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Overview/Summary.

0. Introduction:

® Goal: Study Quantum Chromo (many-body) Dynamics (QGP, CGC) in high-energy
A+A collisions by comparing to p+A (“cold” QCD medium), p+p (QCD vacuum).

(1) Energy densities:
e Maximum dE_/dn ~ 600 GeV at midrapidity consistent w/ initial € > 5 GeV/fm?

(2) Elliptic flow:

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

(3) Soft particle spectra:

@ Shapes & yields consistent w/ hydrodynam. (thermal+coll. velocity) source emission

@ Particles ratios consistent w/ chemical equilibrium before hadronization

(4) Hard particle spectra:
e 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

(9) Intermediate p. spectra:

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

6. Summary & open questions: “QGP” ? Observations @ lower Vs ?
Future measurements.
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High-energy heavy-ion physics program (in 4 plots)

2. Study the phase diagram of QCD
matter: esp produce & study the QGP
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The "Little Bang" in the lab.

High-energy nucleus-nucleus collisions: fixed-target reactions
(Ns~17 GeV, SPS) or colliders (Vs~200 GeV, RHIC. Vs~5.5 TeV, LHC)

= QGP expected to be formed in a tiny region (~10" m) and to last

very short times (~10% s).

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

: Freeze-Out
Free streaming

Hot Hadron gas
T~110 MeVY
£~ 0.05 GeViim3

Gluark-Gluon Plasma
T--300 MeV
E ~ 5 GeV/'Im3

Formation phase (pre-equilibrium)

]

Final state probes

t~10'fm/c

t~10 fm/c

Penetrating probes

Colliding ions
T=0 MeV
£=0.15 GeV/in

» t~0.1 fm/c
Z
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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%6 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 GeV
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The 4 RHIC experiments
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RHIC Au+Au luminosities

RHIC Delivered Au-Au Luminosity
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Au+Au collisions @ 200 GeV
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~ 700 charged particles per unit rapidity at midrapidity (top 10% central)
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(1) Energy densities at RHIC
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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;*/°)

3
10 F

I ' [ ' I
Au+Au @ 200 GeV

BEC b
0 50 100 150 > QCD critical density (~1 GeV/fm3)

E{EMC)(GeV)

dE idn], . (GeV)

Yield

<dE{/dn> ~ 600 GeV (top 5% central)
(~70% larger than at SPS)

€ ~5.0 GeV/fm3

Bjorken

0 200 400 B00
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1 fm/c thermalization time ?

@ Not unrealistic at RHIC... (for the 1* time: 1, >1___=2R/y = 0.13 fm/c)

Cross

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

—~10° <m > = (dET/dr] )/ (dN/dn) ~
"“E'- E secondaries formation= hbar/E - hbar/<mT> (dET/dn )/(3/2*chh/dn)
3 T g = 0.35 fmlc o =0.57 Gev
g il E % T T T T T T T T T T
> T : O, 4 200GeV \ # i
a L § e =15 GeV/fm® AT 130 Gey ]
2 8, T | Hldiagm I i
= 50.5 911 N
510 — > %" [ % + + %k ]
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- Threshold for QGP Formation : \
i | | 1 1 | | | | | | | | | | | | . ! | 1 1
10” 1

10
Time (fm/c)

1. =2Rly=013fmic] | 1

Cross

therm~ 0-6 =1 fmlc (from elliptic flow & hydrodynamics, see next)
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(2) Elliptic flow at RHIC
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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@COS 2(¢p — Prp)

do
" (a]I Celnlrallity (°/In)=;£0-4l)l (b) Centrality {%) = 40-60
105 AutAuys,, = 62.4 GeV} E

Elliptic flow = v, e S e
(2" Fourier coefficient)

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

B - ;
00.95 2 ‘."".’ i i'l"n..n"' """-

1 1
AN G >0l ojpen L0 s g

&g (rad) A (rad)

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

| Time-Delay Reduced Eccentricities

(2) Early-state phenomenon:
develops only in 1* instants of reaction,
strongly self-quenches after t~2 fm/c

At=0

ok

ot
»

Time evolution of ellipsoid eccentricity:

Eccentriclty(t._ _+A 1y/Eccentricly(i., )

0.6
At=3fm/c
2 2
i — A\ 04
D =@
- 2 o .
<§)‘ ) F <I- ) - Hydro calculations K b= frmh
92—Kolb, Sollfrank, Heinz gl
- PRC62, 054909 (200)
N - R R TR

Cenirallty Percentlle
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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:
@ 1
;ﬂ T ® pi-, K-, PHENIX 200, 20-40% = ' |

0 8: | pi STAR 130, 11-46%
LA h+-, PHENIX 62, 20-40%
O piNA49 17, 13-34% ot
0.6 <+ piCeres17,1326%
O piNA49 8, 13-34%

0.4

0.2

0_
Oy ——05 1 15 2 25 P (GOVIE)
pr (Gev/c)
[1 Strong (collective) pressure grads. e .
. [ —— PHENIX pr (GeVic .
[0 Large & fast parton rescattering: 02 - —e-alnt 3.22 (cpen) %
] . [ & F8gs . lie 3
early thermalization. 045 [ Centrality =13-26 % n 0 3
g - i
> 01| -
» Vs-dependence of % / _ :
. [ (| ]
~50% increase from SPS —T% | . :
Apparent saturation within 62-200 GeV o . é eeni a4 uayead -
1 10 10° 10°
\'s_NN (GeV)
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(3) Soft particle production at RHIC
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Soft particle spectra

» Bulk m*,k*,p(pbar) spectra ~reproduced by hydro w/ QGP EOS at 1 =0.6 fm/c
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Ratios of particle yields

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

(strangeness saturation factor y =1) at hadronization (T

chem.freeze-out

T,= 157+3 [MeV]
-] ! ! ! ! ! ! p= 31123 [MeV]
1 lorekormr Lk y,= 1.0310.04
- b o f dof=19.9/10
qT * r—
210 ¢ s =
= - e :
m = == -
2| x i
10 — — model calculation =
- e
g | Il
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[¥1) : feed-down effect i# covvected in data
[+2]: ferd-down effect 15 included

- Tcrit) :

PBM, Redlich, Stachel
nucl-th/0304013

Kaneta, Xu nucl-th/0405068
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(4) Hard QCD production at RHIC
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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:

q: fast color triplet Induced
gluon
g fast color octet radiation ?
>
QCD probe out e
CD probein : '

N 0 Modification? Q: slow color triplet Energy
Loss?

QQbar: dow color

singlet/octet Dissociation ?

QCD medium
(possible quark-gluon plasma)

Virtual photon: colorless
Controls

Real photon: colorless

\4

Unknown QCD Medium
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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
10f == ===
0.8 L R : ”hard"
B <
06| B
o4r [ "soft"
0.2 production is “shadowed”
00— 3 3 4 5 &
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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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“N__, scaling” in Au+Au @ 200 GeV: Direct Photons

@ Direct photon production in Au+Au (all centralities) consistent w/

p+p incoherent scattering ("N_ -scaled” pQCD) predictions:

20-30% Central .
_1+(TPQCD X INII::&::II) / Tbkgd

% :

“ vy (direct+decay) / y decay ”

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

4 [:1 0-20% Centré'lf

Ire§ Srasbourg, 14 janvier, 2004
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2 3 R
4£30-40% Central = 40-50% Central
3 E—_1+(YPQCD X I%Il::c.'oll) !”fbkgd E—_1+(YPQCD X Ncoll) f?bkgd
4§ 50-60% Central - 60-70% Central
3 E—_1+(Tpaco X Neoi) / Yiuga E—_1+(Tpacn X N_oi) / Vpga
1f feeswewse e —
o :
3} 70-80% Central 80-92% Central
o __1+(Tpaco X Neo) / Yiouga ~1+(Y 0cp X Neoi) IE{gd
1 2 '
g . A :
6 51 10 12
P (GeV/c)

