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Overview/Summary.

Introduction:

* Goal of high-energy A+A collisions ?
Study/characterize Quantum Chromo (many-body) Dynamics
(By comparing A+A to: p+A = “cold QCD medium”, p+p = “QCD vacuum” colls.)

Head-on Au+Au collisions @ RHIC energies (Vs=200 GeV) produce a
strongly interacting system:

* with the highest energy densities ever achieved at the lab: € > 5 GeV/fm?
» with a strong degree of collectivity at very short time-scales: 1, < 1 fm/c
» that behaves like an nearly ideal (hydrodynamical) fluid: dN/dp_ (p,<2 GeVrc)
» that reaches chemical equilibrium at (or before) hadronization: T _ ~T__
» with the largest initial gluon densities ever measured: dN¢9/dy ~ 1000

* with degrees of freedom consistent with constituent quarks

Summary & open questions
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High-energy heavy-ion physics program (in 4 plots)
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1. Learn about 2 basic properties of

strong interaction: (de)confinement,

chiral symm. breaking (restoration)
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2. Study the phase diagram of QCD
matter: esp produce & study the QGP
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3. Probe quark-hadron
phase transition
of the primordial
Universe (few usec
after the Big Bang)

4. Study the regime of non-linear (high density)
many-body parton dynamics at small-x (CGC)
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The "Little Bang" in the lab.

@ High-energy nucleus-nucleus collisions: fixed-target reactions
(Ns=20 GeV, SPS) or colliders (¥s=200 GeV, RHIC. ¥s=5.5 TeV, LHC)

» QGP expected to be formed in a tiny region (=10 m) and to last
very short times (=10 s).

s Collision dynamics: Diff. observables sensitive to diff. react. stages

: \ Freeze-Out A time f
Free streaming
Hot Hadron gas N T T f

T~110 MeV
£- U.:;:jr:w'rma t~10'fm/c

> Time

Final state probes

Gluark-Gluon Plasma

T-300 MeV
£ - 5 GeV/Im3 QG

t~10 fm/c

- Penetrating probes

Formation phase (pre-equilibrium)
» t~0.1 fm/c

Colliding ions S S z
T=0 MeV 2 2,
€= 0.15 GeV/in
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Relativistic Heavy-lon Collider (RHIC) @ BNL

Specifications:
3.83 km circumference

2 independent rings:
* 120 bunches/ring

* 106 ns crossing time
A + A collisions @ Vs, = 200 GeV
Luminosity: 2:10% cm? s (~1.4 kHz)
p+p collisions @ \/Smax= 500 GeV
p+A collisions @ \'s__ =200 GeV

4 experiments:
BRAHMS, PHENIX, PHOBOS, STAR

Runs 1 - 5 (2000 — 2005):

Au+Au @ 200, 130, 62.4 GeV
p+p @ 200 GeV

d+Au @ 200 GeV

Cu+Cu @ 200, 62.4 GeV
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The 4 RHIC experiments

STHR Detector

Silicon Dertex
Tracker

E-M
Calorimeler

Time Projection
Chamber

Time OF
Flight

Imaging
| Cherenkov Detectar

Electronics i T.“'d‘”i'ﬂ"t|
Platforms e T———
tic| PH-ENIX
Forward Time Projection Chambear p——

PHOBOS Detector

Cerenkov Trigger Counters Time of Flight Gguniars

Forward Spectrometer
23<0< 30

Deiogon Mullipiicity Delector
+ Vertex Delector (Siicos)

R
Muinjaiiciny
Bpam Baam counters Ring Multighicity Delzclors
[ Siicon)
.
, o Mognet {top porl removed)
Mid Ropidity Spectrometer D
30 <8 <05 Bozen magnats

BRAHMS detector

Poddie Trigger Counters

IST, Lisbon, April 15th, 2005 6 David d'Enterria (Columbia Univ.)



RHIC Au+Au luminosities

RHIC Delivered Au-Au Luminosity

e Start 31GeV/n
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* RHIC (Au+Au) is currently running at ~2x design luminosity
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Au+Au collisions @ 200 GeV
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~ 700 charged particles per unit rapidity at midrapidity (top 5% central)
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(1) Energy densities at RHIC

@ The highest energy densities ever achieved at the lab: € > 5 GeV/fm?®
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Energy density (Au+Au @ 200 GeV, y=0)

: . dEr 1
@ Bjorken estimate: ¢g; = dzT — {Bi} TIR?
Yy To

(longitudinally expanding plasma) Ty ~1fm/c

@ dE./dn at mid-rapidity measured by calorimetry (using PHENIX EMCal as
hadronic calorimeter: E;"* = (1.17+0.05) E;*/°)

o 10F | ' | ' | '
[ Au+Au @ 200 GeV
}_ i
- <dE/dn> ~ 650 GeV (top 5% central)
10
- (~70% larger than at CERN-SPS)
10°
10

Egiorken —2-0 GeV/fm?

A\
N

0 . BO 100 150
E(EMC)(GeV)

> QCD critical density (~1 GeV/fm3)

0 200 400 B00 PHENIX Collab.

dEidn| _o(GeV)  prLs7, 052301 (2001)
nucl-ex/0104015
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1 fm/c thermalization time ?

@ Not unrealistic at RHIC... (for the 1* time: 1, >1___=2R/y ~ 0.15 fm/c)

Cross

@ Time evolution of energy density in longitud. expanding system: € ~1/1

—~10° <m > = (dET/dr] )/ (dN/dn) ~
o i T .
E F .= hbar/E ~ hbar/<m_> (dE,/dn )/(3/2"dN,,/dn )
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therm~ 0-6 =1 fmlc (from elliptic flow & hydrodynamics, see next)
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(2) Elliptic flow at RHIC

e Strong degree of collectivity at very short time-scales: 1, < 1 fm/c
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@ [nitial anisotropy in x-space in non-central collisions (overlap) translates into
final azimuthal asymmetry in p-space (transverse to react. plane)

dN

(a} Centrality (%) = 20-40 T (b) Centrality (%) = 40-60

— x 1+ Q@COSZ(qB—@Rp)

de
Elliptic flow = v, ST, o P

2" Fourier coefficient ..

