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evolution of the early universe and the QCD
phase diagram

homogeneous Universe in
equilibrium, this matter can
only be investigated in nuclear collisions

 charge neutrality
 net lepton number = net baryon number
 constant entropy/baryon

neutrinos decouple and light nuclei begin to be formed

QCD phase boundary



  

The landscape of accelerators



  

as of 2016, all 4 LHC experiments 
participate in the Pb-beam program



  

the Quark-Gluon Plasma formed in nuclear
collisions at very high energy



  

a few selected topics from  LHC Run1 and Run2  2010 - 2018

● hadron production, QCD phase boundary and
search for critical fluctuations

● energy loss of high momentum partons (quarks
and gluons) in the QGP matter

● seeding the QGP with heavy (charm and beauty)
quarks

● ultra-peripheral and photon-photon collisions 



  

particle identification with the ALICE TPC
from 50 MeV to 50 GeV
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hadron production and the QCD phase boundary

part 1: the hadron resonance gas



  

duality between hadrons and quarks/gluons (I) 

Z: full QCD partition function

all thermodynamic quantities derive from QCD partition functions

for the pressure we get: 

comparison of trace anomaly from LQCD  
Phys.Rev. D90 (2014) 094503
HOTQCD coll.

with hadron resonance gas prediction 
(solid line)

LQCD: full dynamical quarks with realistic
pion mass



  

duality between hadrons and quarks/gluons (II) 

comparison of equation of state from
LQCD  
Phys.Rev. D90 (2014) 094503
HOTQCD coll.

with hadron resonance gas predictions
(colored lines)

essentially the same results also from
Wuppertal-Budapest coll.
Phys.Lett. B730 (2014) 99-104 

pseudo-critical
temperature

εcrit = (340 ± 45) MeV/fm3

εnucl = 450 MeV/fm3



  

duality between hadrons and quarks/gluons (III)

in the dilute limit T < 165 MeV:



  

thermal model of particle production and QCD
partition function Z(T,V) contains sum over the full hadronic mass
spectrum and is fully calculable in QCD

for each particle i, the statistical operator is:

particle densities are then calculated according to:

from analysis of all available nuclear collision data we now know
the energy dependence of the parameters T, mu_b, and V over an
energy range from threshold to LHC energy and can confidently
extrapolate to even higher energies

in practice, we use the full experimental hadronic mass spectrum
from the PDG compilation (vacuum masses) to compute the
'primordial yield'

comparison with measured hadron yields needs evaluation of all
strong decays  



  

May 2016 update:  excellent description of
ALICE@LHC data

fit includes loosely bound systems such as deuteron and hypertriton
hypertriton is bound-state of (Λ,p,n), Λ separation energy  about 130 keV 
size about 10 fm, the ultimate halo nucleus,
produced at T=156 MeV. close to an Efimov state

 

proton discrepancy 2.8 sigma



  

energy dependence of hadron production in central
Pb-Pb (Au-Au) collisions

data from LHC run1 and run2

total number of hadrons
produced

2.76 TeV   
N_had = 25800

5.02 TeV   
N_had = 32300

ALICE coll., Phys.Rev.Lett. 116 (2016) no.22, 222302

note: exponent in energy dependence is different for pp and PbPb; not
anticipated in saturation models



  

excellent agreement over 9 orders of magnitude

yield of light nuclei predicted in: pbm, J. Stachel,  J.Phys. G28 (2002) 1971-1976,
                                                                               J.Phys. G21 (1995) L17-L20

agreement over 9
orders of
magnitude with
QCD statistical
operator
prediction



  

energy dependence of temperature and baryo-
chemical potential

energy range from SPS down to threshold

T
lim 

= 159 +/- 3 MeV

T
lim 

= 159 +/- 3 MeV is 

maximum hadronic temperature 

is phase boundary ever reached
 for              < 10 GeV?  

T
c
  = 154 +/- 9 MeV

from lattice



  

the QGP phase diagram, LQCD,  and hadron
production data

quantitative agreement of
chemical freeze-out parameters
with LQCD predictions for baryo-
chemical potential < 300 MeV 



  

now:  remarks on measurements and
interpretation of higher moments



  

most recent STAR results on 'net protons'
non-monotonic behavior observed 

Nu Xu, CPOD2016

search for a critical point in the QCD phase diagram
is this non-monotonic behavior a first indication?



