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Azimuthal Anisotropy at RHIC"

Measurement at RHIC: 
!  Elliptic flow almost as large 

as expected at hydro limit! 
!  Very far from “ideal gas” 

picture of the QGP 
!  Looks like a “liquid” 
!  Particles interact frequently 
 # strongly-interacting QGP 

HCPSS2013, CERN                                          Andrea Dainese | Heavy Ions"

dN
pTdpTdydφ

=
1
2π

dN
pTdpTdy

1+ 2v1 cos(φ)+ 2v2 cos(2φ)+...( )

v2 = cos2φ    "elliptic flow"

(sQGP) 

13"
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Two-particle correlations:!
Structures in (��,��)"
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near side jet peak 

long range structure  
in η on away side, 
“away-side ridge” 

18"

Pb-Pb (non-central) 

CMS, EPJC 72 (2012) 10052 

pp 

… and on near side, 
“near-side ridge” 

Elliptic flow 
modulation 
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long range structure  
in η on away side, 
“away-side ridge” 

18"

Pb-Pb (non-central) 

CMS, EPJC 72 (2012) 10052 

pp 

… and on near side, 
“near-side ridge” 

Elliptic flow 
modulation 

Event-by-event shapes"
!  And not only v3 (triangular events), also v4, v5, … 
!  At LHC, multiplicity large enough to “see” event-by-event 

shapes 

 

HCPSS2013, CERN                                          Andrea Dainese | Heavy Ions" 26"

Dominant v2 Dominant v3 Dominant v4 
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Dominant v2 Dominant v3 Dominant v4 

Initial conditions and viscosity of the QGP"

!  Medium viscosity: one of 
its fundamental 
properties 

!   η/s: shear viscosity / 
entropy ratio 

 
!  Large viscosity washes 

out the details of the 
initial-state  

   # Final state fluctuations 
can give information on 
viscosity 

HCPSS2013, CERN                                          Andrea Dainese | Heavy Ions" 30"

Energy density profile in the transverse plane: 

after 6 fm/c 

initial 

viscous 
(η/s>>0) 

ideal 
(η/s=0) 
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Energy density profile in the transverse plane: 

after 6 fm/c 

initial 

viscous 
(η/s>>0) 

ideal 
(η/s=0) 

The lowest viscosity liquid?"

!  η/s ratio has a minimum at the phase transition for all fluids 
!  Current estimates for QCD matter: η/s 10 times smaller 

than water and >5 times smaller than Helium  

HCPSS2013, CERN                                          Andrea Dainese | Heavy Ions" 32"

Lacey et. al, PRL98:092301 

Still far from a precise 
measurement of this 
fundamental property 
# Need to combine many 
observables, studied with % 
accuracy 
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Still far from a precise 
measurement of this 
fundamental property 
# Need to combine many 
observables, studied with % 
accuracy 

Statistical hadronization approaches"

!  Example: latest fit at LHC 
" T ~ 156-164 MeV 
" µB ~ 1 MeV 

HCPSS2013, CERN                                          Andrea Dainese | Heavy Ions" 39"

!  Chemical freeze-out line 
on phase diagram 

Andronic et al. NPA722(2006)167  
Becattini et al. PRC69(2004)024905 
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!  Chemical freeze-out line 
on phase diagram 

Andronic et al. NPA722(2006)167  
Becattini et al. PRC69(2004)024905 

Recombination at play? Baryon/Meson"
!  Compare Baryon and Meson pT spectra: p/π#

" Also measured for Λ/K 

HCPSS2013, CERN                                          Andrea Dainese | Heavy Ions" 42"

Fragmentation 
in vacuum 

Recombination 
in medium? 

pT
hadron = nq ⋅ pT

parton

pT
hadron = z ⋅ pT

parton
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Fragmentation 
in vacuum 

Recombination 
in medium? 

pT
hadron = nq ⋅ pT

parton

pT
hadron = z ⋅ pT

parton

Parton QCD Energy Loss"
" Partons travel ~4 fm in the high colour-density medium 
"   Successive calculations (`92 →): a QCD mechanism 

dominates, medium-induced gluon radiation 
"   Coherent wave-function gluon acumulates kT due to 

multiple inelastic scatterings in the medium → it decoheres 
and is radiated 

hard 
parton 

path length L 

Gyulassy, Pluemer, Wang, Baier, Dokshitzer, Mueller, Peigne�, Schiff, Levai, Vitev, Zhakarov, Salgado, 
Wiedemann, … 

kT 

HCPSS2013, CERN                                          Andrea Dainese | Heavy Ions" 46"
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High pT suppression"

Parton Energy Loss by  
$  medium-induced gluon radiation 
$  collisions with medium gluons 

 
p ' = p−ΔE(εmedium )

‘QGP medium’  

54"

ALICE, PLB 696, 30 (2011) 

dNAA / dpT Ncoll dNpp / dpT< 

p!
p’!

