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Hadron masses 
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Σ quark masses ~  
~ 1 % of p and n mass ! 

Energy of gluon field 
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Lattice QCD at high temperature  
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•  Order parameters of QCD phase transitions: 
•  quark – antiquark vacuum condensate 

•  chiral phase transition in limit mq → 0 
•  expectation value of Polyakov loop 

•  deconfinement phase transition in limit mq → ∞ 



3 flavours; (q-q)=0 

6 
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M. Floris CU Boulder Colloquium, Feb 2016

Initial conditions: collision geometry
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b"b"

Central Peripheral

Nuclei are extended objects
Impact parameter can be estimated experimentally

(more details on initial state later)
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√sNN=2.76 TeV Pb+Pb, 0-5% central, |η|<0.5 
dNch/dη / (<Npart>/2) = 8.3 ± 0.4 (sys.) 

ALICE: PRL105 (2010) 252301 
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 ~ 20% increase of multiplicity density (2.76 vs. 5.02 TeV/NN) as expected  



!  Initial time t0 normally taken to be ~ 1 fm/c 
!  i.e. equal to the “formation time”: the time it takes for the energy initially stored in the field 

to materialize into particles 

More than enough 
for deconfinement! 
Factor ~4 higher 

than on RHIC 
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Rout 

Rside 

Rlong 
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RAA – definition   
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π+ + π- K+ + K- 

Identified particles at 
intermediate pT 
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● charged particles  ●●●●●● different centralities for identified particles   

For pT below ~ 7 GeV/c:  RAA(π) < RAA(h±), RAA(K) ≈ RAA(h±) For pT below ~ 7 GeV/c:  RAA(π) < RAA(h±), RAA(K) ≈ RAA(h±), RAA(p) > RAA(h±) For pT below ~ 7 GeV/c:  RAA(π) < RAA(h±) 

At higher pT: RAA are compatible 
19 

p + p 

40–60% 20–40% 60–80% 

10–20% 5–10% 0–5% 



20 6 April 2016 Physics with HI Collisions at the LHC 



21 6 April 2016 Physics with HI Collisions at the LHC 



22 6 April 2016 Physics with HI Collisions at the LHC 



23 6 April 2016 Physics with HI Collisions at the LHC 



24 6 April 2016 Physics with HI Collisions at the LHC 



Baryon-to-meson ratio: p/π	
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● proton–proton   ●●●●●● Pb–Pb different centralities 

p/π ratio at pT ≈ 3 GeV/c in 0–5% central Pb–Pb collisions factor ~ 3 higher than in pp 
at pT above ~ 10 GeV/c back to the “normal” pp value 

recombination – radial flow ? R.J.Fries et al., PRL 90 202303; PR C68 044902 
25 

recombination 
model 

0–5% 5–10% 10–20% 

20–40% 40–60% 60–80% 
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PID in jet structures 
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PYTHIA pp 

Near-side peak (after bulk subtraction): p/π ratio compatible with that of pp (PYTHIA) 
Bulk region: p/π ratio strongly enhanced – compatible with overall baryon enhancement 
Jet particle ratios not modified in medium? Could this still be surface bias? 



Radial flow (pions – protons – mass dependence) 

Jet quenching / 
modifications of jet  

fragmentation? 

Radial flow (mesons – protons – mass 
dependence) 

Baryon/meson anomaly 
- Radial flow / recombination? 
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•  Resonances: 
•  production/abundance sensitive to temperature and lifetime of fireball 

•  time between chemical to kinetic freeze-out 
•  Mass and width – sensitivity to chiral symmetry restoration 

•  No modifications seen in the data 

<pT> at LHC larger than at RHIC  
– consistent with stronger radial 

flow 

A. Knospe 
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•  Ratios: 
•  K*0/K– decreases for central collisions – signature for re-scattering in central 

collisions 
•  φ/K independent of energy and system from RHIC to LHC 

•  Pb–Pb: consistent with Grand Canonical thermal model (Andronic et al.)  

A. Knospe 
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CERN | 2016-MAR-07 | Alexander.Philipp.Kalweit@cern.ch 

Hadronic phase 

CERN | 2016-MAR-07 | Alexander.Philipp.Kalweit@cern.ch 

Hadronic phase 

Chemical equilibrium 

34 

Particle yields of light flavor 
hadrons are described over 7 

orders of magnitude within 20% 
(except K*0) with a common 

chemical freeze-out temperature 
of Tch ≈ 156 MeV (prediction 
from RHIC extrapolation was  

≈ 164 MeV). 