  

at LHC energy, 2nd moments only exhibit baryon number
conservation effects, as predicted by Lattice QCD

a Skellam distribution is the difference between 2 uncorrelated Poisson distributions



  

charmonium as a probe for the properties of the
QGP

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

new insight (pbm, Stachel 2000) QGP screens all
charmonia, but charmonium production takes place at
the phase boundary, enhanced production at colliders –
signal for deconfined, thermalized charm quarks
production probability scales with N(ccbar)

2

reviews:  L. Kluberg and H. Satz, arXiv:0901.3831
                           
                          
                          pbm and J. Stachel, arXiv:0901.2500

both published in Landoldt-Boernstein Review, R. Stock, editor,
Springer 2010 
                         

n.b.  at collider energies
there is a complete
separation of time scales

tcoll << tQGP < tJpsi
  

implanting charmonia
into QGP is an
inappropriate notion 

this issue was already
anticipated by Blaizot
and Ollitrault in 1988

nearly simultaneous:  Thews, Schroeder, Rafelski 2001  

formation and destruction of charmonia inside the QGP



  

the idea

heavy quarks are not thermally produced, since  their mass m >> T

at collider energies, heavy quarks are copiously produced through QCD
hard scattering

the developing hot fireball formed in the collision thermalizes the heavy
quarks

all charmed hadrons and charmonia are deconfined near T
c

the fireball expands and cools until it reaches the phase boundary

there, charmonia are formed with thermal/statistical weights

since charmonium formation scales with N(ccbar)
2  and since the charm

cross section increases strongly with energy, we expect enhanced
charmonium production at collider energy

this brings the thermal model into the heavy quark era with a large
heavy quark fugacity

note: mass of charm quark is about 300 times heavier
than mass of light quarks



  

quarkonium as a probe for deconfinement at the
LHC

the statistical (re-)generation picture

charmonium enhancement as fingerprint of color
screening and  deconfinement at LHC energy

pbm, Stachel, Phys. Lett. B490 (2000) 196
Andronic, pbm, Redlich, Stachel,  Phys. Lett. B652 (2007) 659



  

less suppression when increasing the energy density

from here to  here    more than factor of 2 increase in energy
density, but R

AA
 increases by more than a factor of 3

2007 prediction impressively confirmed by LHC data

ALICE data
arXiv:1311.0214
Phys.Lett. B734 (2014) 314-327

discovery of new production
mechanism by ALICE coll.

in LHC run1



  

predictions from 2000/2007 beautifully confirmed by RHIC
and LHC data

ALICE coll.,
arXiv:1606.08197



  

...and the dependence on transverse momentum

ALICE coll., arXiv:1606.08197



  

elliptic flow of charmonium

most recent LHC Run2 result, 
charm quarks participate in the hydrodynamical evolution of the QGP fireball 

support for statistical hadronization of deconfined charm quarks



  

energy loss of partons in the QGP



  

q

q

leading
particle

leading particle

schematic view of  jet production
 hard parton scattering 

observed via leading 
particles
 expect strong ∆ ϕ=π 

 azimuthal correlations
 

however,  the scattered partons may loose energy 
(~ several GeV/fm) in the colored medium

a) momentum  reduction (fewer high pT particles in jet)   
b) no jet partner on other side

jet quenching

 jets  of hard partons as probe of the hot medium



  

the nuclear modification factor R_AA



  

no medium effects:
  RAA < 1 in regime of soft physics
  RAA = 1 at high-pT where hard 
               scattering dominates
 Suppression:  
  RAA << 1 at high-pT

AA

AA

AA

qualitative expectations
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synopsis of energy loss measurements for hard probes
no suppression in pPb, QGP opaque for high energy partons

photons, Z and W scale with number of binary collisions in PbPb – not affected by
medium
→ demonstrates that charged particle suppression is medium effect: energy loss in
QGP

