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at low temperature and normal density
quarks and gluons are bound in hadrons
color 1s confined and chiral symmetry 1s
spontaneously broken (generating 99% of
proton mass e.g.) 1972

at high temperature and/or high density
quarks and gluons freed from confinement
-> new state of strongly interacting matter

1975

temperature for phase transition about
T=170 MeV at mu_b=0
note: T stands for kT, so 170 MeV £ 2 10K
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Wieweit kann man den Urknall
zurickverfolgen?

t = 15 billion years

T=3K (1meV)

Heute

Hubble Expansion —p Entstehung der Galaxien

Hintergrundstrahlung —p Materie dominiert

Nukleosynthese

t=1 second
T=1MeV

Quark-Hadron Phaseniibergang bei
T =170 MeV (1012 K)

Quark-Gluon Materie

Elektroschwacher

| T=10°Gev | Phaseniibergang
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Quarks are bound by strong interaction

into Hadrons
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quark-antiquark 3 vale}-lgé-quarks

mass scale set by -
constituent quark masses (“‘d;m MeV)

due to breaking of
chiral symmetry
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16

T, =173 +- 12 MeV
g, =700 +- 200 MeV/fm’

for the (2 + 1) flavor case:
the phase transition to the QGP
and its parameters

are quantitative predictions of
QCD.

The order of the transition is not
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T, = (173 +/-15) MeV
2 e. ~ 0.7 GeV/fm’ T [MeV] ]
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Lattice QCD calculations for py=0
Karsch & Laermann, hep-1at/0305025
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yet definitively determined

most likely continuous cross over
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S. Ejiri et al, hep-1at/0312006 Z. Fodor, S. Katz, JHEP0404,
(2004) 050

Tri-critical point not (yet) well determined theoretically
Forcrand, Philipsen hep-1at/0607017: maybe no critical end point
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SPS : 1986 - 2003

« S and Pb ; up to Vs =20 GeV/nucl pair
« hadrons, photons and dileptons

LHC : starting 2008

* Pb ; up to Vs = 5.5 TeV/nucl pair
« ALICE and CMS experiments

AGS : 1986 - 2000

« Siand Au ; up to Vs =5 GeV /nucl pair
« only hadronic variables

BNL ./

RHIC : 2000

 Au ; up to Vs =200 GeV /nucl pair
« hadrons, photons, dileptons, jets



New State of Matter created at CERN

At a special seminar on 10 February, spokespersons from the experiments on CERN* 's Heavy Ion programme
presented compelling evidence for the existence of a new state of matter in which quarks, instead of being bound up
into more complex particles such as protons and neutrons, are liberated to roam freely.
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http://www.cern.ch/info/Announcements/2000/NewStateMatter/
http://www.cern.ch/Public

RHIC Scientists Serve Up “Perfect ¢ Liquid

1n central AuAu collsions

at RHIC Vs = 38 TeV
about 7500 hadrons

produced (BRAHMS)

about three times as
many as at CERN SPS
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from transverse energy rapidity density using Bjorken formula’:
co = dE¢/dn/(70mR*)  using Jacobian dn/dz=1/1,
SPS 158 A GeV/c Au-Au collisions: dE;/dn =~ 450GeV
To=1fm/c (0.310%s) — ¢,=23 GeV/fm3

PHENIX & STAR central Au-Au collisions: dE;/dn =~ 600GeV
(nucl-ex/0407003 and nucl-ex/0409015)
conservatively: To= 1 fm/c —  gp=5.5GeV/fm?

optimistically: 7y =1/Q, =0.14fm/c — ¢;,=40 GeV/fm?

in any case this 1s significantly above critical energy density
from lattice QCD of 0.7 GeV/fm?3

* this is lower bound; if during expansion work is done (pdV) initial
energy density higher (indications hydrodynamics: factor 3)

?';‘:I " s
Johanna Stachel L\!,&ﬁ__ﬁ% RUPRECHT-KARLS-UNIVERSITAT HEIDELBERG




initial conditions from pQCD+saturation of
produced gluons

NAA(Oap07 Ay — 17 \/§> ) 7T/p(z) — T‘-R/%i
using pQCD cross sections find for central

PbPb at LHC p, =p., =2 GeV

and a formation time of ty=1/p_,=0.1 fm/c
and with Bjorken formula:

€0 = dE¢/dn/(1omR?)

as compared to RHIC: more than order of
magnitude increase in intial energy density

initial temperature T, = 1 TeV
(factor 2-3 above RHIC)
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K. Eskola et al., hep-ph/0506049
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{} after fast thermalization hydrodynamic expansion of K Eskola et al

fireball and cooling T oc 7 1/3 (only long expansion)  f ERATPSRTY. 5500 AGev
<+ hadronization starts at when T, is reached 20 H2omey /| __— L
duration hadronization: # degrees of freedom drops \'\

by factor 3.5 : S S S
-> volume has to grow accordingly -> 3-4 fm/c 15 S S S

{} maybe further expansion (now increasingly 3-dim)

and cooling in hadronic phase until elastic collisions E

stop (thermal freeze-out) =

10

initial N 4 o determines final multiplicity

estimate (Eskola) dN,/dn = 2600

overali several 10 k hadrons produced
'macroscopic state' 0

8 10 12 14 16 18
r [fm]
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» about 10 s after start of collision fireball has 'frozen out'

