@ the phases of strongly interacting matter
- introductory remarks
o LHC and ALICE experiment
@ entering the world of strongly coupled matter
selected results of PbPb collisions
- Multiplicity and the initial condition
- Production of hadrons and the phase diagram
- Quarkonia as probe for deconfinement
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at low temperature and normal density
colored quarks and gluons are bound in
colorless hadrons - confinement

chiral symmetry is spontaneously broken
(generating 99% of proton mass €.g.)
1972 QCD (Gross, Politzer, Wilczek)
asymptotic freedom at small distances

at high temperature and/or high density
quarks and gluons freed from confinement

-> new state of strongly interacting matter
1975 (Collins/Perry and Cabibbo/Parisi)

now called Quark-Gluon Plasma (QGP)
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Braun-Munzinger, Wambach
Rev. Mod. Phys. 81 (2009) 1031
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Evolution of early universe calculated for isentropic
expansion and assuming full chemical equilibrium
between hadrons and leptons until neutrinos freeze out

Plus: 4 charge neutrality
s net lepton number = net baryon number
s constant entropy/baryon

QCD Phase Boundary
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homogeneous universe in equilibrium,
this matter can only be investigated
in nuclear collisions at high energies

neutrinos decouple and light nuclei begin to be formed

q
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AGS : 1986 - 2000

e Siand Au ; up to Vs =5 GeV /nucl pair
E_* =600 GeV - 1000 produced hadrons

RHIC : from 2000

e Au; up to Vs =200 GeV /nucl pair
E_*=40TeV - 7500 prod. hadrons

SPS : 1986 - 2003

« S and Pb ; up to Vs =20 GeV/nucl pair
E_*=3200 GeV - 2500 prod. hadrons

LHC : from 2009

* Pb ; up to Vs = 5.5 TeV/nucl pair
Ecm>’< = 1150 TeV

at 574 TeV - 20000 prod. hadrons



CGC Initial Glasma SQGP
Singularity
.
ol 2=t Perfect Fluid
Quark Gluon Plasma — Hadronization
t~1-10fm/c

Topological Excitations
Glasma — Density Fluctuations, Thermalization
1~0.1 - 1 fm/c

Event Horizon
__ Initial Singularity — Quantum Fluctuations
-7 ~0-0.1 fm/c

\ Initial Nuclei as CGC — Coherent, High-density Gluons

one possible view (courtesy L. McLerran)
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Hadron Gas

similar to early universe,
fluctuations observed in the
much later phase may allow
to deduce early singularities
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TRD

large area Transition Radiation
Detector for

electron identification

TPC

Time Projection Chamber
large volume, high resolution
and high rate tracking device

HLT
Processor farm for rapid online data
reconstruction and compression

intense R&D followed by construction - since 1996
about 500 person years - 1/5 of ALICE
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ALICE

with 95 m3 the largest TPC ever

il

--------

- sin @
.......

----------

560 million read-out pixels!

precision better than 500 pm in all 3 dim.
180 space and charge points per track
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first PbPb collisions at LHC at Vs = 2.76 A TeV

first collisions with stable beams:
Nov 8 - Dec 6, 2010

about 3000 charged
particles in 1.8 units
of pseudorapidity

Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:30:46

Fill : 1482

Run : 137124

Event : 0x00000000D3BBE693



delivered integrated luminosity (ub'1)

y
o

2 good Pb+Pb runs in 2010 and 2011,
2011 already exceeding design luminosity for 3 experiments and this beam energy

201012/06 ~° ~°

LHC 2010 HI RUN (3 5 Z TeV/beam)

PRELIMINARY (+1 0% scale)
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LHC 2011 HI RUN (3.5 Z TeV/beam)

—o— ATLAS 167.6 ub™!
| —— CMS 149.7 ub™!

|| —o— ALICE 143.6 pb™
PRELIMINARY

|
47
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48

Week in 2011

[generated 2011-12-20 08:08 including fill 2351)

49

N=L- o

7b - 140pub~ ! ~ 107

Jan/Feb 2013: p + Pb run - about 30 nb-1 or 5-1010 coll. were sampled
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beams can be steered with micrometer precision, but lead nuclei have diameters of

15 femtometers
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grazing collisions

several observables scale
with the impact
parameter of the
collision and thereby the
number of nucleons
participating in the
collision

e.g. central collisions
produce more particles

central collisions:

384 nucleon participants

Johanna Stachel
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probes density of gluons 1nitially liberated from the colliding nucleons
expect order of 10 000 (question of shadowing and of gluon saturation)
in a statistical ensemble measure of 1nitial entropy density
each gluon (boson) contributes 3.6 units to the entropy
preserved for 1sentropic expansion

