy AE= 200 MeV accelerator to have to
deal with this
Beam energy ~ low, high energy particles

in bunch have same
orbital frequency

— intrabeam scattering
+ full complement of

magnet power supplies
will help next year

Transition energy

Beam energy

T. Roser

-
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global features of Au+Au collisions

* dN./dn at mid-rapidity dN,/dyl,-o 200 GeV/A

— models predictions vary SMMIE. LS

by over a factor of two 9| HUING o e gy e
qui9| HUING4ZPCHART ety - .
+ dNg/dn vs centrality, n o It F I
U (28] ‘-
— does wounded nucleon Qo9 VNLAUQMD it
model still hold at these qu99| HSDYNI4HSD ool
. NEXUS hcar D e
energies? el it e
H HP= H 99 | DPMIET (Po-th. ¥ o
* dE;/dn at mid-rapidity | e .
H 600 | LEXUS 5% : s
. ngt bary_o_n density at o |t o 8
mid-rapidity ® [ HdoriomD 0 8
— how close arewe to a boot ol U O
(net) baryon-free central bbb b iid e L
region?

P. Steinberg -
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charged particle multiplicity

4r —= - « good agreement
'PH: ENIX Rt RS between different
[ experiments
= 3.5 ;
= | + wounded nucleon
o 4 models fails
= | « evidence for rise
§ { with number of
S 250 T YTX & SPEC Tracklens collisions
| —e~ PHOBOS PRL
i ——pp * not at all trivial to
2r | | o Prex determine N, !
0 100 200 300 4g0 ° noteveneasyto
N determine o,/
P. Steinberg part
pseudo-rapidity distributions
eool. 0 0.3

dN_,/dn

(dNgy/dn)/("2N )

g oy Data . PHOBOS has really

L

-15-20\ :

: N . fantastic verage
40035-4 > . N coverag

o . % « when wounded nucleon

model is divided out,
there is still an increase
at mid-rapidity

* evidence for some

relative decrease in
dN_ /dn at high n

n B P. Steinberg
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J Minimum bias £, distribution at mid-rapidity
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* acceptance

— Inl <0.35, A¢ = 450
studied vs charged
multiplicity and N,
dN_/dn and dE,/dn 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?

L
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net baryon density (via p/p)

1 1

o
Q. L
\ I
— 4+ 94 | j
g Tt

I 04t "‘
a2 ~ -
Qi px 0
Oi | ) e : Lo
1)) 0.2 [ X] 06 08 1
GeV/c
H. Huang Pr ( )

-y

value of p/p ~ 65%

— implies that 2/3 of
protons at y=0 come
from pair production

—~  plp<1isnot “bad”
much closer to
baryon-free central
region compared to
SPS

gluon dominated
central region

g
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- 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

-
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meas urmgelhptlcﬂow two methods

y
) .,..QM‘ . .
0 g% o particle production
e X .
—e O relative to an
- identified reaction
£ = -5 (00512)41) plane
(y2 + xz) ¢ = atan—~
Py
R(A
CAad)= (4¢) angular correlations
B(A¢)

P. Steinberg BROOKHAVEN




centrahty dependence of elliptic flow

1

Vy 0f g midkapiGiy 0} £1.0... ﬁ‘xm
[ ' == Hydrodynamic modelj
0.08 l ® PHOBOS Preliminary—| Ry ROS

I O STAR (PRL)

8ol

0.06}

L.l

0.04

el ,& :

1

0.02f

i

00 0.2 0.4 0.6 0.8 1

relative centrality

P. Steinberg

surprise: very strong elliptic flow
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p+ dependence of flow

+ STAR Min. Bias Data (statistical errors only) Hydro+GLV: M. Gyulassy,
- Hydro+GLYV quench.,dN g/dy‘;-*l(]’{)'l) [. Vitev and X.N. Wang,

- Hydro+GLY quench.,dN /dy""OO nucl-th/00012092

- Hydro+GLYV quench.,dN #/dy=200

vy (py)

0 05 T 15 2 28 3 35 4 45§
p, [GeVic]

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

P

R. Snelling SROOIRAVEN,




spacetime extent of source (HBT)

. . . = » STAR
. §urpnsmgly little change i« —
in source parameters b e .
from SPS e .
— people had been Ess L %eeq, s ® ¢
prepared for huge = .t
sources! E°
- possible that extraction dJ.f = , ¢
of HBT values is ze - :
infl db 3ot c
influenced by very 54 R prSTAR
strong flow at RHIC £ .
=4 ¢
5:2 3 "0” T *
gl | i
1 0 .10
Ny (GoV) oy
J. Harris NATIONAL LABUORATORY

particle ID by dE/dx in STAR's

*
N

(GeVicm)

o
k.

dE/dx
=)
2

4
b 1 p(Gevic)

TPC

Pl
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~ particle ID by TOF in PHENIX

PHENIX High Resolution TOF
F Au+AuNs = 130 A GeV
o J,_é T+

K+

e

1Momentum [(GeV/c) ']

2
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H. Ohnishi

1.5<p<1.6GeVic |

n/K separation

GeV/c
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i
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topology and invariant mass
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p+p pr spectra

« power law p- fall off

« interpolated to RHIC
energies

» provides basis for
comparison with high
pT single particle
specta in Au+Au

- power law fit "»\ -

10- * — interpolation to 130 Ge\{\
10 G
p, (GeVic)
A. Drees
b B g )
it's all p’s out there!
= 3\ SHENIX orelim + pbars = n-’s at about
=~ [ mil
3 0 BN a7 2.0-25GeVic
in. bi : :
A AN min o - same is true for p’s and
g 1 o "*" TC+’S
o K . . .
Sk :“". * odd in picture ‘of high p;
= N jet fragmentation - you’d
S L LT expect n’s
3 o Ay *’3";‘.'
Sethi W
4f °K %, .‘F"-\
10 -~ fi .
sf DN
sasa byl Ll d 5
0 o T T T s
J. VGIkOVSka pt (G9V1C) NATIONAT FAHORATORY
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what is the expected p; behavior?

Cronin effect:;
increase in s
yield vs pT,

A. Drees

o
relative to %,
-4
p*p
a5
s}

2’

2 ba b

YT T Y T T Ty v
4

No shadowing )
N --—n EKSSS ahadowing
{ \' . HIYING shadowing

7 mutAu(be0) VAm200 GeY

beasdaa

02

s dasadaselsaalbog
4 6 8 10 12 14 1o
ps (Gev/c)
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normalizing yields to p+p

no Cronin effect
seen - instead
particle yields

(relative to p+p)

turn over and fall

pr =2 GeV/c

'g 14 r  5%central preliminary

S 12 | o PHENX (h+h)2 o PHENIX 2

g = STAR K’ » PHENIX (r*+n')/2

L

< o $ :

S o8 ..’++++H++ i

,.%0.6 o ..- nnu°¢l¢¢ 8 +

gos |-, ;}++ t at about:

gor YN

vo-9|l|’|Alllllsl||a1||lJlllJlll
) 1 2 3 4 5 6

T p, (GeVic)
2 GeV/c
A. Drees
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peripheral Au+Au

o 10 )
oor : X
% F o PHENIX prefiminary S 1F PHENIX preliminary
N ] E
0] i
= 1¢ % h's v g: -1t e
g 5o peripheral (80-92%) §10 F  \  perperrsazn
zZ, Z ,
510 | matches well \M A\
f o with pQCD |5 ———yp}
] ; . N, - )
S calculations | =10 }
3 3 . E O
£10 Z 4
- ; =10
4 E
10 EXN. Wang (2001) -5} XN. Wang PRC 61 (2000)
Lo QEAX w O - -
‘5: :Em fimm 10 : ar:mma;nng,mummm
10 :’wd\m;m; ;:.bmnx § ----dw-"::m
P OBk« 025 Gevim 10 ¢ .0
o —m— s
e R S R R R R T e
p, (GeVic) p, (GeVrc)
A.‘ Drees, X"‘N. Wang NATIONAL LABORATORY
}E PHENIX prefiminary § 10%¢ PHENIX preliminary
O .,2 o . 3 ;
=10% o h*+h - = o
!9' % ; central (5%) pQCD hlgher %10 3 central (10%)
510 | than data; better |
z g . -1 L
g if jet quenching €
8§ 1¢ included 8T
ggm B gw .  energy loss?
10 2 ;‘K‘NAng(zom) -3 XN Wang PRC 81 (2000) ? ]
-3: _dmgf:;:mm.mumum 10 Er__:ea:n‘n;:mm,mnmnm
O me
[ dEcx.0.25Gewm + 10 F  gsox-o02500vm
4 ahadowing, pt-broading - shadowing, pt-bading
10 01L1k1]x " é;).;é 4: 15 Olll‘i“l‘é‘gh‘Aé“L‘aA‘A5
p, (GeV/c) p, (GeV/c)
Au Drees, X—N . Wang ‘ NATIONNT PABORATOGRY




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 50% polarization

NATIONAL LABORATORY

Q 001 RHIC Year-2: (pp in Summer 200° T
# Fully equipped Snake and Polarimeter

RHIC pC Polarimeters iNFW' “““m'l
“ “ aihiie . {
_"_W”
NEW!

: NEW! |
/ Siberian SnaKes

2w [0 Pol Protons - Bunch
e N e S\ 20 1 mm mirad
Pol. Proton SnurLC
SO0 pA, 300 ps

200 MV Polarimeter

ﬂ RtKEN Mewtrio Sanio (KEKE N RHR)L ”

.- A( 1S [ntermal Polarimeter

RN T T
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experimental improvements

RHIC gets more Siberian snakes

STAR gets a vertex tracker

— look for displaced vertexes (B mesons)
PHOBOS gets a true second arm

— pairs at very low p;, sensitive to large scales
PHENIX gets an entire muon arm

— not the only addition to PHENIX, but it is a big one

''''' .l
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with luminosity we will see ...

pair physics (e.g., vector mesons: ¢, J/¥)
very high p; physics (15-20 GeV =°’s)
direct photons

scans in energy and species

p+A or d+A to establish baseline physics

systematic studies
— energy scans
— species scans

NATIONAL {ABORATORY
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- single electrons

» with more luminosity, |
look for heavy flavor & f, PHENIXPrefiminary -
+ gﬁ W, MinBiasAusAu
decay to e~ N Y
- also combinewithuto  |8'F &, o
look for open charm via | «¥%, ?t Per
"i’* ;
,,._:5,_...«,
Wk =#¢ * o
. " )
10
=
10 :f:_____‘
10 “'—"—1~
S EURTY FRURE FYUTE FUUTY PURE I SRS AT
[:X] 1 15 25 3 33 4
P, (GeVK)
~ di-electrons
* not enough integrated -

H H r PHENIX PRELIMINARY
lummos&ty from RHIC to I Min Blas Als AU
do J/¥ this last year W \[5 00 - 130 GoV

. . . . 5 conversion background
* will be possible in this , |
coming run , e
‘wz;
10 5‘
E combinatorial
[ background
the true believer 15
’ i SEUT TR PRV POV i "
sees J/¥'s here! R W

s
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what didn’t | talk about?

event-by-event fluctuations

strangeness production

— soon to be charm production

slope parameters from p;, m; spectra
equilibration questions

— baryochemical potential, freeze-out parameters
direct photons

literally, dozens of other things!

o

NATHONAL LABURATORY

summary

huge quantity of experimental results -
RHIC works!

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

particle composition, flow, 70 py
spectra all point promisingly in
direction of jet quenching

spin commissioned

vector mesons coming with fuminosity
experiments getting new detectors
next run A+A at full energy, high
statistics, polarized p+p too!

RHIC has stomped onto the physics
scene - ozekilast year, yokozuna this
year!

NATIONAT LABORATORY




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.
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Measurements of Global Variables
at PHENIX

Kensuke Homma
Hiroshima Univ., Japan

On behalf of the PHENIX Collaboration

1 Feb 14,2001

Contents

O Charged Particle Multiplicity and Transverse
Energy in Au+Au Collisions at \/sNN =130 GeV

(Nucl-exp/0012008 submitted to PRL)

] Prospects to search for anomalous
event-by-event fluctuations

2 e il Feb 14,2001
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Charged Particle Multiplicity
and Transverse Energy
* Introduction:
Importance of N, and E, measurements
The PHENIX detector.
Experimental results:
dN_,/dn distribution at mid-rapidity
dE,/dn 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, and NV_,

Initial conditions, energy density of the system.

>

Scaling with s.

Mechanism of particle production, soft vs hard?
Soft: N, <N,

c part

Hard: N, <N,

C

£

w

Constrain theoretical predictions.

Feb 14,2001




Theoretical Predictions

| * Various models predict
s [__Au-Au collisions _| different trends for
AAASRREAN RARAE RARRE RN RARAS RELAR RALL
(dN/dn)IN ,,,, vs N o

g“ | 200
.:g; e P,—P"Esy HIJING: (Wang, Gyulassy,
%

ssp nucl-th/0008014)
3 -
I 130 GeV

(dN,,/dn)/N_ _ increases

i

aafisasdysaalsavaletatiags

’ part
il : with Npm
12 E .
15 " = 56 GeV : Saturation model: (Eskola,
U HUING R | Kajantie, and Tuominen hep-
05 — Saturation model ® PHOBOS- ph/0009246)
1)][&IL}‘,E)IL]J!l'lj)L!lli():lxil‘]lxak!: : i 3 . ) ’
% "s0 100 150 200 250 300 950 20 (dN,, /d?‘])/]\{uart constant
R Vs ‘.Npart
5 Feb 14, 2001

PHENIX-Setup: Beam View
* Pad Chambers:

Rpc;=2.5m
RPC3 =50m

n] <0.35, A = 90°
8 x 4320 pads.
€>99%, 6 ~2 mm

x Lead Scintillator
EMCal.

Rpyeg = 5.1 m.
ml < 0.38, Ad = 45°
2 x 2592 PMT

18X,, 0 ~ 8%
2001

for ng%’l?-quanta

West BeamView East




PHENIX-Setup: Side View

S

Central Magnet

da
ZDC North

]
~ MulD

South
-

South

Side View
» Zero Degree Calorimeters * Beam Beam Counters

Spectator neutrons with [1| > 6 64 Cherenkov quartz
Z|=18.25 m counters with PMT readout
.,

3.0 < | <3.9 Ap F86Haw!

Trigger and event selection
* BBC trigger:

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

Corresponds to (92 + 2)% of the geometrical
Au-Au cross section (G, = 7.2 b).

* ZDC trigger:
Coincidence of both ZDC (E > 10 GeV)
Includes mutual Coulomb dissociation processes

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

* Event vertex restriction:

|Z| <20 cm around centre of interaction region.
8 Feb 14, 2001
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Charged Multiplicity Determination
* Procedure: count tracks on a statistical
basis, no explicit track reconstruction :

Combine all hits in PC3
with all hits in PC1.

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: | | _Accepted tracks
Peak at low R e S Sty S———

primary particles coming
from the event vertex

TracksX event"cm)
- g
T !'ML]: ¥ 1 1i¥F !

Combinatorial background:
dNg/dR o< R

Exponential tail:
in-flight decays

T lwqu)mrrﬁ‘m&w&kaﬂor.l‘vvm

P PR

. ddod bl do dd oo r' s‘ 1 1- 5 -1-5|:
0 5 10 1% 20
R projection (cm

* Number of tracks per event:
Subtract average background on an event-by-event basis

Count all tracks within R=25 cm
(= 95.9% of all tracks) Feb 14,2001




u L l TT ' T l T l Ty T ’ LIS ] ‘ LI I l T E
K] B Minimum bias nultipliclty disirkriion a nﬂ-rqﬂy .
>1l‘ By 3
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. L .-...... .... -
Ll *ee, 3
= .
C Ll ]
2 2
" ., 3
*s
1q . s, I
PHENIX .
1 Au-Au Vs, = 130 GeV
&
I 111 I Li.i l i1l I i1 L I 111 f

Minimum-bias multiplicity distribution
at Vs, = 130 GeV

Vllllllllltl!lll
0 20 44 & N 100 122 40 180 K

* 92% of O,
(Missing events are all in the
lowest bins)

] * Shape at high

multiplicities determined
by fluctuations due to
limited acceptance.

1. Scaling factor (geometry)

to one unit of rapidity 5.82

(lower axis).

Number of fracks

0 2 m o

dNﬂ’dnlﬁ Feb 14,2001

EMCal energy response
* Energy scale: °
Tt° peak at

EMCal measures full 136.7 MeV/c?
energy of yand e*
Slow hadrons are
absorbed in EMCal
Relativistic hadrons : _
produce MIP peak M (GeV/c?)

. R :

* EMCal energy respoN Ai(},:‘;r;:ta.
proportional to E,: 0 MIP peak at
E,= 1.17 +0.05 EEMCal ,% 270 MeV

EMCal energy resolution .

) Blue curve is
not important for the E, AGS test beam
measurement . data with ©*

12 0 0.1 02 03 04 05 06 07 08 09 1 Feb 14,2001
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Minimum-bias transverse energy

distribution at Vs .

=130 GeV

S b ienumbasE, deviutonstmibrgidy | 3 « 92% of o,
>10 ‘" PHENIX oreli 3 (Missing events are all in
E preliminary .
- Au-Au s, = 130 GeV the lowest bins)
H
we * Shape at high
- e, 1 multiplicities determined
W'k " by fluctuations due to
- limited acceptance.
e * Scaling factors:
i Transformation 1.17
L e e 3In¢lnsto ; Dead areas 1.03
| L ‘ g(GeV) Geometry 10.6
0 200 400 o0 gE Y
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Centrality dependence
L BBC v8 ZDC anaiog respanse _ » Use BBC — ZDC response

to define centrality cuts

(in 5% bins of o)
* Determine
<ch,,/d77.> and <dE /dn >
vs centrality
A ias traneveras ‘ Wonnmi
: . Ab-Au ',;‘-13)0;.\!
7 ‘0‘ : 19’ ,,,,,,,,,,,,,,, ; i
w 10
1 ; . :
1k PHENIK I
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and N, coll

art

Calculation of Np

Use simulated BBC — ZDC
response to define centrality cuts.

Relate them to V,,, and NV, ,

part
using Glauber model.

1
0.9

Ezne/E 2ne uax

Straight-line nucleon trajectories

Constant Oy, =(40 = 5)mb.

FETUE FUTVE VIS PRUIE DURTT PP WP s .
03 04 05 08 0T 08 08 1

Woods-Saxon nuclear density: OacOsec.ux
1

P(r)=Po'—ﬁR—
I1+ex
{7

R=1.194"%-1.6147"" =(6.65+0.03) fin
d =(0.54+0.01) fin
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Centrality dependence

dN ,/dn / (0.5N,)

b

Au-Au collisions at \s,,, = 130 GeV * Data shows clear
5E*Xl1{;s<x{iflll«lll;1||»||(i|]rr|x§¥|7:_:_ increaseodec’/dn
4.5; 7 per participant vs N,
a- e
] M.
s S, - In contrast with
3 1 EKRT saturation
2.55 : - model |
2 ; Similar to HIJING
5 - (although data
" HUING e PHENIX A ~15% hi
R 4 PHOBOS - 15% higher)
- 0.5f — Saturation model ® UAS -
: 0’.._...1....!_1\.1..1.1...!..3,.‘. i».;‘.vL,.l.J,JJ»..LJ j‘ .‘LJ,.S.I..JVJV.L pA |;j A }L_LJ..JE
50 100 150 200 250 300 350 ﬁmo
T p

16 Feb 14,2001




Particle production mechanism
dX/dn| _, = AXN,, +BxN

part coll

g By e e PR Y. T ——
z b Mu I
3 ‘E L 1 : mP lcity - 3 | Transverse energy |
- : ; 32 b - ;
% 35 ]
Z af- 2.
o $
18 -4 = ). 24 :
A o 88 + 0 28 | | A=0.8010.24GeV)
15~ — S S : ...:
o :B ...L 0 341_10 12 Lo s B-70.23|.£0 OquV)
beanad PH! ‘\H’( prdm nmw ’
o LA 3R 800 20 42800, LU LA—‘-JS“‘J*‘J«{J 1A Ak Adedod, . DA Al 803.4.0.00 3 dotd fod b Ao det LLL,&.E ML’.&&J
0 50 100 150 200 250 300 350 400 | o 5u1oo1sozoommasa4m

“9
* Consistent results:

B/ A4=0.38+£0.19 B/ A4=0.2910.18
* Hard processes contribution increases with centrality:

from ~30% mid-central to ~50% most central
17 ' Feb 14,2001

Comparison to CERN results
dX/dn] N

part
[ uunmncny

(=4
£

dEon(0.5M,) (GeV)

e et H - . 'w ‘
tNIX m, nmmrv i

2" %

so“ifi 1io zoo zéos» 350:00 - m’""‘“w‘"oﬁ"‘is? P 35“5“"?0
o-~value Multiplicity Transverse energy
PHENIX 1.16:0.04 1.13+0.05
WA98 1.07+0.04 1.08+0.06
N WA97 1.05+0.05 cooid 2801



http:A=0.29+0.18
http:A=0.38+0.19
http:O.88fO.28

Transverse energy per charged particle

t‘l’nmvmo anergy per charged particle 4. energy p
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dE,/dN, independent ofVs,,  dE,/dN,, independent of N,,,,

19

Feb 14,2001

p)

o > - S
AR L e s S T T T
t € v
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3E /dy/(0.5N ) (GeV)
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AGS»

e B

el

\/sNN dependence

o ldNdyioSN)| . Assumptions:

R

% “ in Lab in C.M.

RO dx _dx ax _, ax

B T | dy dn dy  dn
Ede/(ostt l * Energy density (Bjorken):

B oL dE R=1124"

H ? B nR*t dy T=1fmlc

S * From SPS to RHIC

4

A

RMIC

el

& (GeVitm™3)

@B ow s .,
e 7
IR e 4

e B o
R
oo

S @ mENx - ‘wass

O PHEMMpebminery % WaAS?

+ T Energy density | ~50% increase in dN,,/dy

e ~50% increase in dE/dy

T e at least 50% increase in €
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Conclusions on Nch and Et

* Centrality dependence of particle dN,,/d1 and dE,/dn
have been measured in ‘/sNN = 130 GeV Au+Au collisions.

* Both dN,,/dn and dE,/dn) per participant increase with
centrality:

® in qualitative agreement with HIJING
@ in contrast to EKRT saturation model prediction
@ the increase is stronger than at SPS

* dE,/dN , is independent of centrality and of \/sNN.
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Prospect to Search for Anomalous
Event-by-Event Fluctuations

Focus of this talk

O Construct an analysis framework to search for
anomalous fluctuations.

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

22 Feb 14,2001
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Motivation Introduction
Search for anomalous event-by-event fluctuations on the conserved
quantum numbers; Nq — Nq_

9= AT LN
N,+N;
where g can be any conserved quantum numbers like
charge, barvon number and isospin.

Fluctuation scenarios

a) Most probable Aq is same as standard values, but the size of
fluctuation is different from the statistical fluctuation

=> Net charge fluctuations

b) Most probable 4q deviates from standard values => DCC

Assuming anomalous fluctuations could occur at any location and at

any size of phase space=> Need multi-resolution analysis
23 Feb 14,2001

2bins, ;=8 - Phjscrete Wavelet Analysis
Input Signal

e ‘ . Scaling Coefficient ¢@,
} w =fom +givg 0
£ ¢ f(})(t) — Zc(j)k(])(zjf —k)
- e Coefficients at resolutlon tevel j«7 ! Wavelet Coefficients at mgg_,o_:_-l tevel jo7 k=0
‘::.1-:7 _‘ . .
‘ E LA : Wavelet Coefficient d®,
3 W res0 j i 2741 . .
=6 ; , |8V 0=Xd @tk
i ;: k=0
‘ Coeflicients at resolution level ‘ .
=5 % ' .~ Power Function P¥
Ea ; :‘ [N \'::\ n 1 2J .1 D e
,,,,,, ho s .4 pNR I, Ny
< ] Wavelst G r Tevel f P = i d / k
L al’ 2 [~ ¥ resolution : 2} ;I |
U NS 3 Observable !
- e ' WI 4 Gimvgies Couticients & ievei s .
- I ' - Analyzed by Daubechies3 wavelet
=21 % - ~__- 1| 4 \/ Feb 14,2001




Fluctuation Scenario a)
Introduce artificial rapidity correlation
between neutral and charged pions to  A.(T) vs M, PO vs j
e C——

realize smaller fluctuation size. =
HIJING =
(Normal )=
4y N @0)/2= N, @)
2 N_./2+N,
T -
N -

5\ e
N = 2;
25 -

Fluctuation Scenario b)

Enhance neutral pions in a rapidity bin |
by taking 30% neutral pions out of A (M) vs 1, PO vs j

?F
total generated neutral pions. HIING 3 1
(Normal)s ) Fb i 5 3 4 S
",.‘..'.:.:.:.::.._,,Jﬁ. s
N (nk)/z_NO(nk) 7
4, M,)= z - - '
z N_./2+N , -
Enhance ¥ in N = ”;E
AT = 0.7/28 30 W
—“ T 7
N 2: A _‘——4—_.__._,_
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Data Analysis

4 Na2-N, NN,
? " N./24N, N_.+N,

Nt (M) = Ny _ieerca(Th)

Npcr + Ny _jiermcar

in WO+W 1

A4y, ()=

Run selection
one of B-field off runs, run 12426 was used in which obvious

detector anomalies could not be seen.
DST version
V03 (available in /phenix/datal3/dst_data_v03)

21 Feb 14,2001

Event selection

1. Trigger selection: ZDC&&BBC (0x4000)
2. PC1 Z-vertex: |Zpcl|< 20 ¢m

3. Photon selection:

corrected EMCal energy, ecore > 0.1 GeV
corrected EMCal ToF, -1.5<tcorr<2.5 ns

4. Rejection of PC1 associated EMCal cluters:
only for EMCal cluster with ecore < 0.7 GeV,
EMCal clusters with d,y,.,.pc; < 10 cm were rejected as hadron like
clusters, where dgy,c..pc; 18 @ closest approach distance between a
PC1 extrapolated line and a EMCal cluster.