Alice coll.,

arXiv:1405.2737
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ATLAS measurement of jet quenching 
direct reconstruction of jets

even at jet (parton) momenta of 900 GeV suppression is still strong
the QGP medium modifies the jet at all momentum scales  
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Some remarks on ultra-peripheral collisions in pp, pPb and Pb-Pb
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ultra-peripheral collisions -some selected aspects

next 4 slides from Spencer Klein, talk at QM2017, Chicago, 
see also arXiv:1704.04715 (from yesterday)
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Shadowing extracted from J/psi production in 
UPC Pb-Pb vs pp

Results constrain EPS09 shadowing calculations and agree with recent leading
twist (LTA) calculations. Fig. Taken from Vadim Guzey
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LHC reach for gluon distributions in nuclei 
from ultra-peripheral collision studies

Fig. taken from Baltz et al.,   Phys. Reports 458 (2008)1 with the additional domain 
opened by p-Pb collisions
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precision measurement of open charm production by LHCb
measurement at forward rapidity provides input on low-x

gluon PDFs 



  

LHC ion program for Run3 and Run4 



  

Main conclusion of the 
'2013 European Strategy for Particle Physics'

process



  
approved ALICE program up to and including LHC Run4



  

NEW GEM TPC
Readout Planes



  

ALICE upgrade: main physics topics for Run3 and Run4

rare probes at low p_T:

   heavy flavor hadrons

   quarkonia

   di-leptons at low and intermediate mass

   light anti-matter and exotic clusters

   jet physics

  event-by-event fluctuations of conserved quantum numbers

  ultra-peripheral collisions , low x physics, photon-photon collisions



  

ALICE upgrade – show and tell



  

di-electron simulations at mid-rapidity
Rapp-Wambach scenario

Run 2
current

Run 2
upgrade



  

ATLAS and CMS heavy ion programs in Run3 and
Run4

main themes:  rare probes at intermediate and high p_T

  jets

   photon-jet measurements

   EW probes

   quarkonia

    heavy flavor hadrons



  

LHCb ion program for Run3 and Run4

main theme:  collisions at forward rapidity with excellent PID and
momentum resolution 

expected to be competitive also in central Pb—Pb program 

LHC heavy ion program in Run3 and Run4

an exciting mix of upgraded detectors making use of 
50 kHz Pb-Pb collisions 

more than a decade of forefront research on 
QGP and related topics ahead of us 



  

additional slides



  



  

the equation of state of hot QCD matter – a chiral
(cross over) phase transition between hadron gas

and the QGP

critical region:  Tc = (154 ± 9) MeV  εcrit = (340 ± 45) MeV/fm3

HOTQCD coll., Phys.Rev. D90 (2014) 9, 094503 

latest Lattice QCD results



  

could it be that inflation 
lasted until t = 1s ???
Figueroa and Byrnes

arXiv:1604.03905
no QGP in early universe?



  

QGP in the early universe

source: RPP 2014



  

Hadron resonance gas and interactions

for T < 165 MeV, the details of the interactions don't matter and the 'low density
approximation' is a good assumption 



  

implementation



  

energy dependence of hadron production described
quantitatively

together with known energy dependence of charged hadron production in Pb-Pb collisions
we can predict yield of all hadrons at all energies with < 10% accuracy

no new physics needed to describe K+/pi+ ratio
including the 'horn'



  

a note on the chemical freeze-out temperature  

T
chem 

 = 156.5 ± 1.5 MeV from fit to all particles

there is an additional uncertainty because of the poorly
known hadronic mass spectrum for masses > 2 GeV

for d, 3He, hypertriton and alpha, there is very little feeding
from heavier states and none from high mass states in the
hadronic mass spectrum, for these particles the
temperature T

nuc
 can be determined 'on the back of an

envelope' :  

T
nuc

 = 154 ± 5 MeV, independent of hadronic mass

spectrum



d/p ratio as function of energy – Pb—Pb collisions



is multiplicity dependence described by 
canonical thermodynamics?

main features, but not details, are captured well – needs further study
arXiv:1512.07227  ALICE



  

Comparison RHIC vs LHC data



  

from lattice: charmed hadrons deconfine near T
c

figure courtesy Peter Petrezky
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