Nuclear modification factor: 
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Gluon Saturation at small xBjorken"

Enhanced in the nucleus:  

factor A1/3 (≈6) more gluons  

per unit transverse area 

!  Initial state: high-p nucleus = set of gluons with pg distribution 
according to PDF g(xBjorken,Q2), with x=pg/pN and Q2 the scale of the 
process (~ 1/“area” of the gluon)   

!  HERA DIS (ep) data: strong rise of xg(x,Q2) at low-x & low-Q2 
!  New (unknown) regime of QCD: when gluons are numerous enough 

(low-x) & extended enough (low-Q2) to overlap # Saturation 

63"
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pp 

… and on near side, 
“near-side ridge” 

Elliptic flow 
modulation 

Event-by-event shapes"
!  And not only v3 (triangular events), also v4, v5, … 
!  At LHC, multiplicity large enough to “see” event-by-event 

shapes 
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Dominant v2 Dominant v3 Dominant v4 

Initial conditions and viscosity of the QGP"

!  Medium viscosity: one of 
its fundamental 
properties 

!   η/s: shear viscosity / 
entropy ratio 

 
!  Large viscosity washes 

out the details of the 
initial-state  

   # Final state fluctuations 
can give information on 
viscosity 
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Energy density profile in the transverse plane: 

after 6 fm/c 

initial 

viscous 
(η/s>>0) 

ideal 
(η/s=0) 

The lowest viscosity liquid?"

!  η/s ratio has a minimum at the phase transition for all fluids 
!  Current estimates for QCD matter: η/s 10 times smaller 

than water and >5 times smaller than Helium  
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Lacey et. al, PRL98:092301 

Still far from a precise 
measurement of this 
fundamental property 
# Need to combine many 
observables, studied with % 
accuracy 

Statistical hadronization approaches"

!  Example: latest fit at LHC 
" T ~ 156-164 MeV 
" µB ~ 1 MeV 
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!  Chemical freeze-out line 
on phase diagram 

Andronic et al. NPA722(2006)167  
Becattini et al. PRC69(2004)024905 

Recombination at play? Baryon/Meson"
!  Compare Baryon and Meson pT spectra: p/π#

" Also measured for Λ/K 
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Fragmentation 
in vacuum 

Recombination 
in medium? 

pT
hadron = nq ⋅ pT

parton

pT
hadron = z ⋅ pT

parton

Parton QCD Energy Loss"
" Partons travel ~4 fm in the high colour-density medium 
"   Successive calculations (`92 →): a QCD mechanism 

dominates, medium-induced gluon radiation 
"   Coherent wave-function gluon acumulates kT due to 

multiple inelastic scatterings in the medium → it decoheres 
and is radiated 

hard 
parton 

path length L 

Gyulassy, Pluemer, Wang, Baier, Dokshitzer, Mueller, Peigne�, Schiff, Levai, Vitev, Zhakarov, Salgado, 
Wiedemann, … 

kT 
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High pT suppression"

Parton Energy Loss by  
$  medium-induced gluon radiation 
$  collisions with medium gluons 

 
p ' = p−ΔE(εmedium )

‘QGP medium’  

54"

ALICE, PLB 696, 30 (2011) 

dNAA / dpT Ncoll dNpp / dpT< 

p!
p’!

Nuclear modification factor: 
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Gluon Saturation at small xBjorken"

Enhanced in the nucleus:  

factor A1/3 (≈6) more gluons  

per unit transverse area 

!  Initial state: high-p nucleus = set of gluons with pg distribution 
according to PDF g(xBjorken,Q2), with x=pg/pN and Q2 the scale of the 
process (~ 1/“area” of the gluon)   

!  HERA DIS (ep) data: strong rise of xg(x,Q2) at low-x & low-Q2 
!  New (unknown) regime of QCD: when gluons are numerous enough 

(low-x) & extended enough (low-Q2) to overlap # Saturation 

63"

Nuclear modification factor!
in proton-nucleus (LHC)"

no high-pT suppression in proton-nucleus 
In nucleus-nucleus it must be a final-state effect 

See also: PHENIX Coll., PRL 91 (2003) 072303. 
STAR Coll., PRL 91 (2003) 072304. ALICE, PRL110 (2013) 082302  
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LHC 

pPb 

Central PbPb 



From single particles to jets	
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Two-particle correlations at RHIC	


Jets via di-hadron correlations: 
u  trigger: highest-pT track (e.g. 4--6 GeV) 
u  Δφ distribution: 2 GeV < pT < pT

trigger 

pp → 2 back-to-back jets 

STAR, PRL 90 (2003) 082302 

near side away side 

Looks like jets! 
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Central Au-Au collisions at RHIC:���
no away-side jet!	