5. Centrality selection: divide into five 20% percentile bins.

28 Feb 14,2001




After trigger and Z-vertex selection
1 (PC1 clusters) 0 (PCI clusters)

Data: Red
HIJING: Blue

- -4 - B 1] L]
n (EMCal clusters) ¢ (EMCal clusters)

No obvious detector anomaly is seen !

29 Feb 14, 2001

Photon selection

[__Energy of EMCal Clusters ( Real Data ) |Corrected TOF of EMCal Clusters ( Real Data) |

tcorr (Data)

P TR Y PR

R —
ecore (HIJING) EE tcorr (HIJING)
| “ m::_';- e
) ecore (Ge' tcorv (ns)




Rejection of PC1 associated EMCal cluters

dI:IM Cal-PC

devicarer VS €core (Data)

i :[ pucaper (Data)

S e Random
P

, vs ecore (HUING)  d.\c0pey VS coore (Single)

Clyygeper (Single

sLassociatiof |
: ) h:“’“M : L £ v
e T w A H e o rr g g e e d M'm‘;r

Multiplicity Correlation

[MuRiplicity Correiation between PC1 and EMCal (Reai Data) |

RealData
Nent = 79495

Number of PC1 Clusters

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

Lilllill‘illIilllilllil]lil

20 40 €0 80 100 120 140
Number of EMCal Clusters

Multiplicity correlation
between PC1 and EMCal
(Data)

32

[Muttipiicity Correlation between PC1 and EMCal ( MC ) |

5 3

b

Number of PC1 Clusters

el b wa b oo bea g baaale by

20 40 60 B80 100 120 140
Number of EMCal Clusters

Multiplicity correlation
between PC1 and EMCal
(HIJING)
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d?, and P® by Haar Wavelet Analysis
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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.

35 Feb 14,2001
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First results from the STAR experiment at RHIC
Partl

and
Part2 (soft hadron physics)

Akio Ogawa (Penn. State Univ.) for partl
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 /s = 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.



L First Results from
STAR Experiment at RHIC

-Overview & high pT -

Ogawa Akio
Penn State Univ. / BNL
For the *AR collaboration

2001 Feb 14
CNS workshop at Tokyo Univ.

#¥#  The STAR Collaboration

~ 400 collaborators 34 institutions 8 countries




e
STAR
LA,

STAR Institutions

.S, by

Argonne, Berkeley, and
Brookhaven National Labs

LS, Universities:

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

€ hinac
IHEP - Beijing
IPP - Wuhan
Brazil:

Universidade de Sao Puolo
Faviand:
University of Birmingham
France:
Institut de Recherches Subatomiques
Strasbourg, SUBATECH - Nantes
Germany:
Max Planck Institute — Munich
University of Frankfurt
Poland:
Warsaw University
Warsaw University of Technology

Ruassia:

MEPHI - Moscow, LPP/LHE JINR -
Dubna, IHEP - Protvino

;}\{AR

Magnet

Coils

STAR Detector

Yearl detectors

Time
Projection |
Chamber

TPC Endcap
MWPC

Silicon Strip

Silicon Vertex
Tracker
yr.1 SVT ladder

Detector
ZDC

Endcap EMC

Barrel EMC

RICH

~ FTPCs |

7D

Vertex Position
Detectors (?)
Contral Trigoo
Barrel

+ TOF patch
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Particle ID Techniques

RICH

p| = 1.399 GeV/

c
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10" 1
E00,000 AusrAu pvems aivs,, = 130 GeV

g S
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g 28
iz {Gevicy

P {5eVic)

RICH PID range

1-3 GeVic for K/IR
1.5 - 5 GeV/e for K/p

~dE/dx PID range:
= 0.7:GeV/e for K/T
~ iﬁ GeViefor Kip




Particle ID

Combinatorics

¢ from K* K" pairs

background
subtracte

K* K" pairs
same event dist.
mixed event dist.
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A\ Typi
iﬂ‘m ypical tracks from
P hOtOH and Tco 200 Y conversion
* The e*e” pair from Y conversion o
100
* Large p; coverage of Y measurement s ~§.\, .
= - o
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ape Data from Summer 2000

g

~1.6 M total triggered events

Reconstructed vertex events

—

2

800K i ol
+ (L3 for collision vertex)

830K “min bias”™ ZDC trigger

80K “UPC” CTB (+ L3 trigger)
~Thours of dedicated run

Zero Degree Calorimeter (arb. units)

{
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—> Central (top 5%) events
331 K

—> Min bias events
458 K

! T %
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i Physics results from summer 2000 run

will be covered by ihiis tutk & next talk

1. Heavy ion physics
Spectra Bospridia
pi, K, P, photon, anti-nucleus spectra

particle ratios

- High p; S RCR PVORD arisniooepy
Strangeness spectra, ratios, HBT
HBT pions, proton, non-identical, EbyE
Event by Event event anisotropy
fo aciuations . UF sislation

2. Photon & pomeron physics
Pirst uheorvadion ol 0 Diiva Feoipioal Cotln

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

13
STAH 66 Py P 99
2 Centrality bin
n., - #of primary tracks in M| < 0.75 Top 5% central
—~ O * . . .
90% of all hadronic Au+Au interactions For h spectra
Q X
c 10L‘ -J o [Z el < 95 €M
uncorrected 3
% . 20 K evis. shown
z .
T = |
> 3
° -4
< ]
\N
& 3 b o
] Top 5% ]
b l —— ... central v; , m'
o 04 0e 08 n /I:l o 5000 niral Trigger Burrei Siamal (AGGY
Centrality — ch/"'max
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e Negative Hadrons: N - distribution vs Centrality

dN(h-)/dn = 244 + 1 + 16 (p, > 100 MeV/c)
~~ dN(h-)/dn = 264 + 1 £ 18 (extrap. to all p,)

STAR, Preliminary
> 100 MeV/c . .
P. Increased particle production:
., 43% compared to Pb+P 17.
e ey e 0" e TopE% o p b@ 17.2 GeV
e BT e ]
2001 20-10% %‘ n h ——— Hifing 1.35 Default
L gw” E\ B STAR 5% most central
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Full efficiency corrections
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Vs Negative Hadrons: py distributions

P Top 5% central ] <0.1 Power Law fit
l;{fik1}i.§¥
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_3103 " o STAR, AusAu, \S,, = 130 GeV % A(1+p;lpg) "
@ ) 3!3\_ 5 NA4S,PbePb, \5.=17.2GeV I p =274 + 0.11 GeVic
210 w2
PR “::’-. = UA1, pp, \5 = 200 GeV ? n=13.65 * 042
510 s, 5, %, E
- t - v *e =
Q. [ » 3
© 1 . .- ) B!
} A .'- * b ﬁz STAR
10 * - E
°, ", . ® <p>=0514 £ 0.012 GeVic
&vo? uy e 1
Sk " 7 NA49
.3 a et
;0 T " —— 3 <p> =0.414 * 0.004 GeV/c
-4 -
<o - ”? ¢ M . -i UAl
-5 . ;
" ESTAR Preliminary ; 5 <pp>=0.392 * 0.003 GeVic
.6 bt d b t D, H 1 i b d £ ’ tomdod I3 l Johimnd i § LI T | i B
10
0 1 2 3 5 6
p, (GeVic)

swe  Partonic Energy Loss Predictions:

Hadron Spectrum

M. Gyulassy, l. Vitev, X.N. Wang nuckth/0012092

10 N ——
10° i - HIJING, no shadow., no quench.
. ~=-- Soft+GLV quench., dN"/dy=200
S 10° i N meees Soft+GLV quench., dN®/dy=500
> 3 ——  Soft+GLV quench., dN*/dy=1000
1 b
S 10 |
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h™Spectrum: Comparison to UA1

Top 5% central  |n| <0.1

o -
C'Zo 1ru... ............ AT PR
, Bmary Collisions Scallng Errors on points:
L STAR systematic error
0.8 UA1-fit(130) x Tos|  on STAR data
r Gray bars: cumulative
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L .
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0'4'{. Hard: Binary collisions
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x*  Partonic Energy Loss Predictions:
Azimuthal Anisotropy
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0.05 | ] from partonic energy loss

A E— Hydros (p ) Tanhip,/12)

0.00 -
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M. Gyulassy, I. Vitev, X.N. Wang nucl-th/0012092




= Charged particle § P o
1 1 %‘m v’”' )~
anisotropy at high pp e ]
Top 5% central "(COS(Z[‘P \P]» “ 3 .i-ﬂ,‘.w;mu.’;mi‘
2 3. charged particles
> 0.25E-- Hydro pions

Only statistical
errors shown

0.1 Systematic error
10% - 20% for p,
0.05 minar =2-4.5GeV/c
0 'R FTUNE FRWTR FEWWS | beddods ‘lhli‘;lllilllll%ll
0 o5 1 15 2 25 3 35 4 45 "

-PRL 86:402, 2001 p, [GeV/c]

Hpe Beyond flow - mini jets?

Anisotropic Flow

. At pr=2-5GeVi/c A ¢ distribution
£ jo-0
Z 1}W A ¢ (mixed pair) dist. ¢
i
EO.B'— .
90_‘:_ 0414 < i <0543 Measure event plane event by event

- Rotate mixing event to eliminate flow effect
04

E STAR PRELININARY
02l ‘ A ¢ distribution

R T TOTAUT TIUTToo A ¢ (rotated mixed pair) dist.

a 0.3 1 13 2 25 3

A@ ..
- 6% most central
. g’ pr=1.2-5GeV/c
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B | it : v
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<p> fluctuation excess is

SAvan CP violation

QCD conserve CP
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Lift*Twist ~CP odd observable- can be non-zero
Charge positive (L]f!ﬁ* WlSt) (LIH Twist),

Charge negative

x =Lift = (p> '> by
/ E * M}I :32:;5

t . %ﬂ? :

%

T T

TT ']'

7 o i i
of N "
z . H% }T HH‘
Twist=0 @ E = x=Lift s ...:DIT:: — ’if?s . .0.;10‘
—
Shift from 0 is signal
Mean = (4.1+-4.5) 10 2




W Ultra Peripheral Collisions

______*/./. Aut —n
Au —-—————/ Au 4
=l T
P/.______“_____‘ ST ‘/P',/'f’ A
né—Au' :

Au+ Au — Au+ Au+p° Au+Au — Au + Au +p°

to both nuclei (not photo-nucleon):
- Coupling : photon~z?, Pomeron~a*?
» Large cross section: 380 mb for Au @130GeV ~ “ 5% central

p, . Limited by size of Au ,  2hyd. - 60 Melic

« Back-to-back particles in C113. and nothing else

* Nuclei may be mutually excited: neutron signal in ZDC

25
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140
% p. and Mass 2 ++ * e
UPC trigger (CTB) g 100 SEAH pyobiosiaer
Min bias trigger (ZDC) © . +
Combined &

giso MM%MMM% ® T+T- : ;’“gﬂ%r .’3,»; ’///?fﬁ 7z
0 0.1 [+) 03 0.4 03 08
l J prlGeVic]

pr<100MeV

Clear enhancement
at low p; ~60MeV/c

s, "

over "hackground

which drops as you expeat

0 / 4 4 i, 12 .
0.2 0.4 0.6 0.8 1 1.2 1.4

mass|[GeV/c?] from phase space
(mostly incoherent
First measurement of photo-nucieon)
Coherent EM Production
in heavy ion interactions o
STAR ) & ~ F aa’ § KPR
2 Ultra Peripheral Collisions
Physics topics:
YA ->VA coherent vector meson production
Non-local interference of unstable particles
Production cross sections, ...
YY .PP->mesons, leptons
Strong Field QED Z*a ~ 0.6 glue ball search, ....
An example : Interference
Can’t differentiate between <
2 slit interferometer!!! :.
P, ®, ¢ J/Y negative parity: destructive Interference
28




e Conclusions

STAR Detectors worked very well, and collected beautiful data
«h” spectra never reach hard-scattering limit

sTurn over at 2 < p, < 6 GeV/c
« Strong elliptic flow is measured to high py

‘Diverge from thermal models at 2 < p, < 6 GeV/c
«Azimuthal correlation is observed beyond elliptic flow
*Excess in mean p, fluctuations
*No CP violation observed, yet

First measurement of Coherent EM Production in heavy ion
interactions

To be continued to the next talk
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First results from STAR
experiment at RHIC
- Soft hadron physics -

Masashi Kaneta
for the STAR collaboration

A8 Lawrence Berkeley National Lab.
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Focus on

Hadrons

B N el e = T
¢ A¢I€asured : }? 2 Ei} Ai} iIXO,S') Kﬂ(l) A*O’ [:)} p} (j} 3}{6, H{f’

——

t, _{/1, 1"1’ = F) — P

» Infuture: 7%, ¢, Q+027,p, @, n, n’, A, Aasv),
2385, J/y and more

Freeze-out conditions of low momentum

hadrons by

* Spectra/Ratios
 Thermal/Chemical Freeze-out

» Particle correlations
» Size parameters, Phase space density

* Event anisotropy
L] v2

A

< STAR

Masashi Kameta LBNL -\




Spectra

STAR
Masashi Kameta [BNI [\

Spectra

= Momentum distributions

° Information of thermal (kinetic)
freeze-out

°* The inverse slope parameter of m;
distribution reflects temperature
and radial flow

Masashi Kaneta [BNI |\
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e Identified pa rticle spectra
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Inverse slope parameter [GeV /c?]

S L B B R BT E

04

,"

o4

ox

22

oy

STAR (¥,,,=130 GeV) i
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B' O NAE fs 0.0 OeV)
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O NABI{ a a17.20aV)
0.2 04 06 08 1 12 14

mass [GeV/c?]

» Thermal freeze-out at RHIC

° Temperature is similar at SPS
* Larger radial flow than at SPS

Vmg dn/dm, (a.u.)

10

 EE A R S Y S T

2 [ ] STARtopﬂ 1
p o nymr,,-um,%»uo-]
T hegegy |
"e8y oo, 3
K Yoo, o 1
o, T, =95MeV
"oe
. <f>=0.60c
L ) - OQ! » .8
b “ng S
L [ 4
L )
®
[
*
L3
= g E
" Y k
o ) L :
I Hydrodynamical modei: - -
"~ E. Schnedermann et al. I
L PRC48(1983)2462
etk ;' J—_— I 3
0 0.2 04 0.6

m.-mass [GeV/c?]

Nasashi Kaneta 18N




Ratios

~Aran

Masashi Kameta BN [~

Ratios

® p dependence anti-particle/particle
* Test slope for particle and anti-particle

» Anti-baryon/baryon ratio
° Stopping or transparent?

® Particle ratios from hadrons
° Chemical freeze-out parameters




= Pp/p ratio

® Minimum bias data
* No or weak p; dependence

os z T T T ]
e o
0.6 - o ++ —
o |
E
§ oaf Submitted to PRL =
'§_ Systematic errors<10% v
STAR Dain
02 _
03<dyik04
0 L 1 | ; |
0 0.2 04 06 08 1
GeV/i A
p, (GeV/c) Hre
Masasii Kaneta LBNE [\
@ NO Signiﬁcant pT 0-9;‘%_ A STAR Preliminary
. - <0.5
dependence in the 0.85 "" 4
ratio o= 7t bt
— . o 0.65“
® The mean ratio B ool
= 0.72+0.04 S o
- From 200 K Central trigger Au+Au
0.3:“ Events (top ~15% muitiplicity.)
0.2 Systematic errors are under
- evaluation
0.1:—
ot A BRI RS SR SR
0.5 1 15 .5
ﬁ (GoV/S

oot ot S
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e K'/K ratio
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Multiplicity dependence of ratios

- i A/A Preliminary
0.9— ?
085 ‘ + + 1 B2 Preliminary
s ‘
0.7 #
- ? I &
0.6 - ‘ ¢ ¢?
;.g 0.5 only statistic errors are shown P/p submitted to PRL
O o4F Systematic errors Prf(f:;u-s Gevic
= Ppil0% M
0.3  A/A and Z'/Z : under evaluation
0.2
0.1
o:l]lllllliili‘|[§lﬂd{lill;ll’!Iillx‘li!l}llli]llll
0 0.1 62 03 04 05 0.6 0.7 08 0.9 1
Peripheral » Central (nch/nmx)

» Not baryon free at mid-rapidity

® An effect of anti-baryon absorption in
central collisions? P—— ‘7/23\“&
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Chemical freeze-out
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iy HBT

Many topics in STAR measurement

® Pion HBT
* Centrality
° Transverse momentum

 The HBT excitation function

* Phase space density

= Event-by-Event HBT
» K%K% AA

® PP PP

®» qnn correlations

= Non-identical particles

Focus in

this talk

STAR

Masashi Kaneta [N )\

[ 4
]

&

-3 The HBT excitation function

v EBG5 = NA49 * STAR
- » EB66 NA44
1p ]
» Compilation 3D 72-HBT ~ _ } or .
parameters as a function of Vs of B
E |
+ ~10% Central Au+Au(Pb+Pb) SCf Tt = " ¢
events _ : 3 .
*y~0 % ek . . .
e k; ~0.17 GeVic e | b, F
8 : ik i
C e . Eg“" e " Y smar é
® No significant jump < 4t *i Preliminary
from SPS to RHIC S4f '
® We need energy scan i:z 3 l*’” T *
between both energy “el " 3

8y (GeV)

, '3“ STAR
Masashi Kanela [BNI .\
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Event
Anisotropy

<Bran

Masashi Kamela BNl .~

e Event anisotropy

®* [n momentum space by
° Anisotropy measured as second Momentum space
harmonic parameter v, ~o o—
e-° °_‘ °_,._,
p, S0 b
—_ — J
v=(cos2g)  gewml O Teen
X
= v, will be scale to initial shape Almond shape
arameter overlap region in
p c & y coordinate space
if the source has a (y? — x2)
: : Y A
hydrodynamical expansion (' +2)

i \'\‘
TSTAR

Miasashi Naneta LENL .-




i\l\ﬁ Charged particle v, versus Multiplicity

o 01

0.08

» Boxes show
“initial spatial

~—
& /]
> —— -
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. 2 0.06 —
anisotropy™ ¢ u -
scaled by 0.19- -

0.04 U 2
0.25 PRL 86, (2001) 402 i ]
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ng,= primary tracks in |n| < 0.75
i ':(ez\nm

Masashyi Kameta IBNE -\
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Charged = and p+p, V>(py) (M.B.)

0.1 e e
£ 0.09F-* pions ] =
- 0.08 E‘“  protons + anti protons _g
0.07E e =
0.06E ekl E
0.05F - E
0.04F- - ++ 3
0.03F - =
0.02F- Mas e I ¥
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0601702 03 04 05 06 07 08 09 1

p, [GeV/c]
STAR
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Comparison with a hydrodynamical model

®» Hydrodynamical calculations: Huovinen, Kolb and Heinz

0.1

0.09F-* pions
 protons + anti protons

- Hydro calculations

v,(p,)
N
]
;

o

0.01 =" Preliminary
0 01 02 03 04 05 06 0.7 08 09

p, [GeV/c]
< STAR

Masashi Kameta LBNL .\
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N Charged particle anisotropy O<p;<4.5 GeV/c

¥ Minimum bias data
» QOnly statistical errors
» Systematic error 10% - 20% forp, =2 - 4.5 GeV/e

« charged particles
- Hydro pions

lllLlllJlJlllllllllllllllllll!

*

0.2
0.15
0.1
0.05 Preliminary

pIGeVEl 4
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=y Summary

mmmmmﬁ R
® Net-baryon # 0 at mid-rapidity

« Anti-baryon/baryon ratios are toward 1, but still <1

®» Chemical Freeze-out

T :same or higher than at SPS
o up :smallerthan at SPS

= HBT parameters

* Similar to SPS

* Large anisotropic flow

s  From mid-central to central data,

Hydrodynamical model can describe v, at low p; (<2GeV/c)

ol

Thermal Freeze-out

o T; :similarto SPS/AGS
* Large radial flow

» We need energy scan between SPS and RHIC!

<Srax

Masasihi Kaneta, LBNI \1’/\\

Future plans

» TOF
* PID up to 2GeV/c of pr
SVT

* Increasing momentum resolution
* More strangeness baryons

EMC
* FElectron measurement

®» Full fields

* Higher p; measurement

fu!

f

* Increasing momentum resolution

# With high statistics

* Physics of v, n¥, and resonances

S
Masashi Kanets LBNL ﬁr\




yand rn°

» The e'e” pair from y conversion is measured

» Large y acceptance
° pr =50 MeV/c to~4 GeV/e, |1|<1.8

- | Typilee pair - )

= = L w
£ =2 ng LHWN
- e w0 R
= ) *.*;‘,4“!"9”7* i
e " yyinvariant mass [GeV]

Masasii Kanela (BNL




70 Production in Au+Au Collisions at /Syy = 130 GeV

Ken Oyama
for the PHENIX Collaboration

Center for Nuclear Study, Graduate School of Science, University of Tokyo
7-8-1 Hongo, Bunkyo-ku, Tokyo 113-0033, JAPAN

The measurement of 7° production from Au+Au collisions at /syy=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. 7° was reconstructed
from two photons measured with a highly segmented electromagnetic calorimeter of
PHENIX. The kinematic region of measured 7°s were approximately from 1.0 GeV/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 7°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 7° such as Cronin initial multiple
scattering effect, initial kr 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 7°. Since 7% from the soft interactions
are dominant at low momentum (pr <1.0 GeV/c) and those are not sensitive to the
energy loss in the medium, it is important to measure the high momentum 7°.

In this presentation, the centrality dependence of yield and shape of transverse
momentum distribution of 7° 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 7° 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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7" Production in Au+Au Collisions at /syy = 130 GeV

Ken Ovaina
for the PHENIX Collaboration

Center for Nuclear Study. Graduate School of Science. University of Tokyo
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0083. JAPAN

Outline. ..

® Result of PHENIX first vear RUN.

® Central Aut+Au collisions
sqri( Sy ) = 130 GeV.

® High p, was reconstructed from two photons.
-- Explanations of devices.
-~ Analysis method.
-- Results.

@ Is the result explained by composition of
number of binary collisions?

® Compared to the theoretical models
assuming jet energy loss in the quark matter.

Febraar 14, 2001 CNs Workshep




Physics Motivation

@ De-confined quark matter (Q.G.P.)
through ... Jet quenching.

Jets & from initial
parton-parton hard collisions.

Loss its energy in the Q.G.P. gas by
-- multiple scattering
(gluon Blemsstrahlung)
-> quenching

7" is one of the final products
of jet fragmentation.

Februsey {4, 2001 %, Warkshog

“\ Au+Au(b=t) sP2000 Ge V'
"t without jet quenching

AN/dydpy=0) (GeV ¢}

IR 01214 16 18 2
py (GeV/ie)

Xo-N.Wang, PROSS 2321, Ot 1898

Configuration

PHENIX Detector - First Year Physics Run

® Measure 1t by detecting,
two photons (1t — 2y).

® Photon measurement:
Electromagnetic Calorimeters

® Trigger & Global variables:
7DC (Zero-degree Calorimeter)

= Installed
» Active

Centrality measurement.
BBC (Beam-Beam Counter)

M.B. trigger.

Collision time & position.

@® Cross check:
Tracking system

Pobraary 34, 20wl NS Waorkabop

SideVicw




Sampling calorimeter
Pb-Scintillator sandwich
W.L.S. Optical Fiber — PMT
Segment Size:
5.52 x 5.52 x 37.5 [cmd]
@ 5184 channels (2000 RUN)
® Approx. 5 m distant from vertex
Geometrical Acceptance:
-0.35 <1 <0.35 , A@=22.5°
Energy Res. ~ 10 % at 1 GeV.

£NE Vb hip

Calorimeter Performance

® Minimum ionization peak ® I/p matching with elecirons
in low multiplicity events

x*, 0.6-1.0GeV/c, mul <100 . N2 frts 10.007 11
Constant = T4 « 3304

Moan  =03.5042 - 0.000070

Sigma =0.1478 +- 00118

— Ecorr

%%5—“.._

P PR DT NS SR NUWIE IR TE FOwD .J.Jm ‘3 il
g1 62 063 04 0OS 007@2&&0«;"’; EUU{

L

NN SRR RNEE R

02 04 06 08 1 12 14

Lol sl
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Photon Measurement

tofvier
Nemt = 372074

® Used EMCal cluster. | e
® Required two cuts :
-- Time-of-Flight of Calorimeter.
|tof] < 2.5 ns. (loose enough) - T
-- Cluster shape ( x?). e ‘ MR
(deviation from the ideal
EM shower shape)
x> <3.0

® Cut Efficiency
Central = 68 %.
Peripheral > 80 %.

Februury 14, 2001 CNS MWarkshap

Extracting 7’

® Calculate invariant mass of two ys combination by :

m*, =2E,E, (1-cos6,,). A e of s pho bk ety 148 o L ]

9000,
E, , E, : measured energy of two ys. 5
e : opening angle calculated
from positions & event vertex.

® Huge combinatorial background
-> Better S/N required.
® Cuts for pair :

~-- Asymmetry cut :
o= i (Ea“ :h) / (E3+EI)) l <0.8
Avoid very asymmetric decay.
--- Opening angle cut

Avoid broken shower make sharp peak at m,,, = 0.

Fobraary 14, 2001 ) NS Markshop




And ... event mixing subtraction

oo Inv. Mass fasym<0.8 , 1,25<pT<1.75} Inv.Mass f{agym<0.8 , 0.75<pT<1.25)

p TS B ™
:fffﬂ’”' m\\xk o f’; Peripheral events

; Central event;\x

¥ |l"'ll¥l'l'1l|' %lYa}‘

Red Normal Combinations
Blue Event Mixing

Inv. Maaq lasym<0.8 | 1.25<pT<l1.75) i Inv.Mass (asym<0.8 , 0.75<pT<1.25

Cantral events 1 ) Peripheral events

Mean 142 427 +- 3,079 ol ‘ Mean : 137,018 +- 0.008
{;{‘ Sigma : 15,030 +- 0.058 - 5 Sigma : 13.187 «- 0.00C

#pizero: 113591 506 A #pifaro 1632.269

¥? .
‘ 'kiﬂf ;H;m{i} ‘k{{H{ ‘8“ R‘Féi o ﬁﬁ,& g *,M M "wé&*wﬂp"“-ﬂ-

® Background shape was well described by event mixing method.
@ Basically the peak has no contamination.
Ambiguity was estimated among various cuts, fitting methods.