215 ©" TOALICE (PRL 106 (2011) 032301) ©0-5% central PbPb at 2.76 TeV
—|5 ®ALICE sym. -y dN /d 1600
—-Double gaussian fit E ° —
Pb-Pb &0 - 5050 ch n
2000 PR@}I}&EYVSNN=2-76T9V o e using arguments by Bjorken
imnitial energy densit
Pu— gy y

gy = 146 GeV/fm’
T=0.68GeV=4T = 10" K

pressure P =49 GeV/fm’ =7.9 10 Pa

entropy density = 290/fm’
total entropy of fireball: 36 000

1500 —

1000 —
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the Hadro-Chemical Composition of the Fireball

what are the 20 000 hadrons observed in final state at LHC?
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measure and integrate spectra of identified hadrons
- specific energy loss and time-of-flight

- hadrons reconstructed from weak decay products (A, =, Q)

HE IS NN

100 . Po-Pbat s, =276 TeV
9,
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Pb-Pb, 2011 run, {Su, = 2.76 TeV negative particles ™ all particles from electrons to “He can be

1000_1' T 28 T 1|I _1‘ T IlI T T T . o . .
E | L A\ —\Te ALICE 1dentified with the TPC — resolution 5%
— 900! i Yiane! =] PERFORMANCE
- “1 July 4™ 2012 .. 7
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ngE‘- — 10 anti-*He
& 600F
& 500F Ay
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" anti-matter and matter produced in equal

raw ratio

" consistent with baryon-free central region

. AT = 1 4
at LHC (u =1MeV) T T el
152253354455556
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@ agreement between groups doing finite temperature lattice gauge theory: T (u=0) = 160+£10 MeV

Bazavov & Petreczky, arXiv:1005.1131 [hep-lat] S. Borsanyi et al., arXiv:1005.3508 [hep-lat]

T (MeV)

1, (MeV)

@ data points 'chemical' freeze-out of hadrons from abundancies
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A. Andronic, P. Braun—Munzinger J. S., Nucl. Phys. A772 (2006) 167
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Vg

partition function: In Z; = —; /o +p?dpIn(1 &+ exp(—(E; — p;)/T))

T 0ln Z; g; > p2 dp
particle densities: 7 / vV ou 272 / exp((F; — ui)/T) £ 1

for every conserved quantum number there is a chemical potential:

pi = ppB; + psS; _|_H’ISIS

but can use conservation laws to constrain
Va HSy i,

= Fit at each energy
provides values for
T and Wy,
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Ratio

prel. 200 GeV data fully in line
still some experimental discrepancies

130 GeV data in excellent agreement
with thermal model predictions

T T T T T T T T T T T |
11k Q. .
TEo 8 o o o% s, =130GeV B Vs=200 GeV E
i AT T

! | . | - T o

10 L b 4 {10 = O E
il . s = T
r . - 0 ]
: - - ] b
i 1 ., O STAR -
0?2 e Daa |10 = PHENIX E
- e E - A BRAHMS o -
F Model 1 [ —— T=160.5, u,=20 MeV = ]
| T=165.5,11,=38 MeV 10 3L T=155, =26 MeV i
10 T O Y Y I O O S Y N R Y I
K p A 2 Q KK p A = o K TKpAZQKKPAEZQddo KA A™

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
confirmed by Xu and Kaneta  and by F. Becattini
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GC statistical model applied first time successfully to 10.7 A GeV/c Au + Au
collisions P. Braun-Munzinger, J.S., J.P. Wessels, N.Xu, Phys. Lett. B344 (1995) 43
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Figure from A. Andronic, P. Braun-Munzinger, J.S. Nucl. Phys. A772 (2006) 167
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following the above T and L, evolution, features of proton/pion and kaon/pion

ratios reproduced in detail

dN/dy ratio
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J.S., A. Andronic, P. Braun-Munzinger, K. Redlich, arXiv: 1311.4662

03

}

Pb-Pb [s=2.76 TeV.

—h
o
N

Multiplicity dN/dy
=

—h

good fit over nearly 7 oom

with grand canonical 10"
statistical ensemble

T=156 MeV 10 R
protons somewhat low - Data ALICE 0 10%

Statistical model : R
—— Fit: T=156 MeV,j1 =0 Mev V= 5380 fm daesa
T 164 |\/|e;v1u_ll;L MeV ++
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temperature vs. baryochemical potential
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Thermal fits (central collisions)

T 4
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i

Cleymans et al. (PRC 59 (1999) 1663)
Andronic et al. (PLE 673 (2009) 142)
Manninen, Becattini (PRC 78 (2008) 0549070
STAR (PRC 83 (2011) 024901)

ALICE (preliminary, SQOM 2013)

sy

10 102 10
i, (MeV)
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hadron yields for Pb-Pb central
collisions from LHC runl are well
described by assuming equilibrated
matter at

T =156 MeV and YU, < 1 MeV,

very close to predictions from
lattice QCD for T,
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rapid equilibration within a narrow temperature
interval around T. by multi-particle collisions due to

steep temperature dependence of densities

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

e/T
-

2 |- - ) 4 !