STAR, PRL 90 (2003) 082302. 

p+p 
Au+Au 
central 

Au+Au 
peripheral 
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LHC: Jet Quenching!	

u  Full jet reconstruction: typically anti-kT algorithm + 

sophisticated background subtraction techniques 
u  Jets and Di-jets with ~100 GeV energies 
u  Pb-Pb events with large di-jet imbalance observed 

à Direct observation of jet quenching at single event level! 
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ATLAS, PRL105 (2010) 252303 



LHC: Jet Quenching!	

u  Full jet reconstruction: typically anti-kT algorithm + 

sophisticated background subtraction techniques 
u  Jets and Di-jets with ~100 GeV energies 
u  Pb-Pb events with large di-jet imbalance observed 

à Direct observation of jet quenching at single event level! 
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Di-jet Energy Imbalance AJ	


u  Detailed study of di-jets carried out, in comparison with pp 
expetaction 

u  Energy imbalance quantified by the di-jet asymmetry variable 

u  with increasing centrality:  
à  enhancement of 

asymmetric di-jets with 
respect to pp 
Ø  & HIJING + PYTHIA simulation 
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ATLAS, PRL105 (2010) 252303 
See also CMS, PLB712(2012) 176 
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From single particle suppression …	


u  Described by parton energy loss 
models 
Ø Mainly gluon radiation 

Fundamental question: where does the 
radiated energy (gluons) go? 
Learn about parton interaction in QGP 

RAA (pT ) =
1
Ncoll

dNAA / dpT
dNpp / dpT

<<1

ALICE, PLB720 (2013) 52 
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Measure RAA of jets! 
Jet RAA~1 



… to jet suppression measurement	


u  Jet yield suppressed by factor 3-5 
Ø  Consistent with single particle, taking 

into account fragmentation 
u  Suggests that “lost” energy is radiated 

at large angles, outside the jet 
(otherwise jets would be less 
suppressed than single particles) 
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ALICE, arXiv:1304.5945 
CMS, PAS HIN-12-004 



Modification of jet shape	


u  Jet fragmentation function 
   à energy distribution of 
particles within the jet 

u  Expectations from parton 
energy loss: fragmentation 
function should get softer 
Ø Depletion at high z (low ξ) 
Ø Enhancement at low z (high ξ) 
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Borghini,Wiedemann, hep-ph/0506218  
ξ	




Modification of jet shape	

u  Jet fragmentation function measured at LHC 
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A powerful tool: ���
jet-boson (γ, Z) correlation	


u  Eγ = Ejet ! Direct measurement of total jet energy 
u  First measurement of γ-jet pT imbalance pT

Jet/pT
γ	


HCPSS2013, CERN                                          Andrea Dainese | Heavy Ions	


Large imbalance observed in 
central collisions 
 
With future LHC runs:  
à Very precise measurement of 

the medium modified 
fragmentation function 

à Differential studies as a 
function of event geometry 
and “shape” 
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Heavy Quarks	
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u  Large mass (mc~1.5 GeV, mb~5 GeV) à produced in large 
virtuality (Q2) processes at the initial stage of the collision with 
short formation time Δt > 1 / 2mc ~ 0.1 fm << τQGP ~ 5-10 fm 

u  Characteristic flavour, conserved in strong interactions 
Ø Production in the QGP is subdominant 
Ø  Interactions with QGP don’t change flavour identity  

u  Uniqueness of heavy quarks: cannot be “destroyed/created” in 
the medium à transported through the full system evolution   

       à “Brownian motion markers of the medium” (*) 
 
 
 

(*) Ralf Rapp 
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What’s special about heavy quarks	




The two “historical” pillars	


These make of Heavy Quarks very special probes of the QGP 
 HCPSS2013, CERN                                          Andrea Dainese | Heavy Ions	
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      Q	


Mass dependence of 
parton energy loss	


(dead cone)	

Dokshitzer and Kharzeev, 2001 

Direct probe of QCD 
interaction dynamics over 

extended systems	


Color Screening

cc

Dissociation of QQ 	

via colour-screening 	


Matsui and Satz, 1986 

Direct probe of medium 
deconfinement and 

temperature	




Open Heavy Flavour	
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Radiative energy loss:���
colour charge dependence	


ω
dI
dω

∝αsCR
q̂L2

ω

Baier, Dokshitzer, Mueller, Peigné, Schiff, NPB 483 (1997) 291. 
Zakharov, JTEPL 63 (1996) 952. 
Salgado, Wiedemann, PRD 68(2003) 014008. 