Check Energy Scale

® Energy self-calibrated by 1t mass peak.
& Still large overlap effect.

Peak posititm and mdth ‘

1 veentral(@to10%) i
L. vPeripheral (TS1092%) ... | .. .

‘Peak position or width [MeV/c*2}

Then, we counted 1! ....

Pobraary 14 D11 NS W kb




n’ p, Spectra

® Compare:
-- Minimum Bias (Blue).
-- 10 % Central (Black).
-~ 75 = 92 % Peripheral (Red).

Neutral pion pT spectra

{
i
|

PHENIX Preliminary

T l!lll!l}

e 10% central
o Minimum bias
® 75.92% peripheral

ot

T T

(1/Nint) * dN/2*pI*pT*dpTdy)

=
OI

® Systematic errors & corrections.
-- Peak extraction (err. ~ 8 %).
-- Acceptance & Efficiency
(err 6 to 40 % depends on
p» centrality)
-- Non-vertex pions (err. ~ 5§%).

LN R ELLL B AR L

LEREEEAIL

T
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0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
pT [GeV/ic]

(6 to 8 % from non-vtx.)

February 14, 1801 FINE M intiop

Central collisions: comparison to WA98

® Compare:

[y
o

URBRILLS

" PHENIX Preliminary

PHENIX 10% Central
V.S.
WA98

(=]

LARRALEL IR ELEALLL BN AL S B LA B AL

. © PHENIX Data
..o WhSE Data |

(1/Nint) * dN/(2*pi*pT dpT dy)

® Reached upper p, limit of
WA9S already in Year-1.

® Significant difference
i

n the slope.
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Compare to the UA1 Fit

Neutral pion pT - peripheral

® Compare:

T

) ‘ e PHENIXPreIImmary
75 —-92% peripheral % o R

'
»

V.S.
UAL fit : (h™+h") /2

LR

dNv2* pi*pTdpT dy)
o

)

(W

e,
»

1)

g
g

ey
(=]

® Normalized by

T

estimated mean number

of binary collisions = 8.5

T

o PHENIX Data
(D UAMIIB0) XSS

T l!ll",

® Clear deficit at higher p,..
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Compare to the Theory (Peripheral)

® Compare:
75 - 92 % peripheral

Neutral pion pT - peripheral

Comparlson to Wang predictions

V.S, (www—hpc Ibl.gov)

T TTTYITT

pTdpT dy)

X.-N. Wang prediction o
& F B
2 - .
x - - 2T °¢f.
® PHENIX: 5.5 collisions/event ol ‘o
. g x
Iheorv : 2.7 collisions/event s f b
Different but close. E %

® Data not inconsistent with any w0 |

of the scenarios. S v e L
-- No shadowing, broadening.  [Ei S A v
-- With shadowing, broadening. ";”E':"’f T'e'zm'ﬁarvi o
-- Jet quenching e 1 1m 2 23 3 8 4 am s

(dE/dx = 0.25 GeV/fm) pricevel

NS Workabap




Compare to the Theory Prediction (M.B.)

Neutral pion pT - minimum bias

® Compare:
PHENIX minimum bias
X.-N. Wang prediction

Comparlson to Wang pradlctlons
] (www—hpc Ibl gov]

s
.. ﬁhldOWilig pT Hroadegi

LERRLRALLL |

(1/Nint) * dN/2"pi*pT dpT dy)

LENALRALLL B AR R ALL

® <Ncoll> ~ 220.
® Inconsistent with scenarios

T

without energy loss

O PHENIX

‘e :

® Not inconsistent with - : |
dE/dx=0.25 GeV/fm [ PHENIX Preliminary 1+ |
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pT [GeV/c]

T
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® Shapes are also little different.

Februsey 14, 26411

® Compare: * Neutral plon pT - 10% central
PHENIX central
V.S,
X.-N. Wang prediction

-
Oy

USRI BN AL I R LI R SRR 4L R R R 1L A Ivnml

Comparlson to Wang predlaons

ot

® <Ncoll> ~ 857 (x120).

(1INint) * N/2*pi*pT*dpT*dy)
o

'
Y

® Inconsistent with scenarios
without energy loss

@ Not inconsistent with
dE/dx = 0.25 GeV/ftm

@ Data are closer to exponential

© PHENIX Data

PHENIX Prellmmary

[

L lllllIlliJllllllllLIiJllllllllllllillli!l|l?

than theorv. 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
v pT [GeV/c]
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Central / Peripheral

S -

@ Central / peripheral ratios
of per-collision vields.

® Main svstematic error;
<Ncoll> in peripheral.

Jcentiper)* @coll_gerlNcoll cent)

® There is a clear deficit,
particularly at higher pT.

® p, limited by peripheral data.

Neutral pion pT - central / peripheral
(normailized by mean number of collislons)

PHENIX Preliminary
10% central, <Ncoll>=857
s 75-82% peripheral, <Ncoll>«5.5

U pper limit of syst. err.
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3
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pT [GeV/c]

0 0.5 1 2 2.5

Central / UA1 Fit

@ Central / UAT fit ratios of
per-collision yields.

©

® Systematic error is smaller.

(cem({_,UM fit(130)) * (1/Ncoll_cent)

® The deficit observed in
central/peripheral
is significant.

o

® Can not explained by
“scaling of binary collisions.

February 144, 2061 NS Wi kshop
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L1

Neutral pion pT - central / UA1fit(130)

(normalized by mean number of collisions)
PHENIX Preliminary
10% central, <Ncoll>=857

" Upper limit of syst. error
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Summary
® We measured 7¢' p, distribution between 1 - 4 GeV/c
in Aut+Au collisions at s'2 = 130 GeV
by electromagnetic calorimeter of PHENIX.

® This is the first result of PHENIX and is unique at RHIC.

® Results inconsistent with straightforward scaling

with binary collisions. = We observe a clear deficit.

® Results are not inconsistent with the theory
assuming strong jet energy loss effect in the dense medium.

Yebruasy 14, 2001 NS Mearkahiop




,'Siingle Particle Spectra

B RHIC-PHENIX

Tatsuya Chujo (BNL)
for the PHENIX Collaboration

v

PH--ENIX

L

NATIONAL LABORATORY

managed try Brookhaven Science Associates
for the US. Department of Energy BNL/ Tatsuya CHUJO  02/14/2001 @ CNS workshop, Tokyo Univ.
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PH:-ENIX Physics of Identified Hadron Spectrum

From identified single particle spectra,

« Hydro-dynamical collective expansion velocity (B). | In;/e_r;;sl(;p;;
* Thermal freeze-out temperature (T ).

* Chemical freeze-out temperature and N —
chemical potential (7, pg, 1)

v
-
| Z

s
<

* Jet quenching effect at high p, by parton
energy loss in medium (dE/dXx).

L

Shed light on QGP formation at RHIC

V

ngh pT spectra

TTooTTTTTTTT

In this talk, we present identified (charged) single partzcle spectra l
" as a function of centrality, measured at RHIC-PHENIX. |

BNL/ Tatsuya CHUJO  02/14/2001 @ CNS workshop. Tokyo Univ.




PHENIX Detector Setup

In this analysis, we use

» Beam-Beam Counter (BBC)
z-vertex, start timing for TOF

+» Time-of-Flight (TOF)
stop timing measurement

+ Drift Chamber (Dch)
momentum, flight path length

e Pad Chamber 1 (PC1)

additional track z-information to Dch

Beam View

BNL/ Tatsuya CHUJO

02/14/2001 @ CNS workshop, Tokyo Univ.
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PH::-ENIX

PHENIX High Resolution TOF

Particle Identification by TOF

—38 * Demonstrated Clear PID
g Au+Au\s = 130 A GeV emonstrated Clear PID by TOF
§a o * Time-of-Flight resolution
N P
g iy - " TOF -TOF___ (ed
§ o:_ ’.g_ |.ﬂ¢pl<l.l5¢."lk l
[ :_ ¢ = 115ps
-2 § »
- _ 15: K U'LL
_ P e
'4" ‘; o m‘" jl'ﬂL!
i 3 o eyl
: ~2 15 1 05 ‘{“-h_ﬂ’!‘:mbzll
-6~ n * Fitted * region
- R ITI R
_8”! P11 i LA | F i L] i il I 1 1:.3 ' it ' L | LA L ! L
10 15 20 25 30 35 40 45 50 55 60

Time of Flight [ns]

BNL/ Tatsuya CHUJO

02/14/2001 @ CNS workshop, Tokyo Univ.




PH--ENIX

| l_?ID Cut Criteria

[

-

ad
[rTrorryTToT

&
1~lllill[‘!lYl|llll

o n’n‘lvi1111'(:'A‘I|l‘11|§x|'|lv|1

Charge * Momentum [GeV/c]

Tt Positive
All momentum
w/o PID cut

LRALLL B RALLL/ IS AL Ty

14

m? [(GeV/c?)?]

-0.2 -0 02 04 0.6 08

m? [(GeV/c?)?

* PID by m? vs. momentum space

2 2 2
¢ lm measured ~ /7 OI < 2'50m

*T: 01<p<2.0GeVic
+K: 02<p<20GeV/ic

* Momentum cutoff

\j

* p/pbar : 0.2 <p <4.0 GeV/c

BNL/ Tatsuya CHUJO  02/14/2001 @ CNS workshop, Tokyo Univ.
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PH:-ENIX Correction factor for raw spectra

positive
w L negative
Pt [GeV/c]
— L oD s—
"
— e E\0rC 1 m— Pt[GeVie]
A\
;
0.0 05 1.0 1.5 20 25 30 35 40
Pt [GeV/c]

Based on single particle Monte Carlo
simulation.

Included overall effects
Tracking efficiency
Geometrical acceptance
Multiple scattering

Decay in flight

Hadronic int.

Dead area of detectors

AR Sl

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

BNL/ Tatsuya CHUJO  02/14/2001 @ CNS workshop, Tokye Univ.




PH%\:Ele Centrality Classes

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

Dch raw multiplicity distributions * Extracted N,,,, based on Glauber model
'§ C
- BO%-H0%
.ﬂ 10 e
% 30-00% Centrality Participants
' j [ , S5 0-5% 3471 15%
2 A 5-15% 271+ 15%
il J 15-30% 178 £15%
W 30-60% 76+ 15%
1 60-80% 19 + 60%
d:! el 80-92% 5+60%
0 50

BNL/ Tatsuya CHUJO  02/14/2001 @ CNS workshop, Tokyo Univ.

PH?‘:{N'X Results

Minimum bias p spectra

Minimum bias Pt spectra

TIIIIIIlllITll11]TIIIIII'IIIKIIIII

—~
ig PHENIX Preliminary -
Sio Aut Au@ iy =130 GeV particle Py range
e n 03 - 1.8GeV/c
a
g 1 K 0.5 -1.6GeV/c
= proton 0.5 - 3.0GeV/c
50" pbar 0.8 - 3.0GeV/c
z o
- .2 3 - L4
10 * pions yield ~ proton and pbar yield
- ++’f‘ @ pr~ 2 GeV/e
-3
10 T-
. ::‘_ — Large proton and anti-proton
1wl .o» contributions at high p,
4 pbar
’o— T | | 1111 l £ 11 l L Ll l LA i I i

1] 03 1 15 2 25 3 35
pt [GeV/c]

BNL/ Tatsuya CHUJO  02/14/2001 @ CNS workshop, Tokyo Univ.
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PH--ENIX

Minimum bias M, spectra
SR w&’&W

Minimum bias Mt spectra

Illl!lil'llllllll{!illl)llll

)
4 ‘E‘ PHENIX Preliminary
?0 .. AutAu@ s =130GeV *In 0.2 <m, - m, < 1.2 [GeV/c?], spectra for
£ T all species scale by single exp. function.
%1 ol . * Similar inverse slope for © and K.
E:_l . “o S .”-n,’ T proton >T, T
70 coe, /*ﬂ
3 T« T, .
2 pac ‘:"‘3‘*;3 - < Fitting results by single exp. function
0’ e e +
e 1 daN m;—m
g +++ —_— ex{__i_(’)

e [+ Syl ¥
10 3 - ﬁ#"" my dm, T

K+ *
" 3 K- wt ~ 20545 (stat.) 15 (sys.) MeV

L P X1 K#* ~ 21545 (stat.) £20 (sys.) MeV

& phar (X10 P ~320+10 (stat.) +20 (sys.) MeV

, P ~320£10 (stat. Sys.
10’tllJ_lllllllltlllllllljilltlllll' pp Y) © |
¢ 02 04 06 08 1 t 1”.‘20 [él :' Ic’iﬁ']s
- [ ]

BNL/ Tatsuya CHUJO  02/14/2001 @ CNS workshop, Tokyo Univ.

l ‘EN'X Centrality Dependence of M, Spectra for pions

Al R

PHENIX Preliminary PHENIX Preliminary
-~ E ;T‘Il‘lIIY{I)f"l!I’IIII!(I!!_!l‘I!l]l"‘g
§§ Au+Au@ Joy =130GeV ] ;g F Au+Au@ \fsy =130GeV ]
] ] 3 . ]
3 T §°- T -
- -
A = |
3 g
o . 3 A3 E
3 M : E
£ + ‘a:t’,* ; I
- , pe - b
10'd 0-5 % . #% . 10'L .
5-15% & 2 :
1 15-30% TR S - f
1075 30-60% L E 107 - 5
+ 3 E i
60-80% : !
S PPV PO PR TYRR VUL FONT PV T AN TRV TP 10’..“1.. l.l.llul.ulmi,..l;}f.lg.l..l...l‘
0 02 040608 1 12 14 15 18 2
ot - 0 [GevIe~d] 0 02040808 1 12 14 m‘ﬁh 1\'?“1;

» Single exponential scaling at 0.2 -1.0 GeV in m-m,,.
» Almost parallel among all centrality classes.
» T, (central 0-5%) ~ 210 MeV =5 (stat.) 15 (sys.) MeV

BNL/ Tatsuya CHUJO  02/14/2001 @@ CNS workshop, Tokyo Univ.
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PH -ENIX

Centrallty Dependence of M, Spectra for kaons

PHENIX Preliminary l’l‘lE!‘Jl"(I Preh‘mmalry
l!l&llll) LA TY T T T I rrrpTrTy :lY}ll!gll![lll|lll (AR I!i!)-
~ 8 T Av@ Nsm,'-m(‘;ev EBE Au+AU@ o =130GeV 1
SEL ¢ ] 25t :
- % : T - % K-
£ K* - § 1 -
o 3t
N =l
{05 % I & 1
1975 5-15% 3 107 -
| 15-30% ] 3 ]
| 30-60% ]
10’!“fz‘l!oi‘“lotsllto‘lnl‘l;ll;lz";’:“l 10’lllllllllll‘l}![lllllllll!!‘iﬁ
] 0
- 0 02 04 056 ©3 1 1.2
t - m0 [GeV/c 2] it — 0 (GOVIC’?]
» Single exponential scaling at 0.2 -1.0 GeV in m,-m,,
« Parallel slope among all centrality classes.
* Ty (central 0-5%) ~ 217 MeV 15 (stat.) £20 (sys.) MeV.
=T,
BNL/ Tatsuya CHUJO  02/14/2001 @ CNS workshop, Tokyo Univ.
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= ENIX

Centrallty Dependence of M, Spectra for p/pbar

PHENIX Preliminary

- % ;llli )t!jll!lllI‘IIITIII!lI!Iilg

g L Au+Au@ sy =130GeV J

- v b -t

Z1, proton -

Er ;
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o
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[ 10-5 %

10 e

= | 5-15%

L | 15-30% ]

10°E | 30-60% o 3

60-80% o 3
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PHENIX Preliminary
a :[ 77‘1 TT ! T ! 7T ‘ TTi ‘ TTT I TTT i T 7:
i F Au+Au@ s =130GeV ]
M3 3
Er ;
- -
1
B 3
o F E
-~ F ]
E E
i
0’k M E
10 i : ’ i ’ —
I
10‘ 111 I 11l il id I ik [ l i1 l 11 1 ' 111 ‘ £.1
0 02 04 05 08 1
mt-—uﬂ[Gch“Z]

« Single exponential scaling at 0.2 -1.2 GeV in m,-m,,.
. Gradual increase from centrality 60-80% to 30-60%.

proton

BNL/ Tatsuya CHUJO

(central 0-5%) ~ 325 MeV *17 (stat.) 20 (sys.) MeV >T_.

02/14/2001 @ CNS workshop, Tokyo Univ,
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PH--ENIX

Centrality dependence of 7

Centrality dependence of T

* Weak centrality dependence for 7, and 7.

* Gradual rise of 7., and 7, from

peripheral to mid-central collisions.

T

'TKETK< proton

5 045
5 L PHENIX Preliminary
';' 0.8~ Au+Au@ s,y =130GeV T
» L
5 i
B R I
ST
o 025 .
[-% - ) 4 -]
) ; ) ;
3 o2l § § C
L - O
g 015
E 01' filled : + ! open : -
= s proton/phar
0.08 = kaon
° | « plons
o i | i | i | L | i | 1 1 i 1 A
0 50 100 150 200 250 300 350 400

Number of participants

BNL/ Tatsuya CHUJO  02/14/2001 @ CNS workshop, Tokyo Univ.
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PH-:-ENIX

Mass dependence of T
S 0.45
[ - Most central (0-5%)  PHENIX Preliminary
S, 04| filled:+iopen:- ]
3 o3l I
[- -
E : }
8 oaf
]
3 L
g. 0.25— 1
Q L
® o2 ® '
' -
2 o015
° -
E o
Tom K pipbar
0.05 —
AutAu@ sy =130GeV
) SRS B RS R BT R
0 02 04 06 0.8 1 12
Mass [GeVic™*2]

Mass Dependence of 7

PR

3¢ Intuitive explanation of mass dependence of 7

T o< T,

B, : Transverse expansion velocity

+m-< B, >

eremal

BNL/ Tatsuya CHUJO  02/14/2001 (@ CNS workshop, Tokyo Univ.
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PH:: “{N'x Comparlson with CERN Energy

RS
035
;' "~ PHENIX Preliminary
% 0.45-
¢ i -
e T RHICAuLy (PHERD) « The slopes of pions and protons at RHIC are
& o038 55 peepb|  higher than that of Pb+Pb collisions at SPS.
m 0‘3 B /
‘ =
g 025 g « Kaon’s slope is almost same at SPS Pb+Pb.
E o2l A SPSSS
0.5 SPS ptp
0.1
- SPS data: NA44 o
005 K P (most central)
o—llllltllllIlllllll\llll'll!]llltlllllll
0 02 04 0608 1 12 14 16 18 2
Mass [GeV/c™*2]
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PH: CEND‘ Conclusions

= A

» Single particle spectra for n %, K %, protons and anti-protons in each centrality
class are studied.

* Inp;spectra, a Iarge proton and anti-proton contributions at high p;
+ Weak centrality dependence of slopes for 7, and Ty.

* Gradual rise of 7., and T}, from peripheral to mid-central collisions.

* L=Ty <Tygenat all centrality classes.

. The slope of pions and protons at RHIC are higher than that of Pb+Pb
collisions at SPS. '

+ Kaon’s slope at RHIC is almost same at SPS Pb+Pb.

BNL/ Tatsuya CHUJO  02/14/2001 @ CNS workshop, Tokyo Univ.




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 /s = 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 2.0GeV/c. The systematic study of parti-
cle yields relates to baryon stopping via proton/anti-proton ratios, to the
existence and mechanism of enhanced production of light strange mesons
via K/7 and K/p ratios, and to comparisons with predictions of chemical
and thermal equilibration in these collisions. In this presentation, par-
ticle ratios, i.e. K*/K~ 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

ﬂ\, . y
o H ‘ *

Hiroaki Ohnishi

Brookhaven National Laboratory
for the PHENIX Collaboration.

Hiroaki Ohnishi [ BNL ]
CNS workshop 02/14/01

V’
PH ENIX 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. == pgandpg
» Chemical freeze out temperature.
* Degree of baryon stopping power. == phar/p, g

» This information will define boundary conditions of
collision dynamics.
mmp Conditions at Freeze-out.
This will be a first step to investigate
whether Quark-Gluon-Plasma is formed or not.
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PH::-ENIX Identified Hadron spectra

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

wk  PHENIX preliminary ol PHENIX preliminaty
,n min. blas Au-Au ,m ", min. blas Au-Au
51045 .2*‘.;\“ 5104; -.l:&‘*
e .".'.. positive = "‘.:_ negative
g 10‘2 3 .Q&QQ g 10.: 3 ﬁ:’l
.°.- E . A':!Q .b.. Ey o g’!?’
o " o pbar A
10‘; q | 10‘5 I le
10*‘,..,1.“.! a..!.;-du..lu..lm.:‘ul 10‘:““l=.nl»\rzl..;;[“Lmudm.[.»m
0o 0% 1 15 2 25 3 35 4 0o 05 1 15 2 25 3 35 4
p, (GeV/c) p, (GeV/c)
Hiroaki Ohnishi [ BNL ]
.l . CNS workshop 02/14/01
PH: ENIX K+/K- ratio
- Expectation from previous experiments
» K+/K- ratio decreases
with increasing /s
R T T T T '
10 C+C +/K- |3
g t }KaoS K+/K ]

g Ni+Ni

m E866/E917

: . s 10 =
» K+/K- ratio in 5 = AutAu E
p+p collisions UL A gsf;b
. ,‘/-S =23GeV=>1.6 - Si+Au  NA49 = .
« /s=53GeV=>14 [ —
1 10 10°
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M‘
PH:ENIX K+/K- ratio as a function of P

Minimum bias data
16
e

D R e

12 ]

K+/K-
ok

04 PHENIX Preliminary
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P, [GeV/c]

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

Hiroaki Ohnishi [ BNL ]
CNS workshop 02/14/01
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PH -ENIX K+/K- ratio as a function of centrality
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PHENIX PRELIMINARY 3

i1 I VN | PN ‘ | S ] I bl ' L.l i 1 l Loddd l S
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Npart

> NO dependence as a function ot centrality.
3 Same trend are measured in SPS and AGS
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PH - ENIX Summary of K+/K- ratio

e .

+ K+/K- ratio decreases ——rrrr

as a function of /s 0E fcec KaoS
(0.5GeV/c <PT<1.8GeV/s) i %

s Ni+Ni
= 1.29:£0.07(stat) £0.19(sys "“F B AutAu E

: . Nags  PHENIX

;(.;.I/K_ pr&duftioz at RHIC [ gi‘fu NAdY & Pb+Pb  preliminary

ollows the tren _ .
observed in the experiments 1 F
at SIS, AGS and SPS. AR

1 10 10°

/5 [GeV]
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PH {le pbar/p ratio

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

$
2 SPS

| — DTHY —»|

1 10

JEIGeV]
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PH - ENIX pbar/p ratio as a function of centrality

5 ! 1 | | 1 [N II—%
= 3
& e
2 ;
g ) * * 3 Systematic errors ~15%

Systematic error is not
depends on Npart.

PHENIX PRELIMINARY 3

0.8 GeV/c < P, <3.5GeV/c

Il 1 Ii J - l Ll Ll I Ll 1l l b I Y I L 1 1 l Ll
100 150 200 250 300 350 400
Npart

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

. Hiroaki Ohnishi [ BNL ]
oy CNS workshop 02/14/01

PH  ENIX pbar/p ratio as a function of Py

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

2 Itis vary hard to extract pbar/p ratio at P above 3 GeV/c
due to small statistics.
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-+ ENIX pbar/p ratio as a function of P,

STAR
Min. Bias
-

pbar/p ratio
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PH - ENIX pbar/p ratio as a function of P

Hiroakl Ohnishi [ BNL ]
CNS workshop 02/14/01

pbar/p ratio

e — — 3
OSE e
08" =
E STAR 30-60% E
0.7 Min. Bias =
e B E 4 =
05 —+ = X.N.Wang, PRC58(1998)2321
04 0-5% = I A — §
) ——3 09 } AutAu(b=0) 1
03 = o8 k dE/dx=1.0 GeV/im 1
02 PHENIX Preliminary 207 o AutAu(b=0) ... ]
306 P\
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0 L

Interesting physics will contain

in pbar,/p ratio at high Px.
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H::-ENIX Summary of pbar/p ratio
—

> pbar/p ratio at RHIC shows

dramatically increasing

from AGS and SPS energy.

- No clear Centrality and Py

dependence are seen
within errors.

Hiroaki Ohnishl [ BNL ]
CNS workshop 02/14/01

PHENIX
£ preliminary
a .
10
F ]
NA44
. E866 Pb+Pb
Au+Au
A
10-: e sl
1 10 10’
v/ s [GeV]

S—
PH ENIX K+/K- and pbar/p

Hiroaki Ohnishi [ BNL ]
CNS workshop 02/14/01

[
Thermal model tells us...
Baryon chemical potential ~ S0MeV

Both K+/K- and pbar/p
Not baryon free(p;=0).

are closing to 1.0
from AGS to RHIC
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Hiroaki Ohnishi [ BNL ]
CNS workshop 02/14/01

PH:-ENIX Conclusion
e

- Particle ratios in Au+Au collisions at v/ s=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 P;.
( Kaon; P;<2.0 GeV/c, Proton; P;<3.0 GeV/c)

# Particle ratios@ 5% most central event, @mid rapidity
> K+/K-  =1.2940.07(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.

Hiroaki Ohnishl [ BNL ]
CNS workshop 02/14/01

T .
PH: -ENIX The PHENIX Experiment

- 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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. Hiroakl Ohnishl [ BNL ]
T CNS workshop 02/14/01

CENIX Particle identification
15—

 Particle identification via Time-of-Flight.

