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Conclusions physiques du White Paper

« Densité d’énergie et particules chargées
— Densité d’énergie > 15 GeV/fm?3
— Particules chargées - saturation des gluons dans I'état initial ?

* Thermalisation
— Production d’étrangeté en accord avec I'hypothése d’'un équilibre chimique.
— Le flot elliptique observé indigue un haut degré de collectivite.
— Pas d’'image consistante de la dynamique de la collision.
* Binarité
— Effet Cronin en dAu > CGC ?
— Binarité des photons directs et du charme en AuAu - compatible avec CGC ?

« Suppression a grand pT
— Suppression des hadrons croissante avec la centralité - milieu dense
— Hypothése d’un milieu dense confirmée par les corrélations angulaires
* Production des hadrons
— Difféerence de comportement protons/pions
— Etude du méson @ > différence de comportement pas liée a la différence de masse
— Observation d’un flot partonique - différence de comportement liée au nombre de quarks
— Corrélations des jets incompatibles avec modeles de recombinaison

rnN=rF 3 F. Fleuret, LLR-Ecole Polytechnique L“L
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Les données du White Paper

» Les périodes de prise de données

Species
AutAu

AutAu
PP
d+Au
pTp

Au+tAu

Aut+Au

Cu+Cu
Cu+Cu

p+p

— Le rapport porte sur les données des runs 01 — 02 — 03.
— Pour les résultats des runs 04/05 - QMO05

12[GeV ] ILdt N

130 1 pb? 10M

200 24 ub! 170M
200 0.15 pb! 3.7G

200 2.74 bt 5.5G
200 0.35pbt  6.6G

200 241 pub!  1.5G
62 9 ub!

200 3.06 bt 1.1B
62 190.2 ubt 425M

200 3.78 pbt

p-p Equivalent Data Size

0.04 pbr! 3 TRB
1.0 pb!  10TB
0.15 pb! 20 TB
11 pb!  46TB
0.35 pb! 35TB
10.0 pb! 270 TB

0.36 pb’!
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Les articles/auteurs du White Paper

~35 articles et preprints

o First measwrement of the dependence of the * Measurement of Hanbury-Brown-Twiss (HBT) cor-

charged particle peendo-rapidity density (Adeox
et al, 2001a) and the transverse energy (Adeox
et al, 2001b) on the mumber of participants n
AutAn collisions at Eny = 130 GeV; system-
atic study of the centrality and /Sy dependence
of dEy [dy and dN,, /d (Adler et al, 2004g).

Discovery of suppressed production for 7's and
charged particles at lugh pr m Au+Au collisions
at Syy = 130 GeV (Adeox et al, 2002g) and
a systematic study of the scaling properties of
the suppression (Adeox ef al., 2003); extension of
these results to much higher transverse momenta
in AutAn collisions at /Sy = 200 GeV (Adler
et al., 2003¢, 2004a).

Co-discovery (together with BRAHMS (Arsene
et al, 2003), PHOBOS (Back et al, 2003) and
STAR (Adams ef al, 2003a)) of absence of high-
pr suppression in d+Au collisions at /By = 200
GeV (Adler et al, 2003g)

Dhscovery of the anomalously large proton and anti-
proton yields at mtermediate transverse momen-
tum in AutAu collisions at | Swy = 130 GeV
through the systematic study of mt, KE, p and
f epectra (Adeox et al, 2002a); study of the scal-
ing properties of the proton and anti-proton yields
in An+Au collisions at /Sy = 200 GeV (Adler
et al., 2003d);

Measirement of A's and A's in Au+An collisions
at \/8yy = 130 GeV (Adeox ef al, 2002d); mea-
surement of ¢'s at /Sy = 200 GeV (Adler et al,
20041); measurement of denteron and anti-denteron
spectra at /Sy = 200 GeV (Adler et al, 2004e).

relations in ot and 7~ 7~ pairs in Au+An col-
lisions at /syw = 130 GeV (Adcox et al, 2002h)
and 200 GeV (Adler ef ol., 2004f), establishing that
the “HBT puzale” of Ryy¢ = R, extends to high
Ppalr momentum.

« First measurement of single electron spectra in
AutAu collisions at /Svy = 130 GeV, suzgest-
ng that charm production scales with the munber
of binary collisions (Adcox et al., 2002e); measure-
ment of centralty dependence of charm production
in Au+Au collisions at /Eyy = 200 GeV (Adler
et al., 2004h).

» Sensitive measures of charge fluctuations (Adeox
et al., 2002f) and fluctuations in mean pr and trans-
wverse energy per particle (Adcox et al., 2002b; Adler
et al., 2004d) in Au+Au collisions at /Sy = 130
GeV and 200 GeV

» Measurements of elliptic flow for charged particles
from Au+Au collisions at /sy = 130 GeV (Ad-
cox et al, 2002c) and 62 GeV to 200 GeV (Adler
et al., 2004m) and 1dentified charged hadrons from
AutAn collisions at /Syy = 200 GeV (Adler
et al., 2003c)

Extensive study of hvdrodyvnamic flow, particle
yields, ratios and spectra from AutAu collisions
at Fnw = 130 GV (Adeox et al, 2004) and 200
GeV (Adler et al., 2004b).

« First observation of J/y production in Au+Au col-
lisions at /Syy = 200 GeV (Adler et al, 2004¢)

* Measurement of the nuclear modification factor
for hadrons at forward and backward rapidities in
d+An collisions at | /Sy = 200 GeV (Adler ef al,
2004k).