BDMPS-Z formalism path length L 

λ	

kT 

ω	

Radiated-gluon energy distrib.: 

λ

2

ˆ Tkq = transport coefficient 

= Casimir coupling factor: 4/3 for q, 3 for g RC
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à Colour charge dependence of radiative energy loss 



… and mass dependence	
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"   In vacuum, gluon radiation suppressed at θ < mQ/EQ                                                                       
                →   “dead cone” effect 

"   Dead cone implies lower energy loss (Dokshitzer-Kharzeev, 2001): 
"  energy distribution ωdΙ/dω of radiated gluons suppressed 

by angle-dependent factor 
"  suppresses high-ω tail 

Q 

Dokshitzer, Khoze, Troyan, JPG 17 (1991) 1602. 
Dokshitzer and Kharzeev, PLB 519 (2001) 199. 
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The parton palette���
and the properties of QCD energy loss	


Parton Energy Loss by  
§  medium-induced gluon radiation 
§  collisions with medium gluons 

pred: 

€ 

ΔE(εmedium;CR ,m,L)
bqcg EEE Δ>Δ>Δ ≈

€ 

RAA
π < RAA

D < RAA
B

q: colour triplet 

‘QCD medium’  

u,d,s: m~0, CR=4/3 
 
 
g:       m=0, CR=3 
 
 
c:  m~1.5 GeV, CR=4/3 
b:  m~5 GeV,    CR=4/3 

Q: colour triplet 

g: colour octet 

See e.g.:  
Dokshitzer and Kharzeev, PLB 519 (2001) 199. Armesto, Salgado, Wiedemann, PRD 69 (2004) 114003. 
Djordjevic, Gyulassy, Horowitz, Wicks, NPA 783 (2007) 493. 
 

RAA (pT ) =
1
Ncoll

dNAA / dpT
dNpp / dpT
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HF RAA predictions: example	


Wicks, Gyulassy, “Last Call for LHC Predictions” workshop, 2007  

RAA
D (pT ) and RAA

B (pT )
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D (mc~1.5 GeV) 

B (mb~5 GeV) 

Central Pb-Pb 
at LHC 



u  Inclusive measurement (c+b) using electrons 

u  Same suppression as for light-flavour hadrons above 5 GeV/c 
u  Smaller suppression at 2-3 GeV/c, but cannot conclude on 

mass effects 
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HF-decay electrons at RHIC	


W. Xie (QM2012) 
see PRL 98, 192301 (2007)             see also PHENIX, PRC 84, 044905 (2011)   
            
 



Charm: D mesons at LHC	


u  First D RAA measurement in heavy-ion collisions, presented 
by ALICE at QM2011 (LHC run 2010) 

u  Strong suppression observed  
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ALICE, JHEP 09 (2012) 112 

Secondary vertex  
reconstruction (ALICE) 
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Comparing D and π: colour charge effect?	
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u  Low pT: D RAA indep. of centrality, π RAA decreases towards 
central 

u  Need to improve precision and accuracy to conclude on D vs π	

 



Beauty suppression at LHC	

u  First measurement of beauty RAA by CMS 
 

 
u  Centrality dependence of B→J/ψ RAA  

Ø  50-100%: factor ~1.4 à  0-5%: factor ~2.5  
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CMS, PAS-HIN-12-014 



Is this the dead cone?	

u  Comparison of charmed mesons (ALICE) with J/ψ from 

beauty decays (CMS)  

 

 
u  First clear indication of a dependence on heavy quark mass:  
                                        RAA

B > RAA
D  
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With this selection: 
•  B <pT> ~ 11 GeV 
•  D <pT> ~ 10 GeV 
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Heavy Flavour v2: a two-fold observable	

u  Low pT: do heavy quarks take part in the 

“collectivity”? 
Ø Due to their large mass, c and b quarks should 

“feel” less the collective expansion  

u  High pT: probe path length dependence of 
HQ energy loss 
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J. Aichelin et al. in arXiv:1201.4192 J. Uphoff et al. in arXiv:1205.4945 



v2>0: Charm flows!	


u  What is the origin of this v2? c quark flow? coalescence?  
u  Much more to learn with future data 
u … adding also measurement of beauty 
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ALICE, arXiv:1305.2707 PHENIX, PRC84 (2011) 044905 
Z.Conesa (ALICE), NPA 904-905 (2013) 178c 

Decay electrons at RHIC and LHC Direct measurement with D at LHC 



Quarkonium	
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u  QGP signature proposed by Matsui and Satz, 1986 

u  In the plasma phase the interaction potential is 
expected to be screened beyond the Debye length λD 
(analogous to e.m. Debye screening):  

u  Charmonium (cc) and bottonium (bb) states with r > λD 
will not bind; their production will be suppressed 

