heavy ion collisions and hydrodynamics

for T > 200 MeV in 2-flavor QGP n,,,, > 4/fm> and with typical perturbative

cross sections A < 0.8 fm
rescattering between particles formed in primary collisions may lead to
local thermal equilibrium rapidly
treat system as particle fluid using language and tools of hydrodynamics

0, TWW=0 9,j =0 with energy-mom tensor THV and 4-current of cons. charge j
u w

for ideal fluid: TWW=(e+p)u u “pg and = nuM

€: energy density p: pressure uM: flow 4 velocity
generally all fields functions of x

generally only EoS and initial condition needed to calculate evolution
EoS: p=p(e,ny, ..., n,) connection pressure — densities
initial cond.: in 1deal fluid expansion isentropic, final state multiplicity gives

initial entropy, pick volume — system completely determin
==
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Azimuthal Anisotropy Parameter v,

’’’’’

Coordinate apace: Collective interaction
initial asymmetry Pressure

Fourier decomposition of momentum distributions rel to reaction plane:

dN , uadrupole component v

y = N, |1+ 2vi(y,pt)cos(lc/)) 1 “p o romp L7

p.dydd¢ — elliptic flow
c=u [

, TECHNISCHE
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elliptic flow for different particle species and p;

vy = (cos(2¢)) where angle ¢ is relativ to reaction plane

0.12 B ' | ' [ ' | ' [ ' | ' [ '.' ‘,I'
" 1(a) 200 GeV Au + Au :

i (minimum bias) R .

01 |- ",' '.0 ™ '.' s

[ STAR Data T ¢

1100 (6)130 GeV Au+ Au-

(minimum bias)

B ;@ + STAR TC+ T TC_/ 4 s QGP
i :N == My E0s hadron gas
— hydro EOS H

0.8 1

0 0.2

04 06

Transverse momentum p; (GeVi/c)
data: STAR PRL92 (2004) 052302

075
p, (GeV)

and PRL 87 (2001) 182301
hydro: P. Huovinen et al. PL B503 (2001) 58
and priv. comm.

well described by hydrodynamics
sensitivity to EOS
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valence quark scaling of elliptic flow

AutAu; sy = 200 GeV; Mid-rapidity recombination of quarks:
a . o =, | original idea:
015 N=2 o mHT N=3 oP*P* | Das & Hwa 1977
n K+K™ * o A+A Y| recent connection to data:
N S. Voloshin 2003
EN 01— Fries, Miiller, Nonaka,
> - *i + + | + 4 Bass 2003
)05 w@- 4 * coalescence model works
' 0 for p,>2-3 GeV/c
N3 " STAR
o “PHENX
0 1 2 3

Transverse Momentum p;/n (GeV/c)

ECHNISCHE
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typical data: p, spectra and elliptic flow
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| 1 _| [ e =, t .
[ o i op T 0L
Vo 0.1F = P
10 = = 10'L
- . E y 0 ; y~1
0.05- ® 200GeV AL+AU (0-50%) _ W'l m_f_
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TR N A e M
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. Temp = 0.137 + 0.009
=, 0=0.114£0.334

10k
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/10‘:— 10"5— gt
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inv. slope constant grows with :
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fireball (Hubble expansion) R. Debbe. BRAHMS. Proc.

ICPAQGP 2005, Kolkata ——
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particular scaling of hydrodynamics with mass —

observed in hvdrodynamic models as well as data

P. Huovinen, P.F. Kolb .. Phys. Lett. B503:58 (2001)

o F ol o  Au. Au hyc}ro "scahng realized:
C & Csorgo et al., PRC67
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ideal hydrodynamics describes spectra and elliptic flow

proton pion

different hydrodyn. models:

