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Outline

e Quark Gluon Plasma
 Jet Quenching as probe
 What s jet ?
» Soft or Hard
» Jet Shape
e T/m" ratio
» Jet in H.I. Collision?
e Nuclear Effect
« EMC Effect
» Cronin Effect ( Intrinsic kT effect)
* Energy loss in QGP (Jet Quenching)

e Comparison of pQCD and A+A Collisions
* Modeling of nuclear effect
» pQCD Calculation
« WA9S8

Go to RHIC
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Jet Quenching as probe of QGP

* Quark Gluon
Plasma(QGP) search

— One of the hard probe for
QGP 1s “Jet Quenching”

— Jet Quenching.

* Quark energy loss in the
QGP matter by gluon
bremsstrahlung.

* Energy loss can be observed
by measuring fragmented
p10
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Soft or Hard

Invariant cross section for
p1+- or pi0

— atpt+p or p pbar
Soft region
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* Hard region
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Jet Shape

)

e Jet = hadronization

* Two particles correlation L e
in CERN-ISR exp. ’E‘I/F'“%\‘J
— Triggerd by neutral with L

pT>7.0GeV/c s

— Large correlation in A
opposite side p ., J

« = 2 Jets with 180deg

— The width of opposite
side(right) decrease as
function of pT
 Initial kT P
Phys.Lett 97B(1980)163 « F [ f% » k
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TT/Tt ratio

Y .
* T/ ratio nucl-th/9812021
— (Low pT) ~ 1
( . p ) l-ﬁr * ' _+ it
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. LN lu_zé- c el
— (ngh pT) <1 %10k Vi)
-4
 u,d quark isospin %125
* (very naive) I m‘;
_ ..,% 10k
— proton = 2u + d quark AN
— m/n" = d/u quark = 1/2 10}
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FIG.1. Single-inclusive pion spectra in p+ p collisions at Ej, = 200 GeV. The sclid lines are
pCD parton model calculations with intrinsic & and the dot-dashed line is without. Experimental

data are from Ref. [26]. The inserted figure shows the corresponding 7~ /&7 ratio.
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Jet in Heavy Ion Collisions?

. hep-ex/0003012
e TU/TT" ratio

—
.
—

— Pb-Au Collisions at E.?ms I il ]
158AGeV/c %"mﬁ [ fit: 1028+0.005 ]

— CERN-NA45-CERES &= ﬂ VTSN b

« Flat 1.03 upto 2.2GeV/c 3 [ 1 ¢ T

e (if hard process) 5 _ ]

m/n" =d/uquark=1.14 ©®* ¢ ;

 No explicit evidence = b ]
of jet at H.I. collisions p, (GeVic)

Figure 5. Transverse momentum dependence of the a/xT ratio.
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Nuclear Effect in A+A collision

Padon Dierbhuions
q(x), 3(x)

H vl
Zhadowing
Direc Photon

Huliiple
Scatering

hilial 2taie Radialion
"K1" Boadening

Quak or Gluon ped

Decay Photone

Fragmemation

PHENIX meeting 97/6
by P.Stankus

H.Torii 2000/Oct/6 Collogium at Kyoto Univ. 8




Nuclear Effect
EMC effect ( e+ A )

« Parton Distribution PSR RBARGRER AR P
Fuction(PDF i P o ;

. ( ) ) I % ik e Lol ,%f.j

— Difference of PDF 1n 12| E B oo e,

nucleus and PDF in
nucleon. IR " ﬁﬁ{

a(4)/a(D)
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e Fermi motion g i% :
08— -
* Nuclear binding e T R S T e
. 0.0 0.2 0.4 0.8 0.8 1.0

e Q2 shift X

. . Figure 1 Ratios of the deep-inelastic cross sections on targets of iron or copper to those of
[’l u deuterium (2-6). The insert contains the original EMC data, which have an additional 7% overall
Vl al plon multiplicative uncertainty (1).

Nuclear shadowing ,
Annu.Rev.Nucl.Part.Sc1.1995. 45:337-390
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Nuclear Effect
Cronin Effect (p + A)

* Lepton pair transverse
momentum

— Due to soft gluon
radiation.

— It means
resummension 1s not
incomplete.
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Fig. 9.2. The lepton pair transverse momentum from the CFS collaboration [4].
The curve corresponds to a Gaussian intrinsic kp distribution for the annihilating
partons.
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Nuclear Effect

Cronin Effect (p

o <kT> depends on Vs

strongly.
— kTZGaussiann To
B LIZHRDOTANTA

%.
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Jet Quenching

Energy loss in dense matter

* Gluon radiative energy loss

 R.Baier, Yu.L.Dokshitzer, A.H.Mueler,
S.Peigne, D.ShiffZHLVALAB 40T
% Hmodel dependence M ARKEZDTH
Z
_ N.P.B484(1997)265 R Baier et al.
o T=250MeV dE/dx =3GeV/fm

(L=10fm)
* cold matter dE/dx = 0.2GeV/fm
(L=10fm)
— N.P.B531(1998)403-425 R.Baier et al
- Lotk
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Phys.Rev. D51 (1995)3464.

