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OVETIew,

@ |ntroduction:

- Jet production in pp, pA and AA collisions.
- What can be learnt about high-energy-density QCD via jet physics in AA collisions ?

@ Results I: Leading hadron production in pp, dAu, AuAu @ RHIC:

- High p. hadro-production in baseline pp collisions (data vs. pQCD)
- High p, suppression in central AuAu: p.-, sqrt(s)-, reaction-plane dependence.
- Physics [Final state (FS) effects]: Parton energy loss - QCD medium properties.

@ Results |l: Jet production in QCD vacuum (pp) & cold QCD medium (dAu):

- Full jet reconstruction (pp).

- Dijets via dihadron Ag correlations (pp, dAu).

- Extraction of jet properties: j, k.

- Physics [Initial state (IS) effects]: multiple scattering in cold nuclear matter

@ Results lll: Jet production in a hot & dense QCD medium (AA):

- Dijets: away-side disappearance: sqrt(s)-, reaction-plane dependence.

- Extraction of jet properties (j,, k;, “FFs”).

- Dihadron An correlations.

- Physics [Final state (FS) effects]: Jet quenching — QCD medium properties.
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JEUpPreaUCHORNNMPPRICOISIGNS

@ Jet : Collimated spray of hadrons in a cone (R = /An® + A¢* ~0.7) with
4-momentum of original fragmenting parton:
(i) Leading hadron takes away large fraction (<z> ~0.6 —0.8 @ RHIC) of parent parton p.
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@ p.< 2 GeV/c: Expo. (Ed°c/d’p ~ e®T) w/ constant inv. slope: ~ 160 MeV ~ T__
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@ p.< 2 GeV/c: Expo. (Ed’c/d°p ~ e*®') w/ constant inv. slope: ~ 160 MeV ~ T__
@ p.> 2 GeV/c: Power-law (Ed*o/dp ~ 1/p,", n~ 6 -10) with strong V's-dependence.
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@ Jet : Collimated spray of hadrons in a cone (R = /An® + A¢* ~0.7) with
4-momentum of original fragmenting parton:
(i) Leading hadron takes away large fraction (<z> ~0.6 —0.8 @ RHIC) of parent parton p.

@ Jet is balanced back-to-back by other hard-scattered "parton” (jet, direct vy, ...)
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Thrust = 0.94 E " = 17.1 GeV
E/f™ = 15,1 GeV

p+p - jet+jet [Vs =63 GeV]
AFS @ CERN-ISR (1982) p+p - jet+jet [Vs =200 GeV] - STAR @ RHIC (2003)

Pl ms: G2

L

E,1e11~230GeV
E#2~190GeV .

ET Gay

p+pbar - jet+jet [Vs =560 GeV]
UA2 @ CERN-SppS (1983)
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JENPIOUUCHORNRNPPICOIISIONS

@ Jet : Collimated spray of hadrons in a cone (R = v An* + A¢* ~ 0.7) with
4-momentum of original fragmenting parton:
(i) Leading hadron takes away large fraction (<z> ~0.6 —0.8 @ RHIC) of parent parton p.

(i) Average jet fragmentation transverse momentum (jet “width”): <j_>
@ Jet is balanced back-to-back by other hard-scattered "parton” (jet, direct vy, ...)
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JENPIOUUCHORNRNPPICOIISIONS

@ Jet : Collimated spray of hadrons in a cone (R = v An* + A¢* ~ 0.7) with
4-momentum of original fragmenting parton:
(i) Leading hadron takes away large fraction (<z> ~0.6 —0.8 @ RHIC) of parent parton p.

(i) Average jet fragmentation transverse momentum (jet “width”): <j_>

@ Jet is balanced back-to-back by other hard-scattered "parton” (jet, direct vy, ...)
A (small) acoplanarity appears due to intrinsic transv. k_(parton Fermi motion + g rad.).
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JENprouucCHONNNNYANCOIISIONS
Initial-State effects

k. broadening
(Cronin enhancement)

-
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@ Extra nuclear k_broadening due to multiple scattering in the nuclear medium
(Cronin enhancement of leading hadron).
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JetiprovuctionimpANColliISIONS
Initial-State effects

k. broadening
(Cronin enhancement)

Leading-twist Shadowing

or
Gluon saturation (CGC)

@ Extra nuclear k_broadening due to multiple scattering in the nuclear medium
(Cronin enhancement of leading hadron, dijet broadening).

