More than one
mystery

A personal assessment of ALICE results from RUN1 data



Reminder

The objectives of the LHC heavy-ion scientific program



Thermodynamics of strongly interaction matter

QGP:
Color deconfined

temperature

Chiral symmetric

quarkyonic ?:
Color deconfined
Chiraksymmetry broken

hadron gas:
Color confined
Chiral symmetry broken

How does the complexity of matter emerge
from the dynamics of the strong interaction
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The ALICE core mandate

Establish the fundamental properties of strongly
interacting matter through complete™ precision
measurement

“pPt~ 1 ®PID ® pt>» Aacp
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Established tfacts: exp

o At LHC temperatures matter has the properties
of a perfect™ liquid™”

The Quark-Gluon Plasma,
a nearly perfect fluid

s L. Cifarelli ', L.P. Csernai* and H. Stécker ' - DOI: 10.1051/epn/2012206
# ' Dipartimento di Fisica, Universita di Bologna, 40126 Bologna, Italy;
# “ Department of Physics and Technology, University of Bergen, 5007 Bergen, Norway;

# ' GSI Helmholtzzentrum fir Schwerionenforschung, 64291 Darmstadt, Germany

We are livin in interesting times, where the World’s largest accelerator, the

Large Hadron Collider, has its most dominant successes in Nuclear Physics:
collective matter properties of the Quark-Gluon Plasma (QGP) are studied
at a detail which is not even possible for conventional, macro scale materials.

* non-dissipative

** strongly interacting
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What is a liquid?

Gel, cream or paste
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Established facts: theory

smooth™ transition from hadron gas to QGP, Z3
symmetry restored

Chiral symmetry

* 13 (Wuppertal-Budapest)
p/T 4 (Wuppertal-Budapest)

*

not a phase transition, not SB
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Standard strategy

 Large and dense: heavy-ion physics

 Small and dilute: comparison measurement



Standard strategy

 Large and dense: heavy-ion physics

> AA =» pQCD + Npdf + FF + collectivity

e Small and dilute: comparison measurement

> pp =» pQCD + pdf + FF

> PA =» pQCD + Npdf + FF



But ... High M pp/pA

e particle production

* momentum spectra

e HBT radii

* Ridges

e Quarkonia suppression



Toward a new paradigm 7

e Collectivity everywhere |

complexity

* A coherent experimental and theoretical
approach to statistical QCD from e*te-to AA
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Mysteries

a personal assessment



guestions for theory

e |S at LHC: classical gluon fields ? strongly or
weakly coupled ?

e dynamics: from IS to an hydro liquid in 0.5 fm/c

* DoF: quasi-particle free medium ? just above Ty ?
hadronization ?



guestions for theory

* |S at LHC: classical gluon fields ? strongly or weakly coupled ?
* dynamics: from IS to an hydro liguid in 0.5 fm/c

* DoF: quasi-particle free medium ? just above Ty ? hadronization

» How can experiment constrain this physics of
equilibration in QCD 7
» |HC offers most favorable conditions
very low X
non dissipative medium

15 Y. Schutz @ Tsukuba, 10/2014



soft: pr ~ 1T, Aaco
porobe the bulk



hadrons production

ALICE Preliminary * pp\s=7TeV
¢ Extrapolated (Pb-Pb 0-10%) * p-Pb s, =5.02 TeV
& Extrapolated (p-Pb 0-5%) | VOA Multiplicity (Pb-Side) 0-5%
‘ 5 | » Pb-Pb \s,, =2.76 TeV, 0-10%

™ .

+

S enhancement, O suppression,
* . OK
K* suppression d enhancement
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hadrons production

- ALICE Preliminary

Pb-Pb 1, = 2.76 TeV, 0-10%

< Not in fit

0 Extrapolated

Model T (MeV) V (im°)
— THERMUS 2.3 155 + 2 5924 + 543
GSI 156 + 2 5330 + 505
=+ SHARE 3 156 + 3 4476 + 696

/ order of magnitude
o, d, nuclel
Th =155 MeV
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hadrons production

v |

fits, dN/dy data

B ratios
O vyields

T=162.9+2.1 MeV

V=214+19 Fm’
v.=0.70+0.027

10'-E e

0 02 04 06

——  parametrization
A Braun-Munzinger et al.