First measurement of the jet structure of baryon
excess in AutAn collisions at /Sy = 200 GeV
(Adler et al, 2004n).

» First measuremment of elliptic flow of single electrons
from charm decay in Au+Au collisions at /Sy =
200 GeV (Adler ef al, 2005b)

First measurement of direct photons in Au+An col-
lisions at /Sy = 200 GeV (Adler et al, 2005¢).

« Measurement of crucial baseline data on 7 spee-
tra (Adler et aol, 2003f), direct photon producion
(Adler ef al, 2005a), and .J/y production (Adler
et al, 2004i) in p + p collisions at /s = 200 GeV.

» First measurement of the donble longitudinal spin
asymmerry Ay ; in 7° production for polarized p4-p
collisions at /s = 200 GeV (Adler e al, 2004j).
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Abetract Le plan du White Paper

Extensive experimental data from high-energyv nucleus-nuclens collisions were recorded
using the PHENIX detector at the Relativistic Heavy Ion Collider (RHIC). The
comprehensive set of measurements from the first three vears of RHIC operation
includes charged particle multiplicities, transverse energy, vield ratios and spectra
of identified hadrons in a wide range of transverse momenta (pr), elliptic flow,
two-particle correlations, non-statistical fluctuations, and suppression of particle
production at high pr. The results are examined with an emphasis on implications
for the formation of a new state of dense matter. We find that the state of matter
created at RHIC cannot be described in terms of ordinary color neutral hadrons.

|.  Densité d’énergie et particules chargées
lI. Thermalisation

lll. Binarité

IVV. Suppressions a grand p-

V. Production des hadrons

rnNz P S F. Fleuret, LLR-Ecole Polytechnique
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. Densité d’énergie et particules chargées
de I’étude des conditions initiales

A prerequisite for creating a quark-gluon plasma is producing a system with
Hur-ﬁr-ir-ut-l}' laree energy t'lt‘-llr-;i-f_T. From both elementary estimates [22] and
from extensive numerical studies in lattice QCD [11,10]. the required density
is known to be on the order of 1 (:;t‘*\-"rfflllg. Establishing that this energy
density is created in RHIC collisions is a basic ingredient in establishing the
creation of a QGP at RHIC.

1. Densité d’énergie

2. Distribution des particules chargées

rN=z2rP3 F. Fleuret, LLR-Ecole Polytechnique LU



02/10/2007 Y 7
PH-<ENIX

. Densité d’énergie et particules chargées
de I’étude des conditions initiales

1. Estimation de la densité d’énergie
— Formule de Bjorken

- 200 GeV

=

E

B

~ 1 dE
j ¢ -

2

TR Z'O dy

— habituellement 1, = 1 fm/c :
* AGS (AuAu) > gy = 1.5 GeV/fm3
« SPS (PbPb) - g =2.9 GeV/fm?
* RHIC (AuAu) > gg; = 5.4 GeV/fm3

=

=

(=]
L

<dE/d_>/<dN_/d_> [GeV]
[ ]
o0

L
—|
=
S
)
=
S
w
S
S
=
=
5]
=1

Fig. 6. The ratio of transverse energy density in pseudorapidity to charged particle
density in pseuderapidity, at mid-rapidity; shown as a function of eentrality, rep-

. . resented by the number of nucleons participating in the collision, Npge, for three
— Estimation de Tp au RHIC different RHIC' beam energies [67].

T =
o = RIm, dE. € Jdy dE./d7 dE./d7 dN__ /d7 2
= (m, )=—T = >~ T = —T x —h ~ 0.85 X —~ 0.57 GeV
dE ., : >dN dN € /dy dN/d7 dN_ /d7 dN /d7 3
={m -
dy " dy

<m;>~ 0.57 GeV - 1, ~ 0.35 fm/c
Collisions centrales - dET/dn ~ 600 GeV > g5;~15 GeV/fm?3

rnN=rF 3 F. Fleuret, LLR-Ecole Polytechnique LW\
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. Densité d'energie et particules chargees
de I’étude des conditions initiales

2. Distribution des particules chargées

Extrapolation

pp =2 AuAu
sans modification
T T T, T T T 717 T T T T T 711 des df
8 Fermilab o ‘ P
7 -~ []ISR é:
6 - W Tevatron S ";\@ g
- B NA49 © 01/
5 - @ PHOBOS S E
. A RHIC Average 0" i
4 [ Yo PHENIX ; f
C t ]
3 = n
; \ooﬂ
2 C Wk PP Lpp .
s E
0
2 3
10 10 10
Vs (GeV)

Li, Wang, Phys. Lett. B527 (2002) 85

I N 2 P 3

Saturation dans
I'état final

pQCD

-9

dN,,/dry(1).5N,)
[4+]

N

e PHENIX B
— HIJING 1.35

1.2

- 200 GeV /130 GeV .

100 200 300 N

Modification des pdf dans les noyaux
Saturation des gluons dans I’état initial > CGC ?