@ At (very) small-x values (forward rapidities) there is a reduced effective number
of parton scattering centers due to gluon-gluon fusion processes.
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JetproducCHIoNNRINAANCOIISTONS
Initial-State effects Final-State effects

k. broadening
(Cronin enhancement)
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medium-induced
parton energy loss:

000000

“jet quenching” in QGP

Leading-twist Shadowing

or
Gluon saturation (CGC)

@ Parton energy loss due to final-state gluon-strahlung in dense medium:
(i) Reduces energy of the leading hadron: high p. hadron suppression,
(i) Modifies (di)jet shape properties: k., j,, dN/dx, ...
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JetproductionNNIVAANCOIISIONS
Initial-State effects Final-State effects

k. broadening -

(Cronin enhancement)

Medium-induced
parton energy loss:

000000

“jet quenching” in QGP

Leading-twist Shadowing

or
Gluon saturation (CGC)

@ Approach: Compare jet production in p+p,d+A & A+A :
l. Inclusive leading hadron: dN/dp.
|l. Di-hadron correlations: deair/dcp, dN__/dn

pair

lll. Obtain (di)jet properties: k., j., dN/dx_ (~FF)

... to learn about transport & thermodyn. properties of dense QCD medium.
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JetproductioninPAASN SN EW) heoreticall eXpECIationS

@ Leading hadron suppression:
Wang&Gyulassy PRL 68, 1480 (1992)

@ Medium-modified FFs:

RM(DT}
N Al +anvib=0) L X N Wang-
] ! i LN , .
e = Salgado&Wiedem.
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o @ Jet broadening in eta:
. Vacuum Static medium: Flowing medium:
a2 M ono-jets: (reference) Broadening Anisotropic shape

Hagedorn, 1982

Armesto et al
hep-ph/0405301

< Valuable diagnostic tools of QCD medium (dN9%dy, <q>, ...)
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Results |

Leading hadron production
at RHIC: pp, dAu, AuAu
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Beziellele) nlzlelfos) sogaifzls oo @) 400 Y/
@ High p, 1°,h* spectra up to ~15 GeV/c. Good theoretical (NLO pQCD) descript.
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PeadingihadreonsSpectiapPPN@Z00NGEY,

@ High p. ° well described by collinear NLO pQCD: No apparent need of large
intrinsic k.. (though this is maybe FF-dependent) at variance w/ lower sqrt(s)

results: g

p+p —> X

® PHENLE ~‘s = 200 GeV

8 = 52.8 GeV
~s = 38.8 GeV
8 = 23.3 GeV ]
~'s = 19.4 GeV =
s = 19.4 GeV 3

factors of ~2
below p_~5 G

Bourrely & Soffer
EPJC 36, 371 (2004)
hep-ph/0311110

- 4 discrepancy
seV/c

o

pr [GeV/c]

10 1

5

@ Higher-order theoretical corrections (soft-g rad., threshold resumm.) cure the problem.

[Vogelsang & deFlorian, to be submitted]
HIRSCHEG G'05, January 19th 2005
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Beziellele) nlzlelfos) sogaifzls oo @) 400 Y/

@ High p, 1°,h* spectra up to ~15 GeV/c. Good theoret. (NLO pQCD) description.
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p+p — h* X (nonsingly diffractive)

¥ p+p o h'X @\s = 200 GeV [STAR]
» p+p— h+X @ Vs = 200 GeV , 1 = 0 [BRAHMS)]
vs. NLO pQCD [W.Vogelsang]:
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@ Well calibrated (experimentally &
theoretically) p+p baseline spectra at hand !
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Comparing AA, pA and pp hard inclusive spectra

@ Production yields computable in perturbative QCD:

Photon, W, Z elc.
“Factorization theorem”:

A Parton
Distribution

Initial State
Radiation

d0,g..o= A-Bf,,(x, Q%) O1,,(x,Q%) © d,,_, ® D, (2,0")

Hard Scattering

Independent scattering of “free” partons: B it aalcn
fa/A(xa QQ) = A fa/p(xa Q2)

A+B = “simple superposition of p+p collisions”
Nuclear Modification Factor:

do-AB—>hard = A ) B ) dep—»hard R ( ) o dQNAB/dyde
R 14l PP T T - Boyy/dydpr
( deA—>hard = A ) do-pp—>hard ) 1.2 R 1
At impact ter b T A -
Impact parameter . B
p p 08 : R 1 Hhardﬂ'
£ <
— 0.6
dNAB—>hard (b) - TAB(b) ' dcppﬂhard 04k " AB"
A Ar [ "soft
0.2 : « »
geom. nuclear overlap at b - Iproduclztlon IshadO\lNed | |
T # NN llisi “N ling” 0.0, 1 2 3 4 5 6
AB collisions ( oon SCAING ) Tranverse Momentum (GeV/c)
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Au+Au— 1° X (peripheral) Au+Au— 1° X (central)
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Peripheral data agree well with Strong suppression in
p+p (data&pQCD) plus N__, scaling central Au+Au collisions
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(factorization) expectations
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Discovery of
high p, suppression
(one of most significant
results @ RHIC so far)
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@ Conclusion: Suppression in central AutAu is due to final-state effects.
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High p- suppression: QCD medium properties

@ Medium properties according to “jet quenching” models:

* Initial gluon densities: < 1.5
dN9/dy ~ 1100  [Vitev & Gyulassy] R . o i)
* Opacities: '
<n>=L/A =3 -4 JLevaietal]
* Transport coefficients: y
<q,> ~ 3.5 GeV/fm? [BDMPS, F.Aleo] | Wang
0.5k i (with clEf'dx}_ B
#* Plasma temperatures: N with dE/ch) e T |
T~ 0.4 GeV [G. Moore] ? ¢ K o ’ -* i - iﬁ_
* Mediurr:-induced radiative O-. . . ' e 5 a5 e 2 ,@nqaid_g}qx).
energy losses: ; 5 P P 3 o
dE/dx = 0.25 GeV/fm (expanding) Py (GﬁV!’C)

dE/dx| . = 14 GeV/fm (static source) [X.N.Wang]

@ Large opacities imply fast thermalization.