» particles and radiation travel from interaction zone into detectors (tens of ns)

» signal generation in detectors (microseconds)

» read-out to data storage (milliseconds)

typical event rate (depending on data volume and detector technology) 100 — 10° Hz
typical amount of data per event: 100 kByte — 100 MByte

trajectories of charged particles in magnetic field -> momentum & charge
or total energy of particle (spec. photon) by energy deposit in calorimeter
determine 1dentity of particles by special means

set of 4-vectors of produced particles (some or many, usually not all)
correlations of particles within one event
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@ unambiguous proof of QGP
@ determine properties of this new state of matter

equation of state — energy density <> temperature <> density <> pressure
heat capacitance /entropy — number degrees of freedom

viscosity (Reynolds number) — flow properties under pressure gradient
velocity of sound — Mach cone for supersonic particle

opacity / index of refraction / transport coeff. - parton-energy loss
excitations / quasi particles - correlations
susceptibilities — fluctuations
characterisation of phase transition

@ be open for the unexpected
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1. The hadro-chemical composition of the fireball

what are the 7500 hadrons observed in final state at RHIC?
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ng

partition function: In 7; =

/ +p2dpIn(1 + exp(—(Bi — 115)/T))

T Oln Z; g; /OO p2 dp
particle densities: 7 / V. ou 212 Jo  exp((E; — p)/T) -1

for every conserved quantum number there is a chemical potential:

3
Wi = B + pnsS; + pr, I Fit at each energy

but can use conservation laws to constrain V/, (s, f41, — provides values for
T and u

* from AGS energy upwards all hadron yields in central collisions of heavy
nuclei reflect grand canonical equilibration
* strangeness suppression known from pp and ete- is lifted

for a review: Braun-Munzinger, Stachel, Redlich, QGP3,
R. Hwa, ed. (Singapore 2004) nucl-th/0304013
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Ratio

130 GeV data in excellent agreement prel. 200 GeV data fully in line

with thermal model predictions still some experimental discrepancies
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chemical freeze-out at: T =165 £ 5 MeV

P. Braun-Munzinger, D. Magestro, K. Redlich, J. Stachel, Phys. Lett. B518 (2001) 41
A. Andronic, P. Braun-Munzinger, J. Stachel, Nucl. Phys. A772 (2006) 167
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A. Andronic, P
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rapid equilibration within a narrow temperature
interval around T by multiparticle collisions —
P. Braun-Munzinger, J. Stachel, C. Wetterich, Phys. Lett. B596 (2004)61
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A. Andronic, P. Braun-Munzinger, J. Stachel, Nucl
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expectations for LHC: again equilibrium, same T=T_ =165 MeV, very small

interesting question: what about strongly decaying resonances —
sensitive to existence of hadronic fireball after hadronization of QGP



2. Indications for hydrodynamic expansion

consider
particle transverse momentum spectra
momentum correlations
azimuthal correlations
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slope constants grow with mass - much too large to be temperatures!
Hubble Expansion of Nuclear Fireball
expansion velocity at surface 2/3 ¢ at SPS, 4/5 ¢ at RHIC



When phase space volume smaller than
Ap,Ax =~ h is considered,

chaotic system of identical non-interacting
particles exhibits quantum fluctuations
following Bose-Einstein or Fermi statistics

First application in astrophysics
(Hanbury Brown and Twiss) — size of stars

Po(ji L
Cy ox 5 AP = 1 + y(p] — p))

Py(p1)Pa(p3)
1 07 AT
Ar — T _ l.h?;h,‘u fim

in heavy ion physics typical dimensions 1-10 fm
— momentum differences of 20-200 MeV /c

more complications, but also more information
for non-static source:

duration of emission, space-momentum correla-
tions due to expansion, strong & EM interac-
tion, decays of resonances ...

measure (' as function of

Ap,, Ap,, Ap, for all y, p;,, m
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Duration of expansion (lifetime) T
of the system can be estimated from
the transverse momentum
dependence of Rjong

Y .Sinyukov

Rlong ~ T\/Tf/mt

thermal velocity

T=6—8fm/c
for Ty = 120 — 160 MeV

Hubble plot of nuclear fireball

Riong (fM)

CERES Pb-Au Nucl. Phys. A714 (2003) 124
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Rside = Rgeo/\/1 + n?mt/Tf

I7f2 . strength of transverse expansion
(U. Heinz, B. Tomasik, U. Wiedemann)

(B¢) =0.5—0.6
for Ty = 160-120 MeV

Ryeo = 5.5 —6 fm

Rs;ide (fm)

CERES Pb-Au Nucl Phys. A714 (2003) 124
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estimate freeze-out volume Vf:

Vi = (2m)%/?R

m-"_"'\
g AGS SPS RHIC
= 4000 | + J
¥ *
4
A @
1 e®
2000 | | |
A E895
® CERES
* STAR=®®
<kt>=0.1 6 GeV/c B STAR= '«
2
1 10 10
Vs(GeV)
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2
stde