PHENIX High Resolution TOF

- 8r _
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Time of Flight [ns]

Hiroaki Ohnishi [ BNL ]
CNS workshop 02/14/01

—
PH -ENIX The PHENIX Experiment (1)

- Centrality definition

» Centrality selection based on the correlation
between Beam-Beam Counters(BBC)
and Zero Degree Calorimeter(ZDC).

[ Raw mulitiplicity Distribution |

Centrality selection

T T T | |
. |_BBC vs ZDC an* response E E
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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.




CNS workshop ( 2001 / Feb /14 & 15) “ CERN SPS hadron measurement

CERN SPS hadron measurement

Flow measurement with a puzzle, and
interpretation of low m: enhancement of pion spectrum

Susumu SATO
Univ. of Tsukuba

Contents
1) Ellipticity at mid-rapidity
— Difference in Kaon
2) Low m¢ enhancement
— Resonance role at mid-rapidity

CERNSPS-WAG8 Susumu SATO

CNS workshop € 2001/ Feb /14 & 15 " CERN 8PS hadrun measurement

Flow measurement at SPS
by Plastic Ball + magnetic spectrometer with PID

all |
. .|

At <Ifin/c AT ~ 10 fin/c

[Before collision] M [During] (9 I [After collision]

[ I TR T BTSSR —

Fourier Expansion of Azimuthal Distributions l l .+ (WAI8)!

o.a | ¢ Fhmetic Bail ) « hu"um: Asm 5

P Proton ;
F(#) = F{1+2v, cos(g) + 2v,cos(29) +...} i
=0 “RedlsiFiow’, isotropic traneverss flow 0.4
“met "Diracted Fow®  Non-kotropk fow 0.2

m2 Eligtic Fow > 0 v .

. -3 L] ] 2 3 4 L

L 1Y
CERN-SPS-WA98 Susumu SATO




CNS workshop ( 2001 ‘Fel / 14 & 15) " CERN SPS hadiun measuremant

WA98 experimental setup

WAIS/PHENIX TOF (Stop counter) WAIS/PHENIX LEDA(EM.Cal.)
Streamer Tube Det. . ZDC(Had.Cal.)
PAD Cham. MIRAC(Had.Cal.)

Magnet PMD

Start

Beam Target +P.ball, SPMD
(2%Pb:158AGeV) (***Pb: 0.239mg/cm?)

Characterize Fireball from various aspects
[Hadron} momentum + PID; w/Mag. Spectr.

[Photon] Ey; w/EM.Cal.

[Hadron] global Ey, Eg; w/Had.Cal.

[Photon] mult. distr.; w/PMD

[Charged particle] mult. distr.; w/SPMD, P.ball

Susumu SATO

L]

[ ]
]
[ ]
[ 4

CERN-SPS-WA98

CNS workshop ( 2001/ Feh / 14 & 15) “ CERN SPS hadron measurement

Reaction Plane determination
By Plastic Ball (dE -E & delayed signal for x *)

; Clear azimuthal asymmetry in semi central events

wos{d, <@, ] ~0.360 = COIR

cos{qD, )1 =008 20005
at semi-contrsi col

by A
Poskanzer & S.A. Vo
(PACHS,1871(1908))

CERN-SPS-WAS8 Susumu SATO
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NS workshop { 2001 /Feb /14 & 15)

* CERN SPS hadron measurement

Elliptic flow of = " and K"

Fouriar Expansion pf AZsmathal OfStribLions

Figim £ {1+ 20, comd) + 2v, co26)+ .}

*RatntFoe’ . onopl weamare fow
* Bivgcuud Flow Won-aengic fwr

L

~1

—
Camz vomrow
-l el

1S8A GeV Ph+Ph cellisions
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e nit FETR N Y
4
T, 3
i PLB469 (1 30-26
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plane 2 | N Kt o
i 4
~-03 I
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1

-

Central
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.
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* .
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At SPS energy, Kaon has different ellipticity
compared to protons or pions

CERN-SPS-WADS

Susumu SATO

CNS workshop € 2003/ Feb /14 & 15)

" CEREN SPS hadren measurement

P ¢ dependence‘ at mid-rapidity

04 o
E 1 K E
= 0z} F - e % o
of — :'Q...:—I—-r————l——w
0z o
‘ ¥ 1
a4 b @
L v, i ay,
05 - oV, L on,
ST Y W N ST EP AT
0 0.2 o4 06 0 02 84 06 0N
P, (GeV)
e V2 increase with p,.
e vl remains close to zero.
—sour acceptance is at mid rapidity
CERNSPS-WA98 Susumu SATO
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Single Particle Spectra

(pp collisions
3 101 e W— | I— L
gdc e R s y] As=23Ger
@3 i ﬁ - )’: 15 355) | Nucl. Phys.B100(75)237
mb 31]00-_ ?‘z!“' T (l)Sim.ileul‘ shape, and
/ c i ‘x§ (2)Similar slope
“x. for different
R | particle species
: (called m-scaling)
1077 “§. i
Y 14
.7}
¢ 01 02 03 04 05 06 07 0.8

mt-scaling in proton — proton collisions

CERN-SPS-WAQ8

Susumu SATO

CNS workshop ( 2001 / Feb / 14 & 15)

“ CERN SPS hadron measurement

Single Particle Spectra
(nucleus - nucleus collisions)

I av|™* T T | 184GV Pb+ P
m, dm,|w* + * Nucl.Phys.A610(96)175c
., . -Proto;
a'u.) 1t v gg(’)Me%
( \\., \\” # (1)Difterent shape, and

.

(2)Difterent slope
for different
particle species

K
103 S \
0 . \"ﬁﬁﬁ o, ”ffﬂﬁ
oy, T5603) Mev 15408 MeV
N v
10" .’.’\t. %4
[ ] . J L

mt —m (GeV)

Different shape and slope are observed.

CERN-SPS-WA98

Susumu SATO
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/Feb /14 & 15)

“ CERN SPS hadron measurement

‘Expanding Fireball Model ~ example of good
parameterization ~

(1) Single spectra:

- transverse kinetic energy (m,) spectra
o PRL80(98)3467

—parameterization for
different particle species
Ts~139MeV, (Bp ~0.42c

!(“(2) Two particle HBT correlation

{
i

1 Habilitation(’97/T.Peitzmann)

—Boost invariance for expansion

By =AR/z,

~0.4310.16¢

Good explanation

both for singles and two particle correlation,

but

not using lower my-region

CERNSPS-WASS

Susumu SATO

CNS workshop € 2001

{Feb i 14 & 15)

“CERN SPS hadren measurement

A" resonance

e Lowest resonance of nucleon

e M ~ 1232MeV (in Breit-Wigner function
ect~ 1.8 fm; (I~111MeV)
e Isospin3/2, Spin 3/2

e Decay into pion and proton with >99% branching ratio

A++ >99% . .

cf.

P+ 250% 2+ 4 (m)

~50% 1
— 2258 )+»p
>99%

S'-——-—) £ +(n)

—:‘592’:“)3_""?

~50%

A0

T—--—-->e°j+(n)

Pt(mt)(GeV/c)
0.8! .
i
04
0 Faw -1 S 0

e Decayed pion gives lower transverse kinetic energy

CERN-SPS-WAYS8

Susumu SATO
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CNS workshop { 2081/ Felb /14 & 15) CCERN SPS hadion nivaszurement

Particle Identification
(with WA9S8/PHENIX TOF)

p(GeV/c)

! N
81 NE:’: 8:;04cn 800 q 85}’;‘:
6 % T 00 |

[ O ~0.02 w50, s
4i (GeV/c?)? ¢+? Trof (5)
2F ] at 2GeVi/e 4

I : 0.10 ¢ for
0 il piibuii sl NPT P 1 °°:°90

0 0 5 1 1.5 0.05 ¢ { nufi‘
m%(GeV¥/c?) o

IH

0.00 -
%’lf}( 012 34 p(Gevio

Clear Particle Identification by ToF method

CERN-SPS-WAS8 Susumu SATO
CNS workshop ( 2001 / Feb i 314 & 15) " CERN SPS hadron measurement
Geometrical Acceptance
|1 =
8 06 A o oo "
O |04 ,
g 02 ] L ¢
< 0 +
=

T as R 35 Ay
(hytarget =0) Y(tm=2‘9 ( ybeam=5'8 _’)

Measure around mid-rapidity,
where hot fireball is expected the most.

CERNSPS-WAS8 Susumu SATO
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CNS workshop { 2001/ Feb / 14 & 15) “CERN SPS hadion measurement

LN Single spectra
2xm, dydm, 158 A GeV Pb + Pb central
10— t————+————+————————F | Slope WA NA
™. o (WA98) 1| Mev) 98 440
F @ proton(WA98) - . 142 156
d'ﬁ | * +3 +3
* O (N4
102 -: '*.o,: O proton(MfaQ) . “ P iSzls i{;g
> m": p preliminary (%) Nucl Phys 61096)175
e . 1 , WA NA
10° Jeett iy, 1N B 98 44¢9
E T et , ]
S ‘m | ] 138 155
C ¢ .
i * * FICTIYINS | ML T
ﬁ Tt . “ ] » 25 27
+ T + +6 +5
10 ° H (**) M.Kaneta, PhD Thesis (1999)

0 0.2 04 0.6 0.8 1 | me-m(GeV)

Consistent shapes in different experiments

CERN-SPS-WAQ8 Susumu SATO

CNS workshop ( 2001/ Feb /14 & 15) “CERN SPS hadron measurement

| Parameterization
for A yield by invariant mass method

Invariant mass ) )
Tm = \/@n+ +E,] -@ 4 +5,]

Yield
;gg #
01, g Invariant mass distribution
43335 'y Yield, ,, @, 1
™
o T .
Gl I35 16171819 2 + Yleldcomb.B.G. &mv
Invariant mass (GeV)
Yield omp, | BG &in ” Jshould be evaluated
CERN-SPS-WA98 Susumu SATO
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CNS workshop ( 2001 / Feb / 14 & 15) " CERN SPS hadvon measurement

Two normalization methods

Yiehi

(1) Tail method

method

normalize in any minv region,
assuming Yielda++ follows

g883883§

.:?..,3.. .

(2) Breit-Wigner + Background }

.(1)

Relativistic Breit-Wi §n
sume 3
Yil.edA++ &, fs = q

(PRL79(°97)4354)
3, .3
+
e 4&“’- AH.]/ 8

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

Two methods should be consistent

CERN-SPS-WAQ8 Susumu SATO

CNS workshop { 2001/ Feb /14 & 15 ) “ CERN SPS hadron measurement

normalize only in higher minv region

Tail method
Yield fn (INnt=2) 2847 ev, Mh&ld / Evfgt(tze?t!rfal) -
700F . 0.004f . RO TR 1 i
[ ™ s *
- 3 Subtracted
600} ., 0.003 ] E,=1.23740.006
1 * . 0.002} I'=0.08610.014
500} . 0.001| ; (GeV)
1 L 3 a
400 - ° [ e i
h 1 1.2 1.4 1.6 1.8 2
300+ »
’ b Real
200 : *ee Mixed
s *Seecnee

G171 1213 1.4 1.5 1.6

.7 1.8 1.0 2

Invariant mass (GeV)

Clear yield can be extracted by tail method

CERN-SPS-WAS8

Susumu SATO
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CNS workshop { 2001 / Feb / 14 & 15) “CERN SPS hadvon measurement

Yield summary table

S * Value and Statistical Error
A**/ spectrometer /ev. (raw) 0.022 +0.010
proton / spectrometer/ev. (raw) 1.080 C 10,010
A*/proton (raw) ' 0.021 +0.009
€ trk (3ordcham.) 0.79 10.02
EPID 0.60 10.02
€ geo 0.145 10.005
A**/proton N 015
(€ trk , €PID, € geo corrected) 0.31 0.14
A/nucleon H0.28 (stat.) (459
(isospin corrected) , 0.62 0. ,8;“ at.) ( S’ﬁ)
Systematic Error
Uncertainty of Tracking efficiency 10.06 (sys.) (10%)
Difference in normalization method +0.02 (sys.) ( 4%)
Difference for different local multiplicity 10.08 (sys.) (13%)

At SPS, delta yield is, for the first time. directly measured

CERNSPS-WAQGS Susumu SATO
CNS workshop (2001 7 Feb /14 & 15) “CERN SPX hadron weasurement
Population ratio: A/ nucleon
——1100 __ PLBA477 (2000) 3744
X ‘ |
< {_a WA8 Pb+Pb |
: n E814 Si+Pb
| = | 80 o FoPINGN
gl IS :
ANl O .
S160: i
= |
40 :
| Acquired from A/ p,
20° . | Isospin correction
1 10 100
Ebeam(AGeV)
Higher population is seen at SPS
CERNSPS-WA9S8 Susumu SATO
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Low mt enhancement in Pb + Pb (1)

103: ——
1 d*N &
Zﬂ'mt d};dmt 102- |
&) : = Neighboring
several points for
10 : local mt slope

)

mt —m (GeV)

0 02 04 06 08 1

Low m¢ enhancement is seen in local mt slope (Next)

CERN-SPS-WA98 Susumu SATO
CNS workshop ( 2001 / Feb /14 & 15 * CERN SPS hadron measurement
Low mtenhancement in Pb + Pb (2)

0.2 ' ' ' prg'liminaag

> 5 ]

<) ;

g 015 | ——

) ! "

® : ?

gl 0.1 j+— ;

= : | |

005 0.2 0.4 0.6 0.8 1
Center of fittin
region in mt — m (GeV)

The m¢ enhancement is seen
in Tt spectrum in Pb + Pb collisions

CERN-SPS-WA98 Susumu SATQ
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CNS workshop { 2001 / Feb / 14 & 15) “ CERN SPS hadron measurement

Candidates of low mt enhancement

(1) Collective motion
" e.g. Collective radial expansion

(2) Coulomb effect
Repulsion/Attraction from Charges
‘ Pt(mt)(GeV/c) N
(3) Resonance decay 0.8 . & }
A decay gives 0 “ D)
{)(;Wé;renntla{fics | @ |

o' 0" iy

There are more than one candidates

CERNSPS-WAQ8 Susumu SATO

CNS workshop (2001 7 Feb / 14 & 15) " CERN SPS hadron measurement

Collective motion (Thermal+expansion)

10°

1 dN
m,dm,

(a.u)

r P‘RL'SOQ 9?3167 Describing well for
different particle species

except low m, x, and
| shape of 7t is little

affected by
collective motion
T=139MeV
=0.42¢
@ “~

P . consistent also
0 0.5 1 with two particle

ine: HBT correlation
Dashed line: —
exponential for eye guide mt—m (G’GV)

T spectra shape is little affected by Collective motion

CERNSPS-WA9S Susumu SATO
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Coulomb effect
A | e S S Y. =
' . L 2 1 Ratio
Coulomb | g° s, dyan, ¥ N
+
CLowmt o} s e DY
% / \~\, - —"
- Enhance e , | w/Coulomb | 1
102 + AN 1
~ .,
-
® A o Ne
3«\, [ nulnmh
‘ n"' S i .
10 ———exponential S 0 I
T 7T 0 02 04
——+ Imt—m (GeV
0 2 0 3 0 4 0 5 0. 6 ( )

Low

m.tkenhancement is seen in both charge +and
Coulomb eifect appears as difference between " and .

CERNSPS-WAQ8

Susumu SATO

CNS workshop ( 2001/ Feb / 14 & 15)

“ CERN SPS hadron measurement

Contribution of A Resonance

A mcluded evaluatlon

A (invariant mass)

1 N0 ' :
"'n‘t' % X - %hg?ﬁaél Expansion ] &V :_-_t.-h a factor (l+ & )
@u) | .| (. Traraat sxponeten ssspumat) -
] Dpreliminary
NA—>p(Se.)+7( Not.Sc)
1 b
10} | NA—sm(NotSc.y+p( NotSc.)
[ ‘ —sconsistent with
10° simulation (~1.5)
[ l 4 thermal model
-1 L L i —d —
0 02 04 06 08 1 T=139 MeV,
mt —m (GeV) ¢ =042

“thermal source” + “ A resonance decay” is
consistent with the low-m¢ enhancement of 7 T

CERN-SPS-WA98

Susumu SATO
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Summary

At the SPS energy,

@ 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.
(PIDed analysis is needed !)
o Large fraction ( ~ 2/3 ) of nucleons are in
N(1232) resonance states.
— Additional 1.5 times of A 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-WAQ8 Susumu SATO

CNS workshop (2008 / Feb /14 & 15) " CERN SPS hadrun measurement

Well,.. other resonances

® Chemical equilibrium tells,
heavier baryonic resonance is still minor.

@ Mesonic resonances

Jfor example,
e f(400-1200) — major contribution in JAM,
while no presence at all in RQMD, chemical calc. et al

o P — no systematic understanding with leptonic decays

That’s still vague...

CERN-SPS-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-th/0011087.
[2] T. Hirano, nucl-th/0004029 (to be published in Phys. Rev. Lett.).
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Hydrodynamical analysis
of elliptic flow
at SPS and RHIC

Tetsufumn Hnrano

ics, Waseda University,
Tokyo 169—8555 Japan

In collaboration with
Keiichi Tsuda & Kohei Kajimoto

[1] T.Hirano,K.Tsuda and K.Kajiymoto, nucl-th/0011087
[2] T.Hirano, nucl-th/0004029 (to appear in PRL)

s CONntents

= Why hydrodynamics ?
&a) elliptic flow’ ??

=V, at SPS

m VY, at RHIC

= Summary
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Why Hydrodynamics ?

-Lattice QCD
Equation of state
-Effective theories

Spectral char

*Etc.

L)

At fixed T or ng
\_ STATIC!

w* Motivation & strategy

4 Eq. of State\ éollective Flow
(EoS) in Relativistic HI

ePhase transition m -Radial flow
between QGP phase eDirected flow
and hadron phase oElliptic flow

@oﬁening of E0S \_ J
\/

Relativistic Hydrodynamic Model
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Relation between ‘in-plane’
L and ‘positive v, breaks down!

Owing to resonance decays

N NS

12
.g"} 7~ _/
Y
<03

0 80 180 270 360
Azimuthal angle @  [deg]

Particle emission from
oL hot matter

Hot matter
_ *Direct emission

from freeze-out
hyper-surface

T «Feeding down from
resonance decay
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Rest frame

Isotropic
emission

Emission angle is limited.

Effect of decay kinematics
| on V,(py)

e ~0.5<Y<0.5 Toy model of in-plane
—pemn T T elliptic flow
06f-__direct®t  w=0.5 ) -
T ] T,=120 MeV
0.(’.; . L - -VX VX
0% —ozk 04 06 08 1 @ . .
‘ \ 5 GeV y |
Negative v,! ¥

See also, T.Hirano, nucl-th/004029,
(To appear in Phys.Rev.Lett.). y4
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Relativistic hydrodynamic model

8

"oy __ 7 Hadron phase
aiuT o Oa‘ a[un;} =0 Baryons &mesons

-Energy & momentum tensor + exclude volume

correction
T**=(E+Pu"u" —Pg"”’ *Mixed phase

E:energy density, TC (nB = 0) =160 MeV

P:pressure, u* :4-velocity P(nB — O) =590 MeV/fm3
Baryon flow *QGP phase
ny =ngu" u,d,s-quarks and gluon

1 . 4 ~
\nB:barycn density J Q’—‘—-E—*B, B*=233MeV
37 3 Y

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

Initial geometry
. (Pb+Pb 158 A GeV at SPS)

Impact parameters:

Initial time: 7, = 2" _14fm b= 2.4,4.4,6.48.2.9.510.6 fm
YV
4

or 7.2fm y

Reaction Plane Transverse Plane
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Initial parameters at SPS energy
v (Pb+Pb 158 A GeV)

-Initial time: t, = 1.4 fm

-Initial energy density: E, = 3.9 GeV/fm3
-Initial baryon density: ngy = 0.46 fm-3
\oFreeze-out energy density: E; = 60 MeV/fm3

E(XIYIZ) E(Z)W(XIYIb)I nB(XIYIZ) nB(Z)W(XIYIb)

osl R "Wounded
Sol /7730 ) nucleon
- 1] ::' !! !.v’/f-»\ '»““‘ ‘\_“ \\ «
L od H7 W pscaling
I’ { ia"ll ‘\\*i. i \‘
0.2 ] AVL Y i
0 o ) ‘ ‘ ‘ ' : 0 R . SRR
0 02 04 06 08 1 12 14 -10 -5 0 5 10
. 2z . fm ) X fm
Longitudinal Transverse

Single particle spectra in
w CeNtral collisions at SPS

rapldlty distribution transverse mass dlstnbutlon
250 o 10%¢ -
b 2.4 fm 100 L
200 ﬁ:ﬁ?gge " t ] (3102 h, 3.1<¥<3.3
. 10° [
| 3150¢ g%lo B
Tﬁé% 100+ 'ﬁ% 1 ]
sol /. BEEIETERN 5101 P,3.0<¥<3.2——/
,+">—— baryon 3
P N . , . S 2 A N . N 1
O T & 3 0o—D07 o8 12 16 2

You m—mo GeV

Data from H.Appelshauser et al., PRL82,2471(1999).
{ Parameter tuning in Pb+Pb central collision%

i , vor ] <T>=117 MeV
reeze-out parameter= <, >=323 mMev
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~ Single particle spectra in
L non-central collisions at SPS

rapidity distribution transverse mass distribution
200 T T ] T T (lﬂ 104 T T
—— b=24fi ~ - b= 82fm N
b=idfm s 95fm | myor | 01 You<Od b=2.4 fm
o === b=10.6 fm | Q -~ === b=44fm
= - 3 10° T, b=6.4 fm
H 3 e
§% ].OO " N% g 10 ¢
S T
// ‘ sl s S — ~ “: -
ot A oA o . . b= 8.2fm LINISD
et Yo T S ey - S53
o ";’,': e T I l l“n-di-‘;%. 3 102 —onme b= 1061 fm I l -
-3 -2 -1 0 1 2 3 0 04 0.8 1.2 1.6 2
Yeu m—mo GeV

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

Simple scaling for initial condition
in non-central collisions

Differential elliptic flow at SPS

v, as functions of Y

v, as functions of p,

0.06 - . - : 0.1 “total
— o 50<p<350 MeV — ol .
0.05} ‘ . « 0.08} ---- direct 7 o
L ¢ resonances '
0.04 0.06 data

_,0.03}

~0.02} 2004 I -
0.01+ 0.02 3 ]
ot (1] 3 oL ]
) . . ‘ ] ‘ ) ! J ) 1 ‘ ‘ 4<1Y<5
O —— %45 002—57072 03 04 05 06 07 08
, Y Data from P Gev
Exp. data:6.5<b<8.0 fm http://nad49info.cern.ch/na49/Archives/Images
Results:b=7.2 fm /Publications/Phys.Rev.Lett.80:4136-4140,1998
Total v, is reduced by Total v, is reduced by
249%p at midrapidity 20% at p,=0.25 GeV

owing to resonance decays. owing to resonance decays.



http://na49info.cern.ch/na49/Archives/lmages

Centrality dependence of
elliptic flow at SPS

R I -Range
008 ven D] 3<Y<6
0,06 | | fmmmonnee | 0.05<p,<2 GeV
"004 ‘ ] -Reasonable agreement
‘ g with exp. data below
0.02+ . b~4 fm

V2 for total pion is
reduced by 11 %
owing to resonace

Data from decays.
A.M.Poskanzer et al., Nucl.Phys.A661(1999)341c.

Initial parameters at RHIC

L energy (Au+AuW6\5+65 A GeV)

INPUT
Initial ime: t. = 1.0 fm N
-Initial energy density: E; = 15 GeV/fm3
«Initial baryon density: ng; = 0.135 fm3
Freeze-out energy density: E; = 132.2 MeV/fm3
eImpact parameter: b = 2.5 fm
\ ~Initial longitudinal flow depends on x-coodinatej

«dN./dn|,-o = 620
*pbar/p|,-o = 0.57
«<T>= 139 MeV

<u>= 77-99 MeV
N e

dNgy/cn | er = 555 35(syst))
(PHOBOS, 6% central)
«dN./dn |, = 622£41(syst)
(PHENIX, 5% central)
\_-pbar/p=0.65 (STAR) Y,
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http:pbar/p=0.65

0.35
0.30

025}
0.20
£0.15
0.10}
005
ot

0055570406 08 1 1.2 1.4 1.6 18 2 2.2

Data from
K.H.Ackermann et al., PRL86(2001)402.

p, dependence of

a €lliptic flow at RHIC

Our results are v,(p,) for
charged pions, not charged
particles.

#'7 1 »-0.5<Y¥<0.5

1 «Impact parameters in our

*™ 1 numerical simulations are
2.5,5.0, 7.5, 10.0, 12.5 fm.

«Experimental data
—» minimum bias

4 T 1
| § data(minimum bias) 12.5fm |

g
i

P GeV

[ V, rises linearly. ]

0.08
0.07 |-
0.06 -

0.05
;NO.M -
0.03
0.02+

0.01

Data

K.H.Ackermann et al., PRL86(2001)402.

Centrality dependence of

L elliptic flow at RHIC

T T T
®125¢m ® 100 fm

"« charged pion | *OUF results are v, for charged
[ 14 m  #ascaeopions, not charged particles.

P 1+*Impact parameters in our
g som 1numerical simulations are
| t 12.5, 5.0, 7.5, 10.0, 12.5 fm.
Inl<1.3 ¥ zfﬁ“—
F0.1<P <2.0 GeV

01 02 03 04 05 0.6 0.7 08 09 . .
e/ e Similar behavior
from to exp. data
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:Swnmav

#*(3+1)-dimensional hydrodynamic simulations
#Effect of resonance decays on observed

elliptic flow

*SPS - ,
«Central collisions : “Full’ thermalization

*Semi central collisions

‘ P " Partial’ thermalization
#*RHIC |

\_*Central + semi central ) “Full’ thermalization

\
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Three particles Bose-Einstein correlation in
terms of Coulomb wave function

M. Biyajimal, T. Mizoguchi?®
IDepartment 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 Csérgd et al. Our study indicates that
the interaction region estimated by the BEC of three-charged particles
in the S + Pb collisions at 200 GeV/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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§ 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 7*7~ or K7 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, Csorgd, 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-Einstein correlation
in terms of Coulomb wave function

M. Biyajima', T. Mizoguchi®

IDepartment 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 (37*) by original formula by Alt, Csorgd, Lérstad
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).