Largest deviations observed for 
protons (incomplete hadron 

spectrum, baryon annihilation in 
hadronic phase,..?) and for K*0. 

[Wheaton et al, Comput.Phys.Commun, 180 84] 
[Petran et al, arXiv:1310.5108] 
[Andronic et al, PLB 673 142] 
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•  There was already this discrepancy at RHIC, but was overlooked due to 
     misinterpretation of feed-down corrections 

•  At high hadron density, re-interactions after freeze-out are important,  
     especially baryon–antibaryon annihilations, this will affect mostly protons 

•  Introduce non-equilibrium statistical hadronization, quark population of  
     phase space is frozen at phase transition and may differ from thermal  

     equilibrium, two more parameters γq and γs needed 

•  In statistical hadronization models, the resonance spectrum is accounted 
     for only up to ~ 2 GeV, higher resonance would add mostly pions, thus 
     effectively decreasing the model prediction for p/π (but also for strange 

     baryons) 

•  The freeze-out temperature may be different for different flavours, some 
     evidence from lattice QCD… 
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Much broader correlation between different multiplictiy (event class) 
estimators 

⇒ expect different sensitivity (bias) to event geometry (Glauber! – Ncoll 
scaling) 
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ty

 

Central rapidity Central rapidity 
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•  Blast-wave fits: similar T vs Beta trend in p-Pb and Pb-Pb;  
•  however, also in pp collisions 

•  Fits (spectra) sensitive not only to a collective behaviour (radial flow) but also to 
other sources of correlations? -> pp, pPb cases (Colour Reconnections ?) 

Proton-proton 

p-Pb 

Pb-Pb 
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vn – definition   
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ψ2 

ψ3 

ψ4 



Elliptic Flow 
!  Non-central collisions are azimuthally asymmetric 

→ The transfer of this asymmetry to momentum space provides a 
measure of the strength of collective phenomena  

!  Large mean free path  
" particles stream out isotropically, no memory of the asymmetry  
" extreme: ideal gas  (infinite mean free path)  

!  Small mean free path 
" larger density gradient -> larger pressure gradient -> larger momentum  
" extreme: ideal liquid (zero mean free path, ideal hydrodynamic limit) 46 6 April 2016 Physics with HI Collisions at the LHC 



Azimuthal Asymmetry 

@RHIC: 
!  at low pT: azimuthal 

asymmetry almost as large as 
expected at hydro limit! 
" “perfect liquid”? 

!  very far from “ideal gas” 
picture of plasma 

!  Fourier expansion of azimuthal distribution: 
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vn at the LHC 

!  v2 still large at the LHC 

# system still behaves very 
close to ideal liquid (low 
viscosity) 

!  v2(pT) very similar at LHC and RHIC 

! similar hydrodynamical behaviour? 

ALICE: PRL 105 (2010) 252302 
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Long-η-range correlations 

!  “ultra-central” events: dramatic 
shape evolution in a very narrow 
centrality range 

!  double hump structure on away-
side appears on 1% most central 
" visible without any need for v2 

subtraction! 

!  first five harmonics describe 
shape at 10-3 level 
" explanations based on medium 

response to propagating partons 
were proposed at RHIC 

" Fourier analysis of new data 
suggests very natural alternative 
explanation in terms of  
hydrodynamic response to initial 
state fluctuations 

Andrew Adare – ALICE (QM2011) ALICE: Phys. Lett. B 708 (2012) 249 
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Identified-particle v2 
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v2 for π, p, K±, K0
s, Λ, φ (not shown for Ξ, Ω)	

φ at low pT (<3 GeV/c) follows mass hierarchy 
– at higher pT joins mesons 
overall qualitative agreement with hydro up to 
pT 1.5–3 GeV/c (π–p);  quantitative precision 
needs improvements – hadronic afterburner  

nq(mT)-scaling worse than at RHIC nq(pT)-scaling at pT > 1.2 GeV/c violation 10–20% 
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0–5% 5–10% 
10–20% 

40–50% 30–40% 
20–30% 

v2 , v3, v4 versus pT 
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arXiv:1205.5761 [hep-ex] 

vn measurements up to 20 GeV/c – where dominated by jet quenching 
Non-flow effects suppressed by rapidity gap or using higher cumulants 
Non-zero value of v2 at high pT both for Δη > 2 and 4-particle cumulant  

v3 and v4 diminish above 10 GeV/c – indication of disappearance of fluctuations at high pT  