Rlong

note: this i1s volume of 0.88 units of rapidity

surprise: non-monotonic behaviour
minimum between AGS and SPS
rules out freeze-out at constant density
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HBT gives density at thermal freeze-out

pion density at chemical freeze-out
# t— pion density at thermal freeze-out

1 R ® P,

p; (fm™)

A Py

¢
gt

10'15— i +
oM

1 10 | 10E
Vs(GeV)

Volume appears only to grow 30 % between chemical and thermal freeze-out

nucleon density at chemical freeze-out
d—

nucleon density at thermal freeze-out
1/2—1/3po

Johanna Stachel M% RUPRECHT-KARLS-UNIVERSITAT HEIDELBERG




Generally: R,u: ~ Rside

At 158 AGeV:
Short but finite emission duration

2 _ L

AT =
oh

AT = 2 fm/c 1.e. short,
consistent with small
density change

R, (fm)

CERES H.Appelshduser, Nucl.Phys. A714 (2003) 124
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Coordinate apace: Collective interaction Momentum space:
initial asymmetry Pressune final asymmetry

Fourier decomposition of momentum distributions rel. to reaction plane:

quadrupole component v,

dN

= NO-[ 1+) 2v|y,p,|cos(i qb)] “elliptic flow”
dp t dyd ¢ ( t) effect of expansion (positive v,) seen

i=1

from top AGS energy upwards
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9127 200 Gev Au| Au o
4 {minimum bias} s
= 20 P
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= 0064 @K d |
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o = results
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Transverse momentur, g, {GeV o1

mass ordering typical effect of hydrodynamic expansion

1deal (nonviscous) hydrodynamics describes azimuthal asymmetries up to
about 2 GeV/c at sub % level
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proton

pion

different hydrodyn. models:
Teaney (w/ & w/o ROMD)
Hirano (3d)

Kolb

Huovinen (w/& w/oQGP)

works up to = 2 GeV/c
but not perfectly
requires very fast equili-
bration (< 1 fm/c)
strong interactions
at short times
origin?

8 1 E @  pPHENIXsqrt(s)=200, minBias 8 1 E @  piPHENIX sqri(s)=200, minBias
O 0.9F % pSTARsq(s)=130, minBias © 0.9F * piSTARSsqr(s)=130, minBias
g 0.8 F ——— p QGP EOS+RQMD, Teaney et al. g 0.8 F ——— pi QGP EOS+RQMD, Teaney et al.
- E p QGP EOS +PCE, Hirano et al. - E pi QGP EOS +PCE, Hirano et al.
0.7 p QGP EOS +PCE, Kolb et al. 0.7 pi QGP EOS +PCE, Kolb et al.
0 6 P o— p QGP EOS, Huovinen et al. [ ] 0 6 P o— pi QGP EOS, Huovinen et al.
- E oemmeeee p RG+mixed EOS, Teaney et al. - HETCTRITE pi RG+mixed EOS, Teaney et al. / ]
0.5F -~ pRGEOS, Huovinenetal. = les" 0.5t -+ pi RG EOS, Huovinen et al. .
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N FOIMRIIIiiies UG 0 e p RG+mixed EOS, Teaney et al. N C 7 QGP EOS, Huovinen et al.
T - T )
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low viscosity (maybe zero?) implies strong interactions

not ideal gas - actually this was realized from lattice results a long time
conjecture: QGP produced at RHIC is strongly interacting

lately a lot of excitement connected to AAS/CFT equivalence

0.3

0.25

0.2

.15

0.1

0.05

sggested lower bound on /s = 1/41

e phenixn®

o phenix
: : A P e ideal hydro (GGC)
I e o A N [ ... — ideal hydro (glauber)...

5 Pl . n/s=0.08 (CGC)

—— 1/s=0.08 (glauber)
...... /s=0.16 (CGC)
—— 1/s=0.16 {glauber)
...... nfs=0.24 (CGC)

..................................................................................................................................................................

||||i||||i||||i||||i||||i||||i||||
% 1 2 3 4 5 6 17

viscous hydro very challenging

serious work 1s starting ...

see e.g. Romatschke arXiv 0706.1522
Rischke et al.,

qualitative trends established

still many open issues when it comes to
quantitative comparison to data

pr(GeV/e)
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determination of viscosity/entropy density from lattice QCD via correlation

function of energy-momentum tensor
H.B.Meyer arXiv 0704.1801 [hep-lat]

n/s =0.134(33) at T=1.65 Tc
0.101(45) 1.4

C. Greiner et al. using perturbative kinetic parton cascade get 7/s=0.15

02 F | -
045 b e e R e
4 .a"'f” . . .
£ 0E S - at present all indications are:
0.05 1 Qq=3 GeV _ for QGP n/s< 0.2
0 | | | QS:|4 GeV o comparison: He close to
0 05 1t 15 2 25 3 critical point 7/s =~ 1

t(fmc)

?';‘:I " s
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© 04

o Au+Au Charged, b=6. 3fm scaled to eccentricity
~ 0.35 —s— CGC-+hydro, T"=100MeV | of overlap region
0.3 —&— CGC+hydro, T "=169MeV . (y2—x?2)
] * CGC+hydro+cascade (v2+ x2)
0.25

_.