=] C{—\ D} =

{c} Centrality {%)=20-40F (d) Centrality (%)= 40-60

AD G L= >0'L ope9 s >idagy

of dN/dg L s -
s 'F -'“"'.1 ..l"-. T = 1 E
nosk I rpane”
D'go R - R Y- R A R R T Y-
Ad (rad) A (rad)
PHENIX Collab.

PRL 89, 212301 (02)
nucl-ex/0204005
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@ [nitial anisotropy in x-space in non-central collisions (overlap) translates into
final azimuthal asymmetry in p-space (transverse to react. plane)

dN
— x 1 + Q@COSZ(qB—@Rp)
deo )
. (a)l -!3&.\Ir'|tr.‘=|llityr {°xl’n} = 2Ii.'i-11lJ'l {b-]lI Cell'ltral;l).r {‘3-;) = J;O-SOI g
;-95; Au+huys,, =62.4 GeV--. -:;
Elliptic flow = v, Rt S N S
2" Fourier COeffiCient  ushi it boemtoeeetrmeoteotoee]
{c) Centrality {%)=20-40F (d) Centrality (%)= 40-60 ;
of dN/d@ ot T B
T, T P IS
‘-::.95- 1 ‘.iul'." §
o u:s ;;\;T(Srad}é 2.'5 én n.'s '13;'.{5;3(”:'» 2:5 é
PHENIX Collab.
“Elliptic flow” in low -T (strongly coupled) Li atoms: P s
e
400 us 600 us
K.M.O'Hara,
Sci. 289, 2179
(2002)

T. Bourdel et al.
PRL 91, 020402
(2003)

800 us 1000 us 2000 us
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@ [nitial anisotropy in x-space in non-central collisions (overlap) translates into
final azimuthal asymmetry in p-space (transverse to react. plane)

dN

do

Elliptic flow = v,

2"Y Fourier coefflc;lent o

of dN/dg

x 1 + Q@COSZ(qB—@Rp)

(a) Centrality (%) =
05E AutAuys,, =624 GeVl

1
= Y o el
8 1 Oc.“. .."...-I‘",, ."'0‘_... P

20-40 F (b) Centrality (‘V]=40-60

(c) Centrality (%)= 20-40% (d) Centrality (%) = 40-60

1 1 1
§ARD G L >0 9jp00 £ > 1d >6°0

1. Truly collective effect (absent in p+p collisions).

2. Early-state phenomenon:
develops only in 1% instants of reaction.
Strongly self-quenches after t~1 fm/c

Time evolution of ellipsoid eccentricity:

(y?) —

W) + (@)
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Elliptic flow at RHIC

e Large v, signal at RHIC: » Mass dependence of v,
Exhausts hydro limit for p.<1.5 GeV/c consistent w/ hydrodynamics too:
28] 1 [F R e[ = & T3 T T3 € B =l S ] & &l [3 &F | &= B & B [&F B3 4
™ B & pi-, K-, PHENIX 200, 20-40% 0.18 ? cintzzg'geg:i{qur Hydro curves: i
= 0. ™ PiSTAR 130, 1146% 0.16 & | | 300 Gev K2 T, = 165 MeV, ~
"L A h+, PHENIX 62, 20-40% 0.14 | 4 200GeVp+F | T, =130 MeV i
- O piNA4917,13-34% @‘ E 200 GeVA+RX g
0.6 <+ piCeres17,1326% ( 0.12:— v 200 GeV Cascade -
- O piNA498, 13-34% - & 0.15 =
0.4[- TO% 4}?@ T 0.08 E
- & 0.06 =
0.2 0.04 - = PHENIX.
- 0.02 3 o .9 PRLO1, 181301
06 0 1 PH¢ENIX )RIAR 3 (2003)
B 002 b e nucl-ex/0305036
020|||| "0 0.2 04 0608 1 12 1.4 1.6 1.8 2
0.5 1 1.5 2 2.5
pr (Gev/c)
. [ GeV/ : ]
0 Strong (collective) pressure grads. 02 |- H S ety matem0i1040
0 Large & fast parton rescattering: o | A e :
. . ! — Centrality = 13-26 % ]
early thermalization. R 0 §0 :
> 0| 5 4
» Vs-dependence of v, // . E
. .05 |- ]
~50% increase from CERN-SPS g ° ;
(apparent saturation within 62-200 GeV) oo . A, . . ... ]
1 10 10° 10°

\]s_NN (GeV)
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(3) Soft particle production at RHIC

@ A system that behaves like an nearly ideal (hydrodynamical) fluid and
reaches chemical equilibrium at (or before) hadronization: T, _ ~ T

hem crit
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Soft particle spectra

» Bulk 1%, K*, p(pbar) spectra reproduced by hydro w/ QGP EOS at 1= 0.6 fm/c

'« ' PHENIX + PHENIX
T o e SRRl + STAR 1
Lo + T PHENDY -, ity L . _
g cF SR [ 8 e s Strong radial collective flow
g | S |2 s built-up at freeze-out: <p.> = 0.6
LB T Yy, T hydm | g7 B p By
Eal
2 =
= Z 1™ A 0.8
T T o g7b* E895
= 0.6f o NA49
most canral C o NA44 %
0 1 z 3 1 0.5F m WAgs ol & i
P, (GaV) - = STAR _aal o i
. : 0.4F o PHENIX *
o s PHENIX -
ﬁg‘ 1|:|l.I : s STAR |~ 0.32—
3 — tydm E 10 -
- C
-E‘l_ {.“:I-? 0.1?
E'-\- -q_ o_lwll\ | \|\|\2
5 & 1 10
2 = \lls?AGeV)
M =
=
i o
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Soft particle spectra

o Bulk 1%, K%,

p(pbar) spectra reproduced by hydro w/ QGP EOS at 1= 0.6 fm/c
Au+Au central (b =2.6 fm)

