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Physics Target (l) -Jet

guenching-

Jet will loose its energy via gluon radiation in hot dense
medium, and the energy distribution of Jet will be modified

High p; hadrons

hard-scattered hard-scattered are
parton from e.q. p+p parton during Au+Au fr
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X.-N., Wang, PRC 58 (1998)2321




* |In the absence of nuclear effects, expect
point-like scaling:

(?;AA o the ratio of number of point - like sources = A?
4

PP
N[’ilA ) = N_,; number of binary collisions for a certain b

pPp
— Ncoiy € calculated using Glauber model
* Previously observed effects:

— Nuclear Shadowing
— kK broadening (“Cronin effect”)



e \We measure yield per collision for certain
centrality bins

1 d?6
Nevent (19)2a ppoTdy

Yield(p,b) =

e Ratios of interest:
YiEId central / < N coll > central Yield central / < N coll >

central

Yield Yield .. oo/ (Neow)

peripheral



p+p(p) Data as Refer_ence

o 102:: COF © 1800 GeV
*-:_; --?:; * G320 GeV
Qo - UA{ * 900CGeV
O 10 T o 50D GeV
_E - e * 200 GeV
E 1 3 o0 53 GeV
LS AL 23 GeV
510 ¢
« Power law fit to: S0 %
- B2 :
A(po * pr )™ q
—10 ¢
A h'+
» Interpolate p; to 1o F 2
s=130 GeV 10 2L
10 -BE_ ---------- power law fit
—> reference p+p — interpolation to 130 Ge‘v‘
spectrum at our s o 1 =2 3 4 5 8

p, (GeV/c)



CERN SPS TOHIE
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— 158 AGeV Pb+Pb (WA98)
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Cronin 318

pA B E TOLERKEEIED Cronin Effect at SPS Energies (Min. Bias)
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The device: PHENIX EMCal

6 lead- scintillator (PbSc) sectors (15500 towers)

&

2 lead- glass (PbGl) sectors (9200
towers)

<0.37 at midrapidity, ¢

lead glass matrix with
carbon fibre/epoxy

West East

photodiode with

preamplifier

PhSc EMCal
Quad-Tower Module




Analysis (Neutral Pion)

« Using Electro-magnetic Calorimeter
— 1GeV/c<p;<5(10)GeV/c for n° in Year-1(2)t:

+ Calculate yy invariant mass spectra and, ==
subtract combinatorial background

* Excellent Energy
scale accuracy and
resolution

» Efficiency and

acceptance corrections™;

*Embedding single w°
into real event
 Systematic Error:
*pindependent- 9%
*Overall- 20-30%

JPS Autumn meeting at Rikkyo Univ., Sep. 10, 2002
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Neutral Pion p; spectra
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« Suppression is quantified relative to p+p “baseline” scaled by
Number of binary collisions (N.)

scaled by N

syv=130 GeV and 200GeV Au+Au data are shown
« (Central collisions data are inconsistent with p+p “baseline’

coll’

PHENIX Coll., PRL8S, 022301 (2002)

Invariant Yield [(GeV/c)?]

2| 5 =130GeV [ |®

FL v

while peripheral data are consistent

T $m200GeV-

\‘

¥

¢ 7°@ AuAu200 GeV [70-80%]
¥ 79 pp @ 200 GeV [Ncoll(70-80%) scaled]
UncertaintyinN _ , pp scaling

70-80% PERIPHERAL
N_,=12.3+4.0

CO

o 7° AuAu @ 200 GeV [0-10%]

¥ 7°pp @ 200 GeV [Ncoll(0-10%) scaled]
Uncertainty inN _ , pp scaling

* 0-10% CENTRAL

" N_, =975+94

CO

* ¥ | Yield Suppressed!
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Nuclear Modification factor
1Ny N /dprdn  Yield o/ (Npis ) 4/Ratio of “Yield

central

<Nbinary>(d20pp/dpTdn/appinelastic) - Yieldpp pel' COHISIOII”

events

Ry (Pp) =

Nuclear Effects can be explored: multiple scattering energy loss, etc.
If there is NO nuclear effect, ratio = 1 (basic hard process)

Centrality Dependence Beam Energy Dependence
'_'& - n I I.‘i
o n © » —
< | _ S5 0-10% ‘ Pb+Pb sy3=17.3GeV
32-5_— syy=200GeV = [ } Multiple scattering
z§ - | e Au+Au 0-10% Central E; Ji (Cronin)
A 3 21 l '
5 2_ < -
N ! 3 | " Ru(2 GeVic) ~0.45
3 - > L T
% 1_5:_ :::'::_.1.5_— RAA(8 GeV/C) ~0.16
[ 70-80% * } :
Plomreernneeene e s IR IO . L., 1__.rr"".,u ............................................................
: + } } % + + ] l - sy=130GeV
5 0.5/ ~u"T =
T - S I ST
0_ 1 | 1 | 1 I L { | | L I L | . I 0_ 1 l I | 1 l I l 1 | 1 l I l 1 |
0 1 2 3 4 6 n° p7T (Ge\?/c) 0 1 2 3 4 > 6 7° ST (Ge%fc)

Suppression at higher p,. and higher centrality (Energy loss?)