0.2
0.15
0.1
0.05

but at very high T the

plasma could become
weakly interacting

LHC ‘

T. Hirano et al., J.Phys.G34 (2007)S879
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0.4~ Charged particles
- 100 events

for 2000 charged particles:

reaction plane resolution &8°
statistics plentiful

good particle 1dentification

2000|events
0.08
0.06
0.04
0.02
0 > 3 _a
p, [GeV]
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3. charmonia as signature for deconfinement

* T. Matsui and H. Satz (PLB178 (1986) 416) predict J/y suppression in QGP
due to Debye screening

JAy 1 sstate of ccbar

mass 3.1 GeV
radius 0.45 fm

* significant suppression seen in central PbPb at top SPS energy (NASO)
in line with QGP expectations

Johanna Stachel



PRL 98 (2007) 232301 at mid-rapidity suppression at RHIC very

,} - Nuclear modification factor similar to SPS
1_........ .........................................................................................................................................................
~H #® PHENIX, Au+Au, |y|=[1.2,2.2], £ 7% syst. 1 b
i S PHENIX Ao oo o oy suppression at forward/backward rapidity
B o NAS0, Pb+Pb, 0<y<1,+ 11% t.
0.8 & NABO, In+in, D<y31. +11% s:g: StI'OHgGI'!
N O NA38, S+U, O0<y<1, + 11% syst.
. fb@%% @
= .o
i - % < but prediction:
0.4 @ : @ 5 at hadronization of QGP
i ‘ 7 @% JAy can form again
0.2 @ from deconfined quarks,
- in particular if number of
'|_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII 1 1
% 50 100 150 200 250 300 350 400 ccbar pairs 128 large
Npari NJ/\V o< NCC

(P. Braun-Munzinger and

Ra: J/W yield in AuAu / J/y yield in pp times N I Stachel, PLB490 (2000) 196)
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o

Cross section
3
o

1ub

—

Development of
Start of collision quark-gluon plasma Hadronization

1 kHz

Low
(RHIC) }, — > of —» @0
ENergy

10’ cm2s"

—
—
(1]
]
5 |
5]

1Hz

1 mHz

Event rate at L

2! D
e @ K
! o Re Ty 7 @D @D
= L= % k ] a OD
High E & * ~ ! - D
(LHO) Iig e il — @@D ®
energy ";'8 A a i ", @° @~
D
® @0

o _I'I'I'I1TIT|_I'I'I'I'ITIT| T ||||I11] T ||||ITI]E T |||ITII'! T ||||||1E T ||||||1E T IIiIII! |||1|I'I1]; T |||||||! T11
I |||||,|,|,| ] |||||,|,|,| ] ||lu|,|,| cod s o |||1||,|,|,| Col 1

T
Energy (GeV)

low energy: few c-quarks per collision = suppression of J/y
- enhancement *
unambiguous signature for QGP!

(13 (13

high energy: many

o = - R veTe T e



@ assume: all charm quarks are produced in 1nitial hard scattering; number not changed in QGP
@ hadronization at T, following grand canonical statistical model used for hadrons with light

valence quarks (fugacity g. to fix number of charm quarks)

: 1
Nggrect _ 596‘/(2 ngtierm 4 n;\fzerm) 4 ggv(z nfﬁerm) 4o
p ,

[/
. ' 1 )i ( Ntherm
. dir __ therm 11\Yc
and for NN ce << 1 — canonical: N = 5 ge N1 7. (chZZL —
btain: __ artherm Il __ aATtherm 2
obtain: Np = Np*“"™.g.-— and Ny = NJ/lP - g and all other charmed
Iy hadrons

additional input parameters: V, IV fg "(pQCD)

P. Braun-Munzinger, J. Stachel, Phys. Lett. B490 (2000) 196 and Nucl. Phys. A690 (2001) 119

A. Andronic, P. Braun-Munzinger, K. Redlich, J. Stachel, Nucl. Phys. A715 (2003) 529c,

Phys. Lett. B571 (2003) 36, Nucl. Phys. A789 (2007) 334 and Phys. Lett. B652 (2007) 259

M. Gorenstein et al., hep-ph/0202173; A. Kostyuk et al., Phys. Lett. B531 (2001) 225; R. Rapp and
L. Grandchamp, hep-ph/0305143 and 0306077
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Raa: J/y yield in AuAu / J/y yield in pp times N,

DB | | T T

=
3 @ L =] E
EI'_& 0.7 Au+Au D-20% prarr_EE' ]| Au+Au 20-40% (N = 140)

good agreement, no free

o _ u _ parameters
0.5

0.4
D.3 | g

0.2

D.1

e : ' _' : ' remark: y-dep opposite in
y | 'mormal Debye screening’

data;: PHENIX nucl-ex/0611020 ) )
picture; suppression

additional 14% syst error beyond shown

model: A. Andronic, P. Braun-Munzinger, K. Redlich, strongest at midrapidity
J. Stachel Phys. Lett. B652 (2007) 259 (largest density of color
charges)
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A. Andronic, P. Braun-Munzinger, K. Redlich, J. Stachel Phys. Lett. B652 (2007) 259