@ All these values imply energy densities well above € In thermalized syst.

crit QCD
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@ sqrt(s)-dependence of R, consistent w/ parton E___ models (AE__~ dN/dy) +
Bjorken expansion:

3*5 _I T T | 1T T T | T 171 | | 2R I R | I T T 1 | T 1T 1 | | S B P | | T 1T T | T T 1 | 1T 1 I_
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1.5 r —
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x'ﬁ | Qu Wang & X.N.Wang (nucl-th/0410049) ]
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L i ' [D.d'E , Hard Probes'04] ]
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High p.suppression: Reaction-plane dependence

Bands show systematic error range for 3 GeV/c points
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’ 0 30 60 90 (“short” direction).
v p.>4 GeVic More suppression out-of-plane
T 13 » . .
s p,>3GeVie (“long” direction).
) L vl TR I;H\ﬁ‘/’éE_NIX Ongoing study to constraint
0 30 60 90 PREI/_"I\MIN ARY path-length dependence
A0 (deg) (L, L2?) of energy loss.
q) Cg [B. Cole, S. Mioduszewski
HP'04]
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Results |l

Jet production:

QCD vacuum (pp) versus
cold QCD medium (dAu)
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Ul EWNE CONSLIUCTIGRNIIN|I

@ First attempt to fully reconstruct jets @ RHIC (p+p @ Vs = 200 GeV)

@ Uses STAR EMC (neutral)
+ TPC (charged).

@ Two different triggers.
@ “Cone algorithm” (R=0.7)

/ o

@ Obtained |, spectrum (see /ater)

HIRSCHEG G'05, January 19th 2005

[ Trigger bias
L e
ke, - =
9 AN
> 10t - -
c - - -
2 T F
LE + +,
[} +
Tl +++ +++ é%iﬂ
= [ pt+pMinBias -|-_|_ 44 X
i i 'I' T Preliminary
‘N J[ ]l [T.Henry, QM'04]
L e I —
Uncorrected E, in cone (GeV)
< ] E_%,{ﬁziﬁn.s GeVic
C . — Pythia-GEANT
e -
~ .= 107" MeV/c

STAR Preliminary
\s=200 GeV

o

28

D2 04 06 D8 1 12 14
i (GeV/c)
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DIJEISWVIaNCIRE W roRaAMUtailCOIEIaloNSPPRE AU
@ Two-particle correlations: h* — h*, 1%~ h*. Trigger: highest p; (leading) hadron.

@ Associated A distribution (e.g. "assorted™ 2 GeV/c < p,*5°< p,risser)

a N lized to number of triggers 1 aN 1 Neor(AP)
ormalize u i : - = :
gg Ntrég d&@ Nt?*ég Nmé:t (A@)

@ Clear near- (A@ ~ 0) and away- (A@ ~ 1) side jet signals:

|-
PH%\%ENIX

Z§ | Pl ary il STAR I \FleIlIHI
i) re |m|nary 02 + J - 4<p. (trig)<6 GeV/e s =200 Ge il
- — d+A in. bi —

= 'g‘ d Au 0.2 p-(assoc.)>2 GeV/c B T TR
= T e d+Autop 20% mult. -

0<|AN|<1.4

p+p min. bias Py

0.2 ; 0.15

o
-

ﬁ 0.1

1N__ .. dN/d(A )

0.4 :
- h ‘é‘ctp 0.05 a -
g b AL
D Y ot ot By LM
0 2 1 5 1 3 2 1 0 2 3
Adfrad) Ao(rad) / k\q’ (radians)
p.essoc= 2.3 GeVlc p.assec= 3.5 GeVlc

| d+Au (cent, MB)| |ptp|
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Jetipropertiesiromicdihacdronicorrelations

a Jet “width” i.: I (1) 2-hadron correlation function:
iT'!",t Prang | E L PHUENIX retminary 1
: I 55_ associate pr 1.5 - 2.0 GeVic -
T e == S
i pT,assoc * I -
x '] LT g
; oN @T,as.:m} s @T,trig}(pT,asso} I
(JTH)RMSE e Gy ) ) R Ce | ! T STERTE | (FIUTEETIL L B
V1+{z3) V(PTytrig)” + (PTyasso) | T e e
Mip(rad
where zh = Pr.asso/Pritrig I (2) Fit to 2-gaussians:
._. . . I . .
@ Di-jet acoplanarity k: L AN Vieldy A2y, Shesn
—— = c n € 3
| N, ., A0 V270N V270
I
I near-side o, far-side o_ widths
%::.._._._..._-.-______-.______.-__-.___ .-:.T_'-F" I
jet, | (3) Extraction of |, k, from o, 0 _via
: — [*], [**] (and dN/dx_ from Yield, )
(kTuztria) pars :ﬁ \/(P'ﬂwwu}z sinor — (1 + {z7)) (jT?)HMS I
h

[details in J.Jia, nucl-ex/0409024]
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W=zl izisyarsa o niul of 2 zielfons () g9, el A