W.Horowitz,M.Gyulassy, J.Phys. G38 124114 
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Event Shape Engineering  
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At fixed centrality large flow fluctuations:  
Select events of given v2 by means of  
q2-vector length in a subevent and  
study another region (subevent) 

v2 splits by factor of two for semi-central 
events (30–50%) 

Initial shape fluctuation effect very similar  
up to pT ~ 6–8 GeV/c 
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c and b suppression 
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QGP radiation 
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Jet quenching 
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68 
2016 Taxco Mexico WS J. Schukraft 

!  Is there collectivity in small dense systems (central pA) ? 
! What about small dilute systems (MinBias pp) ?? 

pPb 5.02 TeV  
December 2012 

From J.Schukraft 
talk in Mexico 



 pPb 5 TeV 

Collectivity 
"  Collectivity is experimentally proven in AA & pA 

!  weak definition:   
" SIMILAR effect for ALL particles (of some kind, say pT/PID) in (almost) ALL events 

$ drawn from the same inclusive single particle distribution (e.g. dN/dφ) 

2016 Taxco Mexico WS J. Schukraft 69 

PbPb 10-20% 'Ridge' 
all h± in all events 

'Jet' 
some h± in some events 

pA, AA definitely  
‘weakly’ collective 

v2{2}< v2{4}≈v2{6}≈ … ≈v2{∞} 

EbE  P(v2) 



Collectivity in large systems: AA 
!  strong definition:     {'thermo' +  'hydro'} - dynamics 
" emerging-f(t)- in strongly interacting matter with density/pressure gradients 

!   strong Collectivity consistent with ≈ all data in AA  to (very) good accuracy 

" thermo-dynamics:  
$ particle ratios (Statistical Model) to 10-30% 

" hydro-dynamics: 
$  radial (v0) & elliptic (v2) flow for > 95% of all particles (pt < few GeV) 
$ higher harmonics vn, PID  (m dependence) of vn ('mode mixing' of v0 & v2) 

" thermo + hydro:  
$ HBT f(T, β):  (R(mT), R(Nch

1/3),  Rout/Rside ≈ 1) 

2016 Taxco Mexico WS J. Schukraft 70 

 'Standard Model' of heavy ion physics 



Ultra-central vn 

Some tensions… 

!  p/π ratio, vn, HBT εf, … 

2016 Taxco Mexico WS J. Schukraft 71 

Azimuthal HBT: ε @ freezeout 

SM fits to particle ratios 

few, if any(*), doubt that we have 'strong collectivity' in (central) AA 
'the ideal liquid sQGP' 

* at least until early 2015 http://arxiv.org/abs/1502.05572 .(AMPT ‘escape’ hypothesis) 

rather work 
in progress 



!   Collectivity consistent with ≈ all data in central pA to reasonable accuracy 
" thermo-dynamics:  particle ratios (SM, γs=1!) to ≈ 20-30% 
" hydro-dynamics:  pA, dA, 3He-A 

$  radial & elliptic flow  
$ higher harmonics v3, PID  v2  

" thermo + hydro:   
$   HBT (R(mT), R(Nch

1/3),  Rout/Rside ≈ 1) 

Collectivity in small dense systems: 'central' pA 

2016 Taxco Mexico WS J. Schukraft 

HBT: R vs KT 

Rside 

Rout 

Rlong 

BW fit: Tkin vs β	

particle ratios pp, pA, AA	

PID v2	

The experimental support for 'strong collectivity' is 
not really worse than AA 

only somewhat less tested .. 
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Collectivity in small dense systems: 'central' pp 

2016 Taxco Mexico WS J. Schukraft 

particle ratios pp, pA, AA	

The Ridge	

BW fit: Tkin vs β	

HBT: R vs KT 

Rside 

Rout 

Rlong 

Rout/Rside 

particle ratios in MB pp	

73 

The experimental support for 'strong collectivity'  is much 
less tested .. 

but were it has been tested, at high Nch, it looks not so bad ! 



Facts 
!  Experimental facts: 

" weak collectivity proven in pA & AA, not measured in pp  
$  ‘a priori’ pp ≈ pA at same Nch (both IS and FS are known to be similar) 
$  'all particles in all events' must be part of any physics model 
 (led to a significant modification in physics origin of CGC ridge !!) 