5 Aut+Au [central) calculations: | Au+Au {:entral_:- data:
O;IA 10 R ® PHENIX 1 [0-5%)]
4 ) ) ®  PHENIX ¢ [0-10%] I I
§ 10 e mexos o o PHENX[O10 Strong radial collective flow
- === Hydop[0-5%] 10° dh  PHOBOS x [0-15%)] : . ~
aJ 103 .......... [MLO pQCD] = T, [0-5%]°0.2, a" BRAHMS - [0-5%] bu I It-u p at freeze-OUt " < BT> - O - 6
w s N R [NLO pQcO] « T,, [0-5%1°0.2, K « 107 B PHENIX K" [0-5%)] = 1D
e, | o o || ¥ SECEwG |
- 10 = | < PHOBOS K [0-15%] x 10 3 C . E895
o = | A BRAHMS K [0-5%)] x 107 Y 0.7, esss
Nd: E PHENIX p [0-5%] x 10°* £ R
< 15 STAR p [0-5%] = 107 0.6}° NA4Y
= PHOBOS p [0-15%] = 107" I ‘%
B 10-1 BRAHMS p [0-10%] x 10 0.5F = WAgs " &
= = F = STAR . Bt E 1
Z 1020 0.4F o PHENIX *
o = =
- Nz 0.3
107 = | £
4 ;"-_'-_’--I’m.,,,:q 0-2 }
10° L -
= 0.1
1055— ob. .. v | .
10°%L | ! 10 JS(AGeV)
a0 |
10 = \
- — ‘ “u
10°
= Hydro gquenched pQCP
10-9 T L1

0 1 2 3 s s
D.d'E. & Peressounko Pt (GeVl/c)
nucl-th/0503054
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dev.

PMNONP

Ratios of particle yields

200 GeV Au+Au, <N__ > = 322

- Tcrit) :

» Ratios of hadron yields consistent w/ system at chemical equilibrium at
hadronization (T

chem.freeze-out

P O

— — model calculation

A PHENIX data
- ¥r STAR data

i

»

Tch: 157 MeV
L= 9.4 MeV

p= 3.1x2.3 [MeV]

y,= 1.03+0.04
i /dof=19.9/ 10

® Assume all distrib. described
by one T and one [

dN ~ e - (BE-p )T d3p

_#q..

II]| [1]1
o+

-

IST, Lisbon, April 15th, 2005

1#1]: feed-down effect iz corvected in data

[*2]: feed-down effect 18 included

20

° 1 ratio (e.g. p/p) determines p/T

p/ﬁ ~ e~ EA)T[a —(E-p)T
— -2

* 2" ratio (e.g. K/pi) provides T,u.

® Then predict all other hadronic
yields and ratios

PBM, Redlich, Stachel
nucl-th/0304013
Kaneta, Xu
nucl-th/0405068

» Hadron composition (even for strange had., y =1) "fixed” at hadronization

David d'Enterria (Columbia Univ.)



(4) Hard QCD production at RHIC

@ The largest initial gluon densities ever measured: dN¢9/dy ~ 1000
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Hard QCD probes (l)

@ Hard probes: High-p., jets, direct y, heavy-quarks (D, B), ...

1. Early production (t ~ 1/p,< 0.1 fm/c) in parton-parton scatterings with large Q*:
Closest experimental probes to underlying QCD (q,g) degrees of freedom.

2. Direct probes of partonic phase(s) [] Sensitive to QCD medium properties:

QCD probe out

QCD probe in
Modification?

QCD medium
(possible quark-gluon plasma)

IST, Lisbon, April 15th, 2005

q: fast color triplet

g fast color octet

Q: dow color triplet

QQbar: dow color
singlet/octet

Virtual photon: colorless

Real photon: colorless

Unknown QCD Medium

Induced
gluon
radiation ?
\\>>
Energy
Loss?

Dissociation ?

Controls

\4
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Hard QCD probes (ll)

3. Production yields theoretically calculable via perturbative-QCD:

“Factorization theorem”;

dUAB—- hX = Al B lfaIA(xa-'Qza) ®.fb.fB(thQ2h) ® dUﬂh—-cd ® Dhl'c(zc’ch).

Independent scattering of “free” partons:
fa/A('Ta QQ) = A fa/p(xa QQ)

A+B = “simple superposition of p+p collisions”

do,s 1ag = A-B-do

pp — hard

At impact parameter b:

dNAB—>hard (b) = T

s

A

geom. nuclear overlap at b

b)-do

pp — hard

T,z ~ # NN collisions ("N_, scaling”)
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Photon, W, Z elc.