High p; Neutral Pion Suppression —
Comparison To Theory

pQCD calculations:

— P. Levai,
Nucl.Phys.A698 (2002) 631 EE

— X.N. Wang,
Phys.Rev.C61 (200)
064910

— |. Vitev,
talk at QM2002

so far suppression not
described by theories

— calculations without energy
loss completely off

— energy loss calculations
show different p;
dependence

<1.5

1._

e PHENIX 70 200GeV
Levai
(no dE/dx)

" Wang
. (no dE/dx)

Wang
(with dE/dx)

Vitev (with dE/dx)

J—W Levai
(with dEi’dx)

IR B B
2 4 6 8 10

p, [GeV/c]
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The Drift Chamber
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Wide range measurement of 7t’s

Minimum bias
S 107 * (n*+m)/2
S, % 0
ngl 10 g— " T
£ 1 s A mr+n” (arb. units)
- -
S10'E - AutAu sy, =200 GeV
2 .
- 10 = =
Tol
] 10 E ]
2 b -
West East :‘ 104;_ ‘ [
: ‘ z 2 " a____Using RICH!
T10 £
* Most of central arms used to 10°L
measure the pion spectrum 10_-,.%_ PHENIX Preliminary
° PowerfUI CrOSS_CheCkS Of -10-a§ 1 | 1 | | 1 l | 1 1 | 1 1 | | 1 1 | 1
results 0 2 4 6 8 10
p; [GeV/c]
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Charged Hadron spectra

« Strong shape change with centrality
« Same tendency as n0 is seen

s\ =200GeV

-y
(=]

I
q T T T

1U_5§—
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T 10F o
S E £ Au+Au 200GeV
i i1 ]

S 10k L%
'; " .‘:';:.Pp 0-5%
° [ =4 o 10-15%
o 1 B .l J?:‘.
o TF Gl 20-30%
[} - o= ey
= F oo AS, A 40-50%
< 10" % aly

d: E c%l. o iy 60-70%
= F -t s o 80-92%
t!—q- -2 'ﬁ‘ = LR
o 10 F I
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: Mﬁ-&-*ﬁfﬁ' _+_
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T,
OO O O O e, g -
g
-
-

sttty T

-+

1 T 1

++—+—

x15 +_+__+_++

Ratios to
minimum bias

spectrum

Most Peripheral:
pt<2 GeV/c:
absence of flow

pr>2 GeV/c :

absence of
suppression
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Ratio Yield_ /(N
(A variation on R,) - et < bmarY>
Yleldperipheral/ <Nbinary>

central

peripheral

B Charged hadrons (0-10%)/{(60-92%)
® Neutral pions (0-10%)/70-80%)
¥ Charged pions (0-10%)/(60-90%)

0.9

« Should be 1 if
there is NO
nuclear effect

0.8

0.7
PHENIX Preliminary

Binary-Scaled Central/Peripheral

D.ﬁ_—
0.5—
| L F 3. [y
« Suppression seen 0.4 QRN
in three oal " | [ TG .
| . N L N
independent 0.2 —
measurements 0.1 |
P P N B B N B |*.| |

o 1. 2 3 4 5 6 7 8 9 10
p; [GeV/c]




Centrality
Dependence of
Suppression

Nuclear
Modification Factor

as a function of Npgrt
0
JC

Binary-scaled yield
as a function of
Npart

hi

Integrated Yield

< —— JPS Autumn meeting at Rikkyo Univ., Sep. 10, 2002
3 i
s <
1.5
ﬁ+ 4 <p;<6GeV/c
} i 1 +
0.5 +
I * s
B il
0_ A R R P R B R
0 50 100 150 200 250 300 35(
dir'f
0.35 1:(10-13 | T 1 T T T T J T T T T I
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0.25—
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Jets in p+p PH ENIX

trigger y > 2.5GeV raw differential yields
Ad ) ?HENITPreiiminary 2-4 GeV
0 © T lpp@200GeV | Mickey Chiu @ QM02
T ~|Z70.02 ﬂ |
_ !
incoming partons i i T
associated h* 0'01ﬁ } ‘j
with p; requirement I‘; : ; . #f*_
 Jet structure was L e
: : -2 0 2
observed in azimuth: Ad
correlation in pp at *black = pair distribution
sqrt(S,,)=200GeV. 'green = mixed event pair distribution