¢ Kaneta,Xu

{ i i s S el B
Hadron mass (GeV)

10

—
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<pt> Vs M

b
i \1s=7TeV . i
1F PP % ALICE,charged particles

:
3
I71<0.3,0.15<p_<10.0 GeV/c op: not an incoherent Superposition of
PYTHIA 8, tune 4C
¢ without CR
< with CR
jj
3
]
4

multi parton interactions (CR)

- 0.85 ‘;— p-Pb \ s, =5.02 TeV
08t m Data

PA: not an incoherent superposition of
NN collisions (EPOS + hydro)

O DPMJET

0 HIJING

A AMPT

¥ EPOS

— Glauber MC

. ol A LAt
T LA e T
e 3

\ ;j. ')
T P T, T O o e v i
B R R R N R T TR

Pb-Pb |8, = 2.76 TeV COlleCt|V|ty everywhere ?
s Models |
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Heavy-ion collisions 4 Hydrodynamics

Back to Hydro Dynamics of QGP !
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Baryon & Meson
Ife]al

ALICE |s,,=2.76 TeV —~K_ 0-5% Pb-Pb
* 0-5% Pb-Pb — Krakow
==+ Fries et al.

10 12 14 16 18 0 2 10 12 14 16 18
pT(GeV/c)
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Baryon & Meson

strange

W PP ALICE |5,,=2.76 TeV
LI T+ T
* 0-5% Pb-Pb

0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
p, (GeV/c)

ly[<0.5 STAR: Au-Au at | s,,=0.2 TeV
-5- \K” 0-5% o ‘xK” 0-5%
8- \K” 60-80% -©- —\KO 60-80%
ALICE: Pb-Pb at | Sin=2-76 TeV
—4— AK¢ 0-5%

A K? an.ane
—4— K 60-80%

systematic uncertainty

Theory 0-5%
= Hydro VISH2+1
- === Recombination
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_P+P_ ALICE |5,,=2.76 TeV
O \ S

Baryon & Meson

0-5% Pb-Pb
— Krakéw

== Fries et al.
w EPOS

STAR: Au-Au at 1 s..=0.2 TeV

2.4
2.2

2
1.8
1.6
1.4
1.2

1
0.8

0.6
0.4
0.2

ALICE, p-Pb, \ s\, = 5.02 TeV
VOA Multiplicity Classes (Pb-side)

& 0'50/0

| 60-80%

ALICE, Pb-Pb, | s, = 2.76 TeV

—© :0-50/0
—5—{ 80-90%
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Eull ot

P+P_ ALICE \s,,=2.76 TeV
0-5% Pb-Pb

T "+ T

A

.......

10

collective effects: radial flow + ,

coalescence ?

Baryon & Meson

PP

12

14

[
(

vacuum jet fragmentation:

pQCD
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ALICE Preliminary

arXiv:1404.0495 ALICE preliminary
® Pb-Pbat \s,, =2.76 TeV, 0-5% p.<5GeVic p_>5GeVic

W Pb-Pbat \s,, =2.76 TeV, 60-80% p <5GeVic p, >5GeVic
* ppat1s=2.76TeV

—— r

L =
| A
= =

N

collective effects: radial flow +
PE-Y=C=TPNCY=V-N-V-Y-Nr

Baryon & Meson

Ratioston

Centrality 0-10%
P/t

» p/Tt (rebinned)
e O/t X4.8

Mass rather than quark content
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Baryon & Meson

ALICE Preliminary

p-Pb\s,, =5.02TeV,-05<y <0

VOA Multiplicity Event Classes (Pb-Side)
® 0-5%

+ 60-80%
Pb-Pb | s,,, = 2.76 TeV, |y| < 0.5

arXiv:1404.0495
00-10%
*80-90%

ppi\s=7TeV,|y|<0.5
Eur. Phys. J. C 72, 2183

lecti ffects: radial fl
collective errects: radial Tlow + Mass rather than quark content
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Blue shift

ALICE, p-Pb, \s\, = 5.02 TeV
O<y. .<05

ALICE, p-Pb, |5, = 5.02 TeV

O<nms<05

CMS

S
| | | | | | | ats |
L1 1 1 L1 1 1 I | T | I | L1 1 1 L1 1 1 I L 11 )

2 3 4 5 6 7 8 9

p_ (GeV/c)