Stat. Model

1 | | 1 1 | 1
0.1 0.15 0.2

T (GeV)

for T, 20-30 MeV below T,

very hard to maintain
scenario of simultaneous
freeze-out of all hadron species

estimate upper limit of
Tc — Tch =5 MeV

—

Johanna Stachel

requires T, = 160 - 170 MeV
experimental determination!
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10

165 170 175 180 185 180 TiMeV
?lll'llll'llllI|IIIII|IIIII|IlII|III-IE
:IIII|IIII|IIII|IIII|IIII|IIII|IIII:
65 01 015 02 025 02 035 04
-3

n_¢fm™)

s near phase transition particle density varies
rapidly with T (see previous slide)

s for SPS energies and above reaction such as
21+KKK— Q Nbar bring multi-strange
baryons close to equilibrium rapidly

s 1n region around T equilibration time

T & T-60!
s increase ny by 1/3: T=0.2 fm/c

(corresponds to increase in T by 8 MeV)
decrease ny by 1/3: 1= 27 fm/c

— all particles freeze out within a very
narrow temperature window due to the
extreme temperature sensitivity of multi-
particle reactions

P. Braun-Munzinger, J. Stachel, C. Wetterich,

Johanna Stachel

Phys. Lett. B596 (2004)61




Charmonia: bound states of charm
and anticharm quarks, e.g.

the original idea (Matsui and Satz 1986): implant charmonia into the QGP
and observe their modification (Debye screening of QCD), in terms of
suppressed production in nucleus-nucleus collisions with or without plasma
formation —

new insight (Braun-Munzinger, J.S. 2000): QGP screens all charmonia, but
charmonium production takes place at the phase boundary,

Johanna Stachel ‘E&ﬁi@ﬁﬁ RUPRECHT-KARLS-UNIVERSITAT HEIDELBERG




Cross section
3
o

-
=
(=n

as more and more charm quarks produced, probability
for ¢ and cbar to hadronize into J/psi grows quadraticaly

it ]
% 'U) a Development of
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low energy: few c-quarks per collision = suppression of J/y
- enhancement
unambiguous signature for QGP!
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high energy: many
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@ assume: all charm quarks are produced in initial hard scattering; number not changed in QGP
@ hadronization at T, following grand canonical statistical model used for hadrons with light

valence quarks
number of charm quarks fixed by a charm-balance equation containing fugacity g

chézrect _ _ch(Z ntherm S+ nRherm) + ggV(Z ntherm

L(ge N

1
Ntherm
To(ge N

and for ]\fcy(—3 << 1 — canonical: chgr — 590

I
obtain: Np = N#e™ . g .2 and N, = Nlt]f/bf[m .g>  and same for all other

Iy charmed hadrons

additional input parameters: V, N ch’I:’I"GCt
Volume fixed by dN _/dn

N ggTeCt from pQCD as long as precision data are lacking
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1 @ good agreement between ALICE,

ATLAS and LHCb

@ Jarge syst. error due to extrapola-
tion to low pt, need to push
measurements in that direction

@ data factor 2 + 0.5 above central
value of FONLL but well within
uncertainty

@ beam energy dependence
follows well FONLL

1 @ soon more accurate 4pi

extrapolation at 7 TeV

?';‘:I " -
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Raa: J/y yield in AuAu / J/y yield in pp times N

coll

0.5

5__— D B | T T T

-3 o L c s

r:r_'é 0.7 Au+Au 0-20% (N =280 Au+Au 20-40% (N, =140
0.6 u

0.4
D.3 | g

0.2

D.1

0

good agreement, no free
parameters

data: PHENIX nucl-ex/0611020
additional 14% syst error beyond shown

model: A. Andronic, P. Braun-Munzinger, K. Redlich,
J. Stachel Phys. Lett. B652 (2007) 259

Johanna Stachel

remark: y-dep opposite in
'normal Debye screening’
picture; suppression
strongest at midrapidity
(largest density of color
charges)
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Number of nuckeons in collision

charmonium enhancement as fingerprint of deconfinement at LHC energy
only free parameter: open charm cross section in nuclear collision

Braun-Munzinger, J.S., Phys. Lett. B490 (2000) 196 and

Andronic, Braun-Munzinger, Redlich, J.S., Phys. Lett. B652 (2007) 659

Johanna Stachel
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v /dy) / E’Ncc /dy)
N
=

100 x (dN,

r do,/dy (mb) 128 .7 open charm is natural and essential
o normalization
. precision measurement needed
1.2
1
075 | 043 I mid-y LHC 2.76 TeV including
TR B T i shadowing
forward-y LHC 2.76 TeV including
0.25 shadowing

50 100 150 200 250 300 350
N

part

A. Andronic, P. Braun-Munzinger, K. Redlich, J. Stachel Phys. Lett. B652 (2007) 259
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Decision on Regeneration vs. Sequential Suppression

from LHC Data

statistical regeneration

sequential suppression

J Y Production Probability

Picture: SPS RHIC LHC
H. Satz 2009
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ALICE PLB704 (2011) 442 arXiv:1105.0380 and PLB718 (2012) 295
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Q - 1 $ - - E — W ptu, VS=2.76 TeV (£1.9% luminosity) .
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— - —m 4 = i
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Ceoc b b e b b b B open: reflected :