Quarkonium suppression in the QGP	
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Matsui, Satz,  PLB178 (1986) 416 



u  λD, and therefore which onium states will be suppressed, depends on 
the temperature: 

 

Quarkonium suppression in the QGP	
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Digal,Petrecki,Satz  PRD 64(2001) 0940150 



u  λD, and therefore which onium states will be suppressed, depends on 
the temperature: 

 

Quarkonium suppression in the QGP	

C

ourtesy R
. A

rnaldi 
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Digal,Petrecki,Satz  PRD 64(2001) 0940150 

ψ(2S) ϒ(1S) 

T<Tc 

Tc 
J/ψ 



u  λD, and therefore which onium states will be suppressed, depends on 
the temperature: 

 

Quarkonium suppression in the QGP	

C

ourtesy R
. A

rnaldi 
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Digal,Petrecki,Satz  PRD 64(2001) 0940150 

ψ(2S) ϒ(1S) 

T~Tc 

Tc 
J/ψ 



u  λD, and therefore which onium states will be suppressed, depends on 
the temperature: 

 

Quarkonium suppression in the QGP	

C

ourtesy R
. A

rnaldi 
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Digal,Petrecki,Satz  PRD 64(2001) 0940150 

ψ(2S) ϒ(1S) 

T~3Tc 

Tc 
J/ψ 



u  λD, and therefore which onium states will be suppressed, depends on 
the temperature: 

 

Quarkonium suppression in the QGP	

C

ourtesy R
. A

rnaldi 
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Digal,Petrecki,Satz  PRD 64(2001) 0940150 

ψ(2S) χc 

T>>Tc 

Tc 



J/ψ suppression pattern at the SPS	


u  Suppression observed by the NA50 and NA60 experiments 
in Pb-Pb at the SPS 

u  Measured/expected J/ψ yield vs. centrality drops below unity 
towards more central collisions 
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NA60 
NA50 

number of participant nucleons 
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EPJC71(2011)1534 

The J/ψ puzzle at RHIC	

u  At RHIC (PHENIX):  

Ø same suppression as at the 
SPS (at the same rapidity) 

Ø more suppression at forward 
rapidity 

u  Why is it not larger at RHIC 
than at SPS? 
Ø  The medium density increases at 

RHIC, thus expect more screening 

u  Why is it not larger at mid-y? 
Ø  The medium density is larger at 

mid-y, thus expect more screening 
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Charmonium regeneration?	


u  Uncorrelated c quarks from the 
medium could bind at system 
hadronization and form charmonium 

u  At RHIC and LHC, large number of 
pairs in central collisions: 

u  Indications that low pT c quarks may 
be thermalized (suppression and flow) 
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P. Braun-Muzinger and J. Stachel, Phys. Lett. B490(2000) 196 
R. Thews et al, Phys.ReV.C63:054905(2001) 

JH
E

P
1207 (2012) 191   

σ pp
ccNcc =

σ cc
pp

σ inel
pp ⋅Ncoll ~ σ cc

pp

65 mb
⋅1600

~100 ~10 ~0.1 



RAA of J/ψ at LHC centrality dependence	


ALICE, 2.5<y<4 

RHIC, 1.2<|y|<2.2 

u  Constant suppression for Npart>50, at central and forward y 
u  Smaller than at RHIC in central collisions 
u  This was the predicted signature of regeneration 
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E.Scomparin (ALICE), NPA 904-905 (2013) 202c 



J/ψ elliptic flow v2 at LHC	


u  Indication of non-zero v2 
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) c (GeV/
T
p

0 1 2 3 4 5 6 7 8 9 10

2v 

-0.1

0

0.1

0.2

0.3
 < 4.0y = 2.76 TeV), centrality 20%-40%, 2.5 < NNsALICE (Pb-Pb 

 1.3%±global syst. = 

arXiv:1303.5880 
 

J/ψ	




J/ψ elliptic flow v2 at LHC	


u  Indication of non-zero v2 

u  + measured v2>0 for D mesons and HF-decay leptons 
à Consistent with a scenario of significant J/ψ regeneration 
from c quarks with a v2>0 
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) c (GeV/
T
p
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 < 4.0y = 2.76 TeV), centrality 20%-40%, 2.5 < NNsALICE (Pb-Pb 
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arXiv:1303.5880 
 

arXiv:1305.2707 
 

J/ψ	
 D	




J/ψ: regeneration/recombination models	


u  Models that include recombination of c quarks in a 
deconfined system can describe the measured suppression 
and elliptic flow of J/ψ at LHC 
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) c (GeV/
T
p