‘purple = bkg subtracted distribution



1/ Ngiceer dN/AA )

Evidence for jets in Au+Au

C,(Au+ Au)=C,(p+ p)+ A*(1+2v; cos(2A¢))
Ansatz: high p triggered Aut+Au event 1s superposition
of high p; triggered p+p event and elliptic flow:

v, from reaction plane analysis
A fit 1n non-jet region (0.75<|A¢|<2.24)

=
W
|

STAR 200 GeV A1 |<1.4
s 60-80% AutAu

— flow: v2 = 24.4%

—— pp data + flow

STAR 200 GeV A1 |<1.4
s Central 0-5% AutAu

—flow: v2 = 7.4%

—— pp data + flow

et
]
—
;]
T

(=3
—

1INTR|GGER dN!d(‘&‘ ¢)

o
|

1 2 3 1 2 3
A ¢ (radians) A ¢ (radians)

D. Hardtke, STAR plenary talk QM02
Near side jets still exist

Back-to-back jet structure seen T ,
Away side jets disappear



Apythia*<e>

.. PHENIX Preliminary

Evidence for jets in Au+Au

PHENIX Preliminary

2-4 GeV

A

—

PH ENIX

PHENIX Preliminary

Dllllllllllll |
2 3 MickeyChiu@QM02 & =2 4 g 1

2-4 GeV

EAﬁ

Use p-p analysis as a reference for Au-Au jet signal
Correlation seen simultaneously in Ag and An (Jet Cone)

a 1.-2. GeV

v 2.-4. GeV

In pr 2-4 GeV/c, Jet-Like Signal
dominates over elliptic flow
component.
This Jet-Like Signal approx. flat
with centrality (no systematic



o [d(AD)IC, (Au + Au)= A*(1+2v; cos(2A9)
[d(AP)C:(p+ p)

= | A¢|<0.75,4<p (trig)<6 GeV/c
| A §| > 2.25, 4<p.(trig) <6 GeV/c

1/NTRIGGER dN/d(A ¢)

1 2 3
A ¢ (radians)

Indication of no change of
fragmentation in near side?

0 20 100 150 200 250 300 350 400

D. Hardtke, STAR plenary talk QMO02 part
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More evidence for jets __PH ENIX
F¢:60-90 [An] < 0.35 (+)

- Charged-Charged Correlation - =3 = "

0.04 in peak
1.5F 0.8<pt<1.0
*Correlation fcn for charged hadrons. _ 0; T
*Observe large asymmetry . g
*Fit to gaussian + cos2¢. S i 0.05 in peak
1.5F

15<pt<20

*Width of gaussian peak vs. pt. "
For a jet, the transverse momenta <j;> ~ 400

PHENIX Preliminary

MeV, independent of pt (dashed curve below). 25

oF . 0.22 in peak
25<pt<4.0 .

\ » Correlation width « j./p
T
It :

Another hint of no change of

fragmentation in near side? 0 1
5 Paul Constantin @QMO02 A(I)

Ad

Cent 40-60

odf dﬁ’r{} %

0.5+ 4} Cent 0-10 \q}.
0.4¢

Cent 10-20 I

2,

Cent 20-40 -

*“*-%...ﬁ%__ %“*-%sie__

E% Cent 60-90

"y

0.2r
0.1f
PHENIX Prelithinary
c 1 a 1 a 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 2 3 1 2 3 1 2 3 1 2 3 2
pllGeVic] pLlGeVic] plGeVic] p][GeVic] p[GeVic]
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Physics Target (ll) -Interplay of soft and hard processes-

« Baryon number will be transported via gluon junction to mid-

rapidity region (Soft process)

— Effective string tension for baryons produced gets larger than mesons

— Another p; kick is given to baryons
« Baryon/meson ratio will do!

— Jet quenching (hard) enhances baryon number transport (soft) at

moderate hight p; region

— nt*,  and =° suppress, pbar and p enhance

Anti-proton/m ratio

25 ————————
 Negative Strong centrality
I 0
=i 0-10% _dependence!
1.5
1.0 f
05 |
DL YT 5 . 5 o
0O 1 2 3 4 5 6 7 8
Pr [GeV]

I. Vitev and M. Gyulassy, PRC65(2002)041902



Puzzle: Baryons at high pt

* A puzzle in high pt data:

p/pbar yield is comparable or
higher than pion in 3-4 GeV/c
for central collision.

e |f pbars are from jet
fragments, pbar/x ratio
should be small at high pt.