D 2 4 6 8 1 D 12 0 L1 11 | L1 11 | L1l | L1l | L1 1| | L1l | | L1 1| | L1 1| | L1 | L1 1|

P (GeV/c) 5 4 3 -2 1 0 1 2 3 4

@ good agreement between experiments
@ complementary in acceptance:
only ALICE has acceptance below
— 6 GeV at mid-rapidity

VN Aassvaszaes A vevw aaw A

3]
y
measured both at 7 and 2.76 TeV
open issues: statistics at mid-rapidity

_ polarization (biggest source of syst error)
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+ Opposite sign pairs

...... Fit background

N Pb-Pb s, = 2.76 TeV, centrality 0%-80%
S 17710 events
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Tp)

_ — Fit total
~ —— Fit signal
u
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most challenging: PbPb collisions

in spite of significant combinatorial background

4.5 5

m,, (GeV/c?)

entries per 40 MeV/c?

entries per 40 MeV/c?

20000 f— —— Same event
e Mixed event : ;
16000 — o P e ALICE
C _!_.-" : : '== PERFORMANCE
14000 = . 2012-08-01
12000 o™ "=,
I ~=_
100008 "
f— ﬁ-
8000 — P .
- Pb-Pbatys, =276 TeV ' =
6000_ Centrality: 0 - 10 % : :
4000—ME norm. range: 3.2-4.0 GeV/c
= ¥?NDF = 1.0725 -
2000~ Sig. range: 2.92:3.16 GeVic?d i
. Lo |||.||:||||||||I|.|||
1000 | oo P Signal: 2452.8 + 325.(
C e S/B: 0.0241+ 0.0032
800[— : Signif.: 7.60+ 0.15
B : # events = 10089410
600— :
400 ‘
ol

55 3 35 4 a5
Mye (GeV/c?)

(true electrons, not from J/y decay but e.g. D- or B-mesons) resonance well visible

Johanna Stachel
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(1/NADY @2 NAA Jdnd pr

m ALICE (ly|<0.8, £13% syst.), s \=2.76 TeV
@® PHENIX (Jy|<0.35, £12% syst.), | s,=0.2 TeV

mid-rapidity

i 5 5"
t g

midrapidity

¥ s

= Ey
III|III|III|III|III|III|III|I

A4 (p T) - 7 ﬂf PPN g2 IPP
(Neolt) (1 /Ney )d=NT /dndpr
S<_ B ALICE 25<y<4.0, 15% syst).\sy=276 TeV | L
oc 14 @ PHENIX (1.2<y<2.2,£9% syst), \sy=02TeV | L [
1.2 forward rapidity o L
1 = 11—
0.8 X ——+ El
0.6 - m - osf
- § B
0.2~ 4 H g @ ® 7 02F
- forward rapidity i =
111 1 | 111 1 | 1 11 1 | 111 1 | 111 1 | 1 1 1 1 | 111 1 | 1 11 1 B
OO 50 100 150 200 250 300 350 400 0O

Npart
energy density -->

50 100 150 200 250

300 350 400
N

part

melting scenario not observed

rather: enhancement with increasing energy density!
(from RHIC to LHC and from forward to mid-rapidity)

statistical regeneration

Johanna Stachel @Tﬁ

J W Production Probability

sequential suppression
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B W ALICE (25<y<4.0, £15% syst), \sy,=276 eV { [ M ALICE(y|<08, +13% syst.), \s\=2.76 TeV 1
1.4 ® PHENIX (1.2<y<2.2,+9% syst.), |s,=02TeV - ® PHENIX (Jy|<0.35, £12% syst.), \s\=0.2 TeV 1
—— SHM, \8,=0.2 TeV (do_ /dy=0.030 mb) ’ P SHM, \s=0.2 TeV (do_, /dy=0.065 mb) B
T2 SHM, \5,,=2.76 TeV ] - SHM, \s\=2.76 TeV .
1 ) 1 4L do /dy=0.4 mb
b /y028mb | g + -
0.6 — I -1 67| ]
0.4~ oo o /dy=0.15 mb =} )4~ ]
0.2~ " + .2 —
- forvYard rlapiditly | | | | 1 - midrapidity | | 1
cv v Py b b P P by caoa ol b b b b b b
0O 50 100 150 200 250 300 350 400 OO 50 100 150 200 250 300 350 400
Npart Npart

@ production in PbPb collisions at LHC consistent with deconfinement and subsequent
statistical hadronization within present uncertainties

® main uncertainties for models: open charm cross section, shadowing in Pb

@ shadowing from pPb collisions: forward y: Raa = 0.76(12) mid-y R 5 (estim) =0.72(15)



{p,) (GeVic)