Parton
Distribution

Initial State
Radiation

Hard Scattering

Final State
Radiation

Parton
Distribution

Fragmentation

Nuclear Modification Factor:
dQNAB/dyde

Raplpr) =
14 (pr) (Tap(b)) - d*opp/dydpr
12
i R=1
10 = = = = =
0.8 L R : ”hard"
B <
06 B
4r [ "soft"
0.2 production is “shadowed”
0.0 1 1 1 L - !

o

1 2 3 4 5 6
Tranverse Momentum (GeV/c)
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High p. p+p baseline data well described by pQCD

@ Good theoretical (NLO pQCD) description:

p+p > X p+p — h* X (nonsingly diffractive)
— 2
1 — E
:}? ' P—I_BZEI‘\"X. ) 10 = ¥ p+p — h*+X @ Vs = 200 GeV [STAR]
E 10 NS Y q0L ® p+p— h'+X @ ¥s = 200 GeV [BRAHMS]
a 10” ‘3 F vs. NLO pQCD [W.Vogelsang]:
E - { PHENIX Data O 1 % . PDF: CTEQ6M, FF: KKP, scales: u=p,
m% \ —  KKP FF o) 1 - ---PDF: CTEQ8BM, FF: Kretzer, scales: u=p;
e 10 - - £10 = — PDF: CTEQ6M, FF: KKP, scales: u=2p,
E 10° retzer mﬂ-1 0_ ;_ — PDF: CTEQ6M, FF: KKP, scales: n=p,/2
10" . (PDF: CTEQ6M) T f
107 £ PHENIX Collab. ¢-3210 3
o E PRL91,241803 4f
10 £ hep-ex/0304038 w10 3
i | of
e A 107
E’ 0E A l T [ -
0~ ve b e FTIT e  — . : 6
T 20 N 107
< a0C =
4 = 10 3
a = KKP FF -
8 = 10' !
= - 0
B 0 e
g 4 = -
& F & e retzer FF
o SR e T ST = . : .
R M P RS @ Well calibrated (experimentally &
o 5 10 15 theoretically) p+p references at hand

pr (GeV/c)
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“NN scaling” in Au+Au @ 200 GeV: Direct Photons

@ Direct photon production in Au+Au (all centralities) consistent w/
p+p incoherent scattering ("NN-scaled” pQCD) predictions:

1 02 m 200 GeV Au+Au Direct Photon
10 — <N_,> scaled NLO pQCD Bl e “hot/ fj;ﬂéi) QCD me}filllm” _
vacuuim
. d2 NAA/dyde
MinBias x 10 (TAA (b)) . dZUpp/dyde’

0-10% x10°

= 10-20% x 102 %) .
= % 2 ® 200 GeV Au+Au Direct Photon
" 20-30% x 10 o O 200 GeV Au+Au
[ =
- 30-40% x 10° ‘z 1.5
= 40-50% x 107 g - + -------- + ----------- + --------------- +
L < 1 —]
LY I A I ______________________________l
- 50-60% x 107° o
:_ 60-70% x 1072 0.5 O o
— O
14 O
— 70-80% x 10
=3 0....|....|....|....|....|....|....|...
= ¥ 80-929% x 101 0 50 100 150 200 250 300 350
_II||IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII|I Npart

0 2 4 6 8 10 12 14 16 18 | o
b, (Gevic) 2 Direct photon production in Au+Au

PHUENIX Submited o PRL unmodified by QCD medium.

N nucl-ex/0503003
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Suppressed high p. hadroproduction in Au+Au @ RHIC'!

Au+Au— 1 X (peripheral) Au+Au— 1° X (central)

1 0-1 T e ppoxiX @200 GeV (N,,[80-92%] scaled)

—
..2 = ¥ AuAu - %X @ 200 GeV [80-92%)]

> 1 0'2 ;_ \ mNLO pQCD, EKS nPDF, Q; = p; [I.Sarcevic et al.]
QO S

™ pp — °X @ 200 GeV (N, [0-10%] scaled)

2 AuAu — X @ 200 GeV [0-10%)]
m NLO pQCD, EKS nPDF, Q. = p; [I.Sarcevic et al.]

—
o

—
(=
=N

102

1/[27 p;] I°N/dp ;dy (GeV/c)?
=)

& 10°
~, 10° 107
:10-10%P%I*|||||||||||||||||||| 10-8—|?%&EI|D.(||| S AT AR ANAT N
0 2 4 6 8 10 12 14 16 0 2 4 6)8 10 12 14 16
D.dE, nuckex/0401001 Py (GeVic) p; (GeVic)
Peripheral data agree well with Strong suppression in
p+p (data & pQCD) plus N__ -scaling central Au+Au collisions
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Suppressed high p. hadroproduction @ RHIC

ﬁ ¥ STAR h* (0-5% central) ]
o 1.4 L PHENIX Preliminary n° (0-10% central)
L PHENIX Preliminary n (0-20% central)
1.2 GLV energy loss, dN%/dy = 1100
1 N_, scaling
(“hard” production) =
0.8 =
e x5 suppression g
0.6 JifMe PP ;
3 i
0.4 g ++
02" - %w# ot Jf#
0 : 1 | | | | | | | | | | | | | I | | 1 I 1 1 | I 1 1 | | | | |
0 2 4 6 8 16
. pT (GeV.’c)
D.d'E., HP'04 Npart Scaling

nucl-ex/0504001
(surface emission)

R, << 1: well below pQCD (collinear

factorization) expectations for
hard scattering cross-sections
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PHENIX Collab.
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REVIEW
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14 January 2002

Discovery of
high p. suppression

(one of most significant
results @ RHIC so far)

David d'Enterria (Columbia Univ.)



Unquenched d+Au production at high p_

2 _I LI I N I N B | L L L L L L L L | L | T T 177 | T 1T 177 | T T 17T | LU L I T I_
Df.% — charged hadrons ] R,, d-Au min bias 4 PHENIX.
1.8 —  PRL91, 072303(2003)
1.6 =
14— —
1.2 —

17 . PHYSICAL
0.8 r REVIEW
. E LETTERS
0.4 :_ _: Articles published week ending
02 E -

0 - | | | P P | | | | |:

0 ]_ 2 3 4 5 6 7 8 9 10 ) - II’I!I':NII)GI — . - - I‘IIUI:;]:;‘:"L

. 25 T e
..g C o~ PHENIX high p., 79 e s A
@ -PH>ENIX ;
'E 2 - d+Au @ 200 GeV [min. bias]
o —
'ﬁ - D.d'E #®  AutrAu @ 200 GeV [0-10%)]
8 [ nuclex/0401001
= 15— [
-g — ]