F. Fleuret, LLR-Ecole Polytechnique
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. Densité d’énergie et particules chargées
de I’étude des conditions initiales

 Conclusions

e The peak energy density in created secondary particles is at least 15 GeV /fm?,
and this is most likely an underestimate. This is well in excess of the ~1
GeV/fm® required, according to lattice QCD predictions, to drive a QCD
transition to QGP.

e Pre-RHIC expectations that E7 and charged particle production would be
dominated by factorized pQCD processes were contradicted by data, which
showed only very modest increases with centrality and beam energy. A new
class of models featuring initial-state gluon saturation compares well with
RHIC multiplicity and E7 data, and are also consistent with our Bjorken-
style arguments for estimating energy densities at early times.

rN=z2rP3 F. Fleuret, LLR-Ecole Polytechnique LU
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.  Thermalisation
de I'étude du milieu produit

A key question is whether the matter formed at RHIC is thermalized, and if
so when in the collision was equilibration achieved. If thermalization is estab-
lished early then evidence for strong transverse expansion can be potentially

related to the equation of state of the dense matter produced at RHIC.

1. Equilibre chimique
2. EXxpansion collective
3. Flot elliptique

4. Comparaison avec des modeles hydrodynamiques

rnNz P S F. Fleuret, LLR-Ecole Polytechnique
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.  Thermalisation
de I'étude du milieu produit

1. Equilibre chimique

0 02 T L T T T T T T T T T T E

5 0.18 ' | 3

— La production des particules 213' gt P EETTS
étranges permet de tester 012; ’
I’équilibre chimique. ggg

gg; (@ Kix (b) Kin

— Les rapports K/TE % 50'1||Jo'1éo'260'2|50'3c||o'3|50'o 'slo'160'1|50'260'2$0'360':;.q$0
o C'.UB_ T T T T T T T T T T T |pa'r__ L L R B B B B B B |pa'_

« Augmentent avec la centralité g oo7p 1 17 ]

008 4 * * ¢ ° T 1

005%

* Plus vite que p/n 0.04p j ]

0.03 -+ —

°'°2}(c) pin T pin :

 Evolution attendue par les T
modeles Statistiques % 50 100150200250 300350 0 50 100 150 200 250 300 350

Nparl Npart

Fig. 9. Centrality dependence of partiele ratios for (a) K+ /m%, (b) K= /7~ (¢)
p/mt, and (d) /7~ in AutAu collisions at /Eyy = 200 GeV [54].

rN=z2rP3 F. Fleuret, LLR-Ecole Polytechnique LU
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.  Thermalisation
de I'étude du milieu produit

1. Equilibre chimique

T,= 15743 [MeV]

M= 94£12 |MeV]

200 GeV Au+Au, < Xpan'.‘-’ =322
I

T ' P= 31+23 [MeV]
— Dans les collisions AuAu (200 GeV) 1 tﬂ*mﬂ* oot e
centrales i
e 10 'L " *

« Les rapports d’abondance sont s ’ .
décrits par des modeles 10 | modet calentaion o 3
thermiques (Kaneta et Xu) :

10 | A PHENIX data %
i . o . E # STAR daa 1

« ys=etrangeté mesurée/étrangeté . S S
attendue (plein équilibre) FE P P T a@®r R E T

4 T T T T T T T T T T T T T
3§ At e bt
A | | | | | | | | It | | lmnl_u;_u

* On « mesure »:
— Tch=157 3 MeV
— 7s=1.03 0.04

— Note : yg ~1 pour AGS et SPS

I N 2 P 3

F. Fleuret, LLR-Ecole Polytechnique

FIG. 10 Comparison of PHENIX (triangles), STAR (stars),
BRAHMS (circles), and PHOBOS (crosses) particle ratios
from central Au4Au collisions at /synx = 200 GeV at
mid-rapidity. The thermal model descriptions from Kaneta
(Kaneta and Xu, 2004) are also shown as lines. See Kaneta
(Kaneta and Xu, 2004) for the experimental references.
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2. Expansion collective

<pT> augmente plus fortement pour les protons
Consistant avec une expansion collective - <pT> (m grand) > <pT> (m petit)

<p;> [GeVic]
T

0.8
0.6—?'
0.4:—'0 .

0.2

U 1 | 1 -l_ilii -

\77177I77177I‘_.[__I__-[ \_ -’I__:::T:“L_I__ __\__ __I__ __I__ __I__ |

0 50 100150200250300350 0 50 100150200250300350

I N 2 P 3

N

part

A 0.8
[
G 0.7

0.6

0.5f
0.4

0.3
0.2
0.1

T~
PH-<ENIX

Thermalisation
de I'étude du milieu produit

13

e T =Tgel + % m <p,>2
E o NA49 %
C e« NA44
= WA98 1 3 i
E « STAR NE PELE [
_- PHENIX v J \ v ) \ )
= AGS  SPS RHIC
= (~0.45) (~0.45) (~0.5)
0—....I Lol Ll
1 10 10°
sy (GeV)

F. Fleuret, LLR-Ecole Polytechnique

Fig. 13. Beam-energy dependence of the extracted mean transverse expansion ve-
locity as a function of heam energy from simultaneons fits to spectra of different
mass [97,98,99,100,101,48,102].
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3. Flot elliptique

I N 2 P 3

o Y=n 14
PH--ENIX

.  Thermalisation
de I'étude du milieu produit

Dans un milieu fortement interagissant (thermalisé)

» Gradient de pression plus important dans le plan de la
réaction

 Anisotropie spatiale - anisotropie impulsionnelle

\y py
L=
dN  _ V:<pxz>—<py2>
dodp. 1+v,(p;)cos( 29) 2 <pxz>+<py2>

V2>0 - flot dans le plan de réaction
V2<0 - flot hors du plan de réaction

F. Fleuret, LLR-Ecole Polytechnique LLL
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.  Thermalisation
de I'étude du milieu produit