T
W

2.5

1.5

Inclusive J/y
A ALICE pp 15=2.76 TeV, 2.5<y<4, p_<B GeV/c, arXiv:1203.3641
- ® ALICE Preliminary Pb-Pb 1s=2.76 TeV, 2.5<y<4, p,<8 GeV/c
- A PHENIX pp 15=200 GeV, 1.2<|y|<2.2, p,<7 GeV/c
i calculated from PRL98,232002 (2007)
@ PHENIX Au-Au 15=200 GeV, 1.2<|y|<2.2, p.<5,6 GeV/c
calculated from PRC84,054912 (2011) ALICE
- © PHENIX Cu-Cu 15=200 GeV, 1.2<|y|<2.2, p <5 GeV/c PRELIMINARY
calculated from PRL101,122301 (2008)
@
- )
| 1 1 L1 111 | 1 1 1 L1 11 I| 1 | 1
2
10 10 ( )

P2 o
(oh)

L

2
I'\J<p T

0.5}

Inclusive Jhy

A ALICE, pp \s=2.76 TeV, 2.5<y<4

o ALICE, Pb-Pb\s,,=2.76 TeV, 2.5<y<4
A PHENIX, pp \s=200 GeV, 1.2<|y|<2.2
e PHENIX, Au-Au \s,,=200 GeV, 1.2<|y|<2.2
e NAGBO, p-A 1s=17.3 GeV, O<y<1

o NA50, Pb-Pb \s,,=17.3 GeV, O<y<1

ALICE

PRELIMINARY

0 et :

IIIIII| 1 1 IIIIII| | 1

10 10° (N

part

)

At LHC for central collisions softening relative to peripheral collisions and relative to pp
(opposite trend to RHIC) - consistent with formation of J/psi from thermalized c-quarks

Johanna Stachel
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P.Zhuang et al. regeneration of J/psi
90% at mid-y, > 60% at forward y

I ! I ' I ' I !
o (B) forward rapidity 1
b
Q.
vy RHIC ]
3 6 (%
A\ L J
N .
T L
| '__%T' _________________________________________ |
<
- . .
LHC
Experimental data .
A PbiPbatys, =17.3 GeV ]
O AutAu at s, =200 GeV
| @ FbtPbatys, =2760 GeV |
| ! | L I L | L I
0 100 200 300 400
N|::ar't

2
T>pp

- Inclusive J/y
3 A ALICE, pp \s=2.76 TeV, 2.5<y<4

e ALICE, Pb-Pb |s,=2.76 TeV, 2.5<y<4  ALICE
" A PHENIX, pp 15=200 GeV, 1.2<|y|<2.2

S & PHENIX, Au-Au |s,,=200 GeV, 1.2<|y|<2.2

e NAGO, p-A 15=17.3 GeV, O<y<1

o NAS0, Pb-Pb | 5,,=17.3 GeV, 0<y<1

(e

1} Y o 0 + —- +

0.5F

IIIIII| 1 1 IIIIII| | 1

1 10 10°

part
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1.4

relative yield larger at low p, in nuclear

collisions
= good agreement with CMS at high p,

| Pb-Pb {5, = 2.76 TeV
1.2 :— B ALICE J/y — w'w, 2.5< y<4, centrality 0% —90% global syst. = + 8%
| @ CMS Jy — p'w, 1.6<|y|<2.4, centrality 0% —100%  global syst. = +8.3%
1
0.8 H
0.6 E B
0.4/ W ; ’ $ ’
021
0_|||||\|\|||||\‘\III||\\\|||I||\\II||||\‘\III|I\I\
0 1 2 3 4 5 6 7 8 9
p. (GeV/c)

10

argument: thermalized deconfined charm quarks hadronize into J/y
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RAA

T ALICE Preliminary, Pb—Pb\’sNN =276TeV,L=70 ub’1
B Inclusive Jhy, centrality 0%-90%, 0<pt<8 GeV/c  global sys.= 6%
1.2 ALIcE - ’
[ PRELIMINARY ALICE Preliminary, Pb—Pb\’sNN =276TeV,L=1.7 pub
L ® Inclusive Jhy, centrality 0%-80%, |y|<0.9

0'6;_ @@@% HEEB

0.2 |- open: reflected

AITICE comm(l)n glob. sys. =14 %

04/ By

-4 -3 -2 -1 0 1 2 3

0IIII[lIIIIlIIIIlIIII|II!IIIIIIIII|IIII

4
y

comparison to shadowing calculations:

- at mid-rapidity suppression could be
explained by shadowing only

- at forward rapidity there seems to be
additional suppression

- need to measure shadowing

for statistical hadronization J/y yield
proportional to N2

higher yield at mid-rapidity predicted
in line with observation

>
o

1.4

B | ALICE Preliminary, Pb-Pb\fsNN =276TeV,L=70pub"

- W Inclusive J/y, centrality 0%-90%, 0<pt<8 GeV/c  global sys.= +6%
1 2 —_ PRnELI;I}I(I:\;ﬂERY ALICE Preliminary, Pb—Pb\J'sNN =276TeV, L~ 1.7 ub"

i ® Inclusive J/y, centrality 0%-80%, |y|<0.9 .
O Wiz ///////// o
0.6F ! i "

0.4 Shadowing in Pb-Pb {s, =2.76 TeV E E

B — EPS09 shadowing (R.Vogt & al.), pt>0
02 B % nDSg shadowing (E.Ferreiro & al.), pt>0