T = ® RHIC data =

| |
do,/dy (mb) 128

[\~
I

y /ay) / (AN, /dly)
o d

0.85....
125
g
>
O
=]
05 ' 0.32
0.25
0 | o |
0O 50 100 150 200 250 300 350 50 100 150 200 250 300 350
Npart N

part

centrality dependence and enhancement beyond pp value will be
fingerprint of statistical hadronization at LHC
-> direct signal for deconfinement




predictions with statistical hadronization model

= 06 I Z T
&)
=z = = =
Z oz Vs =5.5 TeV, N, =350
> 05 o)
i &
=
Z O o2
O 04
>
Fy]
o 0.15
0.3
i 0.1
0.1 0.05
0 0
50 100 150 200 250 300 350 2 B3 oA Ho@m 4 @ 8 4
N y

in terms of number of produced quarks, beauty at LHC like charm at RHIC
do they thermalize and hadronize statistically??

if yes, population of 2s and 3s states completely negligible (exp-Am/T)
hydrodynamic flow? need to measure spectrum to 15 GeV

Johanna Stachel M% RUPRECHT-KARLS-UNIVERSITAT HEIDELBERG




electron i1dentification with TPC and TRD

all contributions
- == = BG from open charm

- - BG from open beauty

~ BG from misidentified ='s

uncorr. BG (like sign)

© J/V |
% |
o el W(2S)
/4] -4 --"'—' i
2 10 . - .
s Bl
% lf e o R
(4] -5 # - "._:‘-.
E0E S
= -
w A

10*@

107

8 I | |
107 2 4 6

8 10 12

Simulation: W. Sommer (Frankfurt) 2-10° central PbPb coll.

corresponding to 1 year of LHC heavy ion running
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jet: a parton (quark or gluon) from an initial hard scattering
hadronizes into a collimated cone of hadrons

typical cone angle < 1 rad
leading hadron carries 10-20 % of jet momentum, rest softer

prediction: in dense partonic matter a jet is losing energy rapidly
order several GeV/fm

quark or gluon in medium with free color charge carriers
dE/dX O/C/O O-<k%> L ”:t ) Epma‘o,, — oo, loss AFE

density of color charge carriers

transport COCfflCieIlt q X p o) <k% > mean free ])E-L'El_“> 1; .. range U 5('11'(301(5(1 gluon interaction
vs QED (Bethe Bloch formula)
dE/dx o neoion

@Iﬁ% RUPRECHT-KARLS-UNIVERSITAT HEIDELBERG
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T~~~
PH-<ENIX PRL 91 (2003) 072305 and 241803

—
<
84
IIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| T

proton data scaled
_ to AuAu with appropriate
number of binary collisions

pp - n°X @ 200 GeV (N_,[80-92%)] scaled)

¥ AuAu - %X @ 200 GeV [80-92%]

NLO pQCD, EKS nPDF, Q. = p, [l.Sarcevic et al.|

*{{;%
\\

2 4 6 8 10 12 14 16

p; (GeVic)

1/[2% p;] d°N/dp dy (GeV/c)™
T T

e ppo X @200 GeV (N__[0-10%] scaled)
105 ¢ ¥ Aunuss X @200 Gevo-10%)
1;_ m NLO pQCD, EKS nPDF, Q. = p; [l.Sarcevic et al.]
107
102k
103
104}
105}
10°F
107}
10 é|||.|||||||||.||.||||||||.||.|
0 2 4 6 8 10 12 14 16
p; (GeVic)

at high p,: spectra suppressed in AuAu relative to pp

Johanna Stachel
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Ra=yield(AuAu)/N_; yield(pp)

PHENIX Au+Au (central collisions):

E | Direct y ]
(14 A 70 Preliminary
10 il e

n
GLV parton eneergg!] 0SS ( ﬁN % =1100)

high gluon density RRL LI
—— e
induces energy N
loss of partons

most calculations
based on radiation

| |Illlﬁ

—

<
-
|

O 11T

1=
*
<
=@
{;>.
&
Do
1=
"D‘
— &
_D
_Dq
“|>’“
._|>q
>
=
—
.—D:—<
_|>_
._|>_
.—|>_.
._|>_
.—D—

2 4 6 8 10 12 14 16 18 20
p; (GeV/c)

photons: R~ = 1 1nitial hard interactions understood
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I. Vitev, JPG 30
(2004) S791
SPS 0.8 210-240 1.5-2.5 1.4-2 200-350
RHIC 0.6 380-400 14-20 6-7 800-1200
LHC 0.2 710-850 190-400 18-23 2000-3500
«Consistent estimate with 16.0- —
hydrodynamic analysis - =
several mechanisms describe jet £ no- e - . ,_‘? —>
quenching at RHIC -> predictions S S~ =
for LHC span very wide range ?ﬁ -
- Rp4 stays at 0.2 outto 100 GeVorso g
- R 4 rises slowly toward high pt z .- SRR StANES
- R, o much smaller than at RHIC . s stneatsay
need to cover large p, range 205 SR
go beyond leading particle analysis 0 = e 5 !