" strong coll. (thermo & hydro) compatible with majority of data in AA & pA 
$   some areas need work, some tests missing in pA   

" limited data in pp at high Nch, but compatible with SC ! 
$  final state (HBT, pT-spectra (v0), ridge (PID v2), part. ratios ): pp ≈ pA @ same Nch 
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Strange Developments 

all particles reach thermal values, EXCEPT Ω ? 
Is there a ‘bump’ around mid-central (Λ,Ξ)? 

φ follows neither γs (φ/Ξ=c) nor rc (φ/π=c) model ? 2016 Taxco Mexico WS J. Schukraft 75 



Other ‘Developments’ 
!  Final state chemistry ? 
" K* : decay + scattering 

$ or sequential  freeze-out (lower Tchem) 
" p/π: B annihilation (= seq. freezeout) 

!  light nuclei d,(3He) 
"  pp x 2, reaches ≈ SM value  
" canonical suppression ?  
" Coalesence ? (but B2(Nch) ≠ c ?) 

2016 Taxco Mexico WS J. Schukraft 76 

do we see dynamics at work 
while reaching (or leaving) thermodynamics ?? 



Hydro in PbPb  
!  ideal (BW) hydro ≈  ok < 1-2 GeV(p, K), > 3-4 GeV (p, Λ, ..) in both pT and v2 
"  deviations at high pT: 'smooth decoupling ?' 

2016 Taxco Mexico WS J. Schukraft 77 



Radial Flow in pPb 

2016 Taxco Mexico WS J. Schukraft 78 

earlier 'decoupling' 
Tkin ≈  Tchem 

β,Tkin(π,K,p) ≈  β,Tkin(Ξ, Ω) 

(d, 3He) in PbPb compatible with flow 
d in pPb compatible with coalescence 

no (or little) hadronic rescattering ? 

clear & direct view on the sQGP ?? 



79 2015 QM Koyasan 

! > 2013: central pA ~ peripheral AA 
     (largely) accepted & assimilated : small droplet of sQGP (-like) stuff 
      conformal invariance, hydro & thermo ‘at its limits’ 

! > QM 2015: no end in sight ?  
     Thermo & hydro in MinBias pp ?? 

? 

= 
7 TeV pp Min Bias 



Continuous & smooth down to dN/dy ~ 0 (pp) 

2015 QM Koyasan 80 

HBT 
kT dependence 

Charge Balance Functions ‘Hadrochemistry’ 

MinBias Nrec ~ 15 

‘Elliptic flow’ ‘Radial flow’ 



Need to know what to look for… 

2016 Taxco Mexico WS J. Schukraft 81 



Immorally successful AMPT 
A Multi-Phase Transport 

2016 Taxco Mexico WS J. Schukraft 82 

nucl-th/0312124 

AMPT in 2003 had correct higher harmonics (v3, v4, ..) 
i.e. initial state fluctuations and non-linear hydro, 

and went unnoticed ! 



Almost as good as hydro 

2016 Taxco Mexico WS J. Schukraft 83 

http://arxiv.org/abs/1210.0512 

1508.03306 

v2 

mode mixing in EP correlations 



No problem with small systems 

2016 Taxco Mexico WS J. Schukraft 84 

http://arxiv.org/abs/1404.4129 



Double humped near side peak 

2016 Taxco Mexico WS J. Schukraft 85 



What makes AMPT work ? 
!  Dynamics is very simple, probably oversimplified  

                                    (‘Micky Mouse billiard balls’ with thousands of parameters) 
"  however, the hydrodynamics seems correct ! 

$  what counts is ‘lots of interacting stuff’ (string melting + few mb σ) 

!  Common wisdom: AMPT = kinetic transport underlying hydro 
"  and as such smoothly extrapolates to dilute & small systems with large K 

!  ‘Anisotropic parton escape is the dominant source’  (1502.05572) 

2016 Taxco Mexico WS J. Schukraft 86 

Information is in the  
‘non-interacting’ rays ! 

<Ncol> = 5 (1) in AuAu(dAu) 

d-Au 

Au-Au 

escaping 

interacting 



Pressure or Density tomography ? 
!   sQGP Hydro model:   
"  IS density homogeneities => pressure gradients => momentum anisotropy => 
spatial anisotropy dN/dφ	
"  requires strong FSI, dense & large systems (small #K), low visc. ‘ideal liquid’ 

!  sMOG X-ray model:      sMOG=Mist Of Gray stuff 

"  IS density homogeneities  => direct image by scattering   
"  requires some FSI  

$  no problem with small or dilute systems (dilute = small contrast) 

!  Open questions for X-ray model: 
"  is a) and b) actually really different ? 
"  radial flow ? mass dependence of v2 (1601.05390)?  HBT Space-time correlation ? 