: ALICE common glob. sys. =+ 4 %

0IIIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|
-05 0 05 1 15 2 25 3 35
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1.8

> C
w’ 1.6 :— ALICE Inclusive Hy—u'y Sy = Rl_t:lrw Pb;bba—cnw NQW

1 4 :_ Rpppp! | Sy=2-76 TeV, 2.5:yem¢4, 0-90% (submitted to arXiv) § 1 4 - Inclusive Jflp'—)ﬁ"a' N

C Rp': |'5,,=5.02 TeV, 2.03<y_ <3.53 (preliminary) U: - A Pb-Pb\s,=276TeV,|y_ |<0.8, centrality 0-40% ew
1 2 [ Hbucm \ 8p,=5.02 TeV, -4. 45<y < -2.96 (preliminary) . - : O p—Pb‘ ‘SNN=502 TBV, . 3?<y <0.43

: []total uncertainty "-:‘E 1 .2 — o

S B e e o i

: S 1L
0.8 F

- Pb-Pb, 0-90 % B
0.6 ‘ ‘ 0.8
041 —H— H H 0.6F
02 - hypolhesus factorization of shadowing effects from the two :

I nuclei in Pb-Pb and 2->1 kinematics for J/y production 0 4 —

0 L I - l ) I | 1 1 1 I | -] I 1 I 1 1 | | - | 11 1 | ] ) - ' [ Wi
0 1 2 3 4 5 6 (7G v/ )8 0.2 i <
. p_{&evic 4y HLICE
Forward & backward rapidity ' i
oo b e b e b e Ly
0 2 4 6 8 10

Midrapidity p; (GeVic)

at low pt yield in nuclear collisions above pPb collisions
J/psi production enhanced in nuclear collisions over mere shadowing effect
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charm quarks thermalized in the QGP should exhibit the elliptic flow generated in
this phase

ALICE data analysis in 4 centrality bins
arXiv:1303.5880 and PRL (2013)

Counts/ (50 MeV/c?)

& Pb-Pbys,. =276 TeV, centrality 20% - 40%, 2.5 < y < 4.0, 2.0< p_<4.0 GeVic
2000
BN e  Opposite sign pairs
e, Fit total
1500~ ., — = Fit signal
B Fit background
1000~
500
- (a) o
0.1 . Opposite sign pairs
C Fit total v,(m,, )
oot d
- |(t|)) L L | L L L L 1 L L L L 1 L L L L 1 L L L |
2 25 3 35 4 45 25
my, (GeVlc )

Johanna Stachel

Centrality ~ (N,.:) EP resolution =+ (stat.) & (syst.)
5%—-20% 283 +4 0.548 4+ 0.003 + 0.009
20%—40% 157 £3 0.610 £ 0.002 £ 0.008
40%—60% 69 £+ 2 0.451 £ 0.003 £ 0.008
60%90% 15+ 1 0.185 £+ 0.005 + 0.013
20%—60% 113 £3 0.576 £ 0.002 £ 0.008

analyze opposite sign muon pairs relative
to the VO event plane as function of mass
and for each pt bin

- fit distribution with

bk :
Vo (M) = ﬁigcx{mw) 1y = (M) [1— ot(my )]

where o(my,,) =S/ (S+B) fitted to the
mass spectrum
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~ 0.3

arXiv:1303.5880

@ ALICE (Pb-Pb !ifs_ = 2.76 TeV), centrality 20%-40%, 2.5 <y <4.0

NH charm quarks thermalized in the QGP
should exhibit the elliptic flow
generated 1n this phase

0.2

0.1 $ H | s expect build-up with p as

observed for T, p. K, A, ...
and vanishing signal for high p,

region where J/\y not from
hadronization of thermalized
1111 | || | 1111 | L 111 | | | 1111 | | | 1111 | | | 1111

1 2 3 4 5 6 7 8 9 10 quarks
pT(GeWc)

o
| T T T T E T T T T | T T T T | T T T T
L

global syst. =+ 1.3%

D LI

first observation of J/y v,

in line with expectation from statistical
hadronization
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III|IIII|IIII|IIII|IIII|IIII|III1—

o - ]
= ~ Preliminary % CMS PbPb s, =2.76 TeV 3
o 700 .
Q - = data Cent. 0-100%, |y| < 2.4 7
S g00F-—— PbPb fit Ly = 150 ub” -
= e pp shape pi >4 GeV/c .
o - ]
T 500 4 =
(5] - 1 i _
> - e ]
LL - i a

400F i1 e -
300 —
200 - —

100

1 11 1 | 1 11 1 | 111 1 | 11 1 1 | 11 1 1 | 1 1 1 1 | I
07 8 9 10 11 12 13 14
2
My, (GeV/c?)

centrality integrated:

3S/1S « <0.1 95% C.L.