- 1dentified jets, frag. function, ...

Temperature, T




Mini-Jets 100/event

atp>2 GeV/c:

- leading particle analysis
- correlation studies
(similar to RHIC)

1/event 1 Hz

Example :
100 GeV jet +
underlying event

100k/month

at high p:
- reconstructed jets
- event-by-event well distinguishable objects

16
145 -
'-;;10 :
~6
m 4. "|'| |II
p Jiu ST .I.| “,.I 'I||I: [t
0 .,'-- i,,'. i II ! u:,l I‘“ II|||J.. !l" l || | ll l ,|||_. . |
5 ) I'” | i htil | IE"||| Itll ;||1H||' I| I'll .I] 'Il |-|' . .
H“A 3 '.!ll""r"i:'-':lﬁ.”-.|'n"-1.'.f,"| il '!._.'.l i r|" +u:..'..- IR
2 <. o ||:,.'|-r | F| ,,| | ‘l 1 Tl 0.6
2”5 -,[|11 |].| -[.-., 0.2 0.4
¢ _qﬁz |I|I ! 2
N

Johanna Stachel
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z: energy fraction carried by leading hadron - sensitive to energy loss mechanism

h

dg

14 |

12
10

| ---- in medium, Eje;=100 GeV

[ AN ¢

) N. Borghini, U. Wiedemann

= OPAL, V5=192-209 GeV
in vacuum, Ej,, =100 GeV ’ :

Increase or‘f'#
of particles *
withlowz

* TASSO, Vs=14 GeV
---in vacuum, Ej,=7 GeV

- —-—in medium, Ej;=7 GC\/',"‘
N ST A
22713 % « (1%
1 2/ 3 4 S5 / 6
Decrease on # of 3z
particles with high z & =In(1/z)

good reconstruction
in ALICE

45F
- —— lIdeal R=1.0 pt=0.0
4 A EMCAL + tracking R=0.4, pt=1.0
a5E O Tracking R=0.4, pt=1.0
R - Annual ALICE run statistics
E <Ejnpur>~125 GeV : (?
25 -~ 1 E
= Pb+Pb 0-10%: <(p>=50 b
2
- p+p norm @
15 il
= ¢ \
| T |

@
05 G a @

\i

T

1 2 3 4

Johanna Stachel
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1.04='I""|""|----|-.
i 0-5%
AuAu

1.02

C(ad)

g
—

reli

25-4x1-25GeV/c -

PHENIX Preliminary
T I R
Ao (rad)

expect: back to back
peaks - but after
subtraction of elliptic
flow background
find hole of width D
in middle of

180 deg peak

A (ra

possibility: sonic shock waves — supersonic (v>c ) partons

2
d)

produce shock waves propagating at a Mach angle w.r.t. the

parton direction: cos(D))~ ¢,

sound velocity is related to the EOS of the medium: ¢ 2 = dp/de

ideal gas has c?

original idea: Stocker/Greiner 1976 for nuclear reactions
Stocker 2004: 60° cone for jets in QGP and simultaneously

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

A




allows to compute observables probing nonequilibrium dynamics of thermal
N=4 supersym. Yang-Mills theory, such as rate of energy loss of heavy
quark moving through SYM plasma

compute energy transferred from moving quark to plasma

10 A0 7T

subsonic supersonic

P.M.Chesler & L.G. Yaffe arXiv: 0706.0368 [hep-th]
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@ The density of particles varies rapidly
(factor 2 within 8 MeV) with T near
the phase transition due to increase
in degrees of freedom.

@ also: system spends time at Tc ->

volume has to triple (entropy cons.)

@ Multi-particle collisions are strongly
enhanced at high density and lead to
chem. equilibrium very near to T

s independently of cross section all

particles can freeze out within narrow
temperature interval

freeze-out takes place at T !

natural consequence that chemical

Johanna Stachel

I T T T T T T T T T
= 14 b .
w

12 A a
10
/" 2+1 LQCD
8 _|
Stat. Model wo. excl. Vol. .7
6 |
4 Stat. Model B
2 _|
0 L | ! !
0.1
P. Braun-Munzinger, J. Stachel, C. Wetterich,
- Phys. Lett. B596 (2004)61
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10

10

165 170 175 180 185 180 TiMe\
EfllIllllllllllI|IIIII|IIIII|I!II|III-|E
:IIII|IIII|IIII|IIII|IIII|IIII|IIII:
05 01 015 02 0325 03 035 04
-d

n_¢fm™)

? Near phase transition particle density varies
rapidly with T

? For smalinp;,, reactions such as
2n+KKK — Q Nbar bring multi-strange baryons

close to equilibrium.
60

1

? in region around Tc equilibration time 7, T
?increase p_ by 1/3 or 8 MeV: 1 =0.2 fm/c
decrease P, by 1/3: T =27 fm/c

@ All particles freeze out within a very narrow

temperature window.