B -:l: i
E 1j- -I‘.Zj-.,?_.-l-- I.--L--l--.----l- -.%h J.--SR.:-[g: ------ ;I-'; ---1; ------------- ‘ Library of < her Tt ntlo I”’:’ II-'Ih.‘:ll'lllll amE
) = & = : ki -
é : - J_ ‘J’. % Published by The American Physical Sociely

0.5— b

B L I

= L ® 4

. .°'..o..§+§§ !

| 1 1 | | | | | | | | | | | | | | 1 1 | |
I:IIZI 2 4 6 8 10
pr (GeV/c)

@ Conclusion: High p. suppression in central Au+Au due to final-state effects

(absent in “control” d+Au experiment)
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“Jet quenching” predictions

@ Multiple final-state non-Abelian (gluon)
radiation off the produced hard parton spectators
induced by the traversed dense medium. =

-
@ Parton energy loss LImedium properties: vvj"_#
AE,. ~ P, (gluon density) e
AE,__~AL" (medium length) Ve

@ Energy is carried away by gluonsstrahlung
inside jet cone: dE/dx ~ a ¢ (k.00

@ Correction for expanding (1-D) plasma :
AE., =(21/R,) - AEguc~ 15-AEq. (1,=0.2 fm/c, R,=6 fm)

@ Prediction I: Suppression of high p. leading hadrons
@ Prediction |l: Disappeareance of back-to-back (di)jet correlations
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“Jet quenching” model vs. data (l)

@ Dense medium properties from pQCD+ final-state parton energy loss models:

* |nitial gluon densities:

dNe/dy ~ 1100 [Vitev & Gyulassy] = 7-7[
— - {hivc?llﬂdx)

* Opacities:

<n>=L/A =3 -4 [Levaietal] ; {,ﬂ??gd}(

* Transport coefficients:

<q,> ~ 14 GeV/fm? [BDMPS, F Arleo]
[Salgado-Wiedemann]

#* Medium-induced radiative I PP PR - L 95

0 2 4 6 & 10

energy losses:

dE/dx = 0.25 GeV/fm (expanding)
dE/dx|_ . = 14 GeV/fm (static source) [X.N.Wang]

P+ (GeV/e)

@ Large opacities imply fast thermalization.

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

crit QCD (
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“Jet quenching™ model vs. high p. suppression (ll)

@ sqrt(s)-dependence: D.dE., HP'04 @ Non-Abelian energy loss:

nucl-ex/0504001

Suppression at p; = 4 GeV/c: -

High p; n°in 0-10% central A+A: | o

Il Pbi+Pb — n®+X 0-7% central [WA98]

A Pb+Au — mt+X 0-5% central [CERES]
S+AU — '+ X 0-8% central [WAS0]

@ AutrAu = nP+X 0-10% central [PHENIX]

_________ "Non-QCD" energy loss: AE; =A E,

- Neon-Abelian energy loss: A EE/A Eq =9/4

)
g E A PbPb @V, = 17.3 GeV (WA98) = 2+
(14 = AutAu @ Ysy,, = 62.4 GeV (PHENIX Preliminary) D
B AutAu @ Y5, = 130 GeV (PHENIX) o
B ®  AutAu @ VS, = 200 GeV (PHENIX Preliminary) T
GLV energy loss (dN%/dy = 400) —
- GLV energy loss (dN°/dy = 650) 2 C
GLV energy loss (dN®/dy = 1100) ;:: B
m [
L Sy 0.5
= e 0.4+
B @
- $ i i + + + 0.3
- + + + + + + + + T 0.2 X.N.Wang jet quenching:
10"
C 1 | 1 1 1 | 1 Il 1 | 1 1 1 | 1 1 1 | 1 Il Il ‘ Il 1 1 | 1 1 0'1 =

111 1 | 1 | 1 | | 1 | 1 1 | 1 | 111 | 111
0 20 40 60 80 100 120 140 160 180 200 220

s w (GeV)

@ Centrality dependence: @ Reaction-plane (in-medium path

e _E PHENIX ® 70 (pr>4.5GeVic)

length) dependence:

"
1 .2 ‘* hf (pT >45 Gev“,c) ) 1-2p AutAu 10-20% T 1-2p Au+Au 20-30%
] 2 B oA
- 3 0.8" 3 o0.8F
g A 06F A 0.6F
PHENIX Collab e TEe | T Tme
- . e o2b o2 0
0.8 PRC 69, 034910 (2004) % 62 04 06 08 4 12 14 b %02 0406 08 1 12 94 b
nucl-ex/0308006
= i 1-2c Au+Au 30-40% = 1-2p Au+Au 40-50%
0.6— = =
= = e 0.8- e 0.8F
- = "“D'E;GE‘% nFD_G;%
0.45 dor Tmee—— | )
C e 020 o o020
0.2 - %02 04 06 08 1 13 14 b %6z 0406 08 1 12 94 >
: g 1-2¢ Au+Au 50-60%
L 1B @ oo __ _
0 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I 1 1 8 0.8 é AutAu X @ qs_m‘ =200 Gev
0 50 100 150 200 250 300 350 7\;_ e e —— ®  PHENIX Praliminary Ran )
< Npar‘l) ‘é 0.45— L? parton energy loss [A. Dainese et al.]
o 02F
% 62 04 06 08 1 12 14 b

peripheral central
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“Jet quenching”: modified (di)jet structure

@ Strongly modified deair/d ¢ high p_ correlations in central Au+Au:

Au+Au central

@ Strongly non-Gaussian
away-side (“dip”) peak.