$  ‘free streaming + late Cooper-Frye’ = radial flow + HBT  (1504.02529)  

2016 Taxco Mexico WS J. Schukraft 87 

sQGP or sMOG:  
Crucial question in our field, which (to my taste) 

is not sufficiently seriously discussed.. 



!  Confront and ‘explain’ the size/density systematics 
"  Factorize and separate into different pp and AA physics (eg CR , hydro) ? 

$  naturally & economically, without epicycles.. 
$  where to put pA ? 

"  Incorporate into the current thermo & hydro sQGP ‘ideal liquid’ picture ? 
$  extend the ‘dense matter’ framework down to zero density ?   
$  extend the ‘dilute transport’ framework up to central AA ?  (AMPT like ?)  

$  ‘probabilistic’ hydro (#coll/particle << 1) ?    Ok for thermo (< 1 Omega/evt even in 4π at SPS) 

"  Require paradigm shift ? 
$  different but unified view(model/interpretation, ..) of soft multi-particle QCD 

2015 QM Koyasan 88 
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!  MANY similar/identical observations(@ similar Nch), no inconsistency (?), .. 
"  1) particle ratios (γs -> 1) 
"  2) pT-spectra (radial flow), 
"  3) anisotropic flow: vn ~ εn,  vn(p, d, 3He), vn(b), vn(pT), v2(LYZ), vn(PID) 
"  4) HBT r(Nch, mT) 

! What is is the 'underlying dynamical physics' ? 
"  sQGP: thermo + hydro dynamics ('at the edge') ? 
"  sMOG: strongly interacting FS matter with density gradients (1502.05572)  

"  CGC+CR+.: weakly int. dense IS matter + some conspiracies (also in AA !) 
"  ??? 

2016 Taxco Mexico WS J. Schukraft 

 Summary Hypothesis:  
The physics underlying soft 'collectivity' signals is the same in AA, pA, 

and pp: 
It is a generic property of all strongly interacting many-body (≥2?) 

systems 
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Light (anti-)(hyper-)nuclei 

From A.Kalweit 
talk at CERN 
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Hadronic phase 
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Hadronic phase 

Matter and anti-matter 

91 

[arXiv:1506.08951] 

[PRL 109, 252301 (2012)] 

Particle production in pp, p-Pb, and Pb-
Pb collisions shows an equal 

abundance of matter and anti-matter in 
the central rapidity region: µB ≈ 1 MeV. 
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Hadronic phase 
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Hadronic phase 

Mass ordering 

92 

For each additional nucleon 
the production yield 

decreases by a factor of 
about 300! 

d 

p 

3He 

4He 
Such a behaviour can be 
directly derived from the 

thermal model which predicts 
in first order 

dN/dy ~ exp(-m/T) 
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Hadronic phase 
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Hadronic phase 

Elliptic flow of (anti-)deuterons 

93 

Deuteron v2 is well described 
by the blast-wave fit which 

describes π, K, p. 

A simple coalescence approach 
estimated by the proton v2 (=2v2(2pT)) 

does not describe the data. 
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Hadronic phase 
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Hadronic phase 

Radial flow of (anti-)d and (anti-)3He 
• Radial flow of light nuclei. 

94 
[arXiv:1506.08951] 

Also the pT-spectra of deuteron and 
3He are well described by the blast-
wave fit which describes to π, K, p. 

Also the pT-integrated particle yields 
are described by the same thermal 

fit which describes all other light 
flavour hadrons. 

This behaviour is unique to heavy-
ion collisions! In pp collisions, the d/
p-ratio is a factor 2.2 lower and thus 

inconsistent with thermal model 
estimates. 
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Hadronic phase 
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Hadronic phase 

Chemical equilibrium 

95 

Particle yields of light flavor 
hadrons are described over 7 

orders of magnitude within 20% 
(except K*0) with a common 

chemical freeze-out temperature 
of Tch ≈ 156 MeV (prediction 
from RHIC extrapolation was  

≈ 164 MeV). 