3. Flot elliptique

w 1
;'h | ®  pi-, K-, PHENIX 200, 20-40%
0 B: B pi STAR 130, 11-46%
UL A ht- PHENIX 62, 20-40% N
B i . % i
* v,>0 - flot dans le plan de 06l 5 icees i 1325% e 4 ¢
la réaction F O RNAOB 133e% 5
0.4[- o« & D09 o3 T %
B % o W
0.2F g de®
* V,(RHIC) > v,(SPS) o =
05
.VZ reprOdUIt par Certalns -ﬂ'zl]_l L1 |u|5| L1 -II L1 |1|5| L1 |ﬁ| L1 |25
modeles hydrodynamiques ' ' by (Gevic)
* Tierm ~1fm/cC
e g >10 GeV/fm3 L'excentricité spatiale dépend de la geometrie et
* Eherm—2GEV/fM3 <y2>— <x2> du type de noyau

<y2>+ <x2> - Modéle de Glauber
- Pour comparer différentes especes, normaliser
v, par I'excentricite

rN=z2rP3 F. Fleuret, LLR-Ecole Polytechnique LU



_'_"“N.v_,__

02/10/2007
PH-FENIX

Thermalisation
de I'étude du milieu produit

4. Comparaison avec les modeles hydrodynamiques

16

._':}'“ 0 ;E e © PHEl\\,LﬁﬂnD GeV, minBias __':N 0 ;E . nPHEN\;_ﬁ:ZGG GeV, minBias
I E3 o STAR \5,=200 GeV, minSias IF - T STAR \sw=200 GeV, minBias
Avec Sans 0.8 s e 0.8 1o e /
P """" 0.7t o QGP EOS +PCE, Kolb et al. 0.7t 7 QGP EOS +BCE, Kob et al.
E 1] S, Huovingn &t al [] E T . Huovinen et a
QG QGP 0.6 T e . 06 Ll
0_5_ o RG EOS, Huovinen et al . 0.5 1 RG EOS, Huovinen et al. AL
0.4F 2 0.4 ’/
0.3E 0.3
. 025 0.2
Un seul modeéle 0.1 0.
. 0E - P P I RS ) I P I R
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
reprOdu It P (Gevic) pr (Gevic)
« raisonnablement »
Vd . - p PHENIX ma“.C:l GeV, 0-5%
|eS donnees . %’* E p QGP EQS+RQMD, Teaney etal. - £ - n, PHENIX sqri(s)=200, 0-5%
E F e (pbari0) 75) @GP EQS +PCE, Hirano et al 'c‘_ E" n QGP EOS+RQMD, Teaney et al
- ; {pbar/0.75) QGP EQS +PCE. Kolb et al. % 102 :_ T QGP EQS +PCE, Hirano et al.
= 10 E P OGP EOS, Huovinen et 2! = E 1 QGP ECS +PCE, Kolb et al
NU e r e SO LU UL UL B RG+mixed = aney st al. o r 7 QGP ECS, Huovinen et al.
— QGP Teaney et al. 2 b e Bop Ty o £ Roristecs raerat
\ - L 7 = E = 1 ;—
Modele sans viscosité 10°L j:
. .. T g 10 ¢ %
(viscosité=0 réduit v,) 02l
2 10° ‘e
108 10'3: N R R SR B SR B
0 0.5 1 1.5 2 25 3 3.5 0 0.5 1 1.5 2 25 3 3.5
p; (Gevic) pr (Gevic)
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.  Thermalisation
de I'étude du milieu produit

4. Comparaison avec les modeles hydrodynamiques : HBT

.
.
.0
) >
O .,
‘0
“ 1 —
o p
. ‘0
X .
. . .
. "
.
.
’0
5

PHENIX 27, Au-Au 200 GeV il .E
PHENIX 2r Au-Au 200 GeV i -
AR 2 0-5% Au-Au 200 GeV - *g'

T ] 74

Rside (fm)
-]
T

4i *&ﬁ, f

——T==

.......... ) & 1 %
© d P> i ] :
o] ol v v oL v
‘n . 0 0.5 1 1.5 0 0.5 1.5
Y o K, (GeVic) k; (GeVic)
lllllllllll — 10
i : E I
f—>! % sf
: R : . — s 8C ]
*Rout? G=p, P @ -
out ) :‘plT+ pZT‘ 2 1 6 ]
T ¥
2 a4l ]
. 2 2 2 2 2 2 2 -
C’Q =1 + A exp(_Rsideqside o Routqout T R‘longqlong) r 1 r
00 0.5 00 0.5

1 15 1 15
ky (GeVic) ky (GeVic)

* QGP Teaney ne fournit pas de prédiction pour HBT
» Deux autres modéles hydrodynamiques sont présentés - ne reproduisent pas les données

rN=z2rP3 F. Fleuret, LLR-Ecole Polytechnique LU
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.  Thermalisation
de I'étude du milieu produit

 Conclusions

I N 2 P 3

e The measured vields and spectra of hadrons are consistent with thermal
ciission from a strongly expanding source.

e Strangeness is fullv saturated at RHIC, consistent with full chemical equi-
librium.

e The scaling of v with eccentricity shows that collective behavior is estab-
lished early in the collision.

e Elliptic flow is stronger at RHIC than at the SPS, since the measured slope
of vo(pr) for pions is 50% larger at RHIC,

e The measured proton va(pr) is less than that for pions at low pr; the small
magnitude of the proton vy at low pg is reproduced by hydro models that
include both a QGP and hadronic phase.

e However several of the hyvdro models that reproduce the proton vy(pr) fail
for the pion vs(pr).

e The HBT source parameters, especially the small value of Rjgne and the ratio
Rout [/ Riqe. suggest that the mixed phase is too long-lived in the current
hvdro calculations.

Hence we currently do not have a consistent picture of the space-time dynamics
of reactions at RHIC as revealed by spectra. vo. and HBT. The lack of a

F. Fleuret, LLR-Ecole Polytechnique LLL
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ll. Binarité
de I’étude des interactions dans I’état initial

* Processus proportionnels au

nombre de collisions binaires ? AN SN

cpP périphériq ue périphériq ue
Production de , dans | dN =N g
roduction de Ty dans les co
collisions pp RCP =1 <- proportionnel
:: 1- 3 3 a) Données decrltes par pQCD e Ly I I ]
3UE & 4aF PHENIX Preliminary 4
Ry c d+Auls,, = 200 GeV 3
E wE E PHENIX Data 1.6 -
”1_5"' m‘ ? — EKPFF E |E| 3
M: ; """ EKretzer FF 1.4 — —]
10 12: 3
10° ;_ il T —
107 ;_ 1_? 1 @ I‘]‘I -I E
wE r I%‘ ]
, . 0.8 q] 3
T | b - .
S nE 1] I ) 0.6 o o -
_\é of =rTeraarr T ] I . = R.- 0-20%/60-88% -
S B | Production de i, dans les  o4fo dentiied by TOF E
M3 c o - m identified n® by EMCAL 3
S 2f collisions dAu 02t~ igentified = by RICH and EMCAL E
E 0 f 3 H I A HP - v e b b v b b by A
S - Interactions dans I'état initial 3 i 5 T T VRS
Ef p; (GeVic)
T 0
5 10 1 Fig. 532, Cronin effect in Re-p, the ratio of point-like scaled central to peripheral
Pr (GeVic) collisions for pions in d+Au at | /syy = 200 GeV[167]. Data points for low pp are
Fig. 27. PHENTX # imariant eross seetion at mid-ragidity from p +p enllslons at =% identified by Time of Flight (TOF). Data st medinm pe ate for #° identified by
E;.gr:nfﬁiﬁf;{t [d(;%l'?r]::j\[t1:?::-3::‘.;;5?:31?;113[]C‘n?tr‘frz;nc-d“:;‘g:f:?é-zlilr\ﬁl;;liﬁg reconstruction in the Electromagnetic Calorimeter { EMCAL). Highest pr data are
b sl N0 J0CD bt sl o e Color Glass for = dentified by a count in the Ring Imaging Cerenkov Counter (RICH) and

(dsshed line) sats of fragmentation functions. b) The relative statistiesl (points)

deposited energy /momentum and shower shape in the EMCAL inconsistent with
and point-to-point systematie ( } errors. ,d) The relative difference between ‘

the data and the theory usin () and Kretzer () fragmentation functions Conde nsate ’) those of a photon or electron. The shaded band on the right represents the overall

with seales of pr/2 (low , and Zpr (upper eurve). In all figures, the

6% 1s ot shown 0] fractional systematic uncertainty due to Naa.

normalization error of 9.6
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de I’étude des interactions dans I’état initial

« Color glass condensate ?

% 2_ T T T LI T T T | LI | L | L | L T T | T_]
oy sk PHENIX Preliminary 3
E d+Aus,, = 200 GeV 7
1.6 =
145 ; + =
12f- i H E
1:? = 1 [ﬁ I‘I'I 1 E
0.8~ T [T] E
%5 R, 0-20%/60-88% E
0400 identified = by TOF -
0.2F B dentified n* by EMCAL 7
e identified n* by RICH and EMCAL 3
Co v by by by by by by by 1T
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p; (GeVic)

The color glass condensate (CGC) provides an alternative view of the initial

Production de photons directs en
AuAu proportionnelle au nombre
de collisions

RCP anormal
= En dAu

&=

Production de charme en
AuAuU proportionnelle au

nombre de collisions

state of a nucleus at RHIC in which coherence of gluons due to non-linear
gluon-gluon fusion can produce a Cronin-like effect, depending on the initial
conditions and the kinematic range covered. However, at the present writing.
there is_no CGC description of the initial state nuclear structure function

which reproduces the observed Cronin effect for pions in d+Au collisions and

the gbserved binarv scaling for both direct photon production and the total

charm vield in Au+Au collisions.
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Fig. 33. PHENIX direct photon messurements relative to the background for for
minimum bias and for five centralities of Au4Au collisions at /5, = 200 GeV
(0-10% is the most central). Statistical and total errors are indicated separately
on each data point by the vertical bar and shaded region, respectively. The curves
represent a pQCD calenlation of direct photons in p + p collisions from Vogelsang
[169,170,171,172] sealed to AutAn assuming pure peint-like (N.y) scaling, with
no suppression. The shaded region arcund the curves indieate the variation of the
pQCD caleulation for scale changes from pr /2 to Zpr, plus the (N} uncertainty
[74).

- 107 G 3'5’ _
S 0sE trality bi = 2
Y E @ cenirality binned 3 E
5 0T W min-bias = A
Ed E = =
£ 06F r g p+patys=200GeV So.25 =
3 E = 3
= 0.5 Inl M oz £
> 04F *r_l — E H
Z F Joas >
= E L -4 o
03F d U 3 >
E o4
0.2f- 3 =
0.1 o5
oBEit v v v v v ::PU
[1] 200 400 600 800 1000 12
r’Im'lll
Fig. 34. Non-photonic electron wield (0.8 < pr < 4.0 GeV/e), dominated by

semi-leptonie charm decays, measured in Aud-Au collisions at | /Syy = 200 GeV
sealed by Nop a5 a function of Ny The right-hand scale shows the corresponding
electron cross section per NN collision in the above pr range. The yield n p + p
collision at 200 GeV is also shown [57).
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V. Suppression a grand pT

de I’étude de signatures (sondes) directes

To study the initlal properties of the matter created
in heavy lon collislons we need a probe that is already
present at earliest times and that s directly sensitive to
the properties of the medium. Partons resulting from
hard scatterings during the initial crossing of the two
nuclel in A4+ A collislons provide such a probe.

Eneroetic partons propagating through a dense medium are
predicted to lose energy [173.174,175.176,177,178,179,180,181] thus producing
a suppression in the yield of high-py hadrons produced from the fragmen-

tation of these partons.

1. Suppression des hadrons
2. Corrélations angulaires

rN=z2rP3 F. Fleuret, LLR-Ecole Polytechnique LU
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V. Suppression a grand pT

de I’étude de signatures (sondes) directes

1. Suppression des n, dans les
collisions centrales AuAu

: N
Production de &, dans les <Tie T een = coll __cent
f:> collisions pp 7w
_ Données décrites par pQCD v 200 GeV Au-Au. Cent
9 1 1 .
Q e 2 reV Au-Au. Periph
o 1 a) 200 GeV Au-Au, Peripl
% 10 o -1 T, scaled p-p
Q ¢
'E 10 I ) % 10"
o 10 PHENIX Data <o
g . — KKPFF 2w
T 10 e
e Kretzer FF Production de n, dans les SIRUN
w collisions AuAu o .
10° S
10" —>Proportionnelle en AuAu 0
. periphériques ?
10 1 10_. ! P R R R
) 0 2 1 6 8 10
0 5 10 s —>Forte suppression en AuAu pr (GeV/e)
pT (GEWC) Central eS Fig. 35. 7" pr spectra in 200 GeV Au+Au collisions [49] compared to a Tap scaling

of the 200 GeV p+ p 7° differential cross section [60]. The central data were obtained
with a 0-10% centrality cut while the peripheral data were obtained with an 80-92%
cut

Fig. 27. PHENIX #” invariant cross section at mid-rapidity from p+ p collisions at
Vs = 200 GeV, together with NLO pQCD predictions from Vogelsang [151,152],

rN=z2rP3 F. Fleuret, LLR-Ecole Polytechnique LU
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V. Suppression a grand pT

de I’étude de signatures (sondes) directes

1. Suppression des r, dans les collisions L
Centrales AUAU [ o Au-Au, Cent A d-Au. min-bias
dN 1.2

14 :_ v Au-Au. Periph
L - . - - ‘H} J[ h,}l ......................
— dAu min bias 0.8 — {4 F \ |l | |

» Léger défaut a bas p; = les processus mous
(bas p;) ne sont pas proportionnels a T,g

» Léger exces a grand p; - effet Cronin. 04 :

¥ {t
ot
A T
— AuAu périphériques T t
« Léger _défaut comparer a dAu (mais §J TR —— e
compatible) b, (GeV/c)

Fig. 36. 7° R4 (pr) for central (0-10 %) and peripheral (80-92 %) Au+Au collisions

L S

RAA

06 [

8 10

—_ Au Au cen t r al es [49] and minimum-bias d+Au collisions [64]. The shaded baxes on the left show the
systematic errors for the Au+Au R 44 values resulting from overall normalization
° Tr‘é S fo rte Su p pre SS | on (~ X5) of spectra and uncertainties in T4p. The shaded box on the right shows the same

systematic error for the d+Au points.
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V. Suppression a grand pT

de I’étude de signatures (évidences) directes

: : ', _ -
1. Suppression en fonction de la centralite S FAIVRVROUME
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V. Suppression a grand pT

de I’étude de signatures (évidences) directes

1. Suppression en fonction de la centralité

Pour chaque tranche de centralité
» Integre le spectre pour pT>4.5 GeV/c
* Représente la dépendance en fonction de N,

e ——
g 1.6F Aul—Au 20fGeV ‘ I E
e
1.4 m (h"+hY, min. bias \t
1.2¢ O =
1 1
1
0.8 E
0.6¢ o -y E
0.4fF Og ﬂﬁtﬂﬂ‘! _g.ﬁ_fr-i:l-
0.2F 1

0 1 2 3 4 \5 8 7 Jo
Py (GeVe)

_ The initial rise and subsequent
decrease of Rf:“f“ with increasing Npqp suggests that the high-pp hadron yield
in Au+Au collisions has no simple dependence on Ny The observation that
the high-pr vields initially increase proportional to Ty p demonstrates that in
the most peripheral Au+Au collisions the hard-scattering yvields are consistent
with point-like scaling.