--“N__-scaled” p+p pQCD

coll

~—
PH-~ENIX
Preliminary
[ J.Frantz QV'04 |
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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°
(D 10 E - min. bias = 8 I
S = - 0-10 % x 10° 3 2009 Integrated 0.8 < p, < 4.0 (GeVic) & centrality binned
= - «  10-20%x10° ]| - L
= 10 = 20 - 40 % x 10" E =y - 0.906 <0 <1.042 ® min-bias
b - o 40-60%x 107 3 = 0.08—
& 1L 0 60-92%x 107 g T B AN, BO% L.
S ’ = Best fit curve of pp 0.07— 1
S— 10' - [RS—
3 b E 0.06F
a-': -2 - - -
2.10 E = 0.05— -
o~ 30 ] - T - .
=10 E E 0.04— -
— 4 B L
10 = = 0.03—
5F - L
10 = = 0.02—
6F ] C
10°F T — 0.01] Y en
_75 TN = C | | lPHWWENIX
\\\// — | 1 | | | | | | |
10 -pH:“ENIX = ° 200 400 600 800 1000 1200
10'8_....|....|....|....|.... TN NN I N_i
0 05 1 156 2 25 3 35 4

b~ (GeV/c)

@| 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)

D:ﬁ : M o +a — %X min. bias [ISR] (Vs = 31 GeV)

g B

3| we

2\ ¥

¥y x ¥ * +

1 e GECEE] EEEEEEE R PPEEE PP PEEEEEEPEEY
05 ..
04} #
0.3 D.d'E. PLB 596, 32 (2004)
0.2 | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

0 1 2 3 4 5 6 7

P (GeV/c)
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Suppressed high p. hadroproduction in Au+Au @ RHIC'!

Au+Au— 1° X (peripheral)

1 0-1 - e pp—n°X @ 200 GeV (N,,,[80-92%] scaled)

= ¥ AuAu — 7%X @ 200 GeV [80-92%)]
1 0‘2 ;_ \ mNLO pQCD, EKS nPDF, Q. = p; [I.Sarcevic et al.|

A0F e
107" PH-ENIX

0 2 4 6 8 10 12 14 16
p; (GeV/c)

Peripheral data agree well with
p+p (data&pQCD) plus N__ scaling

Ire§ Srasbourg, 14 janvier, 2004

Au+Au— 1 X (central)

—
(=
NN

102

1/[2x p,] I°N/dp ;dy (GeVic)?
o

—
o

™ pp — 1°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.]

F —
EPH>>X<<EN|X

0 2 4 6§J8 10 12 14 16

p; (GeVic)

Strong suppression in

central Au+Au collisions
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Suppressed high p. hadroproduction @ RHIC : R, (7°)

1.8
~ PHENIX Collab.
n:é 1.6F. PRL91.072303 (2003) ® Centralz°(0-10%)
T ~~—— B Pernpheral n° (80-92%) y J J .
4 4F PH ENIX VY
S N_, scaling y_»~6 EHYSICAL
N __ « ” . EVIEW
1_2:_ (“hard” production) y &y _ETTERS
g | S + .......... L B P . TP "/ /) A e sif
- " = x4-5 suppresgion Bl S
0.6 N -
0.40 __ v [ e
0.2f . 22000 00,9 2017 —
oL 1+ | L v v o o o oy ey R T e um—
0 2 4 l 6 8 10
N  scaling Pr (GeVic) ’
part

(“soft” production) Discovery of

high p. suppression

(one of most significant
results @ RHIC so far)

R,, << 1: well below pQCD (collinear

factorization) expectations for
hard scattering cross-sections
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“Jet quenching” predictions

@ Multiple final-state gluon radiation off the produced
hard parton induced by the traversed dense bremestranhon
colored medium. a%

@ Mean parton energy loss [Omedium properties:

AEIOSS - pgluon (gluon denSity) <:
AE,__~AL" (medium length)

@ Energy is carried away by gluonstrahlung
inside jet cone: dE/dx ~ as [k°,00  [Armesto-Salgado-Wiedemann]

@ Formalisms: BDMPS (thick plasma), GLV (thin plasma),

@ Correction for expanding plasma (1-D):
AE.;, =(2T1/R,) - AEgui.~ 15-AE . (1,=0.2 fm/c, R,=6 fm)

@ Expected result: Suppression of high p. leading hadrons due to
non-Abelian final-state gluon radiation.
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“Jet quenching” model vs. data (l)