@ Jet (near-angle) “width™ j_:

<>~ 500 MeV/c (from full jet reco)

5 - Fotes +
A T py>0.6 GeV/c Y
E . *k'iL* ____ Pythia + GEANT
=3 -
2107
3 L"“p
1072 p1>2.0 GeV/c _+_ |
1073} STAR Preliminary o
E )SIAR \s=200 GeV |
C 1 1 I 1 1 1 1 1 I 1 1 1 1 1 | 1 1
0 0.2 04 D06 D08 1 12 14
j7 (GeVic)
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<lir, |> [GeVic]

=
o

o
=

e
(V)

<j,,> ~350 MeV/c = < j,> ~ 500 MeV/c

T l ) 1 1 1 I 1 1 I I I 1 1 I 1 I 1 1

PHENIX

d+Au\'s = 200 GeV o |

p+p Egj !

- N gﬂ i

- m p=

= [J.Rak, QM'04] —
[ e h h‘ Fix

e h'-h", Assort. , <Pryip> = 3.5 GeVie

@ + Assort <pﬂ|g> 6 9 GeV/c =

TR TR NN TR Y N ST ST N [N SO R ! L
0 1 2 3 4 5

pT,a ssociated [GEV/C]

e <j.>~500MeV/c: Agreement
between RHIC and ISR data.

 No apparent difference
between dAu and pp.

» Fragmentation not affected
by cold QCD medium.
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DIFERaCORIaNaYAGINLINSICEaRS) ENIPIC A

in inclusive high p, hadron spectra

< kT>pair¢ <kT>incI)

o Intrinsic k. (di-jet acoplanarity):  _ _ (from full jet reco: E,~13 GeV)
P ep+p STAR Preliminary
Jet 1 3 [ed+Au \8=200 GeV
z F A@=0.22+0.02+0.06
z b A=0.31+0.05+0.06
s b
= [
g F ﬁ,ﬁ" R=0.35
—~— = !
PH-<ENIX s wht aute I T 2
p— 1 ] 1 I ] 1 1 I 1 I I ] 1 2 3 4 5 d. - tE
o . @ hi'hf Fix, d-Au PHENIX Preliminary etae
> 3L @ h -h;Assort.,d-Au d+Aufp+p\l§=2meev o . -
8 - ® @b Assort. d-Au « Non-negligible k_broadening in
— O h'-h*Fix, p-p pp: <k, >~ 1.1 GeV/c (“unseen”
A O wt-h* Assort., p-p y
_— 2
e
=
A"

|IIFI]
I
et
RS
O Lo~
I
—0-h

I

I
5t
I

I

I

I

[

I

I

 IndAu: (k7), =lk;) k7)o

[Zz[ 1= 0.75 taken as constant
] ! | | ] |
5 10

Pr trig [GeV/c]
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« Non-null (but small) <k >

(constraints models of multiple
scattering in cold nuclear medium)

o



DIFEHacoplanaftySINtINSICAKS) REXCILatiBNNUNCLIONN{P]9)

@ sqrt(s)-dependence of <k >

pair”

5 = L B I | I T T T 1 LI I I | T T— 1 r T 71 i"l_

Dihadron in pp @ RHIC
4 - <k >~ 1.8 GeV/c .

<kp> (GeVic)

-
PH-<ENIX /

3 | +
1 — égi oi 1
g r
! ®
P B @530 i Diphoton
oo 8 | O Dimuon
' ® Dijet
U S C - L I SN 1 _l_lf_ 18 1 [ 3 S I R E—
10 10 10 —
\s (GeV)

@ (Logarithmic) increase with sqrt(s) consistent with growing gluon
radiation contribution (not just intrinsic parton Fermi motion).
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Results I

Jet production in hot & dense
QCD matter (AA collisions)
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JESHNMIYHEERENYYAAASCOIISIONS

@ Full jet reconstruction w/ standard algorithms is unpractical at RHIC
due to huge soft background (“underlying event”):

p+p - jet+jet [Vs =200 GeV] Au+Au - X[Vs, =200 GeV]
STAR @ RHIC (2003) STAR @ RHIC (2003)
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PljetSviardihadroniazimuthalicorrelatonSAUAUNZOUNGEY)

@ [Same analysis as in pp, dAu plus elliptic flow subtraction]

@ Discovery of “monojet’like topologies in central AuAu:
(disappearance of away-side jet correlations):

‘_I | 1 I 1 1 I 1 1 T 1 1 I 1 T 1 | I T 1 T E i

o d+Au FTPC-Au 0-20%

I T T 1 T

@ Associated low p. hadrons

0.2 - - )
i k- — p+p min. bias ‘Z’h"‘ i (“jet remnants”):
* Au+Au Central . Pryge= 4 — 6 GeVic
i Proceoc = 0-15 —4 GeVic
: 3 P+P -
i - Au+Au 5% central ]
ST IR 2 -

_I I Y (Y [ | I N N T | I I I I I T | t T T N | I I N N |

A ¢ (radians)

]'/Ntrigger d N/d (A (p)

STAR, PRL90, 082302 (2003)