8 1 = [ p PHENIX sqrt(s)=200, minBias 8 1 F ° pi PHENIX sgrt(s)=200, minBias 4
O 0.9F & pSTARsqi(s)=130, minBias ) O 0.9F &  piSTARsqr(s)=130, minBias
o 0 85 p QGP EOS+RQMD, Teaney et al. / o 0 85 pi QGP EOS+RQMD, Teaney et al. Teaney (W/ & W/ 0 RQM D )
YL ——— pQGP EOS +PCE, Hirano et al. "Y'E ——— piQGP EOS +PCE, Hirano et al. .
0.7: . p QGP EOS +PCE, Kolb et al. 0.7F . pi QGP EOS +PCE, Kolb et al. leano (3d)
o p QGP EOS, Huovinen et al. L] o pi QGP EOQS, Huovinen et al.
0.6 ; -------- p RG+mixed EOS, Teaney et al. 0.6 ; -------- pi RG+mixed EQS, Teaney et al. ® KOlb
0.5 [ esseeses pRGEOS, Huovinenetal. e 0.5 E swswvses piRG EOS, Huovinenetal. 7~ @ . .
04 04s v < Huovinen (w/& w/oQGP)
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ke B - (pbar/0.75) QGP ECS +PCE, Kolb et al. ke 1 0 = n + , Hirano et al.
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E0E— Cri e I R ewpe e about 2 GeV/e
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100

3 flavour
2+1 flavour —

2 flavour
plre pauge

|

T [MeV]

200

300 400 500 600

1.0

0.8+

06 ¢

0.4 ¢

0:2 ¢

0.0

T > (2-3)T¢: deviations from ideal gas

understood in terms of non-perturbative
(ordinary) QCD contributions

PPse

3 flavour
2 flavour
2+ flavour
pUre galige

10 TI.S zl_n 2!5 aju 315 4.0
FK, E. Laermann and A. Peikert, Phys. Lett. B478 (2000) 447.
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Deviation from ideal gas (pure gauge)
— suggests strong interactions —

evidence for significant deviations from ideal gas behavior;

at leastuptoT ~ (2 — 3) T,; i.e. in the regime accessible to RHIC
3.0 T T T

I. ) ) {252) II—EI—|
o= £ - Sp}."ﬁ {1;{2} —tm—i
25 | g axt) e

20 %
15 F

1.0 |

05 F

0.0 §

T/T,

_{}_5 L [ 1 [ L [ [ L
1 1.5 2 25 3 35 4 45 5

colored bound states above T, ?7?
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 success of hydrodynamic description — short mfp
» from lattice: QGP is strongly coupled near T,

» but: ideal liquid interpretation is a guess

* no computation of viscosity from LQCD yet

° no computation of viscosity in hadron gas

» no systematic study of viscous hydrodynamics for RHIC
data

many open questions

ECHNISCHE

- NIVERSITAT
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» suppression of high p; particles in AA relative to pp collisions

» disappearance of jet-like correlations
» connected to large gluon density in hot (QGP) fireball

ECHNISCHE

. ', UNIVERSITAT
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Jets of hard partons as probe of the hot medium

m—:«//
\ /=

7

However, the scattered partons may loose energy
(~ several GeV/fm) in the colored medium

Peter Braun-Munzinger
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The nuclear thickness function and Ry 5

From pp to AA collisions

all valid for hard scatlering only

start with normalized nuclear density, p(b, z)

f olb, )dsdb- 2mb = A 8
b R

R =1y A¥? 2

ECHNISCHE

. ', UNIVERSITAT
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Thickness function continued

Thickness Tunction:

o DA collisions:

ni= [ ot

— 0

with [ d%T4(b) = [;° 2rbdbT4(b) = A

. A
Note: oy - T4b) = <Nfgu(b)>

_3 4

sharp spheres: T'4(0) = T
A

Peter Braun-Munzinger



Thickness function continued

e AB collisions:

7450 - / by 2,5 - 5 — BT (b Tl

with [ d%T(b)=A- B

ox - Tapld) = (NAE(®)

- gl
sharp spheres: T4p(0) = )

G0 TECHNISCHE

NI‘.!'ER ITAT
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Thickness function continued

Implications:

A*bT 45(b)

Ab="b — b)) =
dy( o — b ”

d.r;rAB d.r;rNN /bn
b

1

for minimum bias (b = |0, R4 + Rg|):

d{jAB d{]'NN

— . ACB
dy dy

also:

ANAB  GNNN o 20T p(d
= ' T inelasti
dy dy inelastic” ?T(b% . b%)

TECHNISCHE

UNIVERSITAT
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Thickness function continued

The R 4 4 Tunction;
{2yAA
3
Raalt) = NAA;?.[{ iﬂ
colf dpfdy
if hard scatfering only:
Ryqd) =1

