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Particle production and its connection to 
the QCD phase diagram

Hirschegg, 14th January 2019Alexander Kalweit, CERN
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Overview
• Introduction to thermal 

hadron production

• Experimental challenges 
and basic results

• Measurements of (anti-) 
proton production at RHIC 
and LHC

• New horizons: small 
systems, anti-nuclei and 
exotica.

Pb-Pb 5.02 TeV
3rd December 2018

Pb-Pb statistics increased 
by factor 9 with respect 
to 2015 Pb-Pb run for 

central collisions!
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How many particles are created in such a collision?
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dNch/dη in 5.02 TeV Pb-Pb collisions at the LHC

à Bulk particle 
production and 
the study of 
collective 
phenomena are 
associated with 
“soft” physics in 
the non-
perturbative 
regime of QCD.

dNch/dη ≈  1943 ± 54 at midrapidity at LHC energies.
[ALICE, Phys.Lett. B 772 (2017) 567-577]
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Total number of charged hadrons in Pb-Pb collisions
à Collisions of heavy-ions at high 
energy accelerators allow the 
creation of several tens of 
thousands of hadrons (1 << N << 
1mol) in local thermodynamic 
equilibrium in the laboratory.

Success of hydro models
describing spectral shapes 
and azimuthal anisotropies
supports idea of matter in local 
thermal equilibrium (kinetic). 

Success of thermal models
describing yields of hadrons 
composed of up, down, and 
strange quarks supports idea 
of matter in local thermal 
equilibrium (chemical).

Equilibrium models such as hydro typically need 5-6 interactions to 
work. Where does this picture break down? Does it work in pp and 
pPb? à What is the smallest possible QGP droplet?

[ALICE, Phys.Lett. B 772 (2017) 567-577]
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Particle production at LHC energies

à Even at LHC energies, 95% of all particles 
are produced with pT < 2 GeV/c in pp and 
Pb-Pb collisions.

à Bulk particle production and the study of 
collective phenomena are associated with 
“soft” physics in the non-perturbative 
regime of QCD.

[ALICE, arXiv:1802.09145]
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Particle production at LHC energies

[ALICE, Phys. Rev. Lett. 109 (2012) 252301]

π-

(negative particles)

K-
p
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pT-spectra of identified particles
1. Identify particle in the 

detector (pion, kaon, 
proton, Lambda, Xi, 
Omega, anti-deuteron…)

2. Fill pT-spectrum
3. Interpolate unmeasured 

region at low pT (at high pT
negligible)

4. Integrate:

!"
!# = % !&"

!'(!#!)
!)!'(

à Even at LHC energies, 95% of all particles are produced with pT < 2 
GeV/c in pp and Pb-Pb collisions.
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Chemical equilibrium at the LHC
Production yields of light flavour 
hadrons from a chemically 
equilibrated fireball can be calculated 
by statistical-thermal models  (roughly 
dN/dy ~ exp{-m/Tch}, in detail derived 
from partition function)

à In Pb-Pb collisions, particle yields 
of light flavor hadrons are described 
over 7 orders of magnitude with a 
common chemical freeze-out 
temperature of Tch ≈ 156 MeV.

à Light (anti-)nuclei are also well 
described despite their low binding 
energy (Eb,d = 2.2 MeV << Tch).
à so called “anti-nuclei puzzle”.

[A. Andronic et al., Nature 561 (2018) no.7723, 321-330] 
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Thermal statistical model fits Pb-Pb 2.76 TeV (final)
Particle yields of light flavor hadrons 

are described over 7 orders of 

magnitude within 20% with a 

common chemical freeze-out 

temperature of Tch ≈ 156 MeV 

(prediction from RHIC 
extrapolation was ≈ 164 MeV).

Three different versions of thermal 

model implementations give similar 

results. 
[Wheaton et al, Comput.Phys.Commun, 18084]

[Petran et al, arXiv:1310.5108]

[