Formula for 3r* correlation function by Coulomb wave function (Alt et al.)

Ng’;} = % / d3x1p(xl)d3x2p(xQ)d3x3p(x3)
sy (X1, X)W (X2, X3)Ui, (X3, X1)
iy (X1, X3y (X3, Xo) Wiy, (%2, X1)
(X2, X)W, (X1, Xa) Wi, (X3, X2)
Y (X2, X3) Wik, (X3, Xl)#’fé;k, (x1, x2)
iy (%3, X)Wy (X1, X)W (%2, X3)

)

Pk 1y (X3, X)W, (X2, X1V, (X1, X3
where
Yk, (X, %;) = D(1 + iy )e™ 2™ Fl—imyj, 15 i(kigri; — ki - 1)),
r; = (6 —x;), ky = (ki —k;)/2
rig = el kg = lkyl, ny = ma/ky
Fla, b; z] : confluent hypergeometric function
I'(z) : Gamma function

1 2 3 1 3 2 213 321 2 31 31 2

NN IR NN RN RN

X, X2 X3 Xy X3 X3 Xy X X3 X; X2 X3 Xy X X3 X; X3 X3
PWA(1) PWAQ2) PWA(3) PWA@#4) PWA(S) PWA(6)

This approximation for 3w 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.

Notations ‘
N(2+ or 2—) P(kl, kg)

NBG — — P(k))P(ks,)

N(ZH— or 3—) _ p(kla k2, k3)
NBCG P(k;) P(ky) P(ks3)

1 23 1 3 2 21 3 3 21 2 3 1 312

-ttt

Xy X2 X3 Xy X X3 Xy Xy X3 Xy X2 X3 X; Xy X3 X; X2 X3
PWA(1) PWA(2) PWA(3) PWA®4) PWA(S) PWA(6)

1
N, (3;;)(3 = 5 / dgxlp(xl)d3X2P(X2)d3X3P(X3)

.[ez’(k1~x1+k2-xz+k3-x3) + ei(k)-xg+k2-xl+k3-X3)
+€i(k1<x2+kg-xg+k3>xl) + ei(kl-x1+k2vxg+k3~x2)
+ei(k1~xg+k2~X1+kg-xz) + ei(kl'xg+k2-xg+k3‘xl) 2
x2

1
PX) = o s P |~ o

(2m R2)3/2

3
Data corrected by Gamow factor are usually analysed by N, ( afl)e .

627rmj -1
G(kij) = Ty . M T ma/kij .

Notice: Gamow correction £ Coulomb correction
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§ 3 Diagram decomposition of their formula and introduction of degree

of coherence A

C C
A1) = wﬁk2(xl, x2)¢k2k3(x2, X3)¢k3k1(X3, Xi)
PW, glkemgiknmgikaira — o(3/2)i(kxithyxptkyxa)
AR) = Yo (X1, X Wiy (X3, Xe)igsq (X2, X1)
kiko X1, X3 koks\ 43y A2/¥kgk \ A2, A1

PW, cikipriggikastazpikar Tor — o(3/2)ilks X1 +ko-Xg+kgxo)

AB) = Y, X1)¥u (X1, Xa)¥i, (X3, X3)

PW, pikizra gikozrig ik o (3/2)i(ki Xa-+ko-x) +k3-x3)

Ad) = Y, (X2, X3)Wi (X3, X)W, (X1, X2)

PW, gikiarasikozty giksiri _ o(8/2)i(ks Xo +koxg+ksxi)

A(B) = Y, (X3, X)W, (X1, Xo) P, (X2, X3)

PW, pikizrar gikaarizgikairas — o(3/2)i(kix3-+koxi+kaxo)

C C C
A(6) = Y, (X3, Xo)Uiu, (X2, X)), (X1, X3)
PW, pikizrsyikozro giksimis - o(3/2)i(ki X3 +kaxatkaxy)

7
b
b

H

23 132 213 3 21 2 31 312

SRRSO N O RN Y

XX % ox XX XXX XX xx X xXXNn
PWA(D PWA(2) PWA(3) PWA(®4) PWA(S) PWA(6)

§ 2 Analysis of data (37*) by original formula by Alt, Csorgd, Lorstad
and Schmidt-Sorensen

Q% = (k1 — ko) + (k2 — k3)* + (k3 — k;)?

Figure 1: Analysis of 37" BEC in S 4 Pb collision. (a) and (b) are results of Egs. (1)
and (2), respectively.

I ' 1 ¥ T N i ' i !
R @
3 )
8 25 B ]
= 15f .
‘ r'e 1
l_’ s LK ¢ !
0.5 . 1 " i i i L I : ] N
0 50 100 150 200 250 300
0, (MeV)
Table 1: Estimated values for the data by Egs. (1) and (2) using CERN-MINUIT program.
Formulas C R [fm] A3 X2/ Naof
Eq. (1) 0.941+0.026 2.47+0.14 — 17.6/16
Eq. (2) 0.986+0.028 2.36+0.26 1.37+0.19 7.8/15
N(3+ or 3—) a2
—me— = C (1+ 2ee %) )

Formula by Alt et al. with CERN-MINUIT shows big discrepancies among

data and theoretical values !!
Reasons 7 = partially coherence, long-lived resonances, contaminations,

temperature, flow effect, . ..

5
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Introducing the degree of coherence A!/2 for mark X, we obtain
N(3+ or 3—)
NEBC

Our results

= C [ dx1p(x1)d*x2p(x2)dPx3p(x3)[F} + A2 + X2 Fy] (3)

Figure 3: Reanalyses of 3x* BEC in S + Pb collision.
Isp~—r—r—r—r——T T

3l @ ]

-

0_5‘ $ - l i i L ! L |

0 50 100 150 200 250 300
0, (MeV)

Table 2: Reanalyses of 3=* BEC in S + Pb collision by Egs. (3) and (4).
Formula C R [fm] A X2/ Naos

Eq. (3) 001740032 153+020 055+0.07 6.7/15
Eq. (4) 0.984+0.029 2.60+028 0.33+0.04 7.7/15

Eq. (3) 5 1+ 3xe 100 1 o\2-8004E) @)

Figure 2: Diagram reflecting three-charged particles Bose-Einstein Correlation (BEC) and
Coulombic potential (V). X means the exchange effect of BEC.

F =

+A(3)A*(4) + A(3)A*(5) + A(4)A*(6) + A(5)A*(6) +¢. ¢/

PW, BEC between two-charged particles
P o= é{A(1)A~(4) + A(1)A*(5) + A(2)A"(3) + A(2)A*(6) + A(3)A*(6)
+A(4)A*(5) +¢. ¢

EW, BEC among three-charged particles
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Effective degree of coherence:

AS = fip*+2p(1 - p)) + f2(P° +3p*(1 — p))
Ay = fXp* +20(1 - p))

Table 3: Typical results from analyses of data of NA44 Collaboration by Egs. (5)~(6).

3r BEC

P 1.0 0.8 0.6

fe  0.743+£0.050 0.77910.055 0.856+0.061

A3 0.964 1.007 1.022

R (fm) 1534021 1.72+0.25 1.874+0.27
; X2/ Naog 6.7/15 6.6/15 6.6/15

3r — 27 BEC

D 1.0 0.8 0.6

fe 0.633+0.028 0.6471+0.029 0.688+0.032

Ay 0.400 0.402 0.398

R (fm) 4691045 5341054  5.85+0.59
x*/Nwy  14.6/17 14.9/17 14.9/17

Data on 27 are taken from ensemble of 3.

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

Figure 4: Physical picture of core-halo model.

p(z,-) = pc(xi) + phalo(zi) ) fc = (nc>/(ntot)
(nc) = (ncho> + (nco> y D= (ncho>/<nc>

N(3+ or 3—) s s 3
—xBe = C [ [ d*x1pe(1)d*x2pe(x2)d* X3pe(3)

(R + 20 B + [2p°Fy)

+ [ d*x1pe(x1) - 6%(x1) P Xape(X2)d* X3pc(x3)

(271 -p) R+ 3£ -p)F) | (5)
N(2+ or 2—) 3 3 9 9
—xpe— = C [/ dx1p(x1)d*%20(x2)(C + f2°G)

+ [ d*x1p(x1)d*x2p(x2) - 6%(x2)2fp(1 — P)Ga|  (6)
where

G = %(I‘ngz(xl, X2)'2+ l"/}ng(XQ, x1)|2)
Gz = Re (,‘/}Sﬁ(g(xl) X2) '11)](51](2()(2, Xl))



http:5.85�0.59
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§ 5 Concluding remarks
o Original formula by Alt et al.

= No concrete information on R.

e 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 f. and p estimated in analyses of BEC of two-charged and three-charged pions

using the CERN-MINUIT program. Widths of f.'s stand for error bar of 20
1 v T

0.8

0.6
2 B
04 -

021 ' .

O s | N H L 1 s ] f
0 0.2 0.4 » 0.6 0.8 1

@ Common region for p(= (ncho)/ (nc)) and fo(= ()] (Neor)) exists.
® More concrete physical picture(# of parameters: f., p, R, Rhao — 00)
© A = f? holds between two modified formulas, providing p =1 .

o However there are discrepancies R (2rt) ~ 5 fm and R (37%) ~ 1.8 fm
in analyses of data by NA44 Coll.
== Numerator do/dQ3 (37") and denominator do/dQ; (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
GeV. Electrons from the collisions are clearly identified in pt range from a few hundred
MeV/c to 4 GeV/c. The electron channel is sensitive to many interesting processes such
as open charm semi-leptonic decays, thermal radiation, and di-lepton 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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uum from heavy quark decay
0 medium effect on vector mesons
‘0 Thermal radiation

hop Feb15, 2001 3 Y.Akiba

M95 | pre-symposium
"s:.ngla electron" spactrum in
Rhic Au+Au central collisions !

| s
EERa RV R B Ss L E
BRIV Il S e LENTILE b ’
T e frdm 10 Dalitz |
1S 1gAfam 7 Daltz ’
s e from -, decay & |
PR L f"\(hqm‘ H
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t
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Pt (GeV/c}

Y.Akiba
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®clectron ID
oPBSC(W):
#electron 1D
@ Encrgy measurement
_ @ TOF (pion ID) _
CNS Workshop Feb15, 2001 5

Y.Akiba

South Side

* East Arm

RICH ring
(6 PMT hit)

EMCal hit _
(2.5GeV)

AN
~ “TOF 6 PMT RIC riug\\ g
| EMCal /[ 255GeVictrack 4 /'
o v 2.5 GeV EMCal hit/ \,
electron candidate
View fro‘m'North Side
Vorkshop Feb13,2001° T T,
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L ]

- energy/momentum
oL “H hit (E/p) ratio is seen at

1.0 after RICH hit is

| ™ required

T lillﬂI

o EMCAL E/p cut
cleans up the rest of

FEUNIIT SRR T T I

. - the background.
1; o oé'b'é‘b'é";";ié‘;’;';s Sl ¢ Random background
E/p ratio 1s also subtracted.
Y .Akiba

e SRR TR

podaaaato et s st bl

(2 1 15 2 25 3 35 4
P, (GeVic)

Y.Akiba
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F- 3 Dalitz and conversion near
00 beam pipe
o e
§ i Conversion at large R
i
=
-4 L
m.—
40.«
20(- -
I R +'\Bac:kgrc.:ung:l
[ (Event mixing)
.!_.I‘L]lllIill']llllIﬁl]llilt‘_lll(!llllllll
0 0.020.040.060.08 0.1 0.120.14 0 soe&%‘a

Y.Akiba

10N ample is used
ph{}ton Cross

15, 2001

10

:

Dalitz pairs selected by
angular orlentation

Number of & ¢ "pales

3 8388 328

s

[ ey background (lvmt ml:d
hrwrws | a4 baaaada e
"o on1 ome 003 008 ons om o.w om Ka eVl

ir

§ _[ Conversion pairs selected by
z _Eangular orlentation
T b conversion in beam pipe
2 " and 81 dstector
:g conversion in MVD shell
o ;
» L
F E
o~ ’

©
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- photon yield
ofpion.

n spectrum

)

10

PHENIX PRELIMINARY
Min.Bias Au+Au

\& o - 130 GV

lll‘)l|‘iljl

« ¥ (Full field Data)
» Y (zero field Data)
= ¥ (half field Data)

llill-lli] Ililli!

05

1

15

23 3 35
Photonp , (GeVic)

op Feb15,2001 .

Y.Akiba

12

Beam View

Y.Akiba
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housands times of this
statistics to measure J/'P
and light vector mesons
with full two arm

' system,

CNS Workshop Feb15, 2001 13

10

PHENIX PRELIMINARY
Min.Bias Au+Au
\[5 py = 130 GeV
conversion background

combinatorial
background
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Observation of rho/omega meson modification in
nuclear matter

M. Naruki
for KEK-PS E325 collaboration

J. Chiba®, H. En’yo, H. Funahashi, H. Hamagaki®, M. Ieiri®,
M. Ishino, M. Kitaguchi, S. Mihara*, T. Miyashita, T. Murakami,
R. Muto, M. Nomachi®¢, K. Ozawa, F. Sakuma, O. Sasaki?,
H.D. Satoh, M. Sekimoto®, T. Tabaru, K. Tanaka®, S. Yadama,
S. Yokkaichi, Y. Yoshimura
Kyoto University , a KEK , b CNS, Univ.of Tokyo , ¢ 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 ¢ — ete™
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 ete™
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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T19gg May Produg i with K:20M/e:100M  Cu/C/CH2
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1.48+0.56
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- convoluted with the mass resolution

- ,' e part c‘ars;mrssa;ldentxftcattan ‘amplitude and shape were
| | | estmated hy the analysis of the data.

the attempt to reproduce

mass number A

~K.0zawa CNS Univ. of Tokyo
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o= 103 £015 for ¢

. The KEK- PS E325 measures the mvanant mass distnbuhons of eterand
KK channels to observe sign
nuclear density i in 1263:, [p

Hal ._,Q‘HS; .

* Particle adentlf;cataon and the mass resolunn are achlved ta meat _ s

, " demands. |

e The analysss of ’99 ¢->K K'data shows no mgmﬂcant signal for
b m'eson»modmcanon inthe mvanant mass spectrum of thss channel
Vo currentstattstics et [T

e ofvactor meson modlﬁcataen at norma{ '
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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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J/ suppression]

eSignature of QGP in RHIC
0. Miyamura et.al. (86), Matsui, Satz (86)

oNA50 Collab. Phys. Lett. B 477, 28 (2000)

0 20 40 60 80 100 120 140
Er

suppression by QGP
example: Blaizot et.al. (PRL 85(00)4012)

suppression when € > e.

Tokyo 2001

Hadronic constraints for vector

mesons in medium

Su Houng Lee, Yonsei Univ.

1. J/4 suppression

(a) Motivation;
is o5, = 1 mb compatible with hadronic models

(b) Meson Exchange Model

Y Oh T Song. SHL: nud th, 0010064, PRC i press

2. Light vector meson

g, Foiman, H Kim, SHL: NPA 653(99)91

3. Summary
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Models for J/¢ Absorption by Light
Hadrons

- _—

most important processes relevant for RHIC

Iy D Iy D
T D p D
at threshold
method oaps Near threshold
pQCD in m; = oo limit ~ O(ub)
Kharzeey et al., PLB 334, 155 (1444)
quark exchange model ~ 1 mb
Mortms et al PRC 51, 2723 1199%)

wong et al, PRO B2, 045200 ¢

meson exchange mode
riayan & Miller PRO 38, 2604 1508 ~ 0.3 mb
1 PRC 5103140 o ~3~7mb
PRC 62, 634403 {2000
ag & Lee, PRC 5302001 ~ 2 ~5mb

eWithout QGP
Capella et.al. (PRL 85(00)2080, PRC59(99)395)

R((/¥)/0Y)

Here, o4 = 4.5mb and o, = 1mb

e Known from transport model ( C.Ko PLB 396(97)39)

that oco > 1mb can explain J/4 suppression seen
at CERN.

Is T mb compatible with estimates from hadronic
models?
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2. quark exchange model
Oabs =~ 1 mb for = 4+ J/4 - D*D,DD*, D*D*

a ly . .
A ¢
L

|

pQCD in the heavy charm quark mass limit

with dipole approximation /iKharzeev et.al.)

Oabs =~ O(ub)

€0

i / dze' (h|T J 514 () J1/4(0)|h) o D dn(h|On|h) (q - h)

with eo = 2mp —myy, ¢° = m?‘;/w

But
(a) neglect confinement (coulomb bound state) in cal-

culating d,
" . 1
(b) higher twist ? (h|O|h)'—n§
(c) OPE at separation scale m.,eo = 0.8GeV ?
(d) fit to oyN—ce is not a check because g = 3.8GeV
4
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Models for J/+ Absorption by Light

Hadrons

oabs > 1 mb seems compatible with hadronic cal-
culations.

refine the calculation and use this as a guide line
for RHIC

3. meson exchange model using effective Lagrangian

oaps ~ 0.3 mb (Martinyan et.al.), 3 ~ 7 mb (Halgin,
Ko..), 2~ 5 mb(Oh, Song, Lee),

example: o,y y/y,ptp- = 1 mb with A = 1 GeV

D* D D* D D*

D* D D
* *

n Jy ® Jy = Jyv m YWy ®m Yy

*

D D

.-

|
H
i
H
!
i
|
i
Martinyan.. Haglin, Lin and Ko Oh. Song. Lee

1 10 3 10 ?

relative strength

uncertainty comes from
1. form factor A = 1 ~ 2 GeV

2. four point coupling (0 ~ value at SU(4) limit) (effect of
D; meson).
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2. quark exchange model
Tabs =~ 1 n‘b fOf ™ + J/Tp - D*D, DD*,D*D*

a ¢ > .

A ¢

1. pQCD in the heavy charm quark mass limit
with dipole approximation ik !iarzcev et al)
oabs ~ O(ub)

~
-

=]

o ————

Iy

v}

r”—
-
-

z'/dme"q’”(hITJJ/zp(x)JJN(O)|h> x Zdn(h|0n|h> (%)

with o = 2mp —mypy, ¢ = m?,/‘b

But

(a) neglect confinement (coulomb bound state) in cal-
culating d, ~

(b) higher twist ? (h|O]h)L;

() OPE at separation scale m.,ep = 0.8GeV ?

(d) fit to o,n—cz is not a check because o = 3.8GeV

4
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eExplanation of Data

veCh mesens
om!‘ o \4.’
‘.’ 1 4

x phase space

eSpectral density in medium
1. mass shift (Brown-Rho, Hatsuda & Lee)

2. conventional many body effects
@nra—-m—p (b) N-A - p

Light vector meson I

oS}i_ﬂr&ature of partial chiral symmetry restoration in

Order parameter (q9)
(Vi(2)V(0)) — (Au(z)A.(0))

oCERES Collab. Nucl. Phys. A 667, 23¢ (1968

CERES/INA45 Pb(158AGeV)+Au

. p>0.2GeV <N,>=250
10 2.1<n<2.65
\ e_»35mead 96 data
{ . o 65 data
3

—Jr
e}
ol

(&N JNdM)(dN, /) [100MeV/cT
3
[

10

8
00 02 04 06 08 10 1.2
M,,[GeV]

Red: Li,Ko,Brown PRL 75(95)4007
purple: Rapp, Chanfray,Wambach NPA617(97)472
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eConsistent use of Form factor satishies QCD OPE
constraints Friman, Kim, Lee NPA653(99)91

1.0

_ -~ Without form factor

0.5 i

~1.0
0.0 0.5 1.0 1.5

o [GeV]

1. necessary to refit the CERES data?

2. Models used in Manybody approaches have to be re-
tested (example: p-A reaction, constant phase space)

1

eN-A — p couplings

I(JP) Trota(GeV) L, frn, Sy
N©40) L(1T) 0 T 77 4
N(1520) f3) 120 o0 7 83
N(1650) f(E-) 150 0 09 4
N(1680) Z(3+) 130 1 63  6/5
N(1720) £3H) 150 1 7.8 83
A(1232) 33+ 120 1 153 16/9
A(1620) %—(%—) 150 0 25 83
a0700) 355 30 0 50 16/9
A(1905) 33+ 30 1 122 45

2 —

For A(1232) used fya, from Bonn potential
Az \*
fva, = 15.3, with F(q) = (Rﬁ—di)
but in Bonn potential,

A2 — m2\?
— i = -.——-—p—
fra, = 15.3, with F(q) = (,\2 T q2)

almost a factor of 4 smaller

10
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l Summary I

1. Models for J/4 Absorption by Light Hadrons

(@) oaps > 1 mb seems compatible with hadronic
calculations.

(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/v in pA and AA
H. FUJII (University of Tokyo, Komaba)

I will present a brief review on the production of J/1 in pA and AA collisions.

In 1996 the results from NA50 collaboration at CERN-SPS showed a dramatic drop
in the 'J/1/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/i suppression in
the O-U collisions was discovered by NA38 (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 (oyn ~ 6 mb) in p—A, and (ii) in the p-A events
the J/1 and the 1 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 ¢¢ pair created in a hard parton scattering
needs a formation time’, typically 1/(mpp — my) ~fm, to become a physical resonance.
Within this duration there is no difference between the J/14 and the ¢’. Furthermore the
NRQCD calculations suggests the ‘dominance’ of the color-octet ¢ state in the quarko-
nium production in the Tevatron pp experiments, which may explain the large cross
section ~6 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/1-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/v 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, in the pp 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/1 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/4
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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J/y in pA oand AA

H.FUJII (U of Tokyo, Komabad

1. Basic idea
2. Time scale
3. p-A~S-U
4. Pb-Pb
5. Some discussions
6. Outlook
Feb/15/01 FUII, CNS Workshop 1

Quarkonium melting in Q6P

Debye Screening (matsunsatz pLBI78(86)) i

Heomir)
(G}

%
Q's produced only in the early stage I
Screened Potential btwn quarks in Y , l

T

dense medium — no bound state! i
9 ' 2 Aim)
-1 DO* K K* w3y Agad b
- At hadronization, too far apart 'z[
-3
Note Satz
- Assuming static, infinite medium Yas YeS)  xep)
- Collective effects Ho(GeV] 0.68 0.35 0.35
M. 12 1 1
Feb/15/01 FUJII, CNS Workshop 2
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Two reasons for expecting the suppression in QGP

1. Color screening.. quarkomum melts in Q6P
Collective effect, I just explained
2. Gluon Dissociation ... only hard thermal gluon in QGP breaks Q'm
Incoherent effect
. At T~.26GeV,

Gluons in hadron is softi<k> g ¢~.6T~.1GeV
«  Gluons in QGP is hard: <k>geconf~3T~.66eV~BE of v

* Analogy: 'mean field' and 'collision term'’ in the Boltzmann eq.
+ In QCD, either of two effects dominates, or both?

Feb/15/01 FUIII, CNS Workshop 3

Questions asked in '86 paper
Can y escape before the plasma formation?—Maybe not
Debye length, quarkonium radius in medium — LQCD
Non-plasma suppression? — observed
Can the y suppression in the plasma survive the transition?—1I hope so
Can the y be observed? — observed '

How to look m‘ NA50 data? Lefs go thru pp, pA, AB

L 0" oD G b 4 e prd) (RS} 3 1
”_ R PI0 GEV/E I (A W L1) (NAIE) - ] H 3 Ph PRI
o} 2 %32+ 200 /e - U (MAIGY >—35~\T Ll P - Fb 1968 with Mrawair Ruis
} % ® “YB(I08 x 158 Ga¥/c) = P (NS % & Fr Bh 10w weh Mo Bar
- b —
] 30
1% 4 ETA
g ol 8 T
o o, The.
% ol 20 8? B
3 ®adog
18 oy
h ¥ong,
10 - 'S
54 *
10_ I i L 1 - i I u c N v LA | T i T T
[] 2 4 B 8 12 12 [} 20 40 80 80 100 120 140
L {fm) E. (GeV)

Feb/15/01 FUJII, CNS Workshop 4
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Scales of Quarkonium and | HIC |

[ ]

Feb/15/01 FUJIII, CNS Workshop

cc pair produced~1/2mc~0.1fm/c
Bound state formation ~1fm/c

At SPS, 2R~14fm,2R/y~1.4fm
At RHIC, 2R~14fm,2R/y~0.14fm

wsuppr-ession observed by NA38 in 1987!

wrpf ses u,, T D1 Cf. Kharzeev et al. ZPC74(97)307

1 Thesameo, abs +~6.5mb explams P-A and A- B

. (L-scaling or Glauber model)
2. The y'/y equally suppressed

Naive expecfahon was
i“ 1. G,,"~3.5mb [photo-production]
| 2. o(u/N)/O‘(\vN)'V4 [size of onia]

|
i
. d

Interpretation:
No QGP: This is 'normal’
Pre-meson, dominantiy octet, state
propagates in nuclear medium

Needs justification...

Feb/15/01 FUIII, CNS Workshop

1
|
y |
-4 io4if
¢ ? § i
i T i
i +=\~~l..,‘
1 [ S
[:X -] > oo ;
08 & pLATeW t
0.7 L opela W H
08 ® TG GLB |
(X1
H
B b o e ey e s Ay Yo TP Toed
' 10 10 1 w®
A8
603~ - - -
§ AT Gy
= LT N G W Al O
g L pWL O feae
Lhos X Dy Btk
A i LY
4 ! i
ooz | s o
e E ? = 2
5014 |
- *
001 ) )
12 }
D003 - 5
Qe e o [P .
3 a4
% w w0 "0 1%
A3
PLB466,408
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Quarkonium production in NRQCD |

Motivation for Color Singlet Modgl | singlet

e [ | R 21 2

+  Pair Creation — Relativistic effect: fast S S %2 |
+  Bound state formation — Internal motion: & 5“‘%’ e U ;
slow A e 1 %

= factorization assumption:

-y 3 2‘: «"“h ?Z

do(ab—yX )=Z J dxdx,G, ,(%)G,,(x))d6(ij = [cc] X) - R, (0) o % B
] 5 #"Ai : %f;' i

Fails to explain the s, and p; dep at Tevatron

] Bgneke#Krmner,PRQ§5

BRUNY -+, ) doipp-sbws XIp. (tbNe Y,
ifoe 08

‘Theory developments: Octet Model “f3
“+ Parton fragmentation at high p; c
- Importance of Color-octet component

Iy >=/(00), > +0(») |(Q0)s g > +...