Largest deviations observed for 
protons (incomplete hadron 

spectrum, baryon annihilation in 
hadronic phase,..?) and for K*0. 

[Wheaton et al, Comput.Phys.Commun, 180 84] 
[Petran et al, arXiv:1310.5108] 
[Andronic et al, PLB 673 142] 

Despite their low  
binding energy  

(EB = 2.2 MeV <<  
TC = 156 MeV), light 

(anti)nuclei behave like all 
other non-composite 

particles! → Thermal model 
yield and shape of the 

spectrum according to radial 
flow. 
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Possible scenarios 
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Hadronic phase 
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Hadronic phase 

Coalescence (1) 
• Production of nuclei by coalescence of nucleons which are close in 

phase space: 

97 

B2 is flat vs. pT in 
p-Pb collisions 

and in peripheral  
Pb-Pb collisions. 

B2 is strongly decreasing with centrality in 
Pb-Pb collisions. d/p ratio shows no 

significant dependence with centrality. 
→ physics beyond a simple 

coalescence model. 
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Hadronic phase 

• As a matter of fact, the size of the emitting volume has to be taken into account. 

• The strong decrease of B2 with centrality in Pb-Pb collisions can be naturally 
explained as an increase in the emitting volume: Particle densities are relevant 
and not absolute multiplicities. 

• The increase with transverse momentum can be explained by space-momentum 
correlations which correspond to the radial flow. 

CERN | 2016-MAR-07 | Alexander.Philipp.Kalweit@cern.ch 

Hadronic phase 

Coalescence (2) 

98 

(small fireball) 
(large fireball) 

purely thermal 
source: position 
and momentum of 
particles 
completely 
uncorrelated 

collective radial expansion: momentum  
and position are partially linked 

[A. Polleri et al., PLB 419 (1998) 19-24] 



CERN | 2016-MAR-07 | Alexander.Philipp.Kalweit@cern.ch 

Hadronic phase 
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Hadronic phase 

Possible scenarios 
• Scenario A: there is no hadronic phase after the chemical freeze-out. 

• Then (anti-)nuclei are not destroyed by re-scattering. 

• This explains why their yield agrees with the thermal model. 

• They show the same flow pattern as all other non-composite particles. 
→ A very simple solution! 

• Problem: there are other indications for a hadronic phase. 
• Scenario B: (anti-)nuclei are formed after the hadronic phase by final-state 

coalescence. 

• Then it does not matter what happens at chemical freeze-out and during 
the hadronic phase. The agreement of the yields with the thermal model 
for d, 3He, 4He, and hyper-triton would be a coincidence. 

• Problem 1: The agreement with the thermal model is not explained. 

• Problem 2: We are still missing a full space-time coalescence calculation 
based on a hydro model which describes the data. 

• Another idea: fix entropy per baryon after chemical freeze-out (works at low 
energies…) 99 
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Hadronic phase 

Is there a hadronic phase? 
• Most often, it is argued that the 

kinetic freeze-out temperature is 
lower than the chemical  
freeze-out temperature. 

• But this is model dependent and 
might be less striking than the 
survival of the deuteron in the 
fireball! 

• The combined blast-wave fit 
proves that different particles have 
identical freeze-out conditions, but 
the kinetic freeze-out temperature 
is not constrained and depends 
strongly on the pion fit range. 

• Fine, but what about  
re-scattering of resonances? 100 

[PRC 93 (2016) 014911] 
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Resonances 
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Hadronic phase 

Re-scattering of resonances: K* and φ (1) 

102 

• For short-lived resonances, it is a priori 
not clear that they can be described in a 
thermal picture.. 

• A deviation of the K*0 yield can be 
explained by hadronic re-scattering of the 
daughter tracks if the decay happens in 
the medium. 

• The life-time of the particle is  
similar to the life-time of the  
fireball (≈ 10 fm/c): 

K* → cτ = 4.0 fm 

• In contrast to the Φ-meson: 

φ  → cτ = 45  fm 

(Figure: M. Floris) 
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Hadronic phase 

Re-scattering of resonances: K* and φ (2) 
• The effect can be semi-quantitatively described by EPOS with an UrQMD 

afterburner for the hadronic phase. 
• See details in: [A. G. Knospe et al., PRC 93 (2016) 014911]. 
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Hadronic phase 

Resonances and the hadronic phase 
• However, there are some open 

questions… 

• Why don’t we see a broadening 
of the line-shape of the 
resonances in the invariant 
mass spectrum? Are we not 
sensitive to this? 