P. Braun-Munzinger, J. Stachel, C. Wetterich,
Phys. Lett. B596 (2004)61

Johanna Stachel
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pion mean free path: Ay =1/(ps-0) =V /(N - 0)

2000 ¢

1000

0

NG (fm®)

2
10

Vs(GeV)
UIIIYCIddL 11'ECZC-0Ul dl 111€dIl 11 CC paul N1

N.O-%NN'O-TFN_I_NTF'O-T(‘T(‘

4000

2000 r

Johanna Stachel

CERES Phys. Rev. Lett. 90 (2003) 022301

—~
AGS SPS RHIC £
* 14000 =
*
| !
' |'
| ) 12000
s/w: No
colored: V;
| P | 2 U
10 10
Vs(GeV)
1111 = DSllidll VD DyDtClll DI1LT
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very similar to SPS
again small diff. R_  vs R

¥ 1" difficult for hydro models

side

-.0.5
E : L] : T . E
h“:'ma - e STAR T ‘; = Hirano " E“C-m
= | W PHENIX ¢ A\ % = Soff s
<ol roecs 3 el
af 4 + 4 2 F
T ] & F
. - s 1.2
2 1 . | & 2 2 :
1k (GeVic) 0.5 Tk, (GeVic) 11E
E ] ]
1t
- 1
but for thermal freeze-out coinciding with 0.9F ;
. u STAR data
chemical freeze-out ok SR .
. . . . 0.8 —=F=-Crapow-T+165-Mal
Kisiel, Florkowski, Broniowski, E g
- F a::twaw, __{.}'5....
Pluta, nucl-th/0602039 02 025 03 035 04 045 05 055

k; [GeVic]
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High p.. Spectra in p-p Collisions (II)

c«1;104
o 3
% 10
(O] 10°
2 10

|||IIW |||IIW‘ |||IIW‘ ||||Im IIIIIIII‘ [T

|||||II‘ |||IIW‘ |||IIW‘ |||IIHW ||||||II‘ IIIIIW‘ |||IIW‘ |||||||I‘ ||||||||‘ [T

RHIC pp at \s = 200 GeV vs NLO pQCD:
| inclusive jets, R__=0.4, 0.2<n<0.8 [STAR]

— PDF: CTEQS6M, u:pT/2-2pT [Vogelsang]

A A A 10 x inclusive h', n|<1 [STAR]

A, @® 1°n|<0.35 [PHENIX]

¥ "non-photonic" e* [PHENIX]
— FONLL (c,b— e*, total) [Cacciari] oK

K 10° x inclusive h', |=3.2 [BRAHMS]
__PDF: CTEQS6M, FF: Kretzer, p:pT/2-2pT [Vogelsang]

IIIIIII| | IIIIIII|

— PDF: CTEQ6M, FF: KKP,;L:pT/2-2pT [Vogelsang]

% prompt y |<0.35 [PHENIX]
—_ PDF: CTEQ6M, FF: BFG-II, u:pT/Q-QpT [Vogelsan

-t
Q

1 10



R NN 4 — = D SOV UTT W OC

\

Quantitative Constraints on Medium Parameters

b 0-8F PHENIX = (Au*Au 0-6% Central) p-| 0-5F PHENIX ° (Au+Au 0-5% Central)
o 0 5:_G|0b3| Systematic Uncertainty £12% o 0.5 [ Global Systematic Uncertainty +12%
0.4 — 1 o 0.4F |
0.3 -:jj:i::_—_—_-_-_—:_‘::::j: |- 0.3F /fi—
0.2F = . [ 0.2F ﬁ—
: R SHEEE— - 0
0.1 — 0.1
[b:'""""""""""'""""""""' ST P B T P DT P T
2 4 6 8 10 12 14 16 18 20 272476 8 10 12 14 16 18 20
p_(GeVic) p,(GeV/c)
PQM | GLV | WHDG | ZOWW

g =13.2"7) GeV?*/fm | dN*¢ | dy =1400" | dN* | dy =1400"2 | g, =1.977 GeVifm’




: . 2 L LI | L LI L 1
systemiatio srmor 5 i | | | | [ ] STAR
AusAu @5 = 200 GeV, 0-10% Centrality |— =il ser ':ﬁu __ * DR, (0-30% An+And+An pamuan_: T
mﬁ T PHENIX PRELIMINARY e | [R——— w 1.8} A BER,, (ceniral 1% AntAndrAnc—e) T prehmmary
1.4 N uncertainty in p+p raf. 'E. i O =R, ic=ntal 1% An+And+an c—e ]
B E1-E__ Svs. Ermor ]
1.2_— E i _*_I M, Ertor in cemral 12% An+An i
L 51.4 —‘+ —
1 i i
_ 121 a
0.8 X ]
: . % ____________________________________________________ K
0.6 “r e a R
- ] : : l].B: Lok + :
0.4 ; * I [ 0.6l ;45 ]
0.2 | 0.4 ¢ ¢ g ‘]I’ + -
ﬂ_l 1 11 I LLLl I Lol I 1111 I 1111 I LLLl I LLll I 111l | LAl I LLll D-E__ __
0O 05 1 15 2 25 3 35 4 45 5§ . -
p]' [GEU{G] u_ L1 |. il _d |. L l_l_J |. Lt i1 | Lt i1 | 1
0 1 2 3 4 0 1 2 3 4 5
P (GeVic) p, (GeVic)