— ,
- oo nret Ko e 7,

+ Caveat; octet elements not small

oL
L IPERUN

Feb/15/01 FUJII, CNS Workshop 7

Pre-meson to physical meson

- y'/y ratio drops at S-U

+ Interpretation : 1
- Pre-meson is evolving to physical one 0,=0yX Aoz:i
- 'O4s changes in the evolution

FNAL E866, PRL84,3256

s

* A supportive trend observed at FNAL-0
EB66; 800GeV/c p-A, Be, Fe, W
- Fast x->0.6; same suppression

L B B
- Slow x.~0; stronger for v
. . . E858/NuSea
* Physical resonance in nuclear medium 07T s00Gevp+A-> Ly i

08 n " ) L A I,

0o 02 04 08 08 10

X
Feb/15/01 FUJI, CNS  Worksuup F o
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Surprises

- Sudden drop of y at 8fm in L-scaling
* The y well below the ‘normal’ absorption

€-> No threshold for v ?

-

Boutr(3/9)/0{Drell~Ton ke a
s & 8 83sed

8

NA50,PLB

g
< oo oo/l o ) G |

* PRI0R GaV gl (A » WA IR
A2« 200 dov,%e} - © (AIE) 1

© "a0e | 18 Gu/e) - PuM

Tempting interpretation: QGP formaion of |
e i,a>a_vgi~4 Av&t..—l..«.a. s ..rtd‘,,-..u.‘}z
L {fm)
BE(y)~50MeV, BE(x)~200MeV, BE(y)~650MeV .40 - -
g 33 :1“‘ % : :?::::mu-mms-a»
§ i 'if |
« 2s ] Y
Other scenarios possible? e
¥ 20 N T -
NB. .3 e,
*In the finer bins, the y/DY ratio behaves smoother 0 "ot
-Drop around largest Et may be fluctuations (Ding et al. QMO1) & | :
Feb/15/01 FUJII, CNS Workshop o 20 4 s ® 10 120 x:o
E. (QeV)
Comovers® , .
«  There are a lot of comovers
*  Model assumptions . 40
k4 .
-  Constant x-sec. ENE (% P
E.g. oW, ~4.8, 0=, ~0.7mb % 13 ® Pb. Pb 1998 with Minimum Bias
- Number of comover < Np %] \
8 25 )
+  Incapable of describing the 20
structure of y suppression 3
15 4
10-
] ——— Qeiss et of, Ref. 12
] e Spieles et al., Ref, 13
5 - kahanaetai., Ret. 14 +
-« Arfmesto et al., Ref, 15
Q LEELNLA LA LA SRR RN SR LA AL B
0 20 40 60 80 100 120 140
E. (GeV)
Feb/15/01 FUJI, CNS Workshop 10
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_ y-h absorption cross sections
| Also S.-H. Lee s talk

,p+DErD; Largely unknown..

1 Quark exch model | Braun-Munzinger+Redlich, QM99

| B T

& “y T

- Uncertain confining potential
2. Constant (comover param)
3. Meson exch model

- Range 1/my~0.1fm
- formfactor

4. Short distance QCD

- Small .. soft gluonsinh
- Maybe not heavy enough

© pen -» oo 0w LPB]

and so on. 44 46 48 5
5'2 [Gev])
Relevant relative kinetic E ~ 0.3 GeV
Feb/15/01 FUJII, CNS Workshop 11

Any consistent view for y and y'?

* ' ..hadronic absorption or melting?  Lourenco, NA38 QMO1
+ At first glance, very similar to the y case in Pb-Pb
* Naive comovers cannot explain the y and  at the same time (Vogt)

NA38
g 003 S— PLB 466 (1999) 408
G SRV E o (NAS ~
5 L gD Cind 721K (A-C,ALORW) [ NA 38} §
[} . AN N AW A € 0.9
3 0025 % B U500 Gy X (NASS] ,;\ g -
;‘1 - ; ‘ B TEA R G S NASY E 0.
Somf | I
-] i E JL i ”
- N PO A ? 0.8
3 Lok }; i
A ools ! Do < 05 /W 0.0164
SRR I 4
| / 04 v
601} by ﬁ
. ' 637 /1 ;
0.008 - - 02+ 80 pp i pWpuy // Iy v
- * 0 5y / -
[y

of : ‘ 0
T 3 K 3 N K
t 1 10 19 1 14 0 4
Drop by factor ~ 3 Apriectite B acgat

Feb/15/01 FUJII, CNS Workshop
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Pt broadening

Any other qualitative change in y observable?

Not quite
NAS0
p; broadening is observed and g ? !
understood as g
. . L.y 1.75+
multiple scattering of initial % 1
parton - random walk ]
Final state interactions 97
w/comovers may possible
1.25-:
Q6P scenario ] NP
* high pt ys escape from QGP; ircrease? 1] o MesOA (e o 5on
4 N NASS 8- (200 O’
* Q6P reduces ys from hot zone; decrease? 1 * Mo ra e oon
o 2 4 s & 1
L {tm)
Feb/15/01 FUNI, CNS Workshop 13

*  What we saw might be the L-scaling breaking for y at Pb-Pb, the
similar was observed for y' at S-U before; Cf. analysis x.-dep. by E866

« Description with 6,,,~6.5mb, 'x-sec of octet state’, constant seems
crude; it may well change in resonance formation -> Qiu,Qmo:

->»> Consistent description of y and W' (10,30% of y come from v and x)

*  Quarkonium formed with medium effects, both screening and collisional
dissociation

-»More quantum description for QbrQ = Q'm in QCD medium possible?

Feb/15/01 FUJII, CNS Workshop 14
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For details, Qiu et al.:QMO1
Color octet model fails in pol of yat hlgh p, New estimate for the nuclear suppression

® UMY production as a function of effective medium length:

% @& 7 aa,

P pagert

Qiu suggested...

More consistent QCD calc.:

Parton fragmentation changes the polarization ® Ratio of g over Dreil-Yan as a function of Exp:

Probability of cberc to y depends on change of
m,. by radiation as well as w.f. of ¥

*  Modeling the y suppression
- m, — m_+¢i; interaction of cc w/matter
- Params; g, form of prob., cc creation
- Capable of explaining p-A, AA, they claim

B, 0/ (Orel}- Yar)

e » % & ¥ B ¥ B
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Feb/15/01 FUJII, CNS Workshop 15

Outlook

Hi
i

« RHIC will be different;

- Thin nuclei 2R/y~0.1fm.....L-scaling o*F multiple
collisions? (worsu '

- Pr'e -meson in the co-mover gas/QGP :
n, propto N.' could break | ;All

* How to descmbe the pre-meson in QGP? |
~ Above which v the difference obvious?

+ That's one of our interests (matsu) 545 ¢
Data show up soon! g me 2
Keep your mind open..

- enhancement? :
D

Feb/15/01 FUJII, 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()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 examples.

I will forcus on two current topics in my talk; one is ferromagnetism of quark matter(!)
and the other is the mixed phase of quark-hadron matter(?. 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.

—165—




—991—

2 llml exclxange’——-} Maybe no.

r s;mple system where quarks weakly interact
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T. Tatsumi

" o
Depactment of Plysics, Iyoto Univemity, Kyoto 606-8502

Introduction

V“Nentroix stars = Astrophysical laboratory £0 nuclear physics™ k

Observations - from radio to gamma rajr or neutrino:
o Radio (X ray) Pulsars
c Gamma-ray Bursters
» Supernovee

Qum'k stars as s the tlnrd branch of compact stars subsequent to neu-
tron stars or Strange star aonjectme .

" Critical density for 'deconﬁnemm trausition:

» above 8 times of the muclear density (standard view?) 2 § f
. around the nuclear. density {quark matter is the ground state of
ﬁmi:e densxty QCD (Witten)) : ~ LB
~ Song & 1 Fo
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m, (MeV)

e Two pulsam iii SG R Soft—(}mmna«-my Rq:eatma)- umgnetm can-
;, <> SGR 1806-20 (Kozwehtmx et al., 1998)
i 22 SGR 1900-+14 (Hurley et al., 1999) -

o7 1 “““G}ﬁmu the. P P cluw etc

}:"f"+(1 P)“”] (NR), |
kg ;<1 +zl>"""+<1-p)‘/’+2c1 —PP (@R,

e e '
i : ¥ | (F.Bloch, 1729)
" -——% Nonperturbatrve appmach beyond the pertur—
e bahon




H F. sol. in the non—rela theories. ,A' = p &%

i ‘Permrbatwe sol.=
F — Demuplmg of spin and motion.

Tota.l energy E thh OGE:
E= z / o ),uu: Ok ¥ + myulk, C)

V. . - | .' - wtt(Aﬂlz)‘alz)z / (9 )3 / (9 )3“(1‘714)% ‘J-C )u(q’ ’)701”(1“ ’C)D“:Q'..m,,)
S oy
. - ———2-—-‘2-.
e °-2)

Chira‘! invariance:
The Fock exx:hange mtera.vnon is chiral inv. under the transfor-

E u(q)_ﬁ exp(a7s8)u(g)-

—891—

u(k owq, (yilg, <'> Yulk, )
= (Lle1—7" 07" )~ 1/27u07* =P vaer™y*), (NIL type)

where I'e T = a(k, (JTu(k, ()alg, {)Tulg, ).
HartreeFock (HF) eq: |

(j" nl‘t)"(}’? f) + iU«?(pl + Dpﬂ(ps C)*f" + {,ﬁ(Pf ) + i n(p9 i)} “(p: C) 0.

ren~foca! wmexn fﬁfds o

. -~+‘
e _Q‘ —m +'}3U«)u(p,0
where p p+U andm ng-—U,, asaummg that U,,,-() Note

g — 3n0(no = 0.16fm™3) (Chm and Kerman Witten
“

Jaffe).
If a ferromagnetic quark liquid exists stably or metastably, 11; has

some implications on the properties of strange quark stars and
strange quark nuggets. They should be magnenzed in a macro- - |

scopic scale.

For strange quark stars:
The dipolar magnetic field at the surface,

G for ng=0(0.1)fm™? qnéi;gh f?’i" |

amounts to order of K
magnetars. -
Neutron stars vs Quark stars '
A mechanisth 6f SGR has been propesed in the context of strange
quark stars. (eg K. S Gheng and Z.G. Dai, PRL 80(1998) 18.)

| ;o;dw'crm

N!O g}“(@

— k— [oofm.

Y N Q.in—'r;;.‘-‘."ﬂ 3"’0 [QM }
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~ Single-particle energy
. fThe quark pmpagator m gweu by

1 __N

Sfp} i m" + s =D

When U° =), i;he pomt;we enelgy solutxons (D= 0) are given by

U“ + JEﬂ + :U,,,P :x: z,/(p U +m“2lU e
—

- -U°+m +-ijU,,l (NR)

. Sphttmg of t;he energy for spin-up and - dowu states .

. Amsotmpy in dusger&on 1ela;tlon ——-—} defoxmatnon of Fenm sea
‘ » p*m s. Udﬁ’ £) o

P FL,. ‘ o Pex/ Ra < |
.,{ R Prx’ ("Prolate”)

v

+

Rex/Fra > 1 (Oblate’)

B o B

Axial-vector mean field:
U,f(P: Q= "?Z, / ,@%gﬁ{% (rsr*ulg, YD - g).

U o E’ 73"{51 (Sping vcctor)

“Spm Qgianzahon — AWC (Amal—ve(,tor wave mnd )“
(1< Takah u.sln a.ud TT., P. rL C63(2000) oz.ﬂm )

Sumlanty to pzon cond;ensamn {p-wawe BECT

L [ . E%tronmgnehc structme {Spat;aily nmfouu) { ﬁ?ock )

et Tc stmcture—-) Spm’de"s‘t"' e
el (Ove?“ﬁ“‘e"" )

c.f. M I\utachera, W Bromowsln A Kotlorz NP A516(1990) 566; P.
L BZ?l(lQQG)lSS} (mek-mewu conplmg mudvl) '

M — . BEC ’.p~w%:) B
) ’H,»*HB,TL
M(U,) < AxVé (R
Spin wave <> Goldstone hoson - .

Fierz trans. { ﬁacﬁa-l limet )
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meaning of A:

HL‘ Rela. Stoner model ' (5. Ush

If theipfopagawr D({p - q) is replaced by the oomtan:t
mean field becomes local one. SRS

—.Efl._coupling strength =

s .

e Screening mass of gluons— mp ~ gu
* NJL approx.—» A =coust. ‘ .
o Deusity dep. of A— Epu(p = 0) = Esfuer(p x 0)

L

Then we can easily see that U = Ui = Up, = 0 are self-consistent
solutions, and other mean fields are constant. We can put U? = U,

" The total energy density is given by

Cens P9t ol S ars O panr, S s
f=3f”'"“.[’54.9~-+5:9‘f]7“.‘3 SN +%§Uv/\ +.;—§§U“A s

with 8 = 0(Er ~ E2).

- of T Marupama « TT., NP woot)
L inuddear medber) T
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. Pmblem af ﬁx'st. order phase tranmtlons wrth more than one chem— . o L HFm=50[MeV]n«=o5[1m“3]

e Deeanﬁnement phase translt.lon « 7
" e BEC of kaons and pions -~ c‘f, i’hzujd-f 30«3 p:f”.
, ——-}I%'mimd [‘)hase Dessible‘? ‘ |

"';i-hw-m-uuﬂ Q“*mma.”;,,--

Uin

Mw;/

— Ferm; energy

.'.Structured mmed phases in neutron stars:

j‘ﬂplets --+ "Ods — slabf— . I ~ Single- partice
energ)'
Er®)

_‘o 50 100 156200 2soaao 350 400 459 500 *

H.O

Fxmte size. e[fecﬁs

HF m=50{MaV} n-o 5{ﬂn'3]

) Surface tenmtmn, Cuwertum eﬁect

o Coulomb energy ( brea.kmj a‘F !oc»! c;‘wge. n. )

{ M. Christiansen et al., P.R. C62(2000) 025804, T. Norsen and S, Reddy,j
nucl-th /0010075.) . B

Fermi sea. |
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he dlectic potential V" expicitly.

EnergyE= I dze:
L = teterteqrtesg
", .
S €y =€p+€ ey +epy +esy
- where | vel.
SR (32 _ (VV):

€+ €Yy = . V
ey 4 Sra ,+ pe¥

R : s EQ,V = “Vp?!
. TF eqe,
o 50
=1,
. - dpi(r)
where | :
Q=E-p,Q - usB = —PVy,

Note that TF eqs._automatically ensures the Gibbs conditions.

 Ghbo! charge
7;%‘?‘!’@3?‘5{' L
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Consider the clectric potential V explicitly.

- Energy E={ d*ze:

" -e‘Q=é’5"’+‘£§+év+€o,v+fs’,0,,
T = 4 v
eg=¢ép+e,+eytepy +esy

B (v
B S LN

Qv =-Vpd

642 co
= 0, -%
: in(r) . :

i ————eesm,

Q= E - p,Q — ppB = —PVyy,

1 TF egs. automatically ensures the Gibbs conditions.

pe o= Ko

G./p—"‘“‘/é

' F‘*g""}‘% . Globa! che.
nextral *’bf

o pH=p®

rg e

v

( Maxwell conshuc‘hon)
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f= (B

, Pure Cﬂulomb case: ( H. Heiselberg, C J. Pethick and E.F. Sfaubo,
P m 70 (1993)1355.)
5 E/Viy = fef;’;""-i-(l flep + (Es + Ec)/Vw

o _fEs (Surface tensxtlon)

; Es/Viy = o4n R’/ Vie=fx athr—;;,
. Ec {'Wf’m‘?@ﬁfgy)‘ ‘
322 ! Hy22
N Ec:'/ W = 5 RV J' (p,, p, V'R
"Henée,‘ . . -
ot SEV)

JR fwt-ﬂlff,,ed 0 =3 Es-—ZEc

2, Hawever Imte thdt E/V;; (R=Rp)is not necessarily lower than

Maxwell eq.:

AV + liDV = caust

within the lincar response theory

/2% = 4q.-azcg" ”‘ =)
Order of éstiumt,e;
Ap > O_(13fm}, )\"’ > O(lﬁfm), O(Sfm)
. >‘9 LN ?\p,)\p‘

-~ Boundary conds.:

V(0} < o0, V'(Rw) =0

- Solution;

Vo %Sh(mqr) +const.,, r < R,
V“g-«epr-n v)+g-—exp(u 1)+const >R
Pmﬁle |
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i) stperston relatlon ofspm wave

- i) Similasity to pion cond. We call it “duality”.

ii) Breaking of rotational and chiral symmetry and low-
energy excitations in FM. —¢ ‘
Can spin wave be considered as “pions”??

o Some apphcatlmm ’
1) Modeling magnetars
n) Magnetlzed quark nuggets n RHIC ,
iii) (}ngm of the primordial magnatlc'ﬁe}d after QCD txan-» -
 sition in the early universe . A
o'I‘heowtxcalmterests o ‘  , \
i) Coe:astence problem with colnr superoonducl;mty

1) Debye screemng eﬁeet is ementm;l forQ~Hmmedphaae

ii) Appearance and stability of droplets is very dtﬂicult
—3 Maxwell construction is OK? ~

" i) There should not be the mixed phase in neutron snam
~ o Study other systems, e.g. kaon condensation

— Can ﬁmte&zeeﬂectssavethemomaiomsxtuationm -
the chiral model? . ‘

o Theunal and neutrino transport processes are much aifected :

if the mixed phase emats
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Direct Photons in Pb+Pb Collisions

Terry C. Awes, Oak Ridge National Laboratory
for the WA 98 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/¢ 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 QGP 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.

-~ 176—



Direct Photons in Pb+Pb Collisions

SO

Motivation

Direct Photons

¢ Analysis Details

o Systematic Errors

¢ Results
o Comparison to pA and Theory
¢ Dileptons
e Conclusions
1 T.C.Awes, ORNL, CNS Workshop

Evolution of Relativistic Heavy-ion Collision *

Temperature Evolution
- Bjerken Hydrodynamics -

el P 7
T QGP T-T, [ff_ 1/3 /\ \“E’E—/‘
N
L7
N

m Pro Equilibrium —
z

T T Th T
=1 =3 =20 =60 fm/c

Total single photon production
QGP + Mixed + Hadronic Gas

2 T.C.Awes, ORNL, CNS Workshop
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Searching for Q6P Phase Transition with ys *

“Classic” method: study heat
capacity as a function of
temperature to deduce
change in degrees of
freedom.

» Heat from calorimetry
All Hadronel (Transverse Energy)
M<2.5 GeV ] » Temperature from

spectrum of radiation
(Photons)

T

With QGP

Illl]l'llll

€ (GeV/fm®)
|

Trlplgl?’

xlll‘l

N IR R
) 0.1 0.2 0.3 04

T (GeV) Or, if emission rates are very
different, vy yield might ‘
directly indicate quark
matter.

«Cleymans,Rediich, and Srivastava et al., PRC 55 (1997) 1431.

3 T.C.Awes, ORNL, CNS Workshop

Quark Matter vs Hadronic Matter Emission Rates *

“HM shines as brightly as QM”

»Photons good thermometer

F.D.Steffen, PhD thesis, Giessen, nucl-th/9909035
Kapusta et al., PRD 44 (1991) 2774,

10
e
But, Aurenche et al. have shown T: e
that “new” NLO processes dominate o o
the v rate in QM. 3o
PRD 58 (1998) 085003. ;-: 10+
— %
° 0 iy > 10
s a . - :;— 10
[ [ 2 2 e
Bremsstrahlung Annihilation with rescattering 1ot

4 T.C.Awes, ORNL, CNS Workshop
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The WA98 Experiment

highly segmenied Lead-Qlass Calorimeter
{dentification af phowns, «dand 57 -Mmesons)

Thme ot Fii
(PID :: ‘w‘&mns)

Forward-
Calarimeter

Had -Calovimeder
{tansverse enegy)
highly segmented Pholon-
N WMutipiicity-Defector

" Time of Flight (#1)
(PID of negetive hadrons)

Mmutisiep Avalanche Chambers

with CCD-readout (tracking of
charged particias)
. p ... Hein Silicon-Pad and
Trget regon)  {pRovRORAKIe Got o7

charged paricies)

T.C.Awes, ORNL, CNS Workshop
WA98 Acceptance
A

Single Photons from n0

i r—

\

A a i - | P s, i

s 2 2.5 3 35
Transverse Momentum (GeV/c)

P

_— Both Photons from =n°

__— Both Photons form n°

T.C.Awes, ORNL, CNS Workshop
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Effect of Shower Overlap on Efficiency

. ® All Showers
Peripheral & Nurrow Showers
& Edge Cut
¥ no Veto
© Nurrow und no Veto

WAS8 - LEDA event dispiay

~

v

ta
T

L)

oml!mmnmmn,!mglmm'l!!

Central
+
..'0::1::1*
0

o
lvq

Photon ldentmcaﬁon Efficiency
L]

-*
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Ty u':AAAA.‘“ 4
oon“ ‘ui““ .“lill l"
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felomtele
Goocﬂooono03000000009‘300000 ¢
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MNov. 3, 1865 - Run0001 - Bvt Mi 0000

PRSI WSPRrEI PUrrire

PP | -
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Transverse Momentum (GeV/c)

7 T.C.Awes, ORNL, CNS Workshop
Direct Photon Analysis Overview
[.,c,,,i,,,,,,d [ W GEANT ] [,.,‘Gsm o Statistical Basis: Compare
Raw Event Particle + Raw Event

measured vy spectrum to

o~ calculated decay y spectrum.

Analyze Event:
Clustering, shower tinding...

e Decay ¥'s calculated from

measured n%s and n\%'s

Shower Selection
Apply energy, position, ndanilllcatm cuts

o Use GEANT “test” particles
to determine efficiency

e ] (overlap effects)
¢ Vary v identification criteria
4 to investigate systematical

Photons Non-Photons

| Bacikground Calcuiation |
errors.
Background Photons
8 T.C.Awes, ORNL, CNS Workshop
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LEDA Multiplicity

Event Selection

¢ 10% most central = QGP
search sample.

¢ 20% most peripheral =
Reference sample - pQCD
prompt photons.

central

20 40 60 80 100 120

o by L EDA Mutiplicity
central
103
, 2®pp 4 2%pp

0 158 A GeV/c T YRRLEL Sammyofiieveniaeiecion,
Run Period W Taget Miriwua Bis Periphean! Collisions Cenal Collisions

0 Thickew (agfcn”y S raias (0b) Nuneats Newests
B Feli On [ 8197.¢4) %3052 AHET
195 Rkl OF 8. BH.(X) %51 A0

! 19% Fiek O m. 64511333 20407 BI%S

199 Fieki OF M. ou.(8) e s

0 100 200 300 400 506 600

Transverse Energy (GeV}

10

9 T.C.Awes, ORNL, CNS Workshop
Charged-Hadron Background
0.6 With Dispersion Cut
ost  ManetOn o conral Case:
< Peripheral .

0.4 erpherd Narrow Showers = y Candidates

0.3
o " h
o2 .
5 . * Use Charged-Particle Veto to
= . L MG O
B O EC L eaeaeeiiiitant 1s tag charged showers.
o 0 ’ A
% 0‘6 Magnet Off ;
Z 05 ¢ Correct for y conversions,
B 04l “ VENUS+GEANT Central CPV efficiency, random
g .0 association.
£ 03Fe
© 2 J

ort? e *%4, 5% charged-hadron

pboio B, W0 Tar] Mt contamination.
0 05 1 L5 2 25 3 35 4

Transverse Momentum (GeV/c)

T.C.Awes, ORNL, CNS Workshop
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Charged-Hadron Background

offe
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[
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Fosp Mwmor e | case |
§ 04 All Showers = y Candidates
o
[
g0  Use Charged-Particle Veto to
g 0.1 tag charged showers.
)
5 06

os Magnet Off « Correct for y conversions,

04 * VENUS+GEANT Central CPV efficiency, random

' association.
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" v 10-20% charged-had

0.1 :_é " _.? 29 -,‘T,’ - o C arge aaron

ok TR | | VI contamination.

1 15 2 25 3 35 4
Transverse Momentum (GeV/c)
11 T.C.Awes, ORNL, CNS Workshop
Neutron + Anti-neutron Background *

Z1 :
~, ™ ¢ Calculated correction -

Assumes VENUS+GEANT
(Check (n/Y)venus VS- Prado/Ywase)

e Incident flux is large!

¢ Large reduction due to

detector response (small
energy deposit)

e Further reduction by y-like

shower requirement.

1-6% Contamination correction

T.C.Awes, ORNL, CNS Workshop
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Final vy pr Spectra *

; 158 A GeV Z°Pb + 2%°Pp
0k Corrected for charged and neutral

§ o ?,';.l: background, efficiency, and
g E acceptance.
£
Ni?-
2 Fit to power-law form:
—P__\n
Po + Pr

Inverse slope:

T=py/n + py/n
Teentra= 198 + p;/37 MeV
Treriphera= 147 + pi/22 MeV

i3 T.C.Awes, ORNL, CNS Workshop

Systematical Error on y Yield a.!