0 1 2 3 4 5 6 7 8 9 10

2v 

-0.1

0

0.1

0.2

0.3
 < 4.0y = 2.76 TeV), centrality 20%-60%, 2.5 < NNsALICE (Pb-Pb 

 Y. Liu et al., b thermalized
 Y. Liu et al., b not thermalized
 X. Zhao et al., b thermalized

 1.4%±global syst. = 



Bottomonia at LHC	
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CMS, arXiv:1208.2826 and PRL 109 (2012) 222301  
53	


pp 



Bottomonia at LHC	


(1S) significantly suppressed 
u  Υ(1s) suppressed x2 
u  Υ(2S) suppressed x10 
u  Υ(3S) not visible… 
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CMS, arXiv:1208.2826 and PRL 109 (2012) 222301  

pp Pb-Pb 



LHC: the quarkonium thermometer ?	
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u A pattern starts to emerge 
Ø Caveats: pT ranges, centrality, regeneration, 

initial state effects (àp-Pb!) 



Surprising Observations���
in high-multiplicity p-Pb at LHC	
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Summer 2013 Hot Topic 



High-multiplicity pp and p-Pb collisions	


u  LHC energy and luminosity allow for study of pp and p-Pb 
collisions with very high particle multiplicity 
Ø  e.g. pp or p-Pb events with same multiplicity as non-central nucleus-

nucleus at RHIC energy 

u  Look for similar effects as seen in nucleus-nucleus! 
u  E.g. characteristic patterns in two-particle correlations  
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Two-particle correlations: near-side ridge	


u  Near-side ridge (long-range correlation in η at Δφ=0) 
observed in high-multiplicity pp and p-Pb (CMS) 
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pp, min. bias pp, high-multiplicity 

CMS, JHEP 1009 (2010) 091 



Two-particle correlations: near-side ridge	


u  Near-side ridge (long-range correlation in η at Δφ=0) 
observed in high-multiplicity pp and p-Pb (CMS) 
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Pb-Pb p-Pb, high-multiplicity 

CMS, PLB 724 (2013) 213 



Two-particle correlations: double-ridge!	


u  Idea: subtract the “pp-like” structure of low-multiplicity p-Pb 
from the structure of high-multiplicity p-Pb 

u  Double ridge discovered by ALICE, followed by ATLAS 
u  Resembles the structure that in Pb-Pb is attributed to 

collective flow 
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– 

0-20% 60-100% 

= 

Δϕ (rad) 
Δϕ (rad) 

ALICE, PLB719 (2013) 29 

p-Pb, high-multiplicity p-Pb, low-multiplicity 



Quantifying the modulation: v2	


u  v2 vs. pT and multiplicity with various methods 
u  Similar pattern in p-Pb and Pb-Pb 
u  v2 rises to 2 GeV, then ~flattens out to 5 
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CMS, PLB 724 (2013) 213 



Is it flow in p-Pb?���
Look at identified particles	
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Pb-Pb 

u  Mass ordering, interpreted in 
terms of collective radial and 
elliptic flow 



Is it flow in p-Pb?���
Look at identified particles	


u  Clear indication for mass 
ordering in p-Pb 

u  Resembles Pb-Pb and 
supports “flow” picture 
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ALICE, arXiv:1307.3237 

Pb-Pb p-Pb, high-multiplicity 

u  Mass ordering, interpreted in 
terms of collective radial and 
elliptic flow 



Possible interpretations	

u  High-multiplicity p-Pb presents several aspects that in Pb-

Pb are explained by collective flow of an expanding medium 
u  Models including hydrodynamical expansion can describe 

the observations (e.g. EPOS) 
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EPOS: Klaus Werner, arXiv:1307.4379 



Possible interpretations	

u  High-multiplicity p-Pb presents several aspects that in Pb-

Pb are explained by collective flow of an expanding medium 
u  Hydrodynamical expansion 
u  Alternative explanation (1): 
    Initial-state effect, CGC 
    (Colour Glass Condensate) 
     many-gluon processes  
     can yield correlations  
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Dusling, Venugopalan, PRD 87, 094034 (2013) 
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Possible interpretations	

u  High-multiplicity p-Pb presents several aspects that in Pb-

Pb are explained by collective flow of an expanding medium 
u  Hydrodynamical expansion 
u  Alternative explanation (1): Initial-state effect 
u  Alternative explanation (2): MPI (multi-parton interactions) 

and “colour reconnection” (as implemented in PYTHIA8) 
can induce flow-like effects 

HCPSS2013, CERN                                          Andrea Dainese | Heavy Ions	
 66	


see e.g. Ortiz et al, PRL111, 042001 (2013) 