surprize: suppression very similar to pions
prediction (Dokshitzer, Kharzeev) less energy loss for heavy quarks (radiation suppr.)
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recently shown by Korinna Zapp (U. Heidelberg) that scattering also important for
parton energy loss; implementation in nonperturbative approach - SCI jet quenching
model (K. Zapp, G. Ingelman, J. Rathsman, J. Stachel, PLB637 (2006) 179

apply same approach to candb 0-10% centr. 6=5.2 mb & & to match pion data
1.2 -
e’ +e” PHENIX data o | - ~
| _\ ) €+++ e” STAR data B || charm contribution indeed
et 4+ e~ only charm — .
. e’ + e only beauty — | | suppressed as much as pions
et | e~ charm | beauty — : d
0.8 F | e' +e” 4 x charm + 2 x beauty 4| but adding beauty data are
3 ' T not reproduced
Z06F 1 =
<
0.4 F -
0.2k .
need improved heavy quark data
0 ! - - ! ! — to come with RHIC upgrades
0 2 4 § 8 10

p1 [GeV] — or even earlier from ALICE



2x10® central (10%) events, 10° sec (1 year run)
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Entries/(Events*GeV/c?)

Entries/(Events* GeV/c?)
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0.08

| -
I 0.6
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0.04F e N |
I|III|III|III|III I|II| |_IIII|IIII|III||II||IIII|IIII
2.2 2.4 2.6 2.8 3 3.2 08 8.5 9 9.5 10 10.5 11
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D. Krumbhorn, Heidelberg
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ALICE PPR vol2 JPG 32 (2006) 1295

+ high precision vertexing,
better than 100 um (ITS)

+ high precision tracking (ITS+TPC)
+ K and/or Ttidentification (TOF)

1<p,<2 GeV/c

800R

700

Events/ 2 MeV

600

500

107 central o0
PbPb 300

200

=Y

100

1 II 11 II 11 1 I 11 1 I 11 1 I 111 | 111 | 111 | 111 I 111 I
0
1.78 1.8 1.82 1.84 1.86 1.88 1.9 1.92 1.94 1.96

Invariant Mass [GeV]

S/B = 10%
SN(S+B) = 40

mtine ang .
pointing angle epuulty;g

&|  Dightline., // \ _

seC Olldﬂl}' vertex

—
| Hprimar}-‘ vertex
dg\

A

impact parameters ~100 pLm

10° pp 108 pPb 107 PbPb

|

i

= 10E D? - Kt ]
L E 5
o S e -
r-3 [ HerH —— :
-g 1= Fjﬁ»*;* —— _5
S - e, T Vs = 14 TeV (x 50 7
= 10-1__ e —— —+— ppNs= eV (x 50) ]
o = ++4HH — . -
Ncbz'lD-QE_ ’_+_:_+_| — '—I—"—I—_:
1 0-3 ;_ —4 p-Pb mmev < 52
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Data / Theory

pp at 14 TeV Central PbPb

sensitivity to PDF’s shadowing + k. + energy loss
§14_||||
A R S LR R AN R AR RE AN RARE RS r [ Pb-Pb, 0-5% -
- ——12,2,2,CTEQ4M 1 c 125 —
o 12,2,2,CTEQ5M 1 9 i ~ 20 i
B 12,2,2, MRSTHO A g 1 ] —
-\ 15,2,2, CTEQ5M 1 s ]
2:— 12,2 1, CTEQ5M 0 o8 N
" -------- 15,2, 1, CTEQS5M - i
1 550 —— 18,2,1,CTEQ5M - 06 h
e ] 04F =12 GeV .
B 5 e e s e e e s : 3= 25-100 Ge\fm |
0-50 - =0 —
- ] )] S W FE N T E N S N
| T N NN N N BETY REEE FUE N P 0 2 4 6 8 10 12 14 16 18 2
0 2 4 6 8 10 12 14 16 18 20 p, [GeVic]

p, [GeVi/c]

ALICE PPR vol2 JPG 32 (2006) 1295

Johanna Stachel




S/(S+B)

total signal statistics
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with 95 m3 the largest TPC ever
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560 million read-out pixels!

precision better than 500 pm in all 3 dim.
180 space and charge points per track

Johanna Stachel M% RUPRECHT-KARLS-UNIVERSITAT HEIDELBERG




I e
ey
-'
- )
- - 9 0 9]¢ CS ACVCIOPECA d
2 -
’ g I )
o’ and cidelberg

540 chambers (radiator + drift+
multiwire proportional chamber +
/'read-out with segmented cathode

--pag_l_____plané, ‘operated with Xenon)

typical chamber size 1.7 m?

. over all detector area 750 m?2

~in 18 supermodules (8m long)

" 1.16 million read-out channels

30 million pixels




Transverse momentum resolution (%)

%

M.Ivanov, CERN & PI Heidelberg, March 05 dN,,/dy~5000
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resolution ~ 3% at 100 GeV/c
excellent performance in hard region!
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