“2F Peripheral v | * Check consistency of final
Ik ||+ egeca result with different y
k- : r noCPV . . . . -
= - . Yob| o Momowand ro CPY identification criteria.
Z I1F ;:ﬂ#%ﬂﬁ o
< P * Sensitivity to charged-
ook hadron and neutron
s backgrounds vary by factors
08 F
ST PRUTE ITRTE I A R [ S S Of 2_4‘
L2 L Central
Lib » Identification efficiency
1 ' varies by 2-3 for different
I methods for central case.
X )
0.9 ~J
E ﬁ"wni.\ . .
0.8F Systematical error on vy yield ~3%

0005 1 15 2 25 3 35 4
Transverse Momentum (GeV/c)
14 T.C.Awes, ORNL, CNS Workshop
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Decay Background y Sources

[4]
jg‘ L » Direct y's extracted from
£ 1 b x° difference between
|- measured y's and calculated
g,m Al e decay vs.
TR e ~97% decay y's from
A @ 0 0
5 Ll measured n® and 1°.
~§ 10 - ‘ * Assume my-scaling for n°
£ [ and others.
3
0
_4>-
0
107k ’ z
0 05 1 15 2 25 3 35 4 | _ o - 2 s
Transverse Momentum {GeV/c) [ smi_ L L L3 U
15 T.C.Awes, ORNL, CNS Workshop
Extraction of n0 Yield
Combinatorial yy Background Problem: Use mixed yy events
to determine shape of background.
. x10?
e N i Tas
3 » 1.5 < py < 1.6 GeVic :S : 165« p?i";ms" GeVic K
200 :i- g 1600 :
o " i sk ES 4 1 1 L i ‘n °
) I o) e
? <k ﬂ* § : o)
‘g X t E 0’9 ' ""’

g § 10000 F i 9
g § 5000 N
[« L

! et iy 4 4
0 [t i
0 50 100 150 200 250 300 350 400 450 500 0 30 100 IS0 200 250 300 350 <00 450 500
m,, (MeVic?) m,, (MeVic?)
16 T.C.Awes, ORNL, CNS Workshop
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Shower Overlap Effects Again: n°

150 r
L . !+ * All Showers
8 Centrul a) Peripheral » Nurrow Showers
sk ® Cmﬂui.S‘muluredx *i + g 08 [ & noVeto
P - . r v A d no Veto
2 s |ll|"'l.""l' *"** +++ e I ° E;":;:,vm
g all w o6 - ag<07
2 Mo} % % [
(3 r 04 - (111)
F b Congsonamenty et £ -{mm:sm!"'!!!!!!!!3!2!:!:!:!onzu:
r o
r u Perzphemlx g ”2r °
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130']llllllllllliL‘ll sdaaas b aea ba s ool gy 0_“'O'!‘H'l"“"“'l““(““|'l“l'll'
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— 15k "t r
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17 T.C.Awes, ORNL, CNS Workshop
Final n° py Spectra
A N
zo"
E o 158 A GeV *°Pb + ™°Pb .
02k Corrected for efficiency, and

Mg, N, /idydp; (QeVic)”

4
0

-5
0

4
10

® Centrul
® Peripheral

18

05 1 L5 2 25 3 35
Transverse Momentum (GeV/c)

acceptance.

Fit to power-law form:

(po+pT

Inverse slope:

T=py/n + py/n
Teentra= 250 + p./80 GeV
Tli’eripherai= 216+ p,/45 GeV

T.C.Awes, ORNL, CNS Workshop
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Systematical Error on n° Yield *

14 t

a) Peripheral

A no CPV

0 E>L5GV

o g<67

«nmwome: | ® Check consistency of final
s vmemamveo|  TESUIt With different vy

identification criteria.

¢ Combinatorial background
varies by factor of ~2

¢ Identification efficiency
varies by 2-3 for different

methods for central case.

06k

IR I W SN WA A AN AW sin il

\'H

Py

Iy

I~ Systematic error on 1° yield ~3-6%

H L5 2 25 3 35

6 05 4
Transverse Momentum (GeVic)
19 T.C.Awes, ORNL, CNS Workshop
Extraction of n° Yield *
xi102
16000
158 A GeV 2%%pp +2%pp . .
- o &) + HUGE yy combinatorial
3 1.0<pyr<1.2GeVic
> _ - background.
5000 - .
, ¢ At limit of statistics for
s central, no signal for
2 peripheral.
g i
_ e Goal: check m;-scaling
L N — assumption for central.
.8 1000 C)
; # *
E i
o« 0 ‘l ] l ||+ +.§s+++?¢}
l L‘ 1 .l‘“ TA"l'rlT i +I+ + ?l i &
300 400 500 600 700 800 900
m, (MeV/c)
20 T.C.Awes, ORNL, CNS Workshop
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m+-scaling and 119/n0 Ratio *

nx°

p-Be CERES/TAPS
p-Be HELIKOS-1
x-Be E706

S-Au WABD min. bias
S-S

S5 ﬁﬁ ‘

% s » o0 |

p-p NA27 and other expenments

‘( 7 Compilation:
*f e T%/n(py o0 ) = 0.55£0.02
WA98 mT-scaling of 1%/70 :

T Cartat 155 e B, s oy

2 +
10 S bk bt ] - FEE TS S |
1

WA98 Central:

1 0 0.l5 ; " l.‘S '%n 2.15 e.;\‘”c 3.51
TaNSVeTse m‘ ) i
21 T.C.Awes, ORNL, CNS Workshop
Direct y search: Peripheral Pb+Pb
L 158 A GeV **Pb +2®Pb o First, consider y/x° ratio and
»0F Peripheral Collslons compare to calculated decay
~ o Accepunce Corrected background /= ratio.
2 1 (many errors cancel)
10 E ——= Calculated Background ¢ N'Y anC‘I‘ NTC measureg at eaCh
E 1 p; for “all showers” condition
518k (largest corrections - errors)
% 16f
4
> 14F
T L2k + + ll No significant y excess within
g It ”---vv-v'#“"? + | sfadisia 1/ errors (low pr though)
2 08F +
E»O.é_— [P WP NS W PP I |

0 05 1 Is 2 25 3

35 4

Transverse Momentum (GeV/c)

T.C.Awes, ORNL, CNS Warkshop
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Direct y search: Central Pb+Pb

offe

L 158 A GeV °Pb +2®pp : : ,

L0k Central Collisions ¢ First, consider y/n° ratio and
z . rwswd Comend compare to calculated decay
~, I o nnce 12 .

Z coephice Tomes background /=0 ratio.
Le (many errors cancel)
| Y
10 | === Caloulated Background * N,and N, measured at each

R e e p; for “all showers” condition

gL8r l (largest corrections - errors)
% L6F
r4 o
S »

e ot 1t
T L2} ’

FRR one’ ot ++ ] Clear y excess beyond
P IT <Ll errors - must
z 08F + consider - . .~ errors.
Z’hoﬁ‘—.,..l.A..l.,..l..,Lt..“x.u.t“..l.“.

T 0 05 1 LS 2 25 3 35 4
Transverse Momentum (GeV/c)
23 T.C.Awes, ORNL, CNS Workshop
Comparison of y Excess to Errors *
I L _ Y
L8 F 208 208,
| (BAGeV  Fbe fb  Compare measured 7 yield to
6 Peripheral Collisions ,
3 calculated background v.
* Total errors
1 include those of (Y/7%)yeas
3 L (¥/m°)gigq @nd the nO fit
5‘%‘.0 _ it uncertainty.
gl T TS FUNTT R PR A 1A A AT
HE: .
2_ L6F Central Collisions o
< 4k + Significant excess y beyond
e 401 | T o o e
0.8F
06} }
st g daaa g e o daan o baa oo b g sl als s
0 05 1 Ls 2 25 3 35 4
Transverse Momentum (GeV/c)
24 T.C.Awes, ORNL, CNS Workshop
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Direct y Systematical Error Summary

TABLE 1. Variom sources of systematical erovin the WASS Pb direct phaton anabys.

Source of Er;:—- Perip heral Col Iision?[ﬂﬂ a;..-) Central Collsiom | (10% xom)
Py 210 GeVic v e 2.5 GeVic o2 L0 CeVie P2 1§ GV A
Charged Particle backgronnd™ 12 2.2 13 13
% commersion correction™ as a5 a5 a5
Mentrons* a8 1.0 as 18
3 recomstrnction efficiency+ 20 2.0 20 20
1)7 yield mesmrement 232 3.2 26 il
7t co nversion correction” as Q.5 as as
o vield extraction® a3 <0l 51 10
" reconst roction efficiency” 30 1.0 40 40
)% yield measurement 3.1 EX 65 42
1) Non-target backgronnd 15 «<0.1 «<0.l <0.1
23 Energy scale calbration as 1.7 (1} ] 12
b) Detector cceplance 05 05 os o5
b mfer ratio, mas-acaling 19 32 +34(-4 5 +37 (-5
b) Other ndiative decays 10 10 10 10
it 14 4.8 29 g
Total: (qmdratic sam) 52 89 +8.3¢-8.1) +47(-7.4)
= Theloded in 4 yield memsoiement et o, ™ Tneloded in #° yield memsiement etiot.
25 T.C.Awes, ORNL, CNS Workshop
Central Pb+Pb Direct y pr Spectrum
10 ¢
E 208 208 R
158 A GeV""Pb + ""Pb e Compare to proton-induced
~ 1L Central Collisions mot v r Its:
~>» ; B WAS8 Ths Reaut pro p Y es u *
§ B . » Assume hard process - scale
L pA Results at 8'% = 19.4 GeV : :
2ok ot Sl with the number of binary
| u e (o502 collisions (=660 for central).
i .2 [ - X . . .
%" 0"k s o oo » Assume invariant yield has
wo TTT form  f(x;)/s?2 where
Z 'L 11'1, Xr=2p,/s” for s":-scaling.

0 o5 I

induced results.

enhanced yield.

L5 2 25 3 35 4 45
Transverse Momentum (GeV/c)

¢ Factor ~2 variation in p-

Similar y spectral shape for Pb
case, but factor ~2-3

WA98 nudl-ex/0006007, PRL 85 (2000) 3595.

T.C.Awes, ORNL, CNS Workshop
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Direct y: Comparison to pQCD Calculation *

: 150 4 GoV %Pt + pp « NLO pQCD calculations
ISIONS
< L n wase The st factor of 2-5 below s =19.4
& I PA Rt 1'%~ 194 Go¥ GeV p-induced prompt y
L0k e results.
"’8' TN .
g ] e » But p-induced can be
g0 | reproduced by effective NLO
L H‘H* (K-factor introduced) if
o’y YN * intrinsic ky is included.
ol i « Same calculation at s%=17.3
5 - }‘}1 b GeV reproduces p-induced
0L . result scaled to s** =17.3
3 - GeV
w0* L pQCD ("2 = 17.3 GeV, y=0), Worgeet . Similar Y spectrum Shape for
- CTEQK, <>=09 (GeVror ~—
mwoimj;ﬂf Pb case, buF factor ~2-3
/) TV FUUTE VT PV FUUUY TR T enhanced yield.
0 0.5 1 LS5 2 2.5 3 35 4 45
Transverse Momentum (GeV/c)
27 T.C.Awes, ORNL, CNS Workshop
Direct y: Comparison to Model Calculations *
0 g ' '
F 158 A GeV 2®pp + 2%®pp .
Catal Colloons « Good agreement with Hydro
< ' calculation including QGP.
@é af » Annihilation with
] rescattering process in QM
T Lt dominates at high p,
£°F » High Temperature: T, = 335
L MeV (from t, T, = 1/3 =
g0F 0.2fm/c)
i » Short formation time equivalent
0k N to indusion of prompt and
f ® UrQMD, Dumitru etal. * preequilibrium contributions?
w0 _ Hydro, Srivastava and Sinha « URQMD predicts large
p T e MeVgs0zime - Yy preequilibrium component at
i T_=180 MeV hiah oT
10 ¢ = pQCD, Wong and Wang igh p
f e CTEQ4, <&>=0.9 (GeVicf
_?f - CTEQA4, No intrinsic k; ‘
caaatoaaaa Leava Y aa g v s aleasslan faa s o
10 0 0.5 ! L5 2 2.5 3 3.5 4 45 WAS8 nucl-x/0006007
Transverse Momentum (GeV/c)
28

T.C.Awes, ORNL, CNS Workshop
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Hydro Prediction for hadron spectra *

dN/MpdM.dy

M—M, (GeV/c?)

T.C.Awes, ORNL, CNS Workshop

NA5O Intermediate Mass u*u Excess *

1";

10

NASO observes excess pu*u
pairs in intermediate mass
region between ¢ and J/y

Has same shape as open
charm contribution.

it Could it have a thermal

ﬂﬁffﬁ il origin?

30

T.C.Awes, ORNL, CNS Workshop
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Thermal Intermediate Mass uu- Excess? *

T T T T T T T T T T T

L Central, Pb+Pb@SPS ! ] Same .
s | 15<M<2S5 Gev ENa50 I hydrodynamic
107 E model
] calculation
§ ] can explain
S E excess pHu
% ] Pall’S in )
7 intermediate
E mass region
\ ; and y excess.
T4
pr (GeV)
Srivastava and Gale
31 T.C.Awes, ORNL, CNS Workshop
Centrality dependence of the NA5O p*u-
enhancement
3
'g. a5 | * D450 GeVic}A (A=ALCu,Ag,W)
% L ® S(32 x 200 GeVie) - U
& 4 [ ® Pb(208 x 158 GeVic) - Pb
g
®Is5 |
B Or
b4
‘312.5 ;—
2 F ++ + +
b e
e
1Fa
0.5 -
0 :L.--.i--..tnxxxl;‘J;l--.-I..x.!....l-:-n
] 50 100 12 200 250 300 350 00
NP‘"
32 T.C.Awes, ORNL, CNS Workshop
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33

Summary *

Significant direct photon excess observed in Central Pb+Pb
collisions for p; = 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 T, = 335 MeV with T_=180 MeV, implied by
a short thermalization time 1, = 0.2 fm/c.

The NAS0 intermediate mass pu+u- excess has also been
suggested to have a thermal origin, but dominantly from
hadronic matter with much lower T, = 192 MeV.

Important to investigate consistency of the interpretations and
additional k; or pre-equilibrium contributions.

Look forward to early v, n° 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 —Hadronic Phase,
and
(ii) Nucleus +Nucleus +QGP—+Mixed Phase—Hadronic 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.
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from Ultra-Relativistic Heavy Ion
" Colhsxons

&
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e Introductmn %

o Emission of Electromagnetlc Probes

e Medium Effects
e Space Time Evolutlon
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o EF(A +B = 7+.. f :n;, a/A(ma)Fb]B(zb) E“‘*-
S TEpt T &p
dN dayy
Edap =Tas E‘Eé;_

% Tas = Average Number Nucleon- Nucleon Collisions/ o;,

(WA98 Collaboration, Phys. Rev. Lett. 85 (2000) 3595)

“# For intrinsic k of partons: f(kr)= mcp[r-k'zp/ (kR))/ W("T)a
(2) =09 GeVZ

(Ferbel & Molzon 1984; Owens 1987; Wong & Wang 1998 )‘
Scahng

Dimensionality - GeV— = supphed by Mandelstam vari-

" ables (quark mass =0 and strong and EM couplings are di-

mensionless.)
In general the invariant cross section can be‘ expregsed as a

function of s (or pr), 8 and zz(= 2pr//3)
If two of the dimensionless variables held const.ant then the
' dxmenswnaﬂty arguments leads to:

E_t_i_a’_E F(zy, G)ﬁ
" dp T8

Tius scahng can be spoﬂed by the momentnm dependpnce

of o, and from the scaling violation of structure functions

* Hard QCD photons =;> normahze the scaled p—p data (E704).

¢ Ultra-Relativistic Heavy Ion Collisions:

¢ (i) A + A— Hadronic Matter R
o (ii) A + A— [Hadronic Matter]* ke
 (ii1) A + A—QGP— Mix. Phase <»Hadronic Matte®

- Electromagnetic vy, ¥~

* large mean free path
* negligible final state mteractmns :
* emitted at all stages. . *
e Sources of real PHOTONS: |
- Decay photons =’ — oy, =Y
- Prompt photons (A + B — vy +X)
- Thermal Photons
* from quark matter
* from hadronic matter
e Sources of DILEPTONS (virtual photons):
- Dalitz (e-s. w—-wye’*e )- R
- Drell-Yan (A + B — l*l“ + X), D meson decays
- Thermal Daleptons e
* ﬁ'om quark matter

 |'
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o From QGP (QCD Compton, Anmhzlatxon Bremsstrahlung & q§

annihilation with scattering):

1998.)

dR  5ao, ;
T " 922“(3/“{(92?
41692 70) J"){l 2+3T}]

where Jr = 4.45, Jy = —426 nd _ e
67 -

E

2.912‘E)

~ @-tny(sa/T "t TC (KM Hﬁ)

a,(T' =200MeV) ~03=>g>~ 4
‘_;_<<1=:~01,L<<008

(Kapusta et al, 1991; Baier et al 1992, A.urenche et al

Thermal Dilepton/Photon Emission Rates:
(McLerran & Toimela 1985; Gale & Kapusta 1991.)
dR _ - a o 2/ 2 1_,4572 -
#q 2t (1+2m?/q N mifq ((?1'-1-0;) fBE(‘IO)

PrE ="l + Reﬂ{‘;,)z + (Im[I )2 '

JPlasma resonancas‘ = Signal of ﬂec,onﬁnement.
| (Weldon, 1991
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0.16
-]

- (Sarkar et al, 1999)

@ ‘{1 ~ 0.1127 (m)m}

e Umversal Scahng Hypothems

A=1 /6(%_)‘ Brown — Rho(Nambu) Scaling
N ~ (Brown & Rho, 1996)

1t
=
” . ;,_..,...- p . P -
. 0.4 o e—— p,n mm) } =200 MeV \.
ez} SR R N
R’ o L a2 34 216 al8 0 02

Thermal photons from hot hadronic matt.er

Essential components are 7, p, nw, a, .

L= g - (% X DT} ~ el Ay {‘_QNF“ (7 x pb?):h,f:f T

where

JE = (P, x é”’“)g 4 (% % (OPF + g;:nﬁ x )

. .
To O(c*gl,,) imaginary part leads to rates for |

T =y
p — "

p — TRY

For example:

'—,(a); w @
| v
We also mclude V z a1f“"'l.- é‘,, ap 9’ 3"’ ﬁ’l,
‘ w7 — TY +§¢""£;..#99 9‘/’#3"
- w*r-—}vn} emf A’,P '
Cwom) o O

T
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EdR/d’p (GeV i tm™)

approach at T*- 150 MeV. PR

T — : : .
Th _ "“o~"
N “ - \\'..‘ |
0 . T=160 MeV
w | |
-7 i x'c
o 10 3 ¢ 7 ,

By \ |
Y, _

, ‘i,m-' 3 ‘}5* 'r
B qean AR
%m-n L «QGP@EsD)
| _—-- free masses

0  “{7;1 ’ ,:2 3 N 5
. E@GW)

"'}:Thermal photon spectra at T =160 MeV. Solid dots (square)
" indicates photon emission rate from QGP with both one
= ‘lo&p and two loops contributmns for g = 2(0.8). Dotdash line
rapresents photon spectmm from hot hadronic gas with-
_ out medium effects. The result with the in-medium effects
' (within the scope of the ‘Waleeka model calculations is shown
- by long dashed line. Dotted (solid) line indicates photon
spectrum thh BR (Nambu) scahng mass variation scenario.

-
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EOS and Space Time Evolution

® QGP:

2 £
€QaP = 339‘69(361’7’4 + B;

Poer

SQGP =

™ ocrT* — B
'éa.ZQGP -

—00¢—

gogQGPTa

\\t‘“‘r }‘reeze-—‘out \ o Mixed Phase:
i o Smiz = fQ(T)SQ + fH(‘r)sH
| where C Bisvkenis M= mmcg

_ L (e 4 '
falr) =77 ( ) P = “/3“ G |
o Hadronic Matter (m, p,w, 7, a180d N) Ta X‘ Tq o

d(i .
= %4 /(2’;3 3"; 8.

sy = = -'_;PH = MM(T)T; = éﬁgﬂﬁ(m‘(ﬂ’ﬂﬂ .o

, 3  : - ; o Tds;: [ngw

Sound Velocity, ¢ SH dT g dT +3}




Square of Sound Velooity
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~ VarlagiOn of eﬁ‘éctive dégeneracy,‘ gcf,é as a ftz_nctioza of tem-
‘perature. g.; has a strong temperature dependence in a
mass variation scenario.



http:0.150.160.17

—302—

zms (3+1)D Hydrodynamics:

45 AN (850
erA'r;dy & xRirdy ( )4%??

"the ﬂuid ﬂelds vary apprecxabiy over a length scale of
ean. ﬁ*ee path then the eﬁects of viscosity will be impor-

(V:scous eﬁects = lower Ty J. Phys G 23 (1997) 469),

dN 45«3)

2
dy = = R4aeg-T31',

'“lfm/c 79* 3&&&».

6(1", ) CXD(T—-RA)/ﬁ—}-I B ’» |
’ ~ {von Gersdorff et al, 1986.) ’

(Hmnz et al 1992~ Braun-Munzmger et al 1996)

0.27

0.23

0.21

T (GeV)

017 |

0.15

019

—-— BR

--~- Walecka

H ~—-— free masses
—-—= Nambu

P SHBABN BN NSOGB

t{fm)

Life time of the mixed phase Tz = 1o = (9/gz — 1)rq
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Photons from § + A collisions at GERN SPS encrgies

B 3 T 1 T -}

o b }, Ceatrol Seau, 200AG8V | |

gaN/a’p (GovT™)

| orwso
5| Toower tims
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ko 20 - 30
" py (GeV/c)

r

AN/d'pody (GeV™)

e
[
il

T ) T TSI TR
SRR B 0.5 1 ' 15 2 25 3 .38 4 45
' ‘ e (GeV) ’

. - Thermal photon spectra for T; = 200 MeV and 7 = 1 fm/c. Solid
- (dashed) line indicates photon yield with large broadening of the p spectral
-~ function (vacuum spectral function). )
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Total photon yield in Pb + Pb collisions at 158 A GeV at

CERN-SPS. The theoretical calculations contain hard QCD

- and thermal photons. The system is formed in the QGP

phase with initial temperature T = 196 MeV

PSS,

et el

- L
[ [
i ik )

'y

dN/d’p,dy (GeV™)
8

i
-
Y
i

Yask
-
d

100 [

Thermal Photon for Scenario ()
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Transverse momentum d.lstrxbntmn of therma] photons wﬂ:h

- and without medmm eﬁ’ects
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0

. Photon spectra at RIHC‘ for -Au 4+ Au collisions.

; m"’

pf(GeV)

Total pboton yield in Pb + Pb colhsmns at 158 A GeV at

CERN SPS. The theoretical calculations contain hard QCD

and thermal photons. The system is formed i in the hadronic

phase with the hadronic masses approachmg zero at initial
temperatnre T; = 205 MeV.
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H‘-’QHD

Scaling
T=
170 MeV

Scaling
T
200 MeV

T; (MeV)

T; (MeV)

T; (MeV)

; 210

270

350 |

17
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187
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235
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a7

168
m
179

187

181

187

186

Ty = 120 MeV

¢ Thermal Dilepton Emissicix‘ﬁteszf

dR

Fr per oIﬂW st(Qﬂ)

¢ QGP ¢ — e*e”

4R
dM2prdprdy

e Hadronic matter 7'z~ — e%e” > P X < Cos
| (O e
dR ” _of m"‘ f I ImllPR }
dMiprdprdy  * M? 92 B8 |w (M7 =g + [mTPRR]

oV — ete~

dR (2J+1)MI, f 1 ImlPR l .
dM’ppoj dy ,491' Voete/BE (M2 — m¥2)+{lmnpﬂ}2 S

mew W 5;/ e /0
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(N, /aMidn)/(dN,,/an)(100 Mev)”

Ddepton spectra. for (N,,;,}—-:ZIO ‘I‘he dashed line (daahadotk ) i d
cates e¥e™ pair yield when the system is formed in the hadromc p ase;
hadronic masses vary accardmg to umversal scaling (QHD)

w? <Ny>=158 £
o h’ =~ had. gas (Scaling, T=170 MeY)
% » =~ had. gs (QFFB)-

3 -~ hadron decsys
2
-3
§
g |l
=
8§ |
o0 05 w5

MGV

Bﬁepton spectra. for (N,,.,.)-lso ‘The dashed line (dash—dotted) indi-

) ;,kcnt.ea e*e” pait yleld when the system is formed in the hadronic phase and
'. «,;hadromc maases vary according to universal scaling (QHD). Note that these
e also include the yield from hadronic decays at freeze-out (dotted line).

G- P«%&Ndﬂe‘\?‘ ek ol | 19ag

B. \.e'nv.e.a.% bmm 119¢
(Cceres)




—80¢—

. s The number of 7 — 7 collisions in the region M ~ m; is

given by ~
- No—2x3x 29N, (“Wedd
| =23 g E)
Thermal equilibriumm may not be realized in the case of
dN,,/dn = 150 and 210 since the number of collisions per
particle in the system, ~ Ny /(1.5dNy/dy) < 1. This quantity
is8 ~ 2 — 3 for dN./dn = 270 and 350.

® The condition Toeart < Texp is satisfed throﬁghoﬁt '_t.he' evo-’ |
lution process, indicating that the use of hydrodynamics is

- reasonable for space-time description.

¢ For dN,/dy = 150 and 210, dileptons seem to originate
from a hadronic source with initial temperature ~ 170 MeV..
For the higher values (270 and 350), however, the data can
be described by both QGP and hadronic initial states.

» We conclude that in order to reproduce the. CERES
dilepton data or WA98 photon data either a substantial re-
duction in vector meson masses or the formation of QGP in
the initial stage with T} ~ 200 MeV is necessary. A simple

 hadronic model is inadequate to reproduce the data.

e Although the dilepton data can be described by a large
broadening of p, the py distribution of photon is almost un-

. affected by such phenomenon.

<N, >=20

-——-Q(}l’nﬂlﬂﬂ(fnﬂl!ls."!'fl"“ﬁ!v)ﬁJ SIS
~— Had. gas (Scallog, T-0MeY) -~ §
~— Had. gas (QHD)
~~— haidron decays

CZIs

10

(4N, /AMdn)/A(dN,/dn)(100 MeV)™

sb

1.0 15

M(GeV)

8

Dilepton spectra for- (N)=270 for differént initial states and mass vari-
ation scenarios. Solid line indicates dilepton yield when QGP is formed.