= III|IIII|II

o .4:— CMS Preliminary, PbPb ys,, = 2.76 TeV

1.2 T(1S5)
C | aT(23)
ﬁ 30-40%
0.8 40-50% | 20-308%
- 50-100% | i |
0.6/ ,
r |
0.4-
0.2 + + '
U. | i | | | 1
0 50 100 150 200
N

part

CMS-HIN-11-011

L. =150ub"
lyl <24

10-20%
5-10% 0-5%

——

I+...|.+

250 300 350 400

@consistent with

excited state

suppression
(50% feed-down)

higher upsilon states expected to melt earlier
2S/1S PbPb relative to pp 0.21+-0.07+-0.02  because of larger radius
but also: statistical population much reduced
beyond pp value due to Boltzmann factors

Johanna Stachel
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@ hadron production
- according to statistical ensemble
- links hadrochemical freeze-out to phase diagram: experimental
determination of phase boundary

» heavy quarks also appear to thermalize (I didn't show this today)
need total cross section and charm quark observables at low p.

° Jiy
— completely new picture at LHC compared to RHIC:R 5 5, spectra, and

elliptic flow indicate we are well on the way towards proof of
deconfinement: thermalized c-quarks form charmonia at hadronization
need complete story of all charmonia and bottomonia (down to p =0)
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Azimuthal Anisotropy of Transverse Spectra

i

Coordinate space:

Fourier decomposition of momentum distributions rel. to reaction plane:

“elliptic flow”
effect of expansion (positive v,) seen

quadrupole component v,
dN =N, 1—I—22vi(y,pt)cos(ic|>)
dp,dyd ¢ =1

from top AGS energy upwards

the v are the equivalent of the power spectrum of cosmic microwave rad.

Johanna Stachel



figure modified from B. Muller, J. Schukraft, B. Wyslouch, arXiv:1202.3233v1

o
> [ ] - 30.40%
E0'25 = Pb-Pb 2.76 TeV Centrality 30-40%
2 C h = V,{EP} ALICE preliminary
;g 02 ° v v, {EP} CMS preliminary
‘© C t e V,{EP}ATLAS
o B 5 + V4{SP}ALICE (Am>1.0) prel.
;0.15 C ., * *x  V5{EP} ATLAS preliminary
o . +
L. 0.1 *ft*’* °
ST A T
*
0.05 ¥ * +
E * +
F *
0 ;. L L L | 1 L | L L L L | L L L "I |
0 5 10 15 20
7 P, (GeV/c)

hydrodynamic regime
v2 driven by pressure gradient

jet fragmentation regime
v2 driven by energy loss

Johanna Stachel

elliptic flow (v2) as
function of p :

- excellent agreement
between all 3 LHC
experiments

- same for v3

?;‘:I 1 -8
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2

ALICE preliminary
Pb-Pb \s,, = 2.76 TeV

Centrality 20-40%

o
w
[T

Flow coefficient v

0.2
i Hydro
i CGC, 1/s=0.20
0.1k VISHNU VISH2+1
L — T .
B — K ==
- —Pp
PR
I:‘0 4
P_ [GeVic]

best current value for /s = 0.20 close to quantum lower bound
hydrodynamics with this small n/s reproduces flow for all particle species

Johanna Stachel
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Ran(p) = (Tan) - do.,/dp, yield in PbPb/(number binary collisions times yield in pp)
D 2:I T T | LI | L | LI | T T | T T | T T | LI | L I:
E L AD Centrality 0-20% 1 5
S 16 @D~ 10
< f lyl<0.5 i@
14 -
= e
e 37
e — 15
0.8 ] ;
0.6 H i
- 18
04 N
Mok, §
0.2 Lhf =

I 1 1 | 1 11 | I 1 1 | I 1 1 | L1 1 | L1 1 | 111 | I 1 1 | I 11
b2 "4 6% @& 10 12 14 16
P, (GeVic)

energy loss for all species of D-mesons within errors equal - not trivial
energy loss of central collisions very significant - suppr. factor 4 for 6-12 GeV/c
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comparison to EPS09 shadowing:
suppression not an initial state effect

Raa prompt D
I

|||0|:'|:|||||

06
04
0.2

ALICE
0-20% centrality
Pb- F’b,\.s =276 TeV

Average D° D", D™ |y|<0.5
1 NLO(MNR) with EPS09 shad.

|

HH o 1

N

2 4 6 8 10 12 14
pt(GeWc

—\‘III|III|III|III|III

B

é 2_I T T | T | T | | | T | T | T I_ ey
- 1 &
0, of ALICE 1
F 0-20% centrality ] T
1.60 Pb-Pb\[sy, =276 TeV -
C 4 O
1.4F e AverageD’ D',D 7, |y|<0.5 f
- - Charged particles, n|<0.8 1 =
1.2¢ = CMS non-prompt Jy, [y|<24 1 5
o ——— 1=
- 1 N

0.8 -

0.6 —

C ; - (E

0.4 H ﬂ—ﬁ =

0.2 EJL_H__B_ R

:I (| | 1 | | | | | 1 1 1 | (| m lTlI I I | (| I:

Y 2 4 e 18

p (GeV/c)

energy loss of charm quarks only slightly less
than that for light quark — thermalization
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Entries/15 MeV/c?