4<p.(trig)<6 GeV/c : 0 . % .ad-
p(assoc)>2 GeVic @ (radians)
[F.Wang, QM'04]
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PljetSviardihadroniazimuthalicorrelatonSAUAUNZOUNGEY)

@ Centrality dependence of near- and away- side correlations “strengths”

[0 d(Ag) DA™ — B(1 + 20} cos(2A9))]
J‘A‘ﬁ? Atf) Dpp

IAA:A¢1:A¢2)

= | A¢|<0.75 4<p (trig)<6 GeVic
s | Ad|>225 4<p (trig)<6 GeVic

1.6 Near-side peak: | ,~ 1

a
III|III|III|III
|
‘\
|

<L 0.6 = A
<L [ L —
bl . 4 + T \
0.2 + ¥ 1 ?
o
0
_ L | L | L | L | L | L | L | L |
0 50 100 150 200 250 300 350 400

part
STAR, PRL90, 082302 (2003)
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REaCtIoN=pIaneld epPENU ENCE oI aWay=SIdENHISSHPEarEance

\‘nmumm — 9
i r -
i n_ pI ar]e‘ijiii}miiwm . , | I\}}HIIIHI\IIIIIII\IIII

-3114

HIRSCHEG G'05, January 19th 2005

dN/d(Ad)-flow

trigger

1/N

=
) —

L
-
[u—

38

o
T IHI T T T

p,"ase=4-6 GeV/c, 2<p,#ssecited<p tisger, || <1

1 0 1 2 3

[K.Filimonov, QM'04]

David d'Enterria (Columbia Univ.)

s
A ¢ (radians)



REaCToN=pPIaneld epPENU ENCE oI aWay=SIdENHISSHPEareance

thrigger=4_6 GeV/c, 2<pT sssss iated<thrigger’ |n|<1
,_g [
3114 Out-of-plane T4 é 0.2_
2 ; ﬂ I
| |
7z 0.1
- I
£ 0BT
£ |
314 1+ AutAu, out-plane :

1 0 1 2 3 4

[KFilimonov, QM'04] A ¢ (radians)

Back-to-back suppression out-of-plane stronger than in-plane
(consistent with increasing energy loss in larger path-length)
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ReEactionEpianeld epeEnt encCEIoRaWaY~SiuENdISSAPEAREaNCE

p,"ase=4-6 GeV/c, 2<p,#ssecited<p tisger, || <1

5
=
3174 Out-of-plane /4 2 02
3 [
]
, Zz 0.1
NN =) :
s f';:ﬂ 0 -
- '
-0 1' " AutAu, in-plane :
Tre Au+Au out- crf-plane

0 1 2 3 4

[K Filimonov, QM'04] A ¢ (radians)

Back-to-back suppression out-of-plane stronger than in-plane
(consistent with increasing energy loss in larger path-length)

Constraints on path-length dependence of partonic “absorption”
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Pihadroniazmuthaliconel ationSaAUAUNGZAGEV)

@ Away-side disappearance also at 62 GeV (statistics limited):

__P77=4-6 GeVic, pr ">2GeVie, }<0.9

- [T ]
2 02 o . 62 GeV :
§ 0'1:_ I<’,>¢ o 200 GeV :
g Qoo-{#— s g

R A T U e
2 — :
%ﬂ -0.1- STAR preliminary Centrality: 40-60% -
% g ¢ . 62GeV -
o. 1 4::} s o 200 GeV
I oHe <:> ]
0 §$¢’? e 443433 ﬁ..tfm@gjg O
-0.1- Centrality: 0-20% :

-1 0 1 2 3 4
A ¢ (radians)
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@ [near side] — [away side] diff.
indicates similar suppression
pattern @ 200 and 62 GeV

015 ‘

.46 GeVic, pi* 52 GeVic, Ini<0.9

- [STAR preliminary

e
-
-
-

e
-
-
-
-

near-away difference
=
—

0 50 100 150 200 250 300 350 400
N

part
[D. Magestro, HP'04]
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PihadroniazimuthaliconelationsaPhPHONEVAGEV)

@ Large broadening of away-side correlations seen in di-pion azimuthal
correlations at CERN-SPS:

—~ 0.1
E E 2_ T I 1 1 i
'-l-:* g : o ﬂ.{l}:u 7
= 0.09 o -
% 1_5__ ® Ad=T __
=
Z 008 +
: T ’
Z 0.07 - . - '
- Elliptic flow : { { :
i 05 =
el p,> 1.2 GeVic |l : :
' PbPb: 21-26% central - Spfea o
uuﬁ..|....|....|....|,...|....|.. uﬂ EII]I] 4[II'I]EII;I'I} B-I;I'D'I.['Iﬂﬂﬂ
: -1 0 1 2 3 4 coll
[J. Bielcikova, HP'04] A¢ (rad)

@ Gaussian peaks have diff. widths: 0, =0.27 + 0.05 rad, o_ = 0.55 = 0.17 rad.
@ Centrality dependence: o is constant, o _ increases w/ centrality
@ Significant k. broadening: <k > =2.8 +0.6 GeV/c
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JEHPropPErESHJRKS) ESAUAUNZOONGEY)

@ Centrality dependence of [j,/Uand [z[k|Cin Au+Au:

Priigg =2-9 — 4.0 GeV/c, pryeeo. = 1.0 — 2.5 GeVic

2.5 T T T T .

- - TN
— [ e <z_><|kTy|> {1 PH:FENIX
= 2L e <|j_|_ |> _ Preliminary
Q - Y il _
S - + 1 [J.Rak, QM'04]
N - e ]

.3‘1 S

e -

i g
5 y | .
v . — pp <z><[k; |>
Aﬁ |:!IIIIIIIIIIIIIIIIIIIIIIIIIIII:
£0.5 ™
%L_ L IILLr . \' ........ -

0: . - pp <l
0 100 200 300 N 40(

part
@ <j> = S, Near-side fragmentation unaffected by QCD medium.