Peter Braun-Munzinger



Qualitative expectations

RAA1 A4 i
1.2F
p====2 ' no medium effects:
08 "hard" R, < 1 in regime of soft physics
06 RAA< 1 R,, =1 at high-p,. where hard
04 scattering dominates
. n ft" .
- SO Suppression:
021 R,, << | at high-p,
0'0 | l | l | J

0 1 2 3 4 5 6
Tranverse Momentum (GeV/c)
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spectra suppressed at high p, in AuAu relative to pp

proton data scaled to AuAu with appropriate number of binary collisions

q,.._ 10° - e pp— X @ 200 GeV (N,_[80-92%] scaled) w.--. : e pp—o X @200 GeV (N,,[0-10%)] scaled)
..9_ = w ¥ AuAu-> X @ 200 GeV [80-92%] 0 10 3 ¥ AuAu - X @ 200 GeV [0-10%]
> 10‘ ;_ \ mNLO pQCD, EKS nPDF, Q = p; [I.Sarcevic et al.] % 1 ;_ m NLO pQCD, EKS nPDF, Q; = p; [l.Sarcevic et al.]
Q = g
© 103 S 101
F 10 g 102
o 107: 2 107}
3, 5 T
Z 10 3 NZ 10 3
© 107; S 10°k
d 10°; 2 10°
& 10°; N, 107F
=101°C < 10°F
EIII|III|III|III|III|III|III|II| —III|III|III|III|III|III|III|III
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
p; (GeVic) Py (GeVic)

o~
PH-SENIX PRL 91 (2003) 072305 and 241803

ECHNISCHE
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high p, suppression seen by all experiments

Ra=yield(AuAu)/N,  yield(pp)

< o [AutAu S W @ sy = 200 GeV ]
Y 1.4 Tl ‘4 STAR (0-5%)
@ PHENIX (0-10%)
1.2 = PHOBOS (0-6%)
v BRAHMS (0-10%)
o
D. d’Enterria
0.8

0.6
0.4

0.2 + ..... % ++¢+ .........

0 | | | | | | | | | | | | | | | | |

] |
0 2 4 6 8 10
p (GeV/c)

* all expts. see large
suppression in AuAu

#* 110 lower than h*

* no suppression in dAu
rather

Cronin enhancement
— medium effect, not
incoming partons

- reasonable agreement
between 4 experiments

s TECHNISCHE

Peter Braun-Munzinger
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Suppression predicted due to energy loss

of partons in hot matter ‘jet quenching”

H. Baier, Y.L. Dokshitzer, A.H. Mueller, <
S. Peigne, D. Schiff, Nucl. Phys. B483 =
(1997) 291 and 484 (1997) 265

energy loss of high energy parton
traversing color charged medium ->
medium induced gluon radiation

in high energy limit

AE = o, W2L2/A (1 + O(1/N))

implemented in models in different ways:

high initial densities dN,/dy=1100 (Vitev/Gyulassy) 00

large opacities <n> = L/A = 3-4 (Levai et al.)

transport coefficients qy,=3.5 GeV/fm? (BDMPS, Arleo)

plasma temperature T = 400 MeV (G. Moore)
medium induced ratiative energy loss

dE/dx(expanding)=0.25 GeV/fm or dE/dx(static source)=14 GeV/fm (S.N.Wang)
ESsIL

a 1.5

0.5

Levai
(no dE/dx)

Vitev
with dE/dx)

(with dE/dx)

L a *
g (with dE/gx)

2 4 6

Peter Braun-Munzinger
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p (GeV/c)
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suppression of hadron yields at high p;

| . 1 ' 1 : |
i i Binary scaling Au+Au
0.8 '_ ® PHENIX 10% central &’ to p+p baseline_- AuAu Compared to pp Scaled
5 T —— Theory, GLV e-loss - dN%/dy=1150 . . : e
£ 06f 1 with number of binary collisions
o 0.4 % .
Pas s b
0.2F * .
0 - —
| 1 | |
[ e 81 AuAu central collisions compared to
ogl ™ SmRmsnenaiopeneal ] peripheral collisions scaled with
5 i = Theory, GLV e-loss - dN“/dy=1150 i . ..
3065 41 number of binary collisions
Neha|
04 M=, o
B m
of e et - .
N | in central collisions hadron yields suppressed
2 4 6 8 10 12

p, [Gev] | | indicative of jet quenching due to parton
energy loss due to high gluon density
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suppression pattern depends on hadronic species

