first PbPb collisions at LHC at Vs = 2.76 A TeV

setup for ion collisions: November 4
first collisions with stable beams:
November 8 until Dec 6

already in Dec 2010
5 publications in PRL and PLB

Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:30:46

Fill : 1482

Run : 137124

Event : 0x00000000D3BBE693
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@ after SPS fixed target program 1986-2000 leading to recognition that a
deconfined phase of matter is formed (CERN press release Feb. 2000)
@ and RHIC program starting to characterize this phase as a
dense, strongly coupled liquid (BNL press release April 2005)
> what 1s left for LHC?

what is different at LHC?

what do we want to learn?

much larger energy (> 20 x RHIC)
very large volumes, temperatures, densities

: : , equation of state
copious production of jets and heavy quarks

number of degrees of freedom
transport coefficients (viscosity etc)

velocity of sound

parton energy loss and opacity
susceptibilities

proof of deconfinement
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probes density of gluons initially liberated from the colliding nuclei
expect order of 10 000 - depends on shadowing and gluon saturation

ablee | Simple logarithmic

Busza [4] - . )
HUING 20 [5] | extrapolation fails
DPMJET Il [6]

UrQMD [7]

Albacete [8]
Levin et al. [9]

Kharzeev et al. [10] Gluon saturation models

Kharzeev et al. [10] .
Kharzeev et al. [11] mostly underpredict data

Armesto et al. [12]
Eskola et al. [13]

e e ]
° Bozek et al. [14]
Sarkisyan et al. [15]
/ | Humanic [16]
1500 2000
dN_,/dn

Phys. Rev. Lett. 105(2010)252301

predictions cover wide range — many
excluded by very first data
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€0 = dEt/dn/At X d’l?/dZ = (Hlt) X dNCh/dn]-5/At X d’l?/dZ
Bjorken formula® using Jacobian dn/dz=1/1,

ALICE:
Ay =150fm* (m;) = 0.67 GeV/c—¢g X 19 = 10.7 GeV /fm”

from saturation momentum 79 = 1/pg = 0.08 fm
— gy =135 GeV/fm3

estimate temperature to T = 0.665 GeV =4 T = 10" K

pressure P = 45 GeV/fm’ = 7.2 10°° Pa=7.2 10°' atm

entropy density = 270/fm’ - ok with about 1000 gluons per unit rapidity
total entropy of fireball: 36 000

* this is lower bound; if during expansion work is done (pdV) initial
energy density higher (indications hydrodynamics: factor 3)
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Collision dynamics
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Phys. Lett. B696(2011)328

k) (GeVic)

@ Transv. mom. dependence shows
@ typical shape for hydrodyn.

@ expanding source

@ reproduced reasonably well by
Krakow and Kiev hydro models

expansion velocity grows linearly
with radius (Hubble-like)
reaches at surface 3/4 c
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coherence volume V = (27)%2R2 4 Riong
Phys. Lett. B 696 (2011) 328 (values scaled)
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Production of different hadron species

integrate spectra of
identified hadrons (specific energy loss and time-of-flight)

hadrons reconstructed from weak decay products (A, E, €2)
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Pb-Pb \suy=2.76 TeV -
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in agreement with expectations
only: why too few protons?
phi also 1n perfect agreement with statistical model
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dE/dx signal in TPC

" All particles from electrons to “He can be

1dentified with the TPC

i T
1200 \ “ \ PbPb @\[syy = 2.76 TeV
\ \
H '\ \ \
1000 VYo
il 35| 5
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8004 \ F ALICE
E S.\ % % \4% performance
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o
[4,]
-

excellent PID with TPC /
dE/dx resolution 5 %
close to theoretical

limit
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dE/dx in TPC (a.u.)

" anti-*He identification
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" 4 anti-*He candidates observed so
far
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Raw Ratios of anti-’He/°He and anti-*‘He/*He and

anti-hypertriton Observation

" uncorrected raw ratios

1 g §: uncorrected :g
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" anti-matter and matter seem to be

produced in equal proportions

" consistent with baryon chemical potential
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" anti-hypertriton

Invariant mass *He =* (GeV/c?)

" clear signal observed
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@ agreement between groups doing finite temperature lattice gauge theory: T (u=0) = 160 - 170 MeV

Bazavov & Petreczky, arXiv:1005.1131 [hep-lat]
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@ data points 'chemical' freeze-out of hadrons
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Azimuthal Anisotropy of Transverse Spectra

Fourier decomposition of momentum distributions rel. to reaction plane:

dN . quadrupole component v,
dp dyd ¢ - N0°[1+22vi(y’pt)cos(l¢) “elliptic flow™
Py =1 effect of expansion (positive v,)
seen from top AGS energy

the v_are the equivalent of the power spectrum of cosmic microwave rad.