102

10

10‘5 oo by by b b by by s by g by o %

0 0.5 1 15 2 25 3 35

ALICE, p-Pb, |y <o .- - L A o o A RARRR RS
ALICE, p-Pb, sy = 5.02 TeV

O<Kms<a5

-~
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII.1‘JIII

1 2 3 4 5 6 7 8
p_ (GeV/c)

D/2014




Radial flow

PRELIMINARY

Ry

=

—e— ALICE, p-Pb, \s,,, = 5.02 TeV
VOA Multiplicity Classes (Pb-side)
ALICE, Pb-Pb, \s,, = 2.76 TeV
—a—— ALICE, pp,\s =7 TeV
& PYTHIA8, \s = 7 TeV (with Color Reconnection)
PYTHIAS, \s = 7 TeV (without Color Reconnection)

0'0%2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7

B

p-Pb and pp: (stronger) radial gradient !
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Elliptic flow

ALICE

Pb-Pb |5, =2.76 TeV
Inl <0.8
and lyl < 0.5

20-30% Particle species

V,{SP,IAn| > 0.9}

50-60%

hadronization through g coalescence =» g DoF at T > TH?
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Elliptic flow

ALICE

Pb-Pb |'s,, =2.76 TeV
Inl <0.8
and lyl < 0.5

10-20% Particle species

< *

= p+p

Vv,{SP|Anl > 0.9}/n,

U9 SAV o iivivivivan A CA Ay 4 A

Y=Y
wAWE
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Elliptic flow

ALICE
p-Pb \|s,, =5.02 TeV
(0-20%) - (60-100%)

pop: hydro flow, as well | the embarrassing success of hydro
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Elliptic flow

ALICE
p-Pb \|s,, =5.02 TeV
(0-20%) - (60-100%)

pop: hydro flow, as well | the embarrassing success of hydro
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Dissipation in the perfect liquid is minimal:
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— N flow

Dissipation in the perfect liquid is minimal:

he QGP is transparent to guantum fluctuations in the IS

non dissipatif
hydro + classical g
f’ 01F .T “. Centrality 0-1%, [n| < 0.8

< Anl > 1
Vs aqael2, [AY] > 1}

field dynamics

} & #\ /ﬂx
e
P f
fluctuations [ roem iz
| - 2 3 4
Ao (rad.)
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nard: pt mrt » I, Aacp
orobe QGP at high resolution scale (DoF)




Pb-Pb {/s,, = 2.76 TeV

0-10% Centrality
Charged+Neutral Jets
Anti-k. R =0.2 n|<0.5

Leadlng charged track p. > S GeV/c
P >0.15 GeV/c

T,const

Biased pp reference
CMS R,, R=0.2 0-5%

Read from HIN-12-004-PAS
Sys. Unc. not included

ALICE

PRELIMINARY

150 200 250 300
pehtem (GeV/c)

T,jet

jets follow trend of leading hadron
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Pb-Pb | 5,,=2.76 TeV

ALICE

PRELIMINARY

[:] correlated uncertainty

shape uncertainty

Where is the lost energy radiated ?

® PbPb 0-10%
¥ PDbPb 50-80%

Charged Jets
Anti-k;
,D'TraCk >0.15 GeV/c

38 Y. Schutz @ Tsukuba, 10/2014



- 6|\ — f(\/S, T, Ejet, Lmedium)

» How do these results constrain guantitatively the medium
properties ?

» Do theory and experiment speak the same language ?

» Can we experimentally discriminate between perturbative
and strongly coupled approaches 7
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minimum-bias p-Pb \s, = 5.02 TeV
=——e— charged jets ALICE Preliminary
anti-k; R=0.4, |'7|ab|<0'5
E charged hadrons, NSD, | __ |<0.3

M

uncertainty reference +
Glauber (charged jets)

l normalization I

No medium final state effect in pPb 7?7
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Qad ALICE p-Pb, | 5=5.02 TeV
1. —s— Average D°, D", D"

-0.96<y_ <0.04

-
N

-—b
no

6 :L
-
i
[
]
P

-- CGC (Fujii-Watanabe) - p-Pb \ s, = 5.02 TeV, u*« c,b decays
—-= pQCD NLO (MNR) with CTEQ6M+EPS09 PDF ‘ ' —4— 2.5<y <3.54
cms