=1 2
X | STAR u
2 | Preliminary ® Authu, 0-5% central observed early on: protons exceed
I @‘H A AutAu, 40-60% central .
6l 4 - oo number of pions at 2 GeV/c
e
] general feature for all baryons?
1.2 +
o FTT
- ,4@** + i + very cleanly shown recently for

0.8 > ae ++ A as compared to KO,

i W &:i Jr while pp shows normal
rig %%? I fragmentation

e e e coalescence of valence quarks? 3:2
E Duke model...
T T e e
PRL 92, 052302 (2004) pr (GeVic)
J.Phys. Gi30, 963 (2004) E—

. =S I UNIVERSITAT
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0.2

Azimuthal correlations of high p, particles

s d+Au FTPC-Au 0-20%
A d+Au min. bias

— pt+p min. bias
*  Au+Au cantral

T Ao (radians)

trigger particle: 4-6 GeV/c
correlated with all others
with p=2-4 GeV/c

STAR: PRL 91 (2003) 072304

ECHNISCHE
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away-side associated hadrons at lower p;

STAR 200 GeV nucl-ex/0501016 Vs=17.2GeV  CERESINA4SPRLS2G0041032301
‘_lll-'ﬁ _II|IIII|IIII|IIII|IIII|IIII|III_
2-(a) [015<p<doevie| T - T 009 p> 1.2 GeVi/c (a)_
< | )
3 0.08
E
Z
% 035
E‘D
T 037
0.25_|||||||||||||||||||||||||||||||_
-1 0 1 2 3 4
Ao (rad)
shape of away side peak

changes (broadens)
4 < p(trig.) < 6 GeVic momenta reduced

) IE=I § v
Peter Braun-Munzinger RMSTADT




mean p, in cone opposite to leading trigger particle

1.3:|_|| I 1 I I I

— inclusive

<p;> (GeVic)

0.5C / STAR nucl-ex/0504011

1_2:_ A4 JAD-TT] < 2.14_5

D4Z| 1] — o]
0 200 400 600

dN_, /dn

\/SNN= 200 GeV
Au+Au results:

for central collisions
mean p, on opposite side

looks nearly thermalized

Assoc. particles:
0.15 < p; <4 GeV
S

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

opening angle correlations between high p, particles

Aut+Au \[syy = 200 GeV; 1<p>_

<2.5<p;, . <4 GeV/c

(a) 0-5%
PHENIX PRELIMINARY

04 LT VN mPREER T

(b) 5-10%

00.51152253)
A ¢ (rad)

0.5

1 15 2 25 3
A ¢ (rad)

when asking for softer
particle opposite hard trigger
particle: dip (2 6) at A =T
except for most peripheral
bin

N.N.Ajitanand, Proc.
Int. Conf. Phys. &
Astrophys. of QGP,
Kolkata Feb. 2005
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Peter Braun-Munzinger

| UNIVERSITAT
ARMSTADT




Mach cone due to sonic boom from quenched jets?

original idea:
Stocker/Greiner 1976
for nuclear reactions;
Stocker 2004

60° cone for jets in QGP

if this can be established
far reaching consequences:

sensitivity to speed of
sound and EOS

experimental challenge:
can one see cone 1n 2d?
rel to reaction plane?

Peter Braun-Mu

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

0.4

J.Casalderrey-Solana,E. Shuryak, D. Teaney,hep-ph/0411315

Au+Au Sy = 200 GeV; 1<py,, <2.5<p7, <4 GeVic

(@) 0-5%

PHENIX PRELIMINARY

(b) 5-10%

(c) 10-20%

=p==p= =p==r

-

'''''''''''''

1.

2 2

A ¢ (rad)

3)




jet quenching indicative of gluon rapidity density

T,[ fin] T(MeV] | €[GeV/ fm®] | T,,[fm] dN¢ | dy
SPS | 0.8 210-240 1.5-2.5 1.4-2 200-350
RHIC | 06 380-400 14-20 6-7 800-1200
LHC 0.2 710-850 190-400 18-23 2000-3500
L. Vitev, JPG 30 (2004) S791 160 | | | | — 1
140} 4| SPS RHIC LHC ssa™ |
120 b N3 " )
10.0 | | : . .
«Consistent estimate with ao | - ]
hydrodynamic analysis 60 | 3 Havour
4.0} 5 Havout
20 r

0.0

1.0 1.5 2.0 2.5
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