@ Significant k. broadening (k,~3 GeV/c) in AuAu (strongly centrality dependent)
indicating substantial final-state rescattering of away-side fragmenting parton.
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cEragmentationiunctionsesCentral MAUAUNZO0NGEY)

@ Associated (p,... .= 0.15 -4 GeV/c) near- and away- side hadron p. spectra:

— T v T " T T 1 ° —T L
10 F : 3
_ i ®pp -
= =80-40% |
= Atop 5% |
i 1e — inclusive s
e :
=
i
=10 | A
L ]
107 ‘ ’
Negr-side
E‘i | | I- | m
2 24 ;+;+~ L |
S | mesta letEL ;
B I LN B i | [F.Wang, QM'04]
A
| B A B S S R
p; (GeV/c)

@ Associated near-side jet yields unmodified (pp ~ AuAu)
@ Associated away-side jet yields “shifted down” in p.: spectra closer to pure

“soft” inclusive hadron production (“thermalized”)
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siagmentatonNURCHONSENGERURAINAUTAUNZOONGEN)

@ Baryon-meson dependence of associated near- and away- side hadron p.

spectra:
E .12 [T T AL DL L L L L L L T | ]
© | Near Side = = _
B o E Priige= 2-9 — 4 GeVic
S ool i % 3 Prassc= 17— 2.5 GeVic
S ) % —
0.04 [Fm . =
51 IR E T g
oo | Tt L. — .
oF 1 Near-side
0.02 ;_ = trigger mesons, Aufu _;
004 = trigger baryons, AuAu =
5 .[;r;lr_lIIIIIIIIIIIIi:I:Ii::::iIIIIIIIIIi
= o IE Away Side trigger mesons, dAu 3
% {m_gf_ o trigger baryons, dAu E
o o.06 = + non-identified triggers, pp 3
" B ]
o % g % - Away-side
0_02:— _:
oF —
—Y—“ = -
PHUENIX  “F =
nucl-ex/0408007 R = A P PN P PP R B s
0 S0 10H0 150 20 250 3000 N 350

@ Associated yields similar for meson & baryon triggers (perhaps weak reduction
for baryons in very central collisions).

@ Slight increase of associated near-side jet yields in mid-central AuAu.

@ Jet-like production but different suppression for leading baryons and mesons !?
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cEragmentationiincuonsSENSANAUNZ00NEEY)

@ Associated near- and away-side baryon&meson yields:
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DihadronvAiconelationSAUAUNZOUNGEY)

@ Significant broadening of pseudo-rapidity
correlations in AuAu compared to pp,dAu.

(“stretching” of jet cone along n).

@ Coupling of g radiation w/ longitud. expanding medium? |

fl].l]ﬁ—

STAR preliminary +

0.04

0.02}

i STAR

HIRSCHEG G'05, January 19th 2005

1 0 1
\ A
~— near-side width
5 0.5 | "
o C T 4 Au+Au, 0-5% 1
o4l t e d+Au, 0-40% |
T } ® p+p, min bias ]
" Ps ! isk““
- . i
0.2_— 2 ]
B LY
o . 4
2 4 6 8
Pt(trig) (GeV/c)

47

AnOF

[D. Magestro, HP'04]

d+Au, 40-100%

|
AR -

-1|:: -

N '!STAR preliminary r_ =

-1 0
A
Au+Au, 0-5%

Ad

3 < p,4(trig) <6 GeV
2 < p,(assoc) < p(trig)
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Summary
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SUMIMaRZEY ERGUERCHINGEatNsd 11
@ Results |: Leading hadron production in pp, dAu, AuAu @ RHIC:

- Strong (factor ~5) high p. suppression in central AuAu: p_-, sqrt(s)- dependence
consistent with parton energy loss in dense QCD medium (dN9/dy~1100).

- Reaction-plane dependence of the suppression provides additional constraints to
the path-length dependence of the energy loss.

@ Results |l: Jet production in QCD vacuum (pp) & cold QCD medium (dAu):

- Small differences on the extracted properties (j, k) of the jets emitted in pp & dAu
- Relatively small initial state effects (multiple scattering) in cold nuclear matter.

@ Results lll: Jet production in a hot & dense QCD medium (AA):

- Away-side disappearance consistent with:

(i) “Mono-jet” predictions due to high-energy parton “absorption” in dense QCD matter.