ALICE Preliminary —4— -4<y  <-2.96
cms

No medium final state effect in pPb 7?7
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ALICE preliminary

g esaly .- -..-..-"'....-. el T
l':-""‘ s Bl it Bl Bl

NSD, pr\sNN-SOZTeV
W] ®m+n,-05<y, 1k<0 for p_ < 2.0 GeV/c
03<yn <0.3for p_>2.0GeV/c
K +K, 05<y ‘<0 forp <2.8GeV/c
03<y ;<03f0rp > 2.8 GeV/c
p+p.-0.5<y <<O for p_ < 3.0 GeV/c
O3<y :<O3forp > 3.0 GeV/c

l | I — l | W — [ I —

10 12 14
p_ (GeV/c)

Another manifestation of transverse flow
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Raa: D vs 1T

ALICE

PRELIMINARY

e Average D°,D*,D*, |y|<0.5, 0-7.5%

with pp pT-extrapoIated reference
o Charged particles, m|<0.8, 0-10% _-
« Charged pions, n|<0.8, 0-10% -

15 20 25 30 35 40
o (GeV/e)

Color charge dependence (g vs q) ?
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Raa: D vs B

ALICE
0-20% centrality
Pb-Pb,\ s, =2.76 TeV

Average D°, D*, D™, |y|<0.5
u from HF, 2.5<y<4 (0-10%)
CMS non-prompt J/v, |y|<2.4

it

12741618
pt(GeV/c)

Mass dependence (c vs b) ?
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Raa: D vs B

<<(1,4|IllTIITIIII]IIIIIIIIIITIII]ITIIIIIII

m ALICE Preliminary D mesons
8<pr<16 GeVle, |y|<0.5

Correlated systematic uncertainties
(] Uncorrelated systematic uncertainties

Q CIM’S Prelim‘inary Non-»prompt J/q) |
6.5<p1<30 GeVl/e, |y|<1.2

H [ ] Systematic uncertainties

CMS-PAS-HIN-12-014

i
LURCNE

Pb-Pb, |\ s, = 2.76 TeV

Ollllllllllllllll1111111111111[111111111

0 50 100 150 200 250 300 350 400
(N__ weighted with N )
part coll

]

Radiative or collisional ? Flavor dependence ! But...
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Pb-Pb, | s, = 2.76 TeV

Centrality 30-50%
<>
O $

O
I'] ¢ 0 o

» Charged particles, v,{EP,|An|>2}
= Prompt D°,D*, D* average, |y|<0.8, v,{EP}
[ ] Syst. from data
-0.2[—[ ] Syst. from B feed-down

10 12 14 16 18
pT(GeV/c)

Flow ? coalescence ? dof ?
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® ALICE (Pob-Pb \S)oi = 2.76 TeV), 25<y<4 =+ 12%
® PHENIX (Au-Au \Spi = 200 GeV), 1.2<lyl<2.2 global sys.= + 9.2%
PHENIX (Au-Au |\ 8,,, = 200 GeV), |y|<0.35 global sys.« + 12%

 ,1;+.;. i
| j++»_ g A

0.4 1

* + +
100 150 200 250 300 350 400
(N_)

parl

hard process @ color screening @ coalescence
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ALICE, p-Pb |8,,= 502 TeV, -4.46 < y___ <-2.96

EPS09 NLO + ELoss with g =0.055 GeV™/im (Arieo et al.)
ELoss with g_=0.075 GeVfm (Arleo et al.)
EPSO9 NLO (Vogl)

ALICE, p-Pb \s,,= 5.02 TeV, inclusive J/y, w(2S) »u’w

¢ 203c< Y s < 3.53
B 446<y  <-296

1.8 ALICE, p-Pb |8,,=5.02TeV,203< y__ <3.53

{ EPS09 NLO + ELoss with g =0.055 GeV™im (Arleo et al.)
1 6 y ELoss with q::O 075 GeV'iim (Arleo e al)
141, ™

" o v
12" " (2S)

EPS09 NLO (Vogt)

X ~104
5 6 7 8
pT(GeV)C‘)

More than (anti-)shadowing for Pp(2S) 7?7
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Time to concluge



A new chapter of QCD textbook
o What is the physics of equilibration in QCD ?

o How is minimal dissipation realized *?

n What is the QGP made of ?
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« |t Is made of quarks and gluons ....»

- Frank Wilczek, QM2014 -