— Peripheral collision agree with
this expectation.

 How those high pt baryons
are produce?

— Very strong radial flow?
— Gluon junction model?

hep-ex/0209030

2
1.8
1.6
1.4
1.2

[

Line: pT independent systematic error band

p/pi0 .

p/pi+
sqrt(s_NN)=200GeV .
= PHENIX PRELIMINARY ,-’,', T

3.5 4

— sqrt(s_|

pT [GeV/c]
%_ : g:g 22 ng:$:0 Line: pT independent systematic error band
| ® 60-914% pbargo
—| 4 60-91.4 % pbar/pi pbar/pio
- <

o —

1 11 | 1 11 1
3.5 4
pT [GeV/c]
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1.6
14
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0.8
0.6
0.4
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- . 2 - .
f_ : g:g 32 gf{g:g Line: pT independent systematic error band 18 f_ : g:g 02 ng:ig:? Line: pT independent systematic error band
~ o 60-91.4 % p/pi0 = o 60-91.4 % pbar/pi0
— 4 60-91.4 % pjpi+ pipio ] X 1.6 4 60-91.4 % pbar/pi- pbar/pi0 X
— sqrt(s_NN)=200GeV % 1.2 sqrt(s_NN)=200GeV
- et e 9 =~ PHENIX PRELIMINARY
1 ,,Ir‘ """"""""" = d “‘x 1 [ I . 2 [ L B RERRELEAC! EECEEEEEES
1 p/pi 200GeV |4 H} ‘ osi-pbar/pi 200GeV $% } +
;— 0.4 ;—
— 0.2
il L L L el LY o L L
0 0.5 1 1.5 2 2.5 3 3.5 4 0 0.5 1 1.5 2 2.5 3 3.5 4
pT [GeV/c] pT [GeV/c]
5¢ 5¢
pbar/n and p/n 4.5;— 10 % central 4.5?— 10 % central
st plnt,pl/=® 200 GeV st pl/n,p/n® 200 GeV
: i In*,p/n° 130 GeV - In,p/n® 130 GeV
Ratios strongly 3sp PITLPIT ssp PImPIT
depend on centrality, . 3¢ | p/pi 3¢| pbar/pi

and less depend on =

beam energies 2\

15}
1]

Interplay of soft and
hard 1s well seen!

~—25¢

p; (GeVic)

p; (GeVic)
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More puzzle in pT >4 GeV/c

Proton identification not available.
Use pi0 and non-identified hadrons

m° fraction in hadron yield
Au+Au 200 GeV, min. bias

-

PHENIX PRELIMINARY

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0I|I|I|I|I|I|I|I|I|I
1 2 3 4 5 6 7 8 9 10

p;(GeV/c)

=



3D Hydro



Brief Summary of
Our Hydro Results

aoo§—130AGeV

« PHOBOS (0-6%)
+  PHOBOS (35-45%)
— hydro (b=2.4 fm)
hydro (b=8.9 fm)

0.081
0.061
0.041

0.02

PHOBOS
Partial Chemical Equilibrium
Chemical Equilibrium

 Full 3D hydro!
<> No Bjorken scaling ansatz

< No cylindrical symmetry
< (1, n, x, y) coordinate

T.Hirano, Phys.Rev.C65(2002)011901.

o« TN 2 T

» Suppression of radial, elliptic
flow and HBT radi1 in comparison
with the conventional hydro results.

T.Hirano and K.Tsuda, nucl-th/0205043
(Phys.Rev.C, in press).



Brief Summary of
Our Hydro Results (contd.)

3
. 915_ Partl Chemil Equbr | & 132;_ T o Tooe
0 35— Chemical Equilibrium g =  TYo120MeV
07k "o, 10 4 —T"=140MeV
06 S, b
3 107
055_ E 10‘2:
0.4;— . 5 10-3§ pbar/100 h
0.3Fsuppression o ab
0.2 510 = PHENIX
0.1F =10 £ 130A GeV data N
0790720 T30 740 150 60 G70) ° 0 05 1 15 2 25 335 4
Th(Me py (GeV/c)

Tch




The Hydro+Jet Model

3D Hydro
~ PYTHIA
x a [reeseracr]
O

;;;;;;
x J .-‘// |

PDF:
Collinear: CTEQS5LO
k;: Gaussian

<k2>=1GeV?c> (I will discuss later...)