Johanna Stachel



elliptic flow at given p very similar to RHIC (not trivially expected) - system also at

LHC strongly coupled, indicated by very small ratio of shear viscosity to entropy
density pt integrated even stronger due to larger expansion velocity
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calculations: Song, Bass, Heinz, PRC83 (2011) 054912
2+1 viscous hydrodynamic evolution plus hadronic phase
---- color glass 1nitial condition plus eta/s = 0.20 describe data well
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7.Qiu, C. Shen. U. Heinz, PLB707 (2012) 151 viscous 2+1 d hydrodynamics
0.4—}
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with Glauber 1nitial condition and 1/s = 0.08 both v /€ and v /e can be described
N/s close to quantum lower limit 1/47w at LHC
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> [ ALICE preliminary
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rapidly rising v, with p and mass ordering typical features of hydrodyn. expansion

nearly 1deal (non-dissipative) hydrodynamics reproduces data - surprise!
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ALICE, PRL 107 (2011) 032301 and PLB 708 (2012) 249

. 0.35+ :
1.015 ﬁ pI92-2.5 GeVic %] Centrality
/ * p3*°° 1.5-2 GeVic 0.3 —-0-2%
@ 10T 4 i Pb-Pb2.76TeV, 0-2% 0.25 | 2<pl'< 2.5 Gevic
v & 1.5 < p*°° < 2 GeVie
ERIUCE S JSRS < 027
F y + -—
@ /NN _ /] ;1'”%# s Soas |
S VA A SV Savio oo v (IS o
= T/t N\ 0.1
. : B é
§ 0.995-% /i WA
¢ ¢ ;. # 0.05 -
0.99-| ¥ $ I I = SR 1
10 1 2 3 4 1 2 3 4 5 6 7 8
Ao [rad] n

measurement of the first & harmonic coefficients
v -v_significantly larger than 0, maximum at v_

current understanding: higher harmonics (3,4,5,...) are due to initial
inhomogeneities caused by granularity of binary parton-parton collisions
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Propagation of sound in the quark-gluon plasma

5-- - T / / - ¢
" =1 -

Figure 2: Evolution of the temperature perturbation Ty(7,, 4) in the rescaled frame but in the regular coordinates for
7 =1,4,6 fm/e from left to right. (Taken from [10])

calculations: Staig & Shuryak arXiv:1106.3243, small initial temperature
inhomogeneities due to initial distributions of binary parton collisions evolve in
expanding strongly coupled quark-gluon plasma

determine moments of the power spectrum at the decoupling (freeze-out) stage
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L Staig & Shuryak arXiv:1109.6633
- hydrodynamics describes even
0.001} .
small perturbations of
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arXiv 1205.5761 [nucl-ex]

> L ALICE @ h'+h (10-50%) .

0.3—Pb-Pb\5,,;=276 TeV W ™+ (10-50%) elliptic flow:
i A p+P (10-50%) . . .
i ALl v 7 PHENIX (10-50%) collective behavior vanishes
- = 7' WHDG LHC . .

O Extrapolation (20-50%) universal for all species
B A o« . . o« e
- ‘f % q small remaining ellipticity due to
] @ _C ..

oil, ¥y ab A . - back-to-back dijet structure of events
& — JD#_ ' - energy loss of partons less in plane
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g 015 i
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01— c 5]
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calculations: Horowitz & Gyulassy 2011
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energy loss of partons in the quark-gluon plasma
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(’Lf

Rys(pr) =

(1/NADY G2 NAA [ dnd pr

@ p.. reach 50 GeV/c (soon 100)

@ shape of p. distribution changes

with collision centrality —»
different suppression pattern
depending on collision centrality

@ strong suppression in central
collisions

@ hint of leveling off above p, =30

GeV/c maybe pQCD limit is
never reached

concept of quasiparticles in dense
fireball invalid?