450 ? DKt and charge conj. ALICE
400 3<p <4 GeV/c Pb-Pb
350 Sy =276 TeV

300 Centrality 30-50%

250
200
150
100

50

® o In-plane -
m Out-of-plane
1 ‘ I | | ‘ | I | I I | ‘ | |

17 175 18 185 19 195 2
M(Kn) (GeV/c?)

2 centrality classes
event plane from TPC
corrected for B-feed down (FONLL)

1 TN m-plane — Nout-of-plane
R2 4 N mn-plane + Nout-of- -plane

Ry=0.8

0.2—

¢ Charged particles, v,{EP.|An|>2}

[ ] Syst. from data

-0.2—[ ] Syst. from B feed-down
! \ ! | ! | ! \ ! | ! |

m Prompt D°,D", D" average, |y|<0.8, v.,{EP}

0 2 4 6 8 10 12

non-zero elliptic flow 5.7 ¢ effect for D’ 2-6 GeV/c
within errors charmed hadron v, equal to that of all charged hadrons

Johanna Stachel
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‘%40'82”'””'””"'"I””'”ZZ“'””'“”'“”"“'I"-
oF oo AutAu0-20% (N,,=280) I Au+AU20-40% (N, =140) ]
JERR 5. pQCD FONLL 1 :
0.6F — o, PHENIX ¥ :
05 _ +shadowing(dAu) __ _
0.4F ¥ :
0.3F T :
0.2F e :
0.1F + :
O :u | | | | | T ' | | | | ]

-2 1 0 1 2 -2 - 0 1 2
y

assume PHENIX pA data reflect shadowing
need accurate charm cross section for AuAu!
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EI10'E
& F —— data 2.92 < M(e'e’) < 3.16 GeV/c?
S £ — fit,al
e [ o fit, prompt J/y % dof = 0.982
'E —— —— fit, J/y from b-hadrons
w10’ - ——— fit, background
-ALICE Pb-Pb, |5, =276 TeV [ *
o 2<p <10GeVic
= centrality 0-10% ALICE
_ : PERFORMAMCE
0 4 N
n |I iy Ny ‘
-6000 zauu 0 2000 4uou snuu

pseudoproper decay length (um)

due to displaced decay-vertices, pseudoproper decay length can be used
to determine B-fraction
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171 I] T I T T T T] T I
—@- ALICE Preliminary Pb-Pb, \s,,=2.76 TeV |y|<0.9, 0-80%
—k— CMS PbPb,\s,,=2.76 TeV |y|<2.4, 0-100%

o ALICE pp, 15=7 TeV, |~_.rw|<D.9
v ATLAS pp, 15=7 TeV, |~_.rd__v|<0.?5
a CMS pp, 1s=7 TeV, Iyd__w!cﬂ.g
» CDF pp, 1s=1.96 TeV. |yJ__w|cIIl6

p; integrated non-prompt B-fraction of
small

within current errors no significant
difference in pp and PbPb collisions
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T

ALICE

PRELIMINARY
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1 —
1 4 ALICE Preliminary, Pb-Pb VSTIN =276TeV,L~70ub" ALICE Preliminary, Pb-Pb \'STIN =2.76TeV,L =15 pb™
% B ALICE, 2.5<y<4,p >0 % @ ALICE, |y|<0.9, p>0

1.2

RAA

= Stat. Hadronization Model (A. Andronic & al., JPG 38 (2011) 124081)

Stat. Hadronization Model (A. Andronic & al., JPG 38 (2011) 124081) )
ALICE ~~  Transport Model (X. Zhao & al., NPA 859 (2011) 114) =
PRELIMINARY. .. Transport Model (Y.-P. Liu & al, PLB 678 (2009) 72)

ALICE -~ Transport Model (X. Zhao & al., NPA 859 (2011) 114 & priv. comm.)
PRELIMINARY . Transport Model (Y.-P. Liu & al, PLB 678 (2009) 72)

o ! ||| Shadowing+comovers+recombination (E. Ferreiro, priv.comm.) 1 A\, |!|! Shadowing+comovers+recombination (E. Ferreiro, priv.c
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o

in transport models (Rapp et al. & P.Zhuang, N.Xu et al.) J/psi generated both in QGP and
at hadronization
@ transport models also well in line with R
part of J/psi from direct hard production, part dynamically generated in QGP

@ How to distinguish?
flow of J/psi and excited state population — precision 2" and 3" generation data
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S £ — fit,al
e [ o fit, prompt J/y % dof = 0.982
'E —— —— fit, J/y from b-hadrons
w10’ - ——— fit, background
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= centrality 0-10% ALICE
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pseudoproper decay length (um)

due to displaced decay-vertices, pseudoproper decay length can be used
to determine B-fraction
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p; integrated non-prompt B-fraction of
small

within current errors no significant
difference in pp and PbPb collisions
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@consistent with

excited state

suppression
(50% feed-down)

higher upsilon states expected to melt earlier
2S/1S PbPb relative to pp 0.21+-0.07+-0.02  because of larger radius
but also: statistical population much reduced
beyond pp value due to Boltzmann factors
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