(Here QGP scenario indicates sum of yields from QGP phase-’:-(%GP pa-rt
of the mixed phase -+hadronic part of the mixed phase -+hadronic phase)

The dashed line (dash-dotted) indicates e*e™ pair yield when the-system

. is formed in the hadronic phase and vector meson masses Vary a.c;ordipg to .

universal scaling (QHD) o
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Re-Hardening of Hadron Transverse Mass Spectra
in Relativistic Heavy-Ion Collisions

A. Ohnishi*, N. Otuka®®, P.K. Sahu®, M. Isse?, and Y. Nara®

a Division of Physics, Graduate School of Science, Hokkaido University,
Sapporo 060-0810, Japan
b Advanced Science Research Center, Japan Atomic Energy Research Institute,
Tokai, Ibaraki 819-11, Japan
¢ 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'(M) =
To + M 3%/2, where Ty and § 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 GeV, it is very
hard to explain re-hardened spectra of
hadrons at higher energy densities in a
hadronic scenario. Actually, recent anal-
ysis of RHIC data by PHENIX collabo-
ration suggests this behavior, as shown
by H. Ohnishi et al. at the previous JPS ! ; —
meeting in Niigata [3]. 06| SIS AGSJHF SPS ——— -

In this presentation, we analyze the

Inv. Slope Par. (GeV)

T (GeV)

a 04 00 e - :

hadron spectra in heavy-ion collisions at e
relativistic energies from 2 A GeV to 02 S
65+65 A GeV by using a jet-implemented 0.0 : - =
hadron-string cascade model, JAM [4]. Vo -2 My (GoV)

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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x QGP Signals

» Anomalous J/y supression
O : Deconf. phase — No Bound State (Matsui & Satz)
A : o(J/9-h) = constant (?) (h= N,m,p, N¥, strings, ...)

x Strangeness Enhancement
O : QGP — Fast Chem. Equilibrium
A : Rope formation (Sorge),
x : multi-r — Strange particles (C. Greiner)

x Low-E Dilepton Enh.

A : 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)

e 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/1 + N* = DD
x string + string — Rope —» YY
= Large Mass Energy < Smaller Pressure

Key Logic: Hadron Gas becomes Softer and Softer
at High Energy Density. (Hagedorn, 1965)
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:
Re-Hardening

of Hadron Transverse Mass Spectra
in Relativistic Heavy-Ion Collisions

Akira Ohnishi®

in collaboration with

N. Otuka®, P.K. Sahu®, M. Isse?, Y. Nara®
. Hokkaido U., b. JAERI, ¢. 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 GeV to 65+65 A GeV 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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1C;ﬁ;ctlve ;Io“v;j

P.K.Sahu et al., NPA672(2000)376

FOPI o
EOS —
E877 ——
NA49 ——
RBUU ——
CASC ~=-

T

0.1 1 - 10

100

Beam Energy (GeV/A)

[ 7~ Why does it become soft ?

Hadronic DOFs + Reduction of MF

150

;"/ NL3'(presem)

NL3 —

/ ML2MATdEE) —

Hama et al.(Exp.) —=—

rgf;
100 +
% 10 %
=
: 37
s ! =
g Au{11.6 A GeV/c)+Au

S

~ *
\\’J [
b<35tm \ -
‘ T sl
1 1.2

0 0.2 04 0.6 0.8

<
-

Y.Nara et al., PTP Suppl. 129(1997)33, N.Otuka, Thesis; to be submitted.

0051152 25 3 35 4 45

Exin(GeV)
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* Softening at SIS-AGS-SPS

Chujo, Thesis.

Temperature j

T |MeV|

]
I D

bt

b

—t—| -

-0 *

10 1ot

Bveern [A GeV}

T

X 3PS Pbt+Pb (NA4S Singls)

B SPS Pb+Pb (NA48 Single+HBY)

® AGS AuvAu (EB6G this analysts)

® ACS AucAu (BE77 Prelimiaary)

O 813 AutAu (EOS, PRU 75 (1995) 2662)
© B9 Authu (FOPL NPA 286 {(1995) 755)

3PS Ph4Ph (NA4D Single)

T SPS PbePh Nuw Sinighe+HET)

® AGS Au+Au (ESO6 this m.:yu\-)

® AGS AuvAu (BET7

© SIS AuvAu (EGS, PRL 75 (1505) 2662)
SIS AutAu (FOPL NPA 812 {1997) 483)
SIS AurAu (POPI, NPA 388 1m)1ux§
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Thermal Evolution of Matter (JAM and HANDEL)

Temperature during HIC

T~ P/p (ldeal Gas EQS)
p= Total Hadron Number Density

o20f 0 O e L]
‘//;/t/ >

2
e
g
2
e
g
g o ‘
HANDEL 1,=0.0(fm/c} —@—
. HANDEL <-0.8(fm/) —@—
. ‘ ‘ ‘ JAR @
o 1 2 3 4 5 6 7

PBaryon (/Po)

Why Multi Pion Production Reduces P (and thus T)?
— "Blob"” may play a role of Massive (Continuum) DOF.

nn Maddt
'5<~ NOEE N o

N N N N Tt
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« Thermal Properties of Hadronic Cascade

[ 3= Small DOF models may give Too Stiff Spectra
... Why do ARC and ART Explain Data ?

Answer: Multiparticle Prod. with finite Formation Time
Generates Effective Large DOFs.

ARC: Y.Pang et al. PRL68(’92)27413,
ART: B.A.Li & C.M.Ko, PRC52('95)2037; PRC57(’98)2065.

My Spectra with Multi. Prod. (HANDEL)]

Au(11.6 A GeV/c)+Au — p,i*, T

&Aid-Rapidiw}}y~ycmi<O.2)
‘\.‘; 10 2 - Central (b <3.3 fm)]
S p (x 10)
z210"
§
100 ] N
B T (x 0.1)%
N
2 A1 | EXp. . { Larger s
10 | NoMulti. —
NTZ, ?;Qu;‘ — — Larger DOF ?
o | 0.8 fmc —
10 : :
0 04 0.8 1.2

my-m, (GeV)
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: ;J—ACEE resultsl (Y.Takahashi et al., NPA461(1987)263c)

14 ey
© JACEE HEAVY .
121 o JACEE p+C {10~100 Tev) |
~10F s o
& L
208 .
RN ol L ]
g . ot
=3 '
,:‘..0'6 a.ou ’3 }.:o
b o * ru ;\ %
04} Ja SN,
a oGgp
0.2 o
o
i P i 5 A
LAY 10 10

ENEAGY DENSITY € (GeV/fm3)

Hydro + UrQMD results

(Bass et al., PRC61(2000)064909)
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g .
[
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§',ﬂ & n ™ = ‘
08 4 : &
é
asl 4 4
[ 7] i Tall gymisebe Hydnu 4 UrAMD
apth puebele Wpo + Wl Gocay SO ho@onisitod
L ¥

:U.ﬁ 2 04 DS 0B

10 44 14 16 13

hadron mass (GeV)
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(7> How about Re-Hardening ?

e 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

e Earlier Suggestions of Hardening

» JACEE observation (< P, > grows quickly)
* Hydro + UrQMD (< P, > grows quickly)
* Nu Xu @ QM2001 (3(RHIC) > g(SPS))

..._In this work,

» We study proton and pion M, 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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|JAM (Jet Aa Microscopic transport model)|

Y. Nara et al., PRC61(’00), 024901.

= DOF: A(B, B, M, M" (m < 2 GeV)) + s(Strings)
+ Partons (at higher energies)

x 0 Hadronic (hh < hh, hh & h)
+ Soft (hhers, hh—hs, hh—ss, s—hhh... [1]

che ch, ch— ¢s (e= (qa), q, §) [2] )

Diquark
W ~1fm/c Breaking
FOI' K~ 1 GeV/fm

Resonance
+ String
+ Jet

1y

+ Hard (Jet Production, at higher energies) [3]
» No Mean Field (in progress), No Medium Modification

[1] "DPM + Lund” (~ HIJING) + Phase Space
[2] Consituent Rescattering (~ RQMD), ¢= (qq), q, §
[3] Jetset (Pythia)

Version: JAM1.009.27 (April 2000 Version)
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Nu Xu, Presentation at QM2001.
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» M; Spectra: Measure of Generated Pressure

10 ® P AGS: Au (11.6 A GeV/c)+Au, Central
10 2 Py -
: T'n=230 MeV ----

10" }n 10 TS0 Mev — |
00} E802 (symbols) |
1 § JAM (hist.;
10 L

¢ 102 e

° 3 e + + + nﬁn

o 10 SPS: Pb (158 A GeV)+Pb, Central 1

E 10 2 F NG ;

£ T =245 MeV -

2 10! T'p=270 MeV —

3 10°} NA49 (symbpls; ]

% 401t netp JAM (hist.

= .1

& 10 + 4 et plllih

= 403 - RHIC: AurAu (Vs = 130 GeV), Central
102} T'=260 MV .1
10 1 Tp=370 MeV — ]
109} JAM (hist.) |
10}
102} 1
1073

0 05 1 15 2 25 3 35
My - m, (GeV)

Nicely Reproduced, except for
Low Energy Protons (No Mean Field)
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i
1
i

120 , . : : :
100 | AGS: Au (11.6 A GeV/c)+Au, Central
80 E802 (symbols)
60 | n JAM (hist.;
> 40 |
,_'!2
S i
2
28 ! ' P + ¢ } :
o5 | SPS:Pb (158 A GeV)+Pb, Central
NA49 (symbols) ‘
> 2007 JAM (hist.) 1
2 150
100 | ,
52 | n_ﬁ."?;
RHIC: Au+Au (Vs = 130 GeV), Central
800 | PHOBOS -
BRAHMS e~
& 600 | PHENIX ]
2 400 | B JAM (hist) |
200 |
0

-1.6 -1 -0.5 0 0.5
Yer/YNN (Mem/Man)

» Globally Good, except for

Systematically Larger Stopping Power of Protons. I
BT

11
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x» Summary and Conclusion

o 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.

o RHIC preliminary results and JAM cal.

show re-hardening between SPS and RHIC energies.

x JAM results systematically reproduces AGS-SPS-RHIC
energy heavy-ion collisions.

o dN/dn(charged) ~ 570
o p/p~0.63
o Slopes: a little softer than data
x Local Maximum of 8 may appear at around JHF-NSP

energies. It can be a consequence of " the highest bary-
on density”.
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x Decomposition to T and g

d’N " ' 1 rg
e -MT), TM)=T+-Mp
Mantavdp < ™ /T, T 2

04
03¢

02

Inv. Slope Par. (GeV)

01 ¢

025 ¢

0.20 |

T (GeV)

0.15 ¢

0.10

06

02r

0.0
\/SNN -2 My (GeV)

Re-Hardening emerges .
between SPS and RHIC energies
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Quark-gluon Plasma .
and Lattice QCD at Finite Temperature and Density
Chiho NONAKA
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 QGP phenomena.

Recently, thermal freeze-out and chemical freeze-out analyses 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 QGP 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/t 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) QCD calculations, i.e., the complex
action problems. Though many trial calculations in SU(3) QCD 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 QCD at Finite Temperature
and Density
Chiho NONAKA
Hiroshima University

February 15, 2001, CNS workshop

Contents

= Introduction

a Formulation of lattice QCD
— Finite temperature
— Finite density

= Recent developments of lattice QCD

a Lattice QCD at finite temperature and density
Recent Results

= Summary

C.NONAKA, Hiroshima Univ.
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Introduction
m Thermal Freeze-out and Chemical Freeze-out

v T 0
i T g . .
~ aoof § Rl B Temperature
E.'!':.‘.‘:;q;-:_-_giw «2 é and
L IRRRCE S ] ntial
¥ £ g o Chemical potentia
ool g U,
B0} .. KExSCNINT G} 3 GeV A
3 3
P 0
iy WS WUy PR %) o e e s o s wsam—r—— -
Tt et 0 Lattice QCD
<fw ey - “m>e 3T fir

Statistical mechanics
By Redlich, QM2001

C.NONAKA, Hiroshima Univ.

Frmulafzbn of L Q (1)
n finite temperature

— Matsubara formalism for finite temperature
Z=Tr e = [[dp]e™
B

1
S[o 1= [dx,[d’*L I'= —
0 N a
a : lattice spacing
N.a
o boson : periodic
fermion : anti-periodic
-
N a

C.NONAKA, Hiroshima Univ.
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Formulation of LQCD (2)

» Finite density

— Introduction of chemical potential
Wilson fermion

Z=Tre?™ ) = [DUD ™D e+
Sp="W
4
W=1-x Y {7 U, (50 p5+ A7, (005, )

p=1

x - hopping parameter - quark mass
P,= P -ip
3
W=1-«Y {(1_ YU (B . o+ (L yi)U;(x)Bx,‘x_;}

i=1

~e{e A=y U, e ey YU %, LY
C.NONAKA, Hiroshima Univ.

Formulation of L QC (3)

= phase transition
— Confinement /Deconfinement
Polyakov line (order parameter)
(L) = <% z L(x)> ~ g AP
AF;: free energy of the static charge

(L)#0 deconfined ( AF, finite) (L
(L)y=0 confined (AF, infinite

conﬁnemen't(;’{

/i deconfinemen

Torn

C NONAKA Hiroshirma Ungy.
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ReceﬂtDwelopmeﬂts of L QCD(Z )
» improved actions

Reduce discretization effect @ + 0) on coarse lattice

Spuge =-Bleo X T, B o T Tr B+ SAH87 oY e}

¢, +8c,+16c, +8c; =1

— Renormalization group improvement
Iwasaki, perfect action etc.

— Symanzik improvement
Mean-field improvement (tadpole improvement) etc.

C.NONAKA, Hiroshima Univ.

Recent evelopmem‘s of CD(Z)

] aniSOtropiC lattice (Karsch, Burgers, Nakamura, Klassen, Engels et.al.)
— High accuracy measurement
anisotropy

ta,

a,
=—2>]
at

-—p

a

» pole mass analyses at finite temperature
temperature =~ N, 1
» glueball mass (Morningstar et.al.PRD56(’97)4043)
— problems
» a, islarge

» Complicated analysis with anisotropy
C.NONAKA, Hiroshima Univ.
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LOCD

at finite temperature and density

s Finite temperature
— Many analyses

» Critical temperature, EoS, Hadron spectrum

Transport coefficients, etc.
m Finite density

— Complex action problem in SU(3) QCD
— Response to chemical potential at L =0

— QCD-like theory
» SU(2) QCD

» Models with quarks in the adjoint representation

» QCD at finite isospin density

C.NONAKA, Hiroshima Univ.

m Critical temperature

' LQC gt Finite Te mperé (] )

action Ref. Nf | Nt | Tc[MeV]
plaquette [1,2] 0 co | 268
Symanzik [1] 0 oo | 269
RG [3] 0 |o0|276
RG+clover [4] 2 |4 (171(4)
Symanzik+p4 [5] 2 |4 [173(8)
Symanzik+p4 [5] 3 |4 |154(8)

m Order of phase transition

Nf=0 1st order
Nf=2 2nd order
Nf=2+1 on progress

[1] Beinlich et.al.
[2] Edwards et.al
[3] CP-PACS

[4] CP-PACS

[5] Karsch et.al.

Ejiri hep-lat/0011006

C.NONAKA, Hiroshima LUniv.
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o

o

Measured / Expectad J/y suppression

e

» Hadron spectrum

o
M)

0.5 1 1.5 2 25

NA 50 Jhy suppression
A

{
1 ‘" e
8 R

i .

: e
6 ‘e

i '
4 % Pp - Pt 1998 with Minimum Bias

i Pb - Pb 1998 with Minimum Bias

‘ Pb-Pb 1996

{ wS§-U NA3s

“ p-A NA3B

: p-pid) NAS1
0 .-

0

L QC’ at Finite 1t mperure 2)

(62N, fondm) / (AN, /dn) (100 MeV/c?)”

Mass shift of p ?
- CERES/NA4S S-Au 200 GeViu
3 21<q<2865
p, > 200 MeV/c
6._> 35 mrad

(N, /) = 125

n b g s
m., (GeV/c?)

C.NONAKA, Hiroshima Univ.

ZQCD at Finite T emperfure 3)
» Maximum Entropy Method Analysis

Y.Nakahara, M.Asakawa, and T.Hatsuda
PRD60(1999)091305, hep-lat/0011040

t
+
s

i
#

Spectral Function T=0
7 | (a) PS channel
x=0.1557
i K=0.1545 ]

b K":?-{_}, 1 ':’}’

50
25
0 L o
30
20

(b) V channe!

‘ Finite Temperature

C.NONAKA, Hiroshima Univ.
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I QC at Finite T emperure (4)

= Chamonia near the deconfining transition
T.Umeda, R.Katayama, O.Miyamura, and H.Matsufuru, hep-lat/0011085

Wave functlon

: Gentle slope = Spread

~*Strong spatial correlation

J/ may not easily be
melted until 1.57,

C.NONAKA, Hiroshima Univ.

LQC at Finite T empemre (5)

m Heavy quark potential close to Tc
F.Karsch, E.Laermann, and A.Peikert, hep-lat/0012023

2.00

150 ¢

1.00 ¢

0.50 +

0.00 ¢

£ i
(o . ‘;» "i Al .*
&
.’fu‘ ,u A INAY
s, r i am
IR ) LR ] *
*h ave @0 Cbeamy o lossr. .
o O me T a0 e @ gg&; e
. PO ,
::... 200 WME W os s & fxfr‘T : Nf=3
10807, T E
ﬂ‘MT' .
b BOR A DS WMH N G H CMN ¥ s mPS 5
‘.‘:on&; SES W2 S VA SBE & ?fg‘t{' :' _——an 0.7
e 11157,
1 2 3 4 5

C NONAKA, Hiroshima Uiy,

=225~




LQCaf Finite Te emperdre (6)

» Transport Coefficients
S.Sakai, A.Nakamura, and T.Saito, NPA(1998)515¢
— space-time evolution of hot and dense matter

Relativistic Hydrodynamical Model
n Gev’ :
0.4+

0.3+

0.2 ®
% 16° x8
0.14 c e . .
Iwasaki ‘s improved action
001 - quench

0.1

2 16 20
T, .
Shear viscosity in physical unit C.NONAKA, Hiroshima Univ.

LQ at Finite Densz(])

» Hadron mass response to chemical potential
S.Choe, Y.Liu, and O.Miyamura (QCDTARO collaboration)

Staggered fermion (Nf=2) 16x8’x4

TA ¥ WM M )
. Ta|= w2k Screening mass
Ps T=0.97Tc T=11Tc
Response to s (ks = 1, +1y)
u Mass 0.295~0.427 0.75
m ‘
| 2nd  small large
(0.18~0.35)  (5.39~4.31)
Response to (1 = 1, - i) |
1st  very weak very weak
2nd  large (negative) weak -
o 2~ (-13.1~-856)  (-1.32~-1.54)

C.NONAKA, Hiroshima Univ.
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http:1.32--1.54
http:13.1--8.56

" LQC at Finite Deﬂs (2) :

B=5.26 (0.97 Tc)

ma =00125 | ma=0017 | ma=0.025
j@ 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) F; to g
B=5.34 (1.1Tc) (us = p,+ )
ﬁ 0.751(0.001) 0.747(0.001) 0.756(0.002)
2nd response | 5.39(0.10) 5.82(0.16) 4.31(0.10)
B=5.26 (0.97Tc) Fs to
ma =00125 | ma=0017 | ma=0.025 (b = 1y - 1)
1st 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)
B=5.34 (1.1Tc)
1stresponse | 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)

C.NONAKA, Hiroshima Univ.

m SU(2) Lattice QCD

— Wilson fermion
— Link by link update 4* 4°xs8

LQD at Finite Dé’ﬂSl (3)

S.Muroya, A.Nakamura, and C.N, hep-lat/0010073

(Wilson action, Iwasaki action)

Number density Expectation
T ' T i 0'5 T T
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8: 03 rS
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Efg Eﬂ 2’)52[1{8 qfsmya et.al hep-lat/0010073
» Shell and bean structure (B=1.6. x=0.180)

Lp=04

Im (Aw)

0 1 2
Re (AW Re (Aw)
C.NONAKA, Hiroshima Univ.

SU2) LOCD

S.Muroya et.al hep-1at/0010073

» Mass of &, p at chiral limit

T T T T T

p vl~£-r-4
T L ]
7] _ .
= ' " u>04 7> massive
‘i‘ | _ .
1 - ZL E A B l
g . .
} ¥ Chiral symmetry restoration
] 2] )
03 02 04
1]

C.NONAKA, Hiroshima Univ.
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Summary

= Lattice QCD

/ TM to understand QGP physics

= Recent developments of lattice QCD
— High accuracy measurement
improved actions, anisotropic lattice
computer performance
» Lattice QCD at finite temperature
— Many analyses
» Lattice QCD at finite density
— Response to chemical potential, QCD-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-1l, 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 (CNS/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

CNS Workshop Program

Physics of QCD many-body systems
-~ What we learn from the RHIC Year-1 —-

214 (WED)

9:00 - Kegistration

9:30 - 10:15 (4045 min.)

RHIC: 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 results 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.) :
7% Production in Aut+Au Collisions at s¥?= 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.)
Particle ratios 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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215 (THU)

9:15 - 9:45 (25 + 5 min.)
Electron Measurement in PHENIX Y. Akiba (KEK)
9:45 - 10:15 (25 + 5 min.)
Observation of p/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 (Yonsei)
10:50 - 11:25 (30 + 5 min.)
J/¥ in pA and AA ' H. Fujii(Univ. of Tokyo)
11:25 - 12:00 (30 + 5 min.)
Quark matter in neutron stars T. Tatsumi (Kyoto Univ.)
Lunch =========z==z=zzzz==s=zo====

13:30 - 14:05 (30 + 5 min.)

Direct Photons in Pb+Pb Collisions 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 Relativistic Heavy-Ionollisions.

A. Ohnishi (Hokkaido Univ.)
15:15 - 15:50 (30 + 5 min.)

Quark-gluon Plasma and Lattice QCD at Finite Temperature and Density
C. Nonaka(Hiroshima Univ.)
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Participant List

Akiba Yasuyuki I . ¥4 KEK

Alam Jane University of Tokyo

Awes Terry ORNL

Bentz Wolfgang Dept. of Physics, School of Science, Tokai Univ.
Biyajima Minoru X458 x B KEIEEER

Chujo Tatsuya & B Brookhaven National Laboratory
Danmura Ayako Siksl BT HRXEMEER(ZHHE)

Esumi Shinichi I8 B FEXEDEFR (Z8HH)

Fujii Hirotugu Wt BR MERERERBE AR AR REIY R
Fukushima Kenji L] . o REXEXEREBERARE
Hayashigaki Arata i ; RRKXEXFREBEAFEE (B

Hirano Tetsufumi 5 X BERAXFEITYE
Homma Kensuke =M 3 ERX¥XERBEREHDER LUK
Ishihara Aya R “H The University of Texas at Austin
lkeda Takashi E & REXFAEREFRAFRE (DB
Kajihara Fukutaro #/R BARR BEREXEERISH
Kajimoto Kohei BE | o5~ BHREAXYE XB-hEHEE
Kaneta Masashi & H 3] Lawrence Berkeley National Laboratory

Kim Hungchong Institute of Physics and Applied Physics, Yonsei Univ.
Kiyomichi Akio b &1 | GEE) Inst. of Physics, University of Tsukuba

Lee Su Houng Institute of Physics and Applied Physics, Yonsei Univ.

Lange Soren FRANKFURT Univ.

Maedan Shinji RTER XA Tokyo National College of Technology
Masui Hiroshi i £ B . HRAEDERR(ZHE)
Mineo Hirobumi KR .28 NRXEXFERBFRWERE (FE)

Miyama Masanori R E# Department of Physics, Tokyo Metropolitan University

Mizoguchi Takuya »x0 25 AT

Morrison Dave BNL
Morita Kenji #H s ERAXEET ¥ (KPR

Muroya Shin =5 i Tokuyama Women's College
Muto Ryotaro o AR RBXFE BELH
Naruki Megumi K ..} HMARFHER

Nonaka Chiho e T ERKEXERBEFREDBE LUK
Ogawa Akio | B Penn State Univ / BNL

Ohnishi Akira p i 8 HERFEFRYBEEE

Ohnishi Hiroaki K )] Brookhaven National Laboratory

Ohnishi Kazuaki p ] —B RAXFEXPREAVEHARE
Oyama Ken Kl i ERKXERFEEHETR R 5—
Saito Naohito 1. A RIKEN/RIKEN BNL Research Center
Sakai Shingo | £AM | RE FURKEYEE R (SHH)

Sakuma Fuminori | &AM S W KFE BES

Sakurai Katsunori B+ R BEBEXY XB-HEHREE

Sato Susumu .3 i Inst. of Physics, University of Tsukuba
Shovkovy Igor School of Physics and Astronomy, University of Minnesota

Sumi Yoshio KR E ¥+ Department of Clinical Radiology, Hiroshima International University

Suzuki Naomichi | T LB | LEEREMKXE

Tatsumi Toshitaka » e REBXE BPR

Torii Hisayuki &H AIT Kyoto Univ./RIKEN

tsuda keiichi xH F— BEEAXE XIB-HBEHRE

Yabu Hiroyuki w2 FREIL KPR
Yokkaichi Satoshi L]zl i RIKEN
Yokokawa Kazuo il —3k ERRXFXREREXRTEE (DB

Yoshida | Shigefumi | #HH 3 FHEXYEIFN 9B TAVEFH O} HERRE

Zaic William Columbia University
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HEEA

Hamagaki Hideki HiE EH
Hatsuda Tetsuo #H i2E]
En'yo Hideto R A
Asakawa Masayuki =1 Fz
Sawada Shin'ya BH At
OZAWA Kyoichiro NR | -8B
Nakano Joe ¥ [
Sakaguchi Takao w0 RB
CNS#H 4
Matsumoto Takashi W &
Kametani Soichiro sy | B—m
Tamai Munetaka EH R
Kato Koichi Ik n—

—234—