(enhanced suppression following line of longest path).
(i) Large broadening of di-jet acoplanarity (k.~3 GeV/c) due to multiple scattering of

away-side parton in the medium. (Can we extract a transport coeffic. consistent w/
the observed dN9/dy ? ).

- Unmodified near-side azimuth. jet properties (j.): Vacuum fragm. of unquenched trigger had.

- No strong flavor dependence at intermediate p; observed
- Dihadron eta correlations consistent w/ coupling of g rad. w/ longitud. expand. medium
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SCaroonisummanR/AYet=guenchinglat RElI G

@ Jet profile in pp (dAu) collisions: @ Jet profile in AuAu central collisions:

An
Ao
Factor ~5 suppression of leading hadron.
Near-side width: <j_> ~ 600 MeV/c (Increased) dijet acoplanarity: <k > ~ 3 GeV/c
Dijet acoplanarity: <k > ~ 1.8 GeV/c “Thermalized” associated low p. yields

Dijet broadening in eta.

@ ... and exciting jet-physics expected at LHC: y-, Z-, jet-jet correlations
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Backup slides
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@ Away-side associated hadron p_ spectra:

Xe ~ zI<z,> represents away jet fragmentation z <z >=0.85 measured*
PHENIX preliminary 0 Da(z)~e*®
I | I 1 | 1 | 1 I I 1 I 1 | I 1 I il
C [y a3l 0 (20cpr<2520 ol =-398-0.38)
< 'uw B {25<pred0int0 sl=-439:40.263
-2 f O (30t Ot o = 496:037] e~ e,
o . & (40peBO1 8= 4915058 . PH-<ENIX dAurintias -
10 3 -\_\ 3 = Preliminary -+ <6
B s 7 g - b<p<7
i ‘\. B\‘@ 1 L} EEEZ?O _
ok Ow N I e
5 RN ]
E N N LA :
1F . E 3
N N~ ]
[ B, ] 107¢ : 2 i
10" R RN ;
s \ '\\f T L A E S O N B 10° Ll \ L
3 ~ 4 3 02 04 06 08 0 02 04 06 0.f
B .‘1 [;ﬁ\“ e anr xpesr
1']'-2 RTINS RN Y NN TSN N N YT N c O [N T N W
0 0.5 1 1.5 2 —
)IE PH-<ENIX
J. Jia
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PijetSiviatdinaeronaZzimuthaiicoelationSAUAY

@ 2.5<p9<4 GeV/c, 1.0 < p;#s*c < 2.5 GeV/c

@ Additional associated yield in same jet in Au+Au
— But same angular width observed !!!

A Au-Au Cel?tral 0.8
T T P d-Au +/- error
~ 0.2 — itw?t : %\ Vel v Au-Au
L‘E 0.1 l?t# : itt # { = |
= | ’Mft MH } } *t* *# *‘ }W tf*"r 2 |
% 0 ﬁ|,l,r,' I“H ; """"""""""" * t H# 4',‘,',- § 0 ,____________________________‘: _______________ (R s, SERETD IR
Z'& [ PHENIX 444 3 .......................................................................
S | preliminary ﬁ* "H g 05 ‘
5 0af L = | PHENIX
< + *,'"" relimina
o i iy ﬂf“ pwﬂ _________________ *prr, ,};ﬂ i ) - preliminary
_'3""§' ‘_1 ik — 007750 100 150 200 250 300 350
Ad (rad) Nt
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Jet production and fragmentation:
« Good agreement of the jet properties in pp collisions with other lower s
experiments
« dAu j; and k; consistent with pp

 In AuAu significant broadening of “effective” k.- with centrality
Back-to-back correlations
Suppression of away-side jet — jet quenching picture

Suppression dependent on reaction plane orientation
No strong flavor dependence at intermediate p; observed

Near-side correlations
Evidence for near-side jet broadening in central Au+Au

L T I e e

High p. central Au+Au vs p+p at midrapidity at RHIC:

(1) Inclusive spectra suppressed by a factor of 4-5 at 200 GeV
and by a factor of ~3 at 62.4 GeV
(2): Intermediate p, hadron composition inconsistent

with known fragmentation functions in free space.
(3) Disappearance of away-side jet correlations. Enhanced
mono-jet pattern following line of longest path.
High p. in d+Au at forward rapidities at RHIC:

HIRSCHEGG'O5,IJ§r‘uE¥‘1n9trI3+2r%)5QI mrraccnd Ry A fg?ﬁli-nr N David d'Enterria (Columbia Univ.)



DihadronazimuthaliconeiationsSHAUAUSMONO ELSE

Centrality dependence of near- and away- side correlations “strengths”:

| A2 d(A@) DAY — B(1 + 203 cos(2A4))]
IAﬁ\AfﬁhA‘}é?) Ad
f 2 d A¢)Dpp

m | A¢| <075 d<p (trig)<6 GeVic
o | AQ|>225 d<p (trig)<6 GeVic

- 4 ' 1 v 1 t 1
— : . @STAR p, —4-6GeV,p,_ =24 GeV
16¢ Near-side peak- IAA~ 1 - EIPHENIF_)Kpt =25 4G[::‘V Pon=1.7-2.5GeV
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STAR, PRL90, 082302 (2003)
[A.Majumder, nucl-th/041261]

HIRSCHEG G'05, January 19th 2005 55 David d'Enterria (Columbia Univ.)