PHENIX Preliminary

Au+Au periph

o dN:iEat 0
N* d(Ad) “gég‘
- = @J o
@ Standard back-to-back
di-jet topology:
20 =10,1)- data
60-90% | - . o Ad ={r,2n}- reflected
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(5) Hadron production at intermediate p_

o Degrees of freedom consistent with constituent quarks
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Unsuppressed baryon production

@ R (ratio central/peripheral) at intermediate p.= 2 — 4 GeV/c:

Baryons: p, p, A\, A NOT (or much
less) suppressed in central Au+Au.
Mesons: m°, K, n,

Au+Au — baryons @ \sy, = 200 GeV

2 |
& F ®  PHENIX pp (0-10%/60-92%) equally suppressed.
13:_ - STAR A A (0-5%/60-80%) Au+Au —> mesons @ \syy = 200 GeV
1.6 0L ENix Collab. oF 1.4 | ® PHENIX 0 (0-10%/60-92%)
1.4F-PRL91:172301(2003) - = STAR K{ (0-5%/60-80%)
TE 1.2 & PHENIX [ (0-10%/60-92%) prelim.
1.2 ; ¢ ) B
- ¢ ++ ® -
Tpeemmeeeees #+i B R 0.8
0.8 + E
- .ﬁ+++ + + + 0.6 +++++i++#+
0.6:— “ + (1|.4}+III * f}
0.4 STAR Collab. - PLe 5. * 5
el o “+ @
o subm. to PRL, D 0.2— ;
0.2 nucl-ex/0306007 oF | T
0:| 11 1 | I | | I | | I | | I | | I I | I | | L 1 0 1 2 3 4 5
0 1 2 3 4 L) 7 D.d'E.
pr (GeVic) J.Phys. G30, S677 (2004)

@ Particle composition inconsistent with known (universal) fragmentation functions.
@ Additional production mechanism for baryons in the intermediate p. range
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Enhanced (anti)proton/pion ratio

@ Central Au+Au: p/mmr ~ 0.8 (at pr = 2 - 4 GeV/c) at variance with perturbative
production mechanisms (favour lightest mesons).

@ Periph. Au+Au: p/mm ~ 0.2 as found in p+p (ISR,FNAL) & e+e- jet fragmentation

e | B Prowor/pron JL driui-prowonspon ]
= 416k . owm Au+Au0-10% &
o N T A a Au+Au20-30% g
b X - o e Au+AuB0-92% s
c 140 PH-ENIX 1 * p+p,Ns= 53 Gev, ISR i
Q 45f m | ... e'e,gluonjets, DELPHI ]
Q. =T 1) e*e, quark jets, DELPHI
S 1 Hr fffffffffffffffffffffffffffff L
O
o ‘ ‘ 5
o + o
| S | .
Q. u + ]
A~ 1
= fyf“ + +=+ .
(U | d
J LI
p . SRR DR e, 2 : *
1 2 3 4 5
PHENIX Collab. pr (GeV/c) pr (GeVic)

PRL91:172301(2003)
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Enhanced baryonic elliptic flow

~ 04 v, Au+Au @ s, = 200 GeV L
> = ®  PHENIX n®
H . C PHENIXni
» Different v, saturation 0351 . FreNyes
0.3 = x
for mesons and baryons: 0 0sE B
025 .t %}
meson baryon = 9
v, mesen >y panon gt low p. o5 o it
v, meson= y panen gt p = 2 GeV/c 0.1E- ——
meson baryon i =
v, <V, at higher p, 0.05
L B R S R
pr (GeV/c)
| | | |
0.15— N=2 o 4y PHENIX n=3 op+p
» Simple v, scaling behaviour A KHpK - PHENIX o AR STAR
' i 0 STAR . —=STAR
if v, and p. are normalized by o4l a KQ * T4 i
number of constituent quarks: &
= oo 4t
9 OC’?’
n =2 mesons 0.05 adt | -
n = 3 baryons o A
. ; e R I "
(“universal” parent quark flow ?) 0 1 2 3

Transverse Momentum p/n (GeV/c)
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“Quark recombination” models vs. data

@ Anomalous baryon enhancement & quark number scaling of v, at p.= 2--5 GeV/c
explained by “quark recombination” (coalescence) in dense (thermal) medium:

P, tP,=Py,

NS

o recombining partons:

1

1

fragmenting parton: |

ph =Zp, Z<1

2 3 4 5 6 7 8 9

Greco, Ko, Levai
14 " PRL 90, 202302

p /T ratio

IST, Lisbon, April 15th, 2005

Pr (GeV)

Au+Au@200 AGeV

(central)

10 ° ° PHENIX 0-10% cent.

== Recombination (R)
1 -+ Fragmentation (F)

® p PHENIX 0-5% cent.

q‘E 10_1 =—— Reco+Frag (R+F)
o+ 107 _
2 .52 Fries,Mueller
= 10
i Nonaka, Bass
& o PRL 50, 202303

10°

m ] * r‘(“s STAR 0-5% cent. ]
1

-
o
4

-l k.
o| | °|
au koW N

1/2xP;) dN/dP; (GeV™?)
59 o

-
o
]

-k
S
~

2 4 6 8 10 122 4 6 & 10 12
P; (GeV) P; (GeV)

@ Rethink hadronization at interm. p, at RHIC !

Phase space filled with partons
Recombine quarks into hadrons
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1. Energy densities:
@ Maximum dE_/dn ~ 600 GeV at midrapidity consistent w/ initial € > 5 GeV/fm®> ¢ _

it

2. Elliptic flow:

@ Strong elliptic flow v, consistent w/ short thermalization times 1, ~ 1 fm/c

3. Soft particle spectra:

@ Shapes & yields consistent w/ hydrodyn. (thermal+coll. velocity) source emission
@ Particles ratios consistent w/ chemically equilibrated system before hadronization

4. Hard particle spectra:
@ Strong high p, suppression in central A+A (compared to p+p, p+A & pQCD)
consistent w/ final-state partonic energy loss in dense system: dN9/dy~1100

5. Intermediate p. spectra:

e Enhanced baryon yields & v, (compared to meson) consistent w/ quark
recombination mechanisms in a thermal and dense system

All observations consistent with formation of thermalized
dense partonic matter in central Au+Au collisions
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Outlook: What do we need to claim “QGP !I” at RHIC ?