Possible interpretations	

u  High-multiplicity p-Pb presents several aspects that in Pb-

Pb are explained by collective flow of an expanding medium 
u  Hydrodynamical expansion 
u  Alternative explanation (1): Initial-state effect 
u  Alternative explanation (2): MPI and “colour reconnection” 
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These results are clearly intriguing, several 
interpretations are being put forward, and new 

measurements from the experiments will provide 
stringent tests for theory 



Summary	

u Heavy ion collisions: laboratory for exploring the QCD 

phase diagram 
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Summary	

u Heavy ion collisions: laboratory for exploring the QCD 

phase diagram 
u RHIC and LHC: energy density way above the 

threshold for making a deconfined QGP 
Ø Behaves like a liquid with extremely low viscosity 
Ø Hadronizes as in equilibrium (recombination?) 
Ø Is opaque to coloured probes (and transparent to colour-less) 
Ø Carries with flow even charm, and melts quarkonium states  
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Summary	

u Heavy ion collisions: laboratory for exploring the QCD 

phase diagram 
u RHIC and LHC: energy density way above the 

threshold for making a deconfined QGP 
Ø Behaves like a liquid with extremely low viscosity 
Ø Hadronizes as in equilibrium (recombination?) 
Ø Is opaque to coloured probes (and transparent to colour-less) 
Ø Carries with flow even charm, and melts quarkonium states  

u A bright future ahead: planned experimental 
campaigns with increased luminosity and upgraded 
detectors for a decade++ at RHIC and LHC 
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Thank You!	
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EXTRA MATERIAL	
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STAR, PRL 90 (2003) 082302. 

p+p 
Au+Au 
central 

Au+Au 
peripheral 
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d+Au 

Central Au-Au collisions at RHIC:���
no away-side jet!	




Di-jets in proton-nucleus collisions	


u  In p-Pb: no sign imbalance for high pT di-jets 
Ø pT,2/pT,1  consistent with PYTHIA pp 

à Large imbalance seen in Pb-Pb is an effect of the medium 
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Pb-Pb p-Pb (various event classes) 

CMS, PLB712(2012) 176 
CMS, PAS HIN 13-001 



Jet nuclear modification factor���
in proton-nucleus	


u  Jet RpA measured by ALICE shows consistency with 
binary scaling 

u  RAA suppression x2-3 is a medium effect  
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Pb-Pb p-Pb 

ALICE, arXiv:1304.5945 



… and mass dependence	
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"   In vacuum, gluon radiation suppressed at θ < mQ/EQ                                                                       
                →   “dead cone” effect 

"   Dead cone implies lower energy loss (Dokshitzer-Kharzeev, 2001): 
"  energy distribution ωdΙ/dω of radiated gluons suppressed 

by angle-dependent factor 
"  suppresses high-ω tail 

Q 

Dokshitzer, Khoze, Troyan, JPG 17 (1991) 1602. 
Dokshitzer and Kharzeev, PLB 519 (2001) 199. 
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Detailed massive calculation 
confirms this qualitative feature 
 
 
(Armesto, Salgado, Wiedemann, PRD 69 (2004) 114003) 
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Heavy flavour production in pp	

u  State-of-the-art pQCD calculation: Fixed Order Next-to-Leading Log 

u  Describes consistently energy dependence of total cross sections 
u  Charm (beauty) x10 (100) from 0.2 to 2.76 TeV (RHICàLHC) 

Tp≈µ

[coincides with NLO for low pT (total cross section); more accurate at high pT] 

FONLL: Cacciari, Frixione, Mangano, Nason and Ridolfi, JHEP0407 (2004) 033 

from
 JH

E
P

1207 (2012) 191   

from
 JH

E
P

1211 (2012) 065 

σ cc
dσ bb

dy
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pp: pQCD calculations vs data���
Charm pT-differential cross section	


CDF, PRL91 (2003) 241804 

u  Charm production described within uncertainties 
u  Consistently at upper limit of theoretical band from 0.2 to 7 TeV 

ALICE, JHEP01 (2012) 128 

200, 500 GeV                   1.96 TeV                       7 TeV 

STAR Preliminary 

STAR, PRD 86 (2012) 72013 (200 GeV) 
J. Bielcik (Moriond2013) 
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pp: pQCD calculations vs data���
Beauty pT-differential cross section	


CDF, PRD71 (2005) 032001 

u  Beauty production described very well by central value of 
calculation 

ALICE, PLB721 (2013) 13 

1.96 TeV                                           7 TeV 

CMS, EPJC71 (2011) 1575 



HF-decay e and µ at LHC: RAA vs pT	


u Electrons and muons from D+B à e,µ decays 

 

 

u Suppression by a factor about 2 up to 18 GeV/c 
Ø Dominated by beauty at such high pT  