@ Dense medium properties according to final-state parton energy loss models:

* |nitial gluon densities: < 1.5
dN9/dy ~ 1100 [Vitev & Gyulassy] P& . {h?c?IE Jdx)
* Opacities:

<n>=L/A =3 -4 [Levaietal]

* Transport coefficients:
[BDMPS, F.Arleo | :
<q,> ~ 3.5 GeV/fm* [salgado-Wiedemann] L

* Plasma temperatures: 0.0
T~0.4 GeV [G. Moore]

* Medium-induced radiative _
energy losses: )| PP PR R R

dE/dx = 0.25 GeV/fm (expanding) o 2 4 6 & 10
dE/dx| . = 14 GeV/fm (static source) [X.N.Wang] Pr (GeV/C)

Leval *
g (with dE/gix)

@ Large opacities imply fast thermalization.
@ All these values imply energy densities well above €__ ., in thermalized syst.

rit
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“Jet quenching” model vs. data ()

@ Excitation function of high p. suppression:

3,5 _I I I I | I I I I | I T I I I I I I I I I I | I I | I | I I I I | I I I I | I I I T | I I I I_
: :l: )
3 [ R.~1@ Vs~20 GeV (dNs/dy~400) m o lAk Busay — h +
[ R, ~0.3@Vs~62GeV (d\Ne/dy~650) ® PHENIX Au+Au — h
5 & - R, ~02@Vs~200 GeV (dNe/dy~1100) @ PHENIX Au+Au — 7°
E‘ - a WA98 Pb+Pb — #n° “
= 2 F A CERES Pb+Au — mw+ ]
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Unquenched d+Au production at high p.
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@ Conclusion: High p. suppression in central Au+Au due to final-state effects
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(5) Hadron production at intermediate p_
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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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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.

5 Au+Au — baryons @ sy, = 200 GeV Mesons: T, kos, n,
0 2r = |
o o ®  PHENIX p,p (0-10%/60-92%) equally suppressed.
O ®  STAR AR (0-5%/60-80%)
O pHENX Collab. P14 ] PrEn = oo
1.4 : ( ) - m STAR K2 (0-5%/60-80%)
1_2:_ + ® 1.2— O PHENIX [n (0-10%/60-92%) prelim.
- @ =
g | S g §++# S 2
C 0.8—
0.8 ‘I;-H#.}ﬂ - 4
0.6 0.6 Lyt !
04 o STAR Collab. 0.4 4g # 'H'%{' o
- subm. to PRL, o 0.2 a? % 3
0.2 nucl-ex/0306007 “E ;
0_||||||||||||||||||||||||||||||||||||| 00_ ‘ll 2' '3|""£||.' l é bl
0 1 2 3 4 5 6 > S (GeVic)

7
p: (GeVic)

@ 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 | Prowor/pron JL driui-prowonspon ]
= 1860 Jf om Au+AuD-10% ]
o I A a Au+Au?20-30% )
B N £ o e Au+AuBD-92% ]
c 140 PH-ENIX 1 * p+p,Ns= 53 Gev, ISR i
9 1.2F L J= ---- e'e,gluonjets, DELPHI
Q. ) 1) e*e, quark jets, DELPHI
c  1f .-
o i
O 0.8¢ +
| - B |
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L
0.2
ot
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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
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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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Enhanced baryonic elliptic flow

——42
v, Au+Au @ s, = 200 GeV
~ 04 PHENIX =°

PHENIX r*
PHENIX k*
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STAR k!
STAR AR

» Particle species
hierarchy of flow values:
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meson baryon
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. o
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] .
v,mesen <y baven gt higher p.
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» Simple v, scaling behaviour >'0.18 L pHeNic
: . 0.16 . : =
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11 | L1110 | 1111
4 4.5 5
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(“universal” parent quark flow ?)
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“Quark recombination” models vs. data

@ Quark recombination (coalescence) mechanisms provide a simple
explanation of anomalous baryon enhancement & v, at p.= 2—5 GeV/c:

| PHENIX proton/x ratio |
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@ Via quark momenta addition, recombination
dominates for p_ ~ 1- 4 GeV/c:

p,.(baryons) > p_(mesons) > p_(quarks)

@ Fragmentation dominates for p_ > 5 GeV/c:
p,(hadrons)= z p_(partons) , with z<1

@ Constituent-quark scaling of v, naturally
explained

@ However ... Near-side azimuthal correlations
of high p. trigger (leading) baryons is jet-like:
@ No pure thermal + thermal parton

recombination produces such
jet-like correlations ... (thermal+hard ?)
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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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OK ... but didn't we hear the same at CERN-SPS in 2000 ?