PijetSiviatdinaeronaZzimuthaiicoelationSAUAY

* N deair/dA(p for “trigger” (p; > 4GeV/c) & associated (p; = 2- 4 GeV/c) charg.

STAR 200 GeV |A 1 |<1.4
e B60-80% Au+Au
—flow: v2 = 24.4%
data + flow

AR?200 GeV | An |<1.4
e Central 0-5% Au+Au

— flow: v2 = 7.4%

—— pp data + flow

hadrons:
03—
= STAR
e J}:
B o2
=
Periph.: &
g 0.1
o
-4
~— o
[
=
=2
B 16—
=
Central: ©
o
%)
o
=
| L
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Red histogram: p+p (+flow)
Black points: Au+Au

Blue curve: flow contribution

e Near-side peak: Au+Au = p+p.
T Trigger hadrons (p; > 4GeV/c)

from jet fragmentation.

*» Away-side peak: Au+Au << p+p

Back-to-back jets suppressed
("mono-jet") in central Au+Au !

David d'Enterria (Columbia Univ.)
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® Near- side:
. d+Au correlation strength and
width similar to p+p (& Au+Au)

@ Increasing “underlying event”:

p+p<d+Au(m.bias)<d+A(central)

® Away-side: d+Au peak
broadens but small centrality

dependence

T
A ¢ (radians)

3

* Back-to-back jets do not disappear in central d+Au !
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@ Direct photon production in Au+Au (all centralities) consistent w/
p+p incoherent scattering ("N_ -scaled” pQCD) predictions:

3 ~1 +(TPQCD X INll::t::ll) IT

2F %

+ :

1 +(TPQCD X INII::&::II) / Tbkgd

4E1 0-20% Central Ezo-sn% Central +

- 30-40% Central

- 40-50% Central

E__1+(?PQCD X Ncoll) !”fbkgd E__1+(?PQCD K N":O”) J Tbkgd
- 50-60% Central - 60-70% Central
E—_1+(TPQCD x N_) JIIr'l’l;:ks;d E—_1+(TPGCD X Neo) /¥ kgd
- M * |

“ vy (direct+decay) / y decay ”

- 70-80% Central

__1 +(TpQCD X Ncoll) / Tbkgd

_ N W R a9 N W R a9 N W &

' |
s e et e

80-92% %entral

2 4 6 8 10 12
pr (GeV/c)
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--“N__-scaled” p+p pQCD

coll

~—
PH-~ENIX
Preliminary
[ J.Frantz QV'04 |
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RAA

(1) ~

0.5-0.3

l. Vitev nucl-th/0404052
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a New nuclear modification factor (better p+p — 1° ref. @ \s,,, = 17.3 GeV)

10 - 1

mg - | ® Pb+Pb—n®6.8% central (WA98] (s = 17.4 GeV) mﬁ gi Pb+Pb —» 70 48-66% central [WA98] (Y& = 17.4 GeV)

- | © Pb+Au— n* 8% central [CERES] (s = 17.4 GeV) 61 ® Pb+Pb—> °13% central [WA98] (¥s = 17.4 GeV)

: & S+Au — 1 7.7% central [WA80] (Vs = 19.4 GeV) St ® Pb+Pb — z° 1% central [WA98] (Vs = 17.4 GeV)

-9 4
— 3 | .
o + Peripheral
-~ 0-8% central 2 S
1_%% 1_._*.11Lr S i 0. o IE S

N i *® - ] ..'gb-

i @4@*@ 'i.'. B 07 g% éé + aa

F o ot L0 et 4

B ... I ; ¢ 0

L - e 1% top central
S 0.2IIII|IIII|IIII|IIII| |||||||||||||||||||||||||||
0 05 1 15 2 25 05 1 15 25 3 35 4

[D.d'E. to be submitted]

@ No "Cronin” effect in central collisions (R,, ~ 1).
@ “Cronin” enhancement in peripheral ... and suppression in top central ?

a Look for onset of suppression at RHIC Au+Au, p+p @ Vs~ 20 GeV ?
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d+Au @ Vs, = 200 GeV p+A @ Vs, = 20 - 40 GeV
o 2 T T T T T T | T T T | T T T | T T T | T T T | T 2
(& — L
o s PHENIX Preliminary .
= d+Au\Ns = 200 GeV [ /&L‘-K
1.6 -
- e o il e i i s i i i e i i Y e e S e
1_4__ - + 3 - +
- a L o
1.2— : i
- L Ewn=200 GeV - Ewo=400 GeV
11— o
0.8
0.6
C 1
04—
- @ + = L -
0.2 ® . | =R
- Ewo=300 GeV - Ewo=800 GeV
0 8 10 12 .0 25 5.0 ) ' 5 9 12

pr (GeV)
@ High p. production in d+Au not suppressed but enhanced ! R, >1

dAu
as in p+A “Cronin enhancement”:
p, broadening due to initial-state soft & semihard scattering.

@ ‘pQCD” cross-sections (R,,~1) recovered at p,. > 8 GeV/c

@ No Au shadowing effects in kinematic region probed (y= 0).
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