Muons: PRL109,112301 

u  Comparable suppression 
at central (|y|<0.6) and 
forward (2.5<y<4) rapidity 
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Z.Conesa (ALICE), NPA 904-905 (2013) 178c 



HF-decay µ at LHC vs. centrality	


u Clear and consistent centrality dependence for  
Ø RAA of muons at forward rapidity (ALICE) 
Ø RCP of muons at central rapidity (ATLAS) 

u No sign of pT dependence from 4 to 12 GeV/c 

P
R

L 109 (2012) 112301  
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Charm suppression and collision geometry	


u  D suppression in different azimuthal directions 
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Ds meson	

u  The Ds (cs) is very interesting 

Ø  Large abundance of s quarks in the QGP (c.f. strangeness 
enhancement) 

Ø  Large Ds enhancement expected, if c quarks recombine in the QGP, 
like light quarks seem to do 
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I. Kuznetsova and J. Rafelski, EPJC51, 113 (2007) 
M. He et al. arXiv:1204.4442 
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Ds meson RAA at LHC	

u … but also very difficult to measure in heavy ions 

Ø DsàKKπ (cτ~150 µm) vs. D0àKπ (cτ~120 µm) 
Ø Much larger combinatorial background 

D  Ds 
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First measurement (ALICE): 
Ds central values higher 
than other D mesons, but 
data not conclusive of 
enhancement 
à next LHC run  

Z.Conesa (ALICE), NPA 904-905 (2013) 178c 



b-jets at LHC!	


 

u  CMS finds the same RAA for b-jets as for q/g-jets, as 
expected at this pT 
Ø  at pT=100 GeV the 5 GeV b quark mass is irrelevant 

 
CMS-HIN-12-003  
CMS-BTV-11-0  
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Initial state effects on heavy quarks	


u  Charm production at low pT:  Q2 (4mc
2 ~ 5-10 GeV2) 

 
 
 

 
 
 
 
 
 
 
 
 
 

 à  interpretation of HF (charm) measurements in AA requires pA reference 

Eskola et al. JHEP0904(2009)065  

valence quarks sea quarks gluons 

Nuclear modification of PDFs 



p-Pb control: D meson RpA	


u  Minimum-bias p-Pb collisions 
u  D meson RpA consistent with unity 

Ø Both pQCD+Shadowing (EPS09) and Colour Glass Condensate can 
describe the data 

à  Pb-Pb high-pT suppression is a final state effect 
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Eskola et al., JHEP 0904 (2009) 065  Fujii, Watanabe, priv. comm. 



LHC RAA and v2 vs. models	
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e RAA e v2 

D RAA 
D v2 



LHC RAA and v2 vs. models	
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e RAA e v2 

D RAA 
D v2 

Description of both RAA and v2 is crucial,  

but very challenging for models 



Charmonium regeneration?	


 
u  Expectations: 

Ø Large dependence on rapidity 
o  Qualitative agreement with rapidity 

dependence seen at RHIC  
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A. Andronic et al., PLB571(2003)36, JPG35 (2008) 104155  

dNJ /ψ
regen

dy
∝

dNcc

dy
"

#
$

%

&
'

2

y  
Ø Large dependence on 

collision energy 



RAA of J/ψ at LHC: rapidity dependence	


u  The suppression increases with increasing rapidity 
u  Medium density and initial-state effects (shadowing) should 

not increase with increasing rapidity 
u  Regeneration would contribute as 

u  Important to measure initial-state effects with pA 
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(dNcc / dy)
2

E.Scomparin (ALICE), NPA 904-905 (2013) 202c 



Υ RAA at LHC: centrality dependence	


u  Suppression increases with centrality 
Ø No suppression in most peripheral collisions 
Ø  x2.5 in most central  

u  No evident rapidity dependence (ALICE vs. CMS) 
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CMS, PRL109 (2012) 222301 
 



Quarkonium in p-Pb collisions at LHC	


u  RpA measured in minimum-bias collisions for J/ψ (ALICE and 
LHCb) and ϒ (ALICE, not shown)  

u  Described by nuclear shadowing of PDFs 
u  Important ingredient to disentangle the role of suppression 

and regeneration; need also measurement vs. p-Pb centrality  
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ALICE, arXiv:1308.6726 
LHCb, arXiv:1308.6729 



Baryon/meson anomaly in p-Pb	


u  Indication for baryon/meson enhancement in high-mult p-Pb 
Ø Both p/π (not shown) and Λ/K 

u  Resembles Pb-Pb, where it is explained with radial flow 
(+recombination) 
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p-Pb high-multiplicity 
p-Pb low-multiplicity 

Pb-Pb high-multiplicity 
Pb-Pb low-multiplicity 

ALICE, arXiv:1307.6796 