Somebody called us “overly conservative” but we (experimentalist @ RHIC)
would like at least to know ...

(1) What is the temperature of the produced system?
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Outlook: What do we need to claim “QGP !” at RHIC ?

Somebody called us “overly conservative” but we (experimentalist @ RHIC)

would like at least to know ...

(1) What is the temperature of the produced system?

= “do we see thermal photons from the radiating plasma” ?

Y108 A
— u+Au — v+X [0-10% central]
..9_ 2 Total y: Prompt + Thermal
> 10°: mmm Prompt: NLO pQCD x T, [0-10%)
Q s Thermal: QGP+HRG
© 10 e
— £\ |
> ® PHENIX data
G
B 402
& 103
~.n
t? 10
o 10*
10°
10°¢
107
108

Au+Au central .
10'10 1111 | 1111 | 1111 | 1111 | 1 111 | 1111 | | I'FI | 1111 | 11
0 1 2 3 4 5 6 7 8

p; (GeVic)

D.d'E. & D.Peressounko
nucl-th/0503054
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10
0 Au+Au— +X [60-70% peripheral]
> 1 E Total y: Prompt + Thermal
Q 2 e Prompt: NLO pQCD x T, [60-70%]
Q_ 10" s Thermal: QGP+HRG
—_ E QGP
220 A aae HRG
N-c|—1o 3 ® PHENIX data
Q. 3
T107
= o
>10"L
G sk
10 =
10°
107
10°E
10°L .
= Au+Au periph
10'10_||||||||||||||||||||.F|||||||||||||||||||
0O 1 2 3 4 5 6 7 8

p; (GeVic)
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Outlook: What do we need to claim “QGP !” at RHIC ?

Somebody called us “overly conservative” but we (experimentalist @ RHIC)
would like at least to know ...

(1) What is the temperature of the produced system?

= “Do we see thermal photons from the radiating plasma” ?

o
)
; 1
(i)
&)
= 10"
g
O
£ 10?7
S ——
=
(3]
©
103
10
D.d'E. & D.Peressounko 10°
nucl-th/0503054

IST, Lisbon, April 15th, 2005

Current experimental
upper limits in
“interesting” region
p,=1-3GeVic
preclude a quantitative
answer ...

W ait for Run-4 data

N Au+Au > y+X [0-10% central]
| Totaly: Prompt + Thermal
= memms Prompt: NLO pQCD x T,,[0-10%]
- mmssm Thermal: QGP+HRG
N QGP
..... HRG
=5 PHENIX data
; l l | | | l | | | | l l | l | | | | | | l | | l |
1 1.5 2 2.5 3 3.5
p; (GeVic)
41
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Outlook: What do we need to claim “QGP !I” at RHIC ?

Somebody called us “overly conservative” but we (experimentalist @ RHIC)
would like at least to know ...

(1) What is the temperature of the produced system?
(2) Is the system deconfined ?
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Outlook: What do we need to claim “QGP !” at RHIC ?

Somebody called us “overly conservative” but we (experimentalist @ RHIC)
would like at least to know ...

(1) What is the temperature of the produced system?

(2) Is the system deconfined ?
= “Do we see the predicted melting of quarkonia bound states
(seen at CERN-SPS) ?

NASO w/m'(4 g {:-}

LI | T T I
W — l "s( i. jm 1.! PYTHIA N‘!RS43 T

2300 T
é I " O = 4.3 %+ 0.5 mb
> 250 .
& MRS 43
= Pb— Pb 1998
e * Pbh — Pb 1998
,;200— | ® Pb— Pb 2000 -
™~ —
5150 T =
5, 150 ; <
ot P .
100[ R TN i
GRY LO
- o Pb —Pb 1995
SO, bb — Pb 2000 Pb+Pb J/ n
B - + --> J/Y
U020 2¢ 80 80 100 1?0 1}40
E. (GeV
43
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Outlook: What do we need to claim “QGP !” at RHIC ?

Somebody called us “overly conservative” but we (experimentalist @ RHIC)
would like at least to know ...

(1) What is the temperature of the produced system?

(2) Is the system deconfined ?
= “Do we see the predicted melting of quarkonia bound states

(seen at CERN-SPS) ?
% B ! fr._{i‘,,".'.jé-_,,u: - ll.-'i’u.‘ts- Rl 'Iju with P‘!-’THIAJ‘N‘!IRS43 4 § ) g PRC 69, 014901 (2004)
% - O = 4.3 £ 0.5 mb : 2 o4s |_| nucl-ex/0305030
o £035 o e
o WS e = T
m Pb—Pb 1996 g 03[ H ___________
e * Pb — Pb 1928 a = o | s R
200 ® Pb— Pb 2000 - _~0.25F i e
= | N R ) N T
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5150 n SAE S S SR
[ = = - S UG CTETEEL it
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m 0.05 e
+ﬁ **. gllll‘\l\ll\ll\ll\l\/‘ IIIIIIIII b I "\I
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Number of Participants
GRY LO
¢ Pb—FPb 1885
SUC. bb—Pb 2000 ]
S Pb+Pb --> J/Y
D i TR I T | T TR R N RN TN TR [N MO NN SN N
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Outlook: What do we need to claim “QGP !” at RHIC ?

Somebody called us “overly conservative” but we (experimentalist @ RHIC)
would like at least to know ...

(1) What is the temperature of the produced system?

(2) Is the system deconfined ?
= “do we see the predicted melting of quarkonia bound states

(seen at CERN-SPS) ?