pp

dajet
E d3p = Kng(kT,a )kT,adkT,ag(kT,b )kT,bdkT,b

Xffa (x;, Qz)dxlfb (x,, Qz)dsz

PYTHIA

padrot®
3§

Fragmentation:

Independent
Fragmentation
Model

%10’

4% Eo
=107°L

badro ns B1g:

Parton energy loss:dE/dx

— PYTHIA (K=2)
«  UA1 charged [V]<0.25

—_ = =

Ed®0/d®p (mbiGeV)
e C’L - © g 0,

2 ;UA 1
10} p+pbar
1 F200 GeV

005 115 2253354455
p; (GeVic)

——PYTHIA (K=2)
= PHENIX =0

o PHENIX
107 p+p 200GeV

0 2 4 6 8 10 12 14
p; (GeV/c)

do,ab—>cd

o

(i pQCD LO: )

g+9'—=q+q'.,9+q9 = q'+q’
g+q > g+g,q+g—>q+g
g+g+q+q_,g+g%g+g/

*Initial and final state radiation are included.



Time Evolution in the
Hydro+Jet Model

Particle spectra

i‘ . through Cooper-

; | _ Frye formula
7,=0.6fm/c T ~10fm/c

i ! I "

. Free ' E 1 : Fragmentation

—> > e

' streaming! TSy 1085 | =




Parton Energy Loss

ICa

Phenomenolog

 Incoherent Model
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n® Spectra in sy, "?=130 GeV
Central Collisions

— 107,
C L2 ——— Hydro + Jeteo=0.06
5:‘; 10 o Hydro + Jet dE/dx = 0.2 ‘<dE/dX>~O.85 GeV/fm
¢ 10 & Hydro
=1 | @75=0.6 fm/c
=107
2.
10 L
e -Onset of hard component
510
§107L + PHENXZL-S 0% pr~1.5 GeV/c
T 1 gse., PHENIX=L-G 10%

005 115 2295 335 4 455

py [GeV/c]
9E 0.06p(e.r)(GeV/fm) HUING:
dx e bost Fit value dE/dx = 0.25 (GeV/fim)

~ (0.2 (GeV/im) X.-N. Wang, NPA698(2002)296¢



Models for Parton Energy Loss

eIncoherent model

daE _ 0.06p(t, x(x))
dx

eCoherent (LPM) model

A model motivated by
a) GLV 1st order, or b) BDMPS for E>E_,

A2
AE = dgLeff , a. free (adjustable) parameter

“Transport” coefficient g

. : 2F L~R,,

il - [ deple. <6 -, >1og(1+ Luz) 02 Gevie

M.Gyulassy ef al., Nucl.Phys.B571(2000)197; R.Baier et al., Nucl.Phys.B483(1997)291.




R,,=VYield, /N __ Vield ]

Suppression Factor (PHENIX)

R, " 0-10% Central:

2-5:— { »  Au+Au \5,,=200 GeV
= l o Aushu \5,,=130 GeV
: "l PbaPb \§,5=17.3 GeV
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From D. d’Enterria, talk at QM2002.



Suppression Factor in sy, '4=200 GeV
Central Collisions

—dE/dx = 0.06p .
o g.g LPM (0250 *Suppression factor R, ,
07 —LPM (1.0gL,,) Incoherent model: iIncrease

Coherent model: almost flat

|

"I <Experimental data (PHENIX):

p, (GeV/c) - gradually decrease




Back-to-Back Correlations of
High py Hadrons
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Back-to-Back Correlation (STAR)

4<pt(trig)<6 GeV/c data

STAR 200 GeV |A 1 |<1.4 — STAR 200 GeV |A 1 |<1.4
s G0-80% AutAu < s Central 0-5% AutAu
—flow: v2 = 24.4% % —flow: v2 = 7.4%
—— pp data + flow = —— pp data + flow
P
L=
o
Ll
o
<
o-
Z
L ™

1 2 3
A ¢ (radians)

Peripheral 60-80% Central 0-5%

1 2 3
A ¢ (radians)

From D.Hardtke, talk at QM2002.



Raaa@nd C, in s '%=200 GeV Central
Collisions

g 1'6§ ® No quenching '.':Cé 0;5 ——dE/dx = 0.06p
Z 1'5;_ v LPM[O.ZSqLEﬁ]+0.?1 0.3 _LPM(O-quﬁngrr]
% 14- A LPM (1.09L5)+0.90 07 —LPM (1.0gL)
< 1.3F

=12 .

I*l‘lllllll

1.1 e

v
[ ICTIYILIRTT TTTIRS
0.9

I e

*Near-side jets:
Almost independent
*Away-side jets:
Depend on magnitude of
energy loss
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