• By how much does one need to 
deflect a daughter particle so 
that the resonance cannot be 
reconstructed anymore? N.B. 
the K* and ρ are relatively wide. 

• In EPOS+UrQMD a resonance 
is not reconstructed anymore 
independent of the deflection 
angle! 104 
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Hadronic phase 

Summary and conclusions 
• Results for light (anti-)(hyper-)nuclei production and for short-lived 

resonances seem to point in different directions: 

• nuclei: non-existence of a hadronic phase 

• resonances: existence of a dense and long lived hadronic phase. 

• More data and more studies are needed in order to establish a scenario 
which seamlessly describes all observations. 

• The physics of light flavour hadrons remains exciting even in the LHC era 
after Run 1 and we are looking forward to more interesting results from 
Run 2. 
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Summary 

6 April 2016 Physics with HI Collisions at the LHC 

•  LHC heavy-ion programme is obtaining a wealth of 
physics results from the first two LHC heavy-ion runs: 
•  bulk, soft probes: 

•  spectra and flow of identified particles, thermal photons 
•  high-pT probes: 

•  jet quenching and fragmentation, particle-type dependent 
•  heavy-flavour physics: 

•  suppression and flow of D mesons, leptons, J/ψ	
•  Entering the precision measurement era – charmed era 

of the QGP 
•  before LS2 (2018): p–Pb and Pb–Pb, higher energy and 

complete approved ALICE detector 
•  Long-term upgrade for high-luminosity LHC based on: 

•  ambitious physics programme 
•  clear detector upgrade plan for improved vertexing and tracking 
•  high-rate capability of all subdetectors 
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Future plans  

6 April 2016 Physics with HI Collisions at the LHC 

Precision measurement of the QGP parameters at µb = 0 
to fully exploit scientific potential of the LHC – unique in: 

•  large cross sections for hard probes 
•  high initial temperature  

108 

Main physics topics, uniquely accessible with the ALICE 
detector: 

•  measurement of heavy-flavour transport parameters 
•  study of QGP properties via transport coefficients (η/s, q) 

•  J/ψ , ψ’, and χc states down to zero pT in wide rapidity range 
•    statistical hadronization versus dissociation/recombination 

•  measurement of low-mass and low-pT di-leptons  
•  study of chiral-symmetry restoration 
•  space-time evolution and equation of state of the QGP 

•  for main physics programme factor > 100 increase in statistics 
(maximum readout with present ALICE ~ 500 Hz) 

       for triggered probes increase in statistics by factor > 10 

ˆ 



… and more 
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•  Jet quenching and fragmentation 
•  jet energy recuperation at very low pT 
•  heavy-flavour tagged jets, gluon vs. quark induced jets 
•  heavy-flavour produced in fragmentation 
•  particle identified fragmentation functions 

•  Heavy nuclear states 
•  high statistics mass-4 and -5 (anti-)hypernuclei 
•  search for H-dibaryon, Λn bound state, etc.  



ALICE Upgrade – build on 
demonstrated strengths… 

6 April 2016 Physics with HI Collisions at the LHC 

•  particle identification (practically all known techniques) 

•  extremely low-mass tracker ~ 10% of X0 
•  excellent vertexing capability 
•  efficient low-momentum tracking – down to ~ 100 MeV/c 

vertexing 
HMPID 

ITS TPC 

TRD 

TOF 
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ALICE Upgrade strategy 
Luminosity upgrade – target 50 kHz minimum bias rate for Pb–Pb 
run ALICE at this high rate, inspecting all events 

corresponds to Pb–Pb luminosity 6x1027 cm-2s-1 – achievable at LHC 

Upgrade heavy-ion programme already after LS2 (2018) 
collect more than 10 nb-1 of integrated luminosity  
– increase by factor 10 compared to initially approved programme 

implies running with heavy ions few years after LS3 (until 2026-7) 
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•  New, smaller radius, beam pipe 
•  New inner tracker (ITS) (performance and rate upgrade) 
•  High-rate upgrade for the readout of the TPC, TRD, TOF, 

CALs, DAQ-HLT, Muon-Arm and Trigger detectors 

•  Improved vertexing and tracking at low pT 
•  Preserve particle-identification capability 
•  High-luminosity operation without dead-time 

Additional proposal to be submitted: Muon Forward Tracker (MFT) 
postponed: Forward Calorimeter (FoCal)   