&
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-y
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e e " Y Again the answer is ...
100F LN . )
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backup slides ...
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Jet production in hot&dense QCD: modified (di)jet structure (I)

@ Discovery of “mono-jet” like topologies (away-side disappearance):

B A
‘ Aut+Au \s,, = 200 GeV, 1<pT,aSSOC<2.5<pT’trig<4 GeV/c

(@) 0-5%
PHENIX PRELIMINARY

(b) 5-10%

ZYAM subtracted pairs per trigger: 1/N* dN*®(di-jet)/d( A¢ )

IST, Lisbon, April 15th, 2005
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1/Nygger AN/A(AQ)

0.2

— —_——
o d+Au FTPC-Au 0-20%
— p+p min. bias is}\pn

* Au+Au Central

A ¢ (radians)
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Suppressed high p. hadroproduction @ RHIC: h* vs 7

@ Inclusive charged hadrons suppressed by a factor ~4 — 5 at p.> 5 GeV/c

s Au+Au > h* @ sy = 200 GeV ||
v 1.4 ‘4 STAR (0-5%)
® PHENIX (0-10%)
1.2 = PHOBOS (0-6%)
BRAHMS (0-10%)

o 1

... but less suppression than 1°

0.8 within p. =2 — 5 GeV/c
0.6
0.4 ' b “ +
0.2 SR led +¥%§ ...... . ++¢+ .........
% 6 8 10
P+ (GeV/c)

@ Universal (PID-wise) suppression above p. =5 GeV/c
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“Anomalous” particle composition: hadron/meson ratio

@ p+p collisions: hadron/meson ~ 1.6

E 2oy pp ISR (Alper et al., NP B100 (75) 237)
| @ Au+Au (central): hadron/meson ~ 2.5
< A : at p, = 1 - 4 GeV/c (inconsistent w/
= gl VLS I E— known fragmentation functions).
1.25 }.gii!" fit fron: ;igéngith 10% sys. error band . :E: _ ,
Hi - 45 Gov o 3b
0.75} $o o ISR T F
I L 1 L | L i i 1 i n L 1 L L L 1 L L L -c-|:- 2.5 __ .
0.9 1 2 3 4 5 4 - .Y
p,(GeVic)y & 2 ++
35 m—_—— 150 . ##‘\' """"" W
S 3 | PH-ENIX E
55 | PHENIX: chargefit to pio ’ =
0.5 =PHENIX Collab. T~
2 i | PRL91:172301(2003) | | | II:’H>>,\<TENIIX
15 | Mf'—'“v"a-*_ﬁ:{»t J|' 1 % 1 2 3 4f 5 & 7 8 o
T +- . p: (GeVic)
1 b~ + | T
05 |~ epectedVpi=1.81pm 016 RHIC @ Baryon enhancement limited to
0 s i i e, p, <5 GeV/c (h*/ m~ 1.6, perturb. ratio):
pt (GeV) ht, 1° equally suppressed
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Unsuppressed baryon production: not a mass effect !

@ R (ratio central/peripheral) at intermediate p.= 2 — 4 GeV/c:

Baryons: p, p, A, A NOT (or much less)

suppressed in central Au+Au. Heavy ¢ as suppressed
as other mesons (1, k°, n)

2 Au+Au — baryons @ \syy =200 GeV |
o ®  PHENIX pp (0-10%/60-92%) 2.5
18- = STAR AR (0-5%/60-80%) 0-10%
1.8 pLENIX Collab. =288
1.4[PRL91:172301(2003)
1.20 . -
- ®
| S ++ﬁﬁ+#--- N SO
oo g
0.6 ﬁ.* +
04~ g STARColiab SF oY 2T S e s s o
o subm. to PRL, o 3 o 2 3
0.2 nucl-ex/0306007 NI T T
_|||||||||||||||||||||||||||||||||||||
00 1 2 3 4 5 3 7 0 1 2 3 4 5 6 7
pr (GeVi/c) p; [GeVic]

@ Particle composition inconsistent with known (universal) fragmentation functions.
@ Additional production mechanism for baryons in the intermediate p. range
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“N__, scaling” in Au+Au @ 200 GeV: Total charm

@ Open-charm indirect measurement via semi-leptonic channel: D > e* +X

@ Single e* Au+Au spectra & total cross-section consistent w/
N_, -scaled p+p charm production:

[— 3 T T L 1T 1T L LI L T 1T L L
~~ 10°E | | ™ | | | | -
% 2% Au+tAu > (e +e)2+ X @ \|SNN=200GeV = - 04 x10°
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@| pQCD parton scattering holds for hard processes in Au+Au (all centralities).
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“N_, scaling” in A+A @ 17, 31 GeV: High p. hadrons

@ High p, m?production in (0-10%) central A+A at SPS (and a+a @ ISR)
energies consistent w/ “N__-scaling” (or Cronin enhancement):

B Pb+Pb — n%+X 0--7% central [WA98] (s = 17.3 GeV)
A Pb+Au — n*+X 0--5% central [CERES] (Ns = 17.3 GeV)
10 S+Au — %+X 0--8% central [WA80] (s = 19.4 GeV)
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“N__, scaling” in d+Au @ 200 GeV: High p. hadrons

d+Au @ Vs, = 200 GeV

p+A @ Vs, = 20 - 40 GeV
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@ Enhanced high p, production in d+Au (R, > 1) also found in p+A at
lower Vs (“Cronin enhancement”): p. broadening due to initial-state soft &

semihard scattering.

@ Expected pQCD behaviour (RpA, .~ 1) recovered for p_ > 8 GeV/c
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Energy loss in a dense hadronic medium ?

@ Hadronic transport models (HSD, UrQMD) or DPM-based models do
not produce enough suppression. Additional pre-hadronic energy loss

needed.
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