(Near) (1 /NZDV@2NTT Jdndpr
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if pQCD is valid at high transverse momentum
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ALICE, charged particles, Pb-Pb
\ Sy = 2-76 TeV, 0-5%, | n | < 0.8

I:{AA

@ ; data show sensitivity
; ' program for next years
- precision info for
different quark flavors &
large kinematic range
o ALICE Data - determine effect of
— HT (X.N.W.) lower density . :

HT (X.N.W.) higher density medium (QGP) on jets
—HT (AM.) | .
T ASW (TR) : and vice versa
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background info: data at RHIC show weak sensitivity to transport coefficients due
to very steeply falling spectrum
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K. Zapp, F. Krauss, U. Wiedemann arXiv:1111.6838
modeling of multiple scattering in the medium via infrared continued 2 — 2 scattering matrix
element in pQCD and in-medium parton shower for further emissions

l l T T T T T T T T

T
CMS preliminary data, 0-3% centrality +—s—

T T T
PHENIX data, 0-10% centrality —=—

JEWEL+PYTHIA ALICE preliminary data, 0-5% centrality +—s—
0.8 | 8 0.8 | JEWEL+PYTHIA —— 1
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0.6 . 0.6 | T _
< < L
Cz: D;: - n

04+ "a i 0.4

0.2 F Ll N R L : - 0.2 .
0 | | ' . 0 ' ' ' ' | ' ' ' '
0 5 10 15 20 25 O 10 20 30 40 50 60 70 80 90 100
p, [GeV] Py [GeV]
RHIC: T. =350 MeV 1 = 0.8 fm/c LHC: T =530 MeV © = 0.5 fm/c
scale 1s set by final state particle different shape vs RHIC due to sqrt(s)
multiplicity dependence of hard scattering processes
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Reconstructed jets

Johanna Stachel



Pb-Pb \'s,=2.76 TeV

. . . A 10'4E
taking into account charged particles S | Centrality
down to 150 MeV/c > . 0-10%
recover redistributed energy Q 10°e JALICE - = 10-30%
: = r 4 30-50%
fully correc.ted for large fluctuations of S v 50-80%
the underlying Pb Pb event Q10
< - = Charged Jets
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Pb-Pb {s,,=2.76 TeV

ol 10 =
@) - ® (0-10%)/(50-80%) [_] correlated error
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charged jets with R = 0.3 strongly suppressed, despite inclusion of low pt particles.
with higher threshold observed by ATLAS
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ratio of cross sections for small cones consistent with vacuum fragmentation.
jet core of reconstructed jets not strongly modified
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JEWEL: reproduces charged particle R

Zapp, Krauss Wiedemann arXiv:1111.6838
JEWEL jet results: private communication

P, (GeV/c)

and charged jet R and ratio R =0.2/0.3
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charm quarks in the quark gluon plasma

interest 2-fold:

energy loss of heavy quark (radiative energy loss should be suppressed due to
large mass (1.2 GeV)
need total charm cross section for understanding of charmonia (ccbar states)

Johanna Stachel
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for 10’ events, expect to measure open charm for
p,=0.5-15GeV/c
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Inclusive electron spectrum from 2 PID methods: TPC-TOF-TRD and TPC-EMCAL

e electrons / background cocktail

clu:
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subtract hadronic decay cocktail
using measurements where

possible (1", n, m scaling for

other mesons, J/y), >
direct y from pQCD

arxiv: I1205 5423

ALICEc,b—e

M 4 TPC-TOF/TPC-TRD-TOF, y|<0.5

 —4— TPC-EMCal, |y|<0.6

11 1111

pp, Vs =7 TeV

additional 3.5% normalization uncertainty
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electrons from ¢ and b decays
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1/(2np ) d*c/(dpdy) (mb/(GeV/cy )

107

s ALICE data complimentary to
ATLAS measurement at higher pt
(somewhat larger y-interval)

s good agreement with pQCD

s at upper end of FONLL range for p,

—
=1
on

< 3 GeV/c where charm dominates

—
=
s3]

—
Q
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“pp, Vs=7 TeV
108 —+— ALICEc. b—e
= 4 ATLASc,b e
s FONLLc,b— e, |y| <0.5

FONLLc, b—s e, |y| <2 excl. 1.37 <|y| < 1.52

3x107! 1 2 3 4567810 20 30
P, (GeVl/c)

arxXiv:1205.5423
ATLAS: PLB707 (2012) 438
FONLL: Cacciari et al., arXiv:1205.6344
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o good agreement with ATLAS
and LHCb

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

@ beam energy dependence
follows well FONLL
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pp reference at 2.76 TeV: measured 7 TeV spectrum scaled with FONLL
cross checked with 2.76 TeV measurement (large uncertainty due to limited luminosity

D 2:| T T | |||||||| |||||||||||| |||||||||| : T TT1 | T TT | T T 1 | T TT1 | T TT1 | T TT1 | T TT | T TT1 | T T I:
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_______________________________________ T >
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R, (GeV/c) R, (GeVic)

energy loss for all species of D-mesons within errors equal - not trivial
energy loss of central collisions very significant - factor 3-4 for 5 GeV/c
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comparison to EPS09 shadowing:
suppression not an initial state effect
will be measured directly in pPb collisions
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arXiv:1201.5069 (CMS)

energy loss of charm quarks only slightly less
than that for light quark — thermalization
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J/psi production in PbPb collisions at LHC
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Quarkonium as a Probe for Deconfinement at the LHC

the Statistical (re-)Generation Picture

o =

0.4+ ‘H"ﬂu -._a__
1 ——— LHC madel E
024 - — — — RHIC miodel
@ RHICdata

!