FIG. 4. The energy dependence of enerpy loss dE/dz of a
quark with energy ¥ inside a quark-gluon plasma at temper-
ature T = 300 MeV. A weak coupling «, = 0.3 is used. The
solid line is the full expression and the dashed line is the fac-
torization limit of the radiative energy loss. The dot-dashed

line is the elastig eneryy loss.
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Modeling for nuclear effect &
pQCD calculation

«  Heavy Ion collisionl 2B W TR FE N R (nuclear effect)[CKHEEEZZREL
TR AIXONFAELN

— nuclear modification of the parton distribution : EMC effect

fiy (@ b)=8y (x,b{ff% (»@QZ){I—j)/% (x,QZ)]

— nuclear enhancement of pT hadron spectra : Cronin effect
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pQCD Calculation

p pbar
Vs=0.2 to 1.8TeV
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FIG. 5. Single-inclusive spectra of charged hadrons in p + P collisions at /& = 200, 900, 1800 ";;S 1?
10k
GeV. The golid lines are pQCD parton model calculations with intrinsic &r and the dot-dashed of
10 ¢
lines are without. Experimental data are from Refa. [28,29]. 10-35_ A
005 15T 25855 445 s
by (GeVic)
nucl_ex/981 2021 FIG. 11.  Single-inclusive spectra of 7” in § + 5, § + Au and Pb + Pb collisions {both

minimum-biased and central events) at the CERN SIS energies. The solid lines are pQ)CD parton

H.Torii 2000/0ct/6 Colloqium at Kyoto Uni meodel ealculations with &y broadening due to initial multiple parton scattering and the dashed

lines are without. Experimental data are from Refs. [10,11].



Jet Quenching at WA9S

« WAO98 Pb+Pb->pi0 data(N.P
A638(1998) 147¢c-158c¢)

+ =A
* QoM

— RF#%zhE(Cronin effect,
EMC effect) 58T H&et
QuenchingM I ER7EL T,
pQCDDETREERLHH>THES.

— dE/dx <0.02GeV/fm
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© FIG. 2. Single-inclusive 7° spectra in central 5+ § at
Flap, = 200 GeV and Pb 4 Pb collisions at Fjap = 158 GeV.

10

. The solid lines are pQCD calculations with initial-&r broad-

ening and dashed lines are without. The & + & data are

from WARBD [27] and Pb + Pb data are from WA9S [28]. The

dot-dashed line is obtained from the solid line for P+ Ph by
shifting pr by 0.2 GeV /e



Fig.1la GO tO

—  pp,WASO,WA98L M LLER,
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Fig.1b

— dE/dx =0,0r1GeV/fm IZTKE{ES

— 5GeV/clBYTKREFGEDTLNDDIE,
pQCD semi-hard 7A+ERIZ&BHELDTIE
U BEES . 2GeV/eiAY M semi-hard
pQCD(mini-jet) 7818 Tl quenchingD%h
BARZTLVELY,

—  HIJING model TRTULADI(X, multple
soft collisions IZ&KBDENDTH B,
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Figure 1: Invariant A + A — #° cross section for central collision at SPS and
RHIC energies are compared. a) The WAS0 54 5 data [4] (triangles) and the
preliminary WA98 Pb+ Pb data (1] (dots) are compared to HIJING1.35 [11]
with soft p,; kicks (full lines) and without pr kicks {dot-dashed curves). The
later scale with the wounded projectile number times g4 times the invariant
distribution calculated for pp. The parton model curve from Ref. [2] is labeled
by ‘Wang’. The filled squares show pp — =T data scaled by the (Glauber)
number of binary collisions times g4 4 for both S5 and PbPb. b) Jet quenching,’
predicted at RHIC energies|[8], is not significant at SPS energies in the HIJING
model.
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Summary

* What 1s Jet?
* Nuclear Effects(EMC,Cronin)

* No signal of Jet Quenching yet.
— dE/dx < 0.02GeV at WA98

e (Go to RHIC

— Yield will be suppressed by one order of
magnitude.
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kT effect in Direct Photon

‘ Phys.Rev.D58,114020
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FIG. 5. Compilation of direct photon experiments compared to the QCD predictions using the CTEQ4M parton distributions.
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FIG. 6. Compilation of direct photon experiments compared to the ,-resummed predictions using the CTEQ4M parton distributions.
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Hydrodynamics model with
WASO
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Events in PHENIX {1 full arm) for 20 ub™? (2 ub™)
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Si1ze of QGP
Uncertainty of dx

 ET Measurement give us an 1nf0rmat10n

dE 1
° € —
Bjorken formulae e Yy
o
& = T”/) I<a<4
* Energy conserv %0 ( T A
IQGP formed T
I(t0, t1) to (e0,el) R

IQGP need t0=1fm/c for | S e -'if? |
thermal. , 1.6l
IQGP critical energy density ‘
el=1.0GeV/fm? -

IWa98 1fm/c to 2.2-2.9fm/c

IThe (t0,t1) is too short in WA98.
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