I N 2 P 3
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scaling
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Fig. 38, Top panel: R4 vs. Npyp obtained from pr-integrated (pr > 4.5 GeV/e}
AutAn =% and charged-hadron spectra. The band indicates the systematic error
bands on a hypothetical Ty g scaling of the p + p pr-integrated eross section. Bottom
panel: 7% and charged hadron vield per participant vs. Npart divided by the same
quantity in p+ p collisions [Ri’;‘" J. The solid band shows the same band as in the
top panel expressed in terms of vield per participant pair while the dashed band
indicates the systematie error bands around a hypothetical Ny, scaling. Both plots

are from [53).
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V. Suppression a grand pT

de I’étude de signatures (évidences) directes
2. Corrélations angulaires

a reasonable way to check the assumption that high-pp hadron production
in Aut-Au collisions is due to hard scattering is to directly observe the an-
oular correlations between hadrons in the jets.

4 Au-Au Central
e Au-Au Periph

: , d Au Mln Blas
— Particule « déclenchante » = 2.5 <p;<4 GeV/c an

. ) v
— Particule « associée » = 1.0 < p; < 2.5 GeV/c o~ " ti —
— A® = angle azimuthal (déclenchante,associée) ?E/ 0.1 L'l | | l r
Atati . =2 ft ’h l | | |li qu m{h"
— Interprétation : g 1[ r“ |u __________________ 1{" ______________
* A® =0 - hadrons issus du méme jet k|
+ A® = -> hadrons issus de jets differents %. o4} ;*h *a”
— Résultats : Z 02f i#,"""*
® ari '— f f ry i
dAu et AuAu périph sont en ac,cord of i ¥g;& t r*'" V?,m fr,f',?,l,f 1.*...".*..&
* AuAu centrales montrent un défaut de hadrons L '*' bab -

dans le jet opposeé. Ao (rad)
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V. Suppression a grand pT

de I’étude de signatures (évidences) directes

 Conclusions

I N 2 P 3

The observed suppression of high-pr particle production at RHIC is a unique
phenomenon that has not been previously observed in any hadronic or heavy
ion collisions at any energy. The suppression provides direct evidence that
Au+Au collisions at RHIC have produced matter at extreme densities, greater
than ten times the energv density of normal nuclear matter and the highest
energy densities ever achieved in the laboratory. Medium-induced energy loss,
predominantly via gluon bremsstrahlung emission, is the only currently known
physical mechanism that can fully explain the magnitude and pr dependence

of the observed high-pr suppression.

F. Fleuret, LLR-Ecole Polytechnique
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V. Production des hadrons
de I’'étude de I’hadronisation

One could conclude
that a quark-gluon plasma had been formed if one had conclusive evidence of
hadronization occurring from a thermal distribution of quarks and gluons.

1. Baryons et anti-baryons
2. Le méson @
3. Modele hydrodynamigue/recombinaison

4. Les corrélations des jets

rN=z2rP3 F. Fleuret, LLR-Ecole Polytechnique LU
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Production des hadrons

de I’étude de I’hadronisation

proton/pion

1. Baryons et anti-baryons :'*

Ratio
Py

Rapports (anti)proton/pion
danslarégion2<pT <5

=

J= 4 a Au+Au20-30%

1 - @'e, quark jets, DELPHI ]

anti-proton/pion
O = Au+Au 0-10%

o e Au+Au 60-92%
L * p+p, Vs = 53 GeV, ISR
-- e’e, gluon jets, DELPHI

augmentation d'un facteur ~3 0.8
entre collisions centrales et o
collisions périphériques. 0
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Fig. 44. p/m (left) and p/m (right) ratios for central (0-10%), mid-central (20-30%)
and peripheral (60-92%) Au+Au collisions at /sSyx = 200 GeV[52]. Open (filled)

0

points are for m+/= (7”), respectively. Data from /s = 53 GeV p+ p collisions [224]
are shown with stars. The dashed and dotted lines are (p 4 p)/(7+ + 7~) ratio in

gluon and in quark jets [225].
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» Forte augmentation pour pTe [2:5] |
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* Retour vers p+p pour pT>5
* I'effet augmente avec la centralité
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- Effet baryon-méson ?
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F. Fleuret, LLR-Ecole Polytechnique

Fig. 45. Charged hadron to 7° ratio for different centrality classes for Au+Au colli-
sions at \/Eyy = 200 GeV[53]. Error bars represent the quadratic sum of statistieal
and point to point systematic errors. The shaded band shows the normalization
error common to all centrality classes. The line at 1.6 is the h/7 ratio measured in
P+ p collisions at /& = 53 GeV [224] and e+e- collisions [225].
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V. Production des hadrons
de I’'étude de I’hadronisation

2. Le méson &

2.5 ]
P T s o
; r L ptp TYelo
« C’est un méson = r, e B ]
* M~ 1 GeV = proton 150 ° -
x 1} ]
On observe : - ﬂ ‘F’ ++* % -
* Rep(P) = Rep(mp) :> 0'5:_ "% : + Tk o 5 0 s ; @I_
* Rep(®) # Rep(proton+antiproton) o
0 1 2 3 4 5 6 7
ﬂ p; (GeVic)
Fig. 48. The Rqp of the ¢ as measured in the K K channel, compared to the protons

and pions for Au+Au collisions at \/syy = 200 GeV[69].

|'effet n'est pas dU a la masse

LD Effet baryon-méson ?
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V. Production des hadrons
de I’'étude de I’hadronisation

3. Modele hydrodynamique/recombinaison

£ 0.7C & PHENIX m+K 20-40% K n=2
w N L] START, 11 45% n=
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V. Production des hadrons
de I’'étude de I’hadronisation