E LY
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B 0.6 .
HARYY
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u]

0 S0 100 150 200 250 300 350
MNumber of nuckeons in collision

charmonium enhancement as fingerprint of deconfinement at LHC energy

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

Johanna Stachel



Decision on Regeneration vs. Sequential Suppression

from LHC Data

statistical regeneration

sequential suppression

I/ W Production Probability

Enetgy Density

Picture: SPS RHIC LHC
H. Satz 2009
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ALICE PRL 704 (2011) 442 arXiv:1105.0380
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@ good agreement between experiments
@ complementary in acceptance:

only ALICE has acceptance below

6 GeV at mid-rapidity
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measured both at 7 and 2.76 TeV
open issues: statistics at mid-rapidity

polarization (biggest source of syst error)
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most challenging: PbPb collisions

significant combinatorial background
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melting scenario not observed
rather: enhancement with increading energy density!
(from RHIC to LHC and from forward to mid-rapidity)
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in AA collisions: indication of J/y regeneration
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@ production in PbPb collisions at LHC consistent with statistical hadronization within
present uncertainties

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

@ need to precisely measure charm cross section in PbPb and pPb collisions
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statistical hadronization only expected
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QGP

p dependence in line with this prediction
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relative yield larger at low p in nuclear

collisions
good agreement with CMS at high pt
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ALICE Preliminary, Pb-Pbys,, = 2.76 TeV, L= 70 pb’

ALICE

PRELIMINARY

Bl Inclusive J/y, centrality 0%-90%, 2.5<y<4 global sys.=+ 7%

Transport Model (X. Zhao & al., NPA 859 (2011) 114)
—— Total with shadowing
=== Primordial J/y
------- Regenerated J/y
—— Total without shadowing
=== Primordial J/y
------- Regenerated J/y
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1.4

r ALICE Preliminary, Pb—Pb\fsNN =276 TeV,L~70 },Lb'1 . . o . . o

i B Inclusive Jhy, centrality 0%-90%, 0<pt<8 GeV/c  global sys.= 6% for Statl Stlcal hadr()nlzatlon J/p Sl y161d
1.2 L PRnELI;EICNHERY ALIGE Preliminary, Pb-Pbys,, = 2.76 TeV, L= 1.7 b . 1 2

i ® Inclusive Jhy, centrality 0%-80%, |y|<0.9 proportlona to NC

TS

: higher yield at mid-rapidity predicted

0.8

1n line with observation
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1.4

0.2 [~ open: refiected :E - : ALICE Preliminary, Pb-Pbysy, = 2.76 TeV, L= 70 pb’*
- m - 3 W Inclusive J/y, centrality 0%-90%, 0<p <8 GeV/c  global sys.= +6%
L ALICE common glob. sys. =+ 4 % 12+ !
O I L1 1 1 I | T | L1 11 | L1 1 1 | | - | L1 1 |1 I L1 1 1 | L1 11 | - L pRnELI;EICNHERY ALlCE Preliminary, Pb_Pb\fSNN = 276 TeV’ Lz 17 ub-‘]
-4 -3 -2 -1 0 1 2 3 f/ i ® Inclusive J/y, centrality 0%-80%, |y|<0.9
1 ______._____,_..--""-

Comparison to shadowing calculations: //////// /////////’////// N

5 5 =10 . 0.6 B H E E
- at mid-rapidity suppression could be : "
explained by Shadowing only 0.4 Shadowing in Pb-Pb |s,, = 2.76 TeV E B

— EPS09 shadowing (R.Vogt & al.), pt>0

= at fOI'W&I'd I'apldlty there SCCIS tO be 0.2 :— %nDSg shadowing (E.Ferreiro & al.), pt>0
addlthnal SuppI'@S SiOIl 0 : | | | | | ALIClE commor; glob. sysi =t4% |
- need to measure shadowing 05 0 05 1 15 2 25 3 35 4}1/
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—~ 1200