_‘ CERMSO - The historical milestones in S0 year.. |

Creation of 3 new state of matter, gquark-gluon plasma, which probably existed just after the Big
Bang.
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Summary (2)

1. Energy densities:
e Maximum dE_/dn ~ 600 GeV at midrapidity consistent w/ initial € > 5 GeV/fm®>¢__
@ Seen at SPS ? Yes. £ > 2.9 GeV/fm®> ¢__ (Note, however 1___=1.6 fm/c >1,= 1 fm/c)

2. Elliptic flow:

@ Strong elliptic flow v, consistent w/ short thermalization times 1, ~ 1 fm/c
e Seen at SPS ? No. Not as large v,. Described by hydro only with too short freezeout.

3. Soft particle spectra:

@ Shapes & yields consistent w/ hydrodynam. (thermal+coll. velocity) source emission
@ Particles ratios consistent w/ chemically equilibrated system before hadronization
@ Seen at SPS ? Yes.

4. Hard particle spectra:
e 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
@ Seen at SPS ? Probably. Suppression (not that strong) w.r.t. peripheral.

. Intermediate p_ spectra:

e Enhanced baryon yields & v, (compared to meson) consistent w/ quark

recombination mechanisms in a thermal and dense system
® Seen at SPS ? No.

We need a few additional observables to claim “QGP” at RHIC ...
thermal photons (temperature of system), J/W (deconfined system)
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Summary (2)

1. Energy densities:
e Maximum dE_/dn ~ 600 GeV at midrapidity consistent w/ initial € > 5 GeV/fm®>¢__
@ Seen at SPS ? Yes. £ > 2.9 GeV/fm®> ¢__ (Note, however 1___=1.6 fm/c >1,= 1 fm/c)

2. Elliptic flow:

@ Strong elliptic flow v, consistent w/ short thermalization times 1, ~ 1 fm/c
e Seen at SPS ? No. Not as large v,. Described by hydro only with too short freezeout.

3. Soft particle spectra:

@ Shapes & yields consistent w/ hydrodynam. (thermal+coll. velocity) source emission
@ Particles ratios consistent w/ chemically equilibrated system before hadronization
@ Seen at SPS ? Yes.
4. Hard particle spectra:
e 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
@ Seen at SPS ? Probably. Suppression (not that strong) w.r.t. peripheral.

. Intermediate p_ spectra:

e Enhanced baryon yields & v, (compared to meson) consistent w/ quark

recombination mechanisms in a thermal and dense system
® Seen at SPS ? No.
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backup slides ...
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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.

=]
N
/-h:
(=3}
o
S
)

@ 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.

= STAR, 0-5%

D_D-.l.l.l.l.l

o PHENIX, 0-10%

(dQNAA/dedy)/(NmH dszp/dedy)

Ra=

0 2 4 6 8 10 12 1
p; [GeV]

Cassing, Gallmeister, Bratkovskaya,
Greiner, Stoecker, nucl-th/0312049
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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

2 Au+Au — baryons @ \syy =200 GeV |
o ®  PHENIX pp (0-10%/60-92%) 2.5
1.8 m  STAR AR (0-5%/60-80%) - 0-10%
1.6 bhENIX Collab. 40-92% -
1.4F-PRL91:172301(2003) r
1.2 ++ o 5f -
- . =
| SO ﬁff---- # N G ;
o g
0.65 “‘# ; -
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0.2 nucl-ex/0306007 b . | lwennlonnnt | g
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@ Particle composition inconsistent with known (universal) fragmentation functions.

p: (GeVic)

as other mesons (1%, k°, n)

@ Additional production mechanism for baryons in the intermediate p. range
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