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® “quark soup*

Outline
e why should

SCIENTIFIC
AM ERICAN o ® probing tI;nis

medium in
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phase
M. Riordan and W. Zajc, Sci. Am., May 2006, 34-41

e some (!) highlights from the program at RHIC
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Nuclear matter as QCD Iaboratom

e “ordinary” nuclear matter
e 3 (light) constituent quarks

e quarks interact via the
exchange of gluons

e gluons carry color charge!

® key observations A

¢ isolated quarks are NEVER
observed (“confinement®)  cvsamomin

e quark masses: ~1% of the nucleon mass
e properties of QCD (Quantum Chromo Dynamics)

e QCD vacuum sy g O
— NOT empty - O
— complicated
(more than the - g G 0= &
QED vacuum) S, U o e
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http://www.jlab.org/publications/12GeV/02.html

The QCD phase diagram

® unique tool to study strongly interacting matter

0

Net Baryon Density
e highest temperature at lowest baryon density
= colliders: RHIC @ BNL and LHC @ CERN

e moderate temperature at highest baryon density

) = fixed-target: FAIR @ GSI
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RHIC

® RHIC = Relativistic Heavy lon Collider
® located at Brookhaven National Laborato

!' ;
¥
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RHIC and its exgeriments
e heating of matterto T ~ 1012 K (~180 MeV)

e RHIC (Relativistic Heavy-lon Collider) located at
Brookhaven National Laboratory

e p+p: Vs < 500 GeV (polarized beams!)

o A+A: \sy, < 200 GeV (per nucleon-nucleon pair)

RHIC nucleon-pair luminosity Lyy delivered to PHENIX .
1000 ® experiments

with specific
focus

e BRAHMS
(until Run-6)

e PHOBOS
(until Run-5)

e multi purpose
experiments
- e PHENIX

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 °® STAR

Calendar year
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=
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Nucleon pair luminosity Ly [pb!]
=

Lastupdate: 10 March 2005 [
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e production of
particles
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Different probes tell different stories

e investigate evolution of a system
o that “lives” for ~1022 s (~100 fm/c)
e inavolume ~1042 m3 (~1000 fm3)
e with energy ~6 x 10-¢ J (~40 TeV)

e abundant, (mostly) final state

—vyields, spectra — energy
density, thermalization,
hadrochemistry

—correlations, fluctuations,
azimuthal asymmetries
— collective behavior

e “hard” probes: jets, heavy
quarks, direct y

e electromagnetic radiation:
Y, e'er, -

e rare, produced initially (before
quark-gluon matter forms!)

—probe hot and dense matter

e rare, no strong interaction
— probe all time scales
—initial temperature

Seminar, 11/28/2008
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Final state blackbody radiation

e do the huge yields of various hadron species in
the final state reflect a THERMAL distribution?

® kinematic distributions

n_'- PHOBOS Au+Au 62.4 GeV tt+r
o i
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e spectrum of particles emitted from heavy-ion
collisions at RHIC: nearly a (hadronic) blackbody!
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Final state hadrochemistry

e do the huge yields of various hadron species in
the final state reflect a THERMAL distribution?

e abundances in hadrochemical equilibrium

| Dip A E/Z Q/Q mint KIK Kl pir K% ol Al B Qit - plp KIK' Kl p/n Q' |
— e = o & x10 ! x50
= e T AR e

Ratios

* STAR Kl : Ay

O PHENIX : : -

0 PHOBOS - —~ :

A BRAHMS —%— : RS
s =130 GeV S _%_ s =200 GeV

10> Model re-fit with all data
T=176 MeV, , =41 MeV i

10”7

Braun-Munzinger et al., PLB 518 (2001) 41 D. Magestro (updated July 22, 2002)

e final state: hadron gas close to phase boundary
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Elliptic flow — early thermalization

e initial state of non-central out-of-plane
Au+Au collision

e spatial asymmetry
e asymmetric pressure gradients

® translates into e —/ in-plane

e momentum anisotropy
in final state

e Fourier expansion
N dN <

d*p  p;dedp.dy =
e elliptic flow strength Vv =(cos2(p~¥y))

® shape “washes out” during expansion, i.e. elliptic

flow is “self quenching”
o v, reflects early interactions and pressure gradients
Seminar, 11/28/2008 11 R. Averbeck IE =5 II
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Hadron v, and hydrodynamlcs