3. Modele hydrodynamique/recombinaison

Hydrodynamique :
QGP Teaney décrit le rapport p/z jusqu’a 2 GeV

| PHENIX proton/x ratio |
1.6
—E_ r ® proton/n*
1.4 = proton/n?®
C Duke
12 L ®m e Oregon
L o e R T TAMU w/ shower
1= TAMU no shower
0.8:—
oF TAMU
04— %
C ‘." .
0.2:— A
ok 5255 PP TP PR v
| | | I | | I
0 1 2 3 4 5 6 7 8 9 10
pr (GeVic)

Fig. 53. The proton to pion ratio measured by PHENIX for Au4+Au collisions at
Vsnn = 200 GeV[52]. Several comparisons to recombination models as mentioned
in the text are shown.
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Fig. 52. p/w ratios for central (0-10%) Au+Au collisions at /Sy = 200 GeV[52]
compared to hydrodynamic models [106,107,117,118,119].

Recombinaison :

Prédit que le flot collectif des hadrons
doit suivre le flot collectif de leur quarks
constituants
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V. Production des hadrons
de I’'étude de I’hadronisation

4. Correlations des jets

A crucial test of the origin for the enhanced (anti)proton to pion ratio is to
see if baryons in this intermediate py regime exhibit correlations characteristic
of the structure of jets from hard-scattered partons.

=
=
]

Near Side
Mesure des jets :

» Compter le nombre de hadrons chargés
(particules associées) dans un coOne
autour de la particule déclenchante 004
« particules déclenchantes : 2.5 < pT <4
* particules associées : 1.7 <pT < 2.5

yield/trigger
’4\I \jhl\ \70\\ I‘ T \l

T
= O
L

e
-
LT

Sea.

¢ trigger mesons, Au+Au
= trigger baryons, Au+Au
o trigger mesons, d+Au
]

trigger baryons, d+Au
nnon-identified triggers, p+p, ., ., ...
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Py |II I|\I TTT II|

part

» Comportement similaire p+p et d+Au
« 2x plus de particules produites en AuAu - le processus de fragmentation est modifié par le milieu
» Dans les modéles de recombinaison, on s’attend a une baisse de « yield/trigger » (ligne pointillée)
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V. Production des hadrons
de I’'étude de I’hadronisation

 Conclusions

I N 2 P 3

The large (anti) baryon to pion excess relative to expectations from parton
fragmentation functions at intermediate pp = 2 — 5 GeV/e remains one of
the most striking unpredicted experimental observations at RHIC. The data
clearly indicate a new mechanism other than universal parton fragmentation as
the dominant source of barvons and anti-baryons at intermediate pr in heavy
ion collisions. The boosting of soft physics, that dominates hadron production
at low pp, to higher transverse momentum has been explored with the con-
text of hvdrodynamic and recombination models. However, investigations into
these intermediate py baryons reveals a near-angle correlation between parti-
cles, in a fashion characteristic of jet fragmentation. If instead these baryons
have a partonic hard scattering followed by fragmentation source, this frag-
mentation process must be significantly modified. It is truly remarkable that
these baryons have a large vy (typically 20%) indicative of strong collective
motion and also a large “jet-like” near-side partner yvield. At present, no the-
oretical framework provides a complete understanding of hadron formation in

the intermediate py region.

F. Fleuret, LLR-Ecole Polytechnique
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Conclusions du White Paper

« Densité d’énergie et particules chargées
— Densité d’énergie - 15 GeV/fm3
— Particules chargées - saturation des gluons dans I'état initial ?

* Thermalisation
— Production d’étrangeté en accord avec I'hypothése d’'un équilibre chimique.
— Le flot elliptique observé indigue un haut degré de collectivite.
— Pas d’'image consistante de la dynamique de la collision.
* Binarité
— Effet Cronin en dAu > CGC ?
— Binarité des photons directs et du charme en AuAu - compatible avec CGC ?

« Suppression a grand pT
— Suppression des hadrons croissante avec la centralité - milieu dense
— Hypothése d’un milieu dense confirmée par les corrélations angulaires
* Production des hadrons
— Difféerence de comportement protons/pions
— Etude du méson @ > différence de comportement pas liée a la différence de masse
— Observation d’un flot partonique - différence de comportement liée au nombre de quarks
— Corrélations des jets incompatibles avec modeles de recombinaison

rnN=rF 3 F. Fleuret, LLR-Ecole Polytechnique L“L
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Les futures mesures
de l’'intérét de continuer

« Supression a grand p; et physique des jets
— Augmenter la statistique
— Atteindre de plus grand p;

 Production du J/¥

— Jusqu’ici, shadowing mesuré en dAu, mais pas assez de statistique en AuAu
— 1° résultats attendus avec les données AuAu (2004) et CuCu (2005) - QMOS.
— Reésultats a grande statistique avec les données AuAu (2008).

* Production du charme
— Flot du charme
— Perte d’énergie du charme dans un milieu dense

* Di-leptons de basse masse
— Tester la restauration de la symétrie chirale (r,F,w/cf CERES au CERN)
— Nouveau détecteur pour réduire le bruit de fond.

« Radiation thermique
— Mesure des photons directs
— Données 2004 - grande (suffisante ?) statistique

rnN=rF 3 F. Fleuret, LLR-Ecole Polytechnique L“L