ﬂg I 25<y<4.0,20 < p <4.0GeV/c
= 1000F e Data : :
S Ty — charm quarks thermalized in the QGP
m ~ . . . .
g 800p should exhibit the elliptic flow generated
3 | L
s GOOW in this phase
3 I
400F ~  0.2r
I ;_ - % ALICE Pb-Pb \'s, = 2.76 TeV
2001 Pb-Pb |5, = 2.76 TeV, centrality 20%-60% =S 0.15F m 0<p <10GeVic,25<y < 4.0
- - ALICE : |
N e e 0_1__PRELIMINHRY
0 0.5 1 15 2 2.5 3 -
A(p - q)dimuon ) lPEP,2 (rad) 0.05;— 4$7 ﬁ
Ol
: ; -0.05F
first observation of J/y v, i
L : : .. -0.1F
in line with expectation from statistical F
o -0.15F
hadI'OnlzathIl B <p>= 2.31% 0.20 within 0 < P, < 10 GeV/c (uncorrected )
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~ 0.3

Jy v
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PRELIMINARY

Centrality 20%-60%
m ALICE Pb-Pb |5, =2.76 TeV, 2.5 <y < 4.0

ALICE

~ 2% relative syst. error from 6, correction
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s expect build up with pt as
observed for , p. K, A, ...
and vanishing signal for high
pt region where J/psi not from
hadronization of thermalized
quarks

s observed
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~ 0.3

= B Centrality 20%-60%
}5; 0.25F B ALICE Preliminary, Pb-Pb ys,, = 2.76 TeV, 2.5 <y < 4.0
0 22 ALICE ¢ sTARPreliminary, Au-Au {5 = 0.2 TeV, ni<0.9, JPG 38 (2011) 124107
& PRELIMINARY
0.15F
0.1F
0.05F %
] —
-0.05F
-0.1F
- ~ 2% relative syst. error from 6, correction
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P, (GeV/c)

at RHIC flow signal for J/psi zero within errors, but not very
significant
weaker flow in QGP phase?
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~ 0.3

= - @L{:’; Centrality 20%-507%
-..E: 0250 I/ W ALCE Preliminary, Pb-Pb {5, =276 Tel 25 < y < 4
- N — DiuEng ezl B hermalized & with shad EKS0E do fdy] = 03B mb
D 2_— HI-ICE L =20
“=r PRELIMINARY = Fhuang e al, B not tharmakzed & with shad EXS0E g fdy| ., =038 mb
0.15+
0.1F $ H
0.051- Tl
D 5 ........... o .
-0.05F H
015
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v, of J/y consistent with hydrodynamic flow of charm quarks in QGP

and statistical (re-)generation
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in thermal models: expect suppression due to Boltzmann factors

(‘:,]I-‘ __ _— N | LI | |||||||||||||||| I LU I_
2 % CMS Preliminary . L e daa CMS Prellmmary i
& 70 { PPNs=276TeV | T % pppofit | PbPb\/syy =276 TeV]
2 0.0 <lyl<24 . N pp shape fI 0-100%, 0.0 < |y| < 2.4 ]
< 80 DcpTczﬁGe\;ffc E S 50:_p$:»4GeV!c 0 <p, <20 GeVic —:
@ L= 225.1 nb’ § ~ L - =7.28ub" ]
g o0 5 = 2 40 b . -
0l i o = 92 MeV/c” (fixed to MC) E L%‘ - o = 92 MeVi/c® (fixed to MC) 1
] 30 IS -
30 = - PbPb
20 E 20~ * H
+ |*l*+ L 7 I el PR i ey y 2
. s B ¥ TR
|||||||||||| [N AR A = _
07 1ID 1|1 12 13 14 % L1 1 Isl 11 1 Ié L1 1 |1|0| L1 |1|1| 11 I1|2| 11 |1|3| L1 |14
My, (GBVJ’GE} My, (GE‘V}Fcz)
raw ratios:Y(2S +35)/Y(1S)|,, = 0.7870}5 +0.02 Y(25 +38)/Y(AS)| pypp =0.247012 £0.02

from CMS cross section measurements:
(Y(2S) + Y(SS))/Y(IS)Pbe =(0.14 +0.08 — 0.07

vs thermal model at T=170 MeV: 0.046
ok within the current uncertainties
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1.4
SE: i ALICE Preliminary, Pb—Pb\{sNN' =2.76 TeV, L~ 70 ub™
m 1.2 L NN m Inclusive J/y, centrality 0%-90%, 2.5<y<4 global sys.=+ 7%
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