® observation at RHIC

e the asymmetry of the
azimuthal distribution of
hadrons w.r.t the reaction
plane is HUGE

03

S—
& PH>>X<<EN|x
> 7
0.2
0.1
0

1EL

31 77 %
s 10-31 %
¢ 0-10 %

25 3
¢|H|J-T|J|EI1E (I'E d)

1.5 2

- o the fine structure v,(p;) for

different mass hadrons is in
reasonable agreement with

ideal hydrodynamics

(PHENIX: PRL 91(2003)182301,
Huovinen et al.: PLB 503(2001)58)
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v, at RHIC and viscous hydro

Luzum & Romatschie, arXiV:0804.4015

3-d viscous hydro

e

25' T T

>

e STAR event-plane

.| 0 STAR non-flow comected (est),

v, (percent)

s
po[GeV]

® hadron species mix
calculated for
chemical freeze-out

Seminar, 11/28/2008

e careful

e deviations from chemical
freeze-out particle mix as

g
s—{).Ux

function of

=

0.5

ﬂ i i

PHEMIX

Pr .

s = 200 GaVf

E' - T

&  MinBias o i
P MinBias prp
& Aura -0
AL Z20-00%

| Au+HA G0-92%

pf=*

P, (GeVic)

e ALL comparison suggest
small viscosity

13

-> strong coupling!
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vV, scaling: what is flowing?

e scaling flow parameters by quark content

[IIII[IIII[IIII[II ]ITTIlTTIT]IITIlTTII

0.3 @ mn(PHENIX) < p (PHENIX) | 0.1+ @ (PHENIX) < p (PHENIX)
B K (PHENIX) O A (STAR) ] 1 ®mK(PHENIX) © A (STAR)
KJ (STAR) O = (STAR) ] i Ke (STAR) O = (STAR)

0.2:— baryons %o%i #) : - om °%
: éj | g o0 ﬁ# o

4 : dﬁf.a em °%

o |

- c?n mesons 1 N .
0.1+ qﬁ" - to. ~
i i O £ -::‘ i
— mT:\/pT2+m2' I |
I | ¢ PHENIX: nucl-ex/0608033

| | | | | | | | | | | | | | |
0 1 2 3 0 0.5 1 1.5 2

mt - my (GeV) (M- mgy)/n, (GeV)
- particles flow as if frozen out from a flowing

soup of constituent quarks
Seminar, 11/28/2008 14 R. Averbeck, I == 1K

v,/

!-“‘




Looking into the medium

e tomography - one way to establish properties of a system
e calibrated probe (e*, X-rays with known beam energy & direction)
e calibrated interaction (known interaction mechanism!)
e suppression/absorption pattern reveals details about the interior

e tomography at RHIC

e probe has to be “auto generated”
- initial state hard parton scattering

e good probes

e well calibrated in e m;—»
pp collisions

¢ slightly affected and ,
well understood in hadronicie——-
hadronic matter |

e strongly affected in
a partonic medium
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Probing dense matter: calibration

p+p Collision leading particle
jet

g
=
o
S5
H
&

s

quark or gluon quark or gluon
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Probing dense matter: tomography

Au+Au Collision

leading particle

jet  f
/

¥
® how to measure this?
e start with a probe unaffected by the medium!
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Direct photons at Vs,, =200 GeV

e photons from quark-gluon Compton scattering

rT'l__.-..""- .

T — PbSc direct photon p spectra
Fre, PHEENIX  ausuf - 2006ev
= PHEMIX preliminary
. ) r - - . . L | ﬂ-E'E:I"i-x o
§ Wew ¥ . SO-6I% 4%
E;Tr' '.TT'T = # EO-TI% 40T
T || * * TO-E0% =40
fﬁ;%” Mpppey | -
i
b b e b bon e b b b

7, E@ 7 PHENIX Data
> o __ NLOpQCD
.;“j' 10 E i, {by W.Vogelsang)
o - Ry CTEC 6M PDF
2 el BFGII FF
o 0 u="1/2p;,Pp. 2P
o EF B
S r -y
[ =
ﬂ_n 10 'E_ %
w F ‘E
10 = -.._:‘--. E: .
Ep4p @ | Sy = 200 GeV oy
1 e,
E ] | - [ | ] | ] |
N tﬁ
= g 1 — -
i g8
a L aH . .
0 ] 4 6 8 10 12

p![GeVic] 6 8 10 12 14 16 18 20 22 24

p;(GeVic)

e direct photons are a calibrated probe
® no strong final state interaction: as expected!

Seminar, 11/28/2008
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Hadrons () at Vsy, = 200 GeV

e pQCD in agreement with data from p+p collisions

® nuclear modification factor:
Yield in Au + Au

R. =
M Npary xYield in p+p

R 14rC e no medium effect
10F ===~ < - (“soft” region)
0.8} e Ry =1@ high p;
0.6 - R<T (“hard” region)
0.4: nsoﬂ.n o SuppreSSIOn
0.2 - e R,p <1 @ high p;
00— 2 3 4 5 6

Tranverse Momentum (GeV/c)

e limiting factor for minimum R, ,: surface emission
Seminar, 11/28/2008 19 R. Averbeck,iI= 5= 1l




High p;suppression: opaque matter
trigger particle , ® observations at RHIC

PHENIX Au+Au (central collisions):

3 m o Drey 1 e photons are not

10; 1 ° gLVpartonenergyloss (dN°/dy = 1100) suppressed
N —no strong interaction
I l % HH +f+ - —binary scaling is OK

s i """ | +H’+ """ T """"""""""""""" e hadron suppression

-t —no suppression in
- @Z%&Mﬁ%ﬁ%@%@&%%ﬁ# % % peripr?epral collisions

107 % - no dense medium
P P P P Y A B —HUGE suppression in

0T A T e e 0 2 s e 18 20 e
p; (GeVic) central collisions

e azimuthal correlation
function

—complete absence of
"away side" jet
- absorption in medium

e (systematic studies of

medium response)
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Heavy-quark production

e heavy quarks (cc, bb) from hadronic collisions

e hard process (m, >> Aqcp)

— at leading order (LO): P g ey meson
— quark-antiquark annihilation -
— gluon fusion

— higher order processes g
important towards large s

® generic hard-probe study

e calibrate heavy flavor production in pp collisions

e probe the medium
— interaction with medium = energy loss, flow?

e formation of bound states: quarkonia (J/y, Y)
->complementary to other hard probes

Ol

o WA

P
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Charm measurements at RHIC

e ideal (but very challenging in HI environment)

vt | eeasier once displaced decay d

re3ceVe | yartices can be resolved D
Mm (~100 pm) e el
PRL 94, 062301 (2005) s

1.8 1.9
M, (Kx) (GeV/c?)

S | aanencey odirect reconstruction of charm K+
E 3t (@) decays (eg D — K* TC') f
: #" | «STAR (for p; < 3 GeV/c) 7 S

——'* e alternative (but indirect,

— P — and still challenging)
e contribution of semileptonic

BR D° --> Kn (3.85 % 0.10) %

decays to lepton spectra
BRD --> e+X 17.2 (6.7) %
BR D --> p +X 17.2 (6.6) % e PHENIX & STAR
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e* from heavy flavor in p+p (Vs=200 GeV)

10 gy eeeereeererergq. @ MON=PhOtONIC €* from
q:-um'?? p+p — (e” +€)/2 + X ats=200 GeV (a) C 9 ei and b 9 ei
3R
g" + PHENIX data e compare with FONLL
o 10° ,_ FONLL(total) ]
%' SN —— FONLL(c > ¢ — Fixed Order Next-to-
B\, FONLL(o— ¢ Leading Log pQCD
u 10° - : .'-, FONLL(b—Cc —€) (M. Cacciari,gP. Nas?n,lp?. Vogt
b N, PRL95,122001 (2005))
i N —data~2 x FONLL
- : —seen also in charm yields at
10° T~ ~
= PH ENIX ~ » DESY (photoproduction)
i PRL 97, 252002 (20|06h)-“r B » FNAL (hadroproduction)
325 | (b): — consistent within
%1}; %M . 5 ¢ % E large uncertainties
a 1= - -
fp.__—————————3 o pottom becomes
0 1 2 3 4 5 E- 7 8 9a l-:1['.| = tant at hi h '
e total cross section *" Impor gn py

e o= 567 * 57(stat) * 224(sys) ub
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Separating c2>e from b—>e

e electron-hadron correlations ee-h charge correlation & m;,,
e charm and bottom are different p*p \s=200GeV  e-K(NO PID) reconstruction

w =
Q electron P, 2~3Gevic hadron P, 0.4~5Gevic
E - data (RUNE)
E EI.CI'1_ K - e Glikatian {eharm)
] - . S — simulation bottom]
; 0.008— _' [ 1 simulation bb+c)=0.26 (best i)
é C .'__. ———
/ £ 00061 + PH: ENIX
iy - Preliminary
v =0004— 3 5 L E
.:.43 - i B
o L 4 E
aﬂ 0.002— .7
5§ C i
/ _{ ;o I "{‘_’"1'}_"]'“4-#-1-
2 0.002L%
0.002 o5

ee-h, e-DO

azimuthal angle correlation

heavy quark éc | 2.5 < P_(trig) < 3.5 GeVic, P (asso) > 0.3 GeVic | §ﬂ 025: @ pop 200 GeV, p* = 3 GeVie
pmducfmn ."ac rf' ; L — PYTHIA, uhnrlL+hea||ly (fit) (a)
2 02— wun @ charm+beauty
g STAR Preliminary I ndf 53.21/ 61 3 0.02- MC@NLO, charm+beauty (fit)
; 0.25 B/(B+D) 0.3251+ 0.0518 I o
- E - STAR Preliminary
= S0015-
X i ] 1 et 0.01_
‘I' . U.DOSj - 3 T
0 1 PR 4 L é L ; ;
Aj(ejD’) [rad]
Essentially Charm + Bottom
from B decay decay
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B contribution to e* spectra
e consistent with FONLL

e large uncertainties (experiment & theory)
- need better data to disentangle contributions

—

B/(B+D

Seminar, 11/28/2008

14

1.2

0.2

-
I

0.8F
0.6

0.4F

~ @ oD’ (PYTHIA fif)

- ¥ e-D' (MC@NLO fit)
~ @ e-h, RunS (PYTHIA fit)

_ A e-h, Run6 (PYTHIA fit)
— @ PHENIX e-h, Run5+6 (PYTHIA fit), prel.

dﬂ RS

p+p @\s = 200 GeV
| | | | | | |

FONLL

0 ¢

STAR preliminary

6

25

8 10
P, (GeVic)
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Problng the medlum in Aut+Au

PRL 98, 172301 (2007)

g v LA A R Yield in Au + Au
> » | o 25F =
(1] ol e E [] AA . .
o a E
& 10 S8 % Npinary X Yield in p+p
Zs 1 58 4 A =)
-u% 10—1 £ 30-5?_/ g _| T T T | T L L L | I I T T | T T T L | L I I I | T T T T | 1 L i i I T T T |_
—|310-z Lo J o2 V4| AusAu @ \[syy = 200 GeV — ~
o . i p, [GeV/c] - : _
10 1.2 || 1
10™ i* o
10° 1EHT= o
10° il "
107 0.8 + -
10° - + E .
10° osf o 5 :
O 3 B L] — ]
1 0—1 0 : Min-Bias x 10 _ - u ; @ ]
0-10% x 107 04— - -
10™M ® 0 20%x 10 - ® gt - p = 0.3 GeV/e — L) i
A 20-40% x 10° - - ] B . 1 - 7]
10-12 ¥ 40-80% = 107" PH:>('E Ix u 2 _O 1= p_l_ > 3 0 GE‘VJ"C V—' . —
O 80-92%x 107 e B =
1025 & o s AusAu @ \B[- = 200 GeV - = 7°ip, >4.0GeVic PH ENIX PRL 98, 172301 (2007) -
g o b b v bedes b Lol o 1 Ll 0 I e e b by by by e by
10 0 1 2 3 4 5 6 7 8 9 0 50 100 150 200 250 300 350
P, [GeV/c] part

e binary scaling of total e* yield from heavy-flavor decays

e high p; e* suppression increasing with centrality
o footprint of medium effects; similar to =° (a big surprise)
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Nuclear modification factor R,,

e heavy flavor compared with light hadrons

2 T LI I I B B B I O A
0:5 18 :_____RAA: 0-10 % Poin't-by-point error B
- Au+Au @2\ sNI\_I =200 GeV [ Scaling .errolr ]
1.6 - - Uncertainty in T, _
~1IPRL 98, 172301 (2007) ]
1.4 - A n° without scaling error B
T B 1 without scaling error
1.2 } @® e from heavy flavor {
1— ]
0.8/~ ]
0.6- : .
0.4F 4
- TN j A A
02l by TENIX Fh
_ 111 ‘ L L1 I | I I L1 11 I | I | I | I I
% 1 2 3 4 5 & 7

8 9
P, [GeVic]

e bottom contribution at high p;?
e is bottom suppressed?!
e needed: R,, of identified charm
and bottom hadrons
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| Wicks et al.: NPA 784(2007)426
oaE - I- ..I"'.\_ .\'-L_.. -
ol . - .
o4 ]
02 -
opl—t . 1 . I | L.l

1] r' 4 4 -1 a8 1|JI‘I= 14 18 18 20
B, (GeV)

e careful:
— kinematics: p;(e*) < p;(D)
e intermediate p;

—indication for quark mass
hierarchy as expected for

radiative energy loss
(Dokshitzer and Kharzeev,
PLB 519(2001)199)

e highest p;
— Rpa(€*) ~ Rpa(m%) ~ Rpa(n)
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Energy-loss mechanism?

. . 1.0 — Wicks et al., NPA 784(2007)426
e e*R,,: testing ground for various _ o STAR n o000 |
parton energy loss (AE) models |

e radiative AE only
— Djordjevic et al., PLB 632(2006)81
— Armesto et al., PLB 637(2006)362)

->would need a very large colour opacity
with static scattering centers

0.6

Electron R, (p,)

0.4

e collisional AE included 02
— Wicks et al., NPA 784(2007)426 |
— van Hees & Rapp, PRC 73(2006)034913 %%

P, (GeV)

->reduces R,, significantly, but the

: "7 ' Adil & Vitev, PLB 649(2007)139
challenge persists oraarets | F3 05(e"12), QP dsociaton=23| |
e alternative approaches I s oo | ]
e collisional dissociation of = ]
heavy mesons (charm and bottom!) ook h.‘ 1
— Adil & Vitev, PLB 649(2007)139 T %@ﬂ 114

e contribution from baryon T R .
enhancement 02 L +T -

— Sorensen & Dong, PRC 74(2006)024902 e + L

— Martinez, Gadrat, Crochet, PLB 663(2008)55 e W By & I
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Does charm flow?

e non-zero elliptic flow strength v, of e*
- charm flows! (what about bottom?)

>N 0_25 7| LI I TTTT | TT 1T | TTTT T T LI L LI L T T T TT |H
5 S .
T PH “ENIX E
m" I PRELIMINARY ]
_% 0.15— —
T - i
> u ]
o 01— { -]
= - id t § { ]
0.05— i e ! —
— $ ¢ ]
o L% .
B ) N
-0.05— minimum-bias _:
- Au+Au /snn = 200 GeV ]
_0 _I 1 1 1 | 11 11 | 1 1 1 1 | 1 1 1 1 | 1 111 | 1 111 | 1 111 | 1 111 | 1 1 11 | 1 11 I_

v 05 1 15 2 25 3 35 4 45

el 4

P, [GeVic

® heavy quark propagation through the medium
-> strong coupling!
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Viscosity / entropy den3|ty nls

e transport models

< _ T T T ]
< - -
e Rapp & van Hees (prc 71, 034907 (2005)) T ‘-6§ (a) pigeenal - —— Amestoetal. () E
— diffusion coefficient e o vanteesetalh
okt Ty 00 e 3/(2rT) Moore & _
— Dyox2nT ~ 4-6 - R { 12/(2nT) Teaney (lll) .‘
1=
e Moore & Teaney (prc 71, 064904 (2005)) oot E
— relation between diffusion osf * E
coefficient and viscosity a5 N .
— DHQI (nl(8+P)) ~6 0.2;— AusAu @ \F= = 200 G;’ """""""" 3 ..... 5; ....... * ___________ —:
w 0.2 H———H A } | } } :::
o at Ug = 0:c+P=Ts = W " =] 7% Ran. P, > 4 GeVic| ]
015 mini w 7%v,p >2GeVic |
> nls = (1.3-2.0)/4x ; gt E
01— —]
[ nj - -
e close to co j_ectured lower N ~—
quantum limit of 1/4~n . PH-<ENIX -
(n/s = 9/4x for He at A point) ofeet™ PRL 98, 172301 (2007)
e consistent with other estimates o T feevi

of n/s based on flow and fluctuation
measurements for light hadrons

e medium produced at RHIC = nearly perfect fluid
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Closed heavy flavor (quarkonia)

e 1986: Matsui & Satz predict an
"unambiguous" signature of QGP

e color screening in the QGP
- disappearance of quarkonia above certain
temperature energy density thresholds

e quarkonia —~ medium thermometer
e extensive measurements at CERN-SPS
e examples for theoretical dissociation temperatures

Color Screening

state J/y Xe 4 T Xb Y X T
E; [GeV] 0.64 0.20 0.005 1.10 0.67 0.54 0.31 0.20
il L, [.1 0.74 0.1-0.2 2.31 13 [.1 0.83 0.75

T./T. ~ 1.42 ~ 1.05 unbound || ~3.3 | ~1.22 | ~1.18 - -
/T 1.78-192 | 1.14-1.15 | 1.11-1.12 || 244 | 1.60-1.65 | 14-15 | ~1.2 | ~ 1.2

e different choices of effective T dependent potentials
— free energy: S. Digal et al. Phys. Rev. D64 (2001) 094015
— linear comb. of free energy & internal energy: C.Y. Wong hep-ph/0509088
— internal energy: W.M. Alberico et al. Phys. Rev. D72 (2005) 114011
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The story is more complex

- Slide from Mike Leitch !

Data — SPS, PHENIX,
STAR, LHC...
Need high statistical
& systematic accuracy

By
-\

i-h
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J/v at RHIC (Au+Au @ sy, = 200 GeV)

¢ PHENIX measures Jiy g Nuclear modification factor _
prOd UCtlon at RH IC 2 PHENIX, Au+Au, |y|<0.35, = 12% syst
o Jly > e*e at|y|<0.35 A e e e oyt
° J/\V 9 M+M- at 12<|y|<22 0.8 O NA38, S+U, 0<y<1, + 11% syst.

e mid rapidity R, ,,, l0Oks
surprisingly similar to
Rpppp at SPS 0.4

0.6

N b
e although the systems are i
very different: 0.2~
® d!fferent energy denSities at a [; ::rE:ill):l:tizsIc_)fgg(l’zg(ga)tz??osrcompaT'in@QI|VI'06
given Npart % 50 100 150 200 250 300 350 400
o different cold nuclear matter N

effects (xBjorkem o.abs’ )
e different overall charm yield

Rauau (Y=0 @ RHIC) = Rppp, (@ SPS)

Seminar, 11/28/2008 33 R. Averbeck,lIE == I




J/v at RHIC (Au+Au @ Vs, = 200 GeV)

® J/\|] suppressmn at RHIC o T Nuclear modification factor
e mid versus forward rapidity

-> more suppression
at forward rapidity! 0.8

e but:
energy density should be 0.6
LOWER at forward rapidity

# PHENIX, Au+Au, |y|e[1.2,2.2], = 7% syst.
O PHENIX, Au+Au, |y|<0.35,+ 12% syst

Ezg 'I.‘_| T T ‘ 04_
T B syst =+ 14%
ks 1 E fffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff —
[v'4 =
u.s:— —: 0.2
- i $ 60% -
-] Py U P -
| § _: %III||IIII|IIII|IIII|IIII|IIII|IIII|IIII
RAA(y~1 7) - 50 100 150 200 250 300 350N 400
[ | part
Raaly~0)
———00" '
umber of participan

AuAu (y~1 7) < RAuAu (y~0) @ RHIC
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Forward rapidity "puzzie"”

at RHIC, more suppression
at forward rapidity !

e two possible explanations

e hot medium related

e (re)generation of J/y
from charm (anti)quarks
in a deconfined medium

— statistical hadronization
— coalescence
— regeneration

e cold matter related

e mMmodification of initial
parton distribution
functions in cold
nuclear matter

— (anti)shadowing
— saturation

Seminar, 11/28/2008
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® many approaches

e P. Braun-Munzinger, > 08p—
J. Stachel: PLB 490(2000)196 =g ;

e R.Thews et al.: PRC 63(2001)054905 ® 07

e L. Grandchamp et al.: PRL 92(2004)212301 0.6 F

o E. Bratkovskaya et al.: PRC 69(2004)054903 0.5EF

e L.Yanetal.: PRL 97(2006)232301 oz 3

e A. Andronic et al.: NPA 789(2007)334 T

e A. Capella et al.: arXiv:0712.4331

e O. Linnyk et al.: arXiv:0801.4282 02F

e and many others 0.1 ]

e all explain

o Raa(y=0) > Rpa(y=1.7)
e more c quarks to
recombine at y=0

e all need reliable
open charm input
for quantitative
constraints!

J/y (re)generation

® one example

Au+Au 0-20% (N —280}

0.3 — S

0:..I....I....I....I....I..:'..I....I....I....I....I..:

" ™
AU+AU 20-40 /o (N = I40)

g
(&)

100 x dN,,, /dy
r
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Initial PDF in nuclel

e saturation could e gluon shadowing or
suppress forward antishadowing will
Jly in Au+Au affect Jly R,, , too

:é 50 . K.L. Tuchin: J.Phys.G 30(2004)S1167 i3 K Eskola et aI NPA 696(2001)729

45 — open charm yield 2 il iC | e

T 40 5 in Au+Au @ 200 GeV , - 2

o 35 g

;‘ 30 E_ S & LI femweds su v sngon o6 s snmagpen Ll 3 ) 5 ey ..

5§ 25 - é SZ4. N\

a 20 = - iy Shadowmg—

B 15 £ é Q’=225GeV: -

9 10 S : P E

g = = pul &

;I g gl [ ‘ L1l | T ‘ L1l ‘ L 111 | I . ‘ Ll ‘ L 11| = 10-1 1

’3 0 50 100 150 200 250 300 350 400 X

Npart

precise p(d)+A data are necessary to calibrate
cold nuclear matter effects
e are the existing d+Au data from RHIC good enough?
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CNM effects in Au+Au

e propagate measured R,,, to Au+Au in a Glauber model
e completely data driven = no model dependence

——m——  PHENIX AutAu Data |yl<0.35 (syst +12%)

RAA

08
0.6
0.4

- Midrapidity

0.2

Data Driven Projection of Cold Muclear Matter Effect

Survival = 55 *23 .2 %

b b b by [ [
q:l 50 100 150 200 250

e uncertainties are huge

300 350 400
Number of Participants Au+Au

<< u

o

R. Granier de Cassagnac: QM'06; PHENIX: PRC 77(2008)024912

1

0.8

0.6
04

0.2~

Folrwarld ralpiditly

——e—— PHENDXCAusAu Data 12<ly|<22 (syst , +7%)

Data Driven Projection of Cold Nuclear Matter Effect

Survival = 38 *18__, %

t
by

%

50

200 250 300 350 400
Number of Panticipants Au+Au

100 150

e RHIC Run-8: increase d+Au statistics by factor ~30
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J/v flow as a new smoking gun?

e charm flows!
e J/y v, measurement -> a smoking gun for recombination
® no decisive data from RHIC yet

Nufs UL L L LI LI L LI L T+ 11 L
- . Coal hee I I _I_ I I I I .
- Ial'll :::zi;::t rf;I:-IEIEI[BFEII_EEIIEEEIE e « Initially produced J/y (PRL97:232301)
02— in fireball (PRL97:232301) —
n + initial mix (Zhao, Rapp priv. commi} R
| il )| _
04— —
TR SR -
- | .
0.1 —
r i . Jiy Au+Au 200 GeV [20-60%]]
02l PHENIX preliminary
“C 73 lyl<0.35 422% Run-7 a
" Global Relative Syst, + 3% @ lvie[1.2,22] online filtered
-0 '_l Ll _1 I. Ll L L Ll Ll I. -I- L L_L I L1l I. L1l I. L1 I L1l I Ll I L1 ]
Jo 0.5 1 15 2 2.5 3 3.5 4 4.5 5
P, (GeV/c)
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Approaching a “Holy Grail”

e thermal radiation with T>>T. would prove beyond any
doubt the presence of a "quark-gluon™ black body

e competition with photon emission from
e hadron gas
e initial pQCD processes (direct vy)

Turbide, Rapp, Gale: PRC69(2004)014903

R Central Au+Au (s'“=200AGeV) 1 ® promising window
% o <N,,>=800 1<pr<3GeVic

| e 1
O, . voss | ® “real” photons

1 1 .
o e signal/background currently
o 0 too small for significant
-
= 10"} measurement
© S :
. QGP (T-370MeV) e “virtual” photons?

10°® T = initial p(llGD (pp)
sum
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m *
e’e” at low mass and high p+: vy
® any process radiating y will also radiate y*
e m<<p;: y*is “almost real” - line shape given by QED!

. . ) . Vg _ 7/* _ 7/*
o dlrect Y In y* _) e+e ? then. i - *dlrect < 7/direct - *dlrect '7inclusive
7/inclusive 7/inclusive inclusive
hl: 1 arXiv:0804.4168v1
4 (a) p+p ; z E:z é ggg _2 (b) Au+Au (Min Bias)
10 3<p;<4GeV 10

4<p;<5GeV

—
=)
s

small T

excess

dN/dm,_. . (c¥GeV) in PHENIX acceptance
dN/dm,_, . (c¥GeV) in PHENIX acceptance

Bl 1arge excess
at all p;

—
=
-
—
=
o

consistent
i leleled)

10°E 10

IIII|IIII|IIII|IIII|IIII|IIII 10.7IIII|IIII|IIII|IIII|IIII|IIII
q Y 0 005 01 015 02 025 0.3 0 005 01 015 02 025 0.3
m,... (GeV/c?) m,.,. (GeV/c?)
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Thermal radiation at RHIC

O T B
o % 2w 22

—

Ed®N/dp*(GeV2c?) or Ed’o/dp* (mb GeV2c?)
s 5 3 3 3 3

—
<
~J

AuAu MB x10¢

AuAu 0-20% x10?
AuAu 20-40% x10

p+p

= arXiv:0804.4168v1

1 2 3 4 5 6
P, (GeVic)

4 from data:
from models: T,

e slope analysis of data:
e pQCD + exp. .
Pr p 2
1+L]
b

Ae T +B-N
¢ fix B, b, and n from p+p
e Au+Au (min. bias)
— T = 224+16(stat)+=18(sys)
e initial temperatures and
times from theoretical

model fits to data:
e 0.15 fm/c, 590 MeV (d’Enterria et al.)

coll

e 0.2 fm/c, 450-660MeV (Srivastava et al.
e 0.5 fm/c, 300 MeV
e 0.17 fm/c, 580 MeV
¢ 0.33 fm/c, 370 MeV

(Alam et al.)
(Rasanen et al.)
(Turbide et al.)

T..> 220 MeV > T,
=300 to 600 MeV

1, = 0.15 to 0.5 fm/c
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Summary

Hl collisions at RHIC
-> production of a
strongly interacting
i S— | Quark-Gluon
The medium is - Plasma (SQGP)

strongly coupled

PHENIX AutAu {cantral collisions): AusAu @S = 200 GeV, 0-10% Centrality | — “weteersr

4—PHENI)( PRELIMINARY [ ety Ty

T T
120 AA[ PHENIX Jhy - Preliminary i

uuuuuuu

by

“-m@mww* # ﬁ o AR

10’ \ 02l

R PSP PR B FURR T DU bt TR 0.0_0 L L L

0 2 4 6 8 10 12 14 186 pT:gchi;D D D5 1 15 2 25 3 35 ;,[éfwc? 10 10 10 10 NCD“
The medium is dense The medium may melt

but regenerate J/y's
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[ 2.5-4 GeVic «2- 3 GeVlc, All Charge |

= 0.07 o Centalty. 0-10%

S 0.06 B Centrality: 30 - 40% «0.33

e PHENIX preliminary
1 0 1 2 3 4

The mediuniid
modifies jets

10
wfa__'“ Tdirecs AU+AU (0-20%)
3 . CI LR S,
g 1
=
9 g
) 10-1
=
£ ; -
= M PHENIX Preliminary
H 10°
ad
>~

o a
S %

3

10°
0D 05 1 15 2 25 3 35 4 45 5

pr{Gevic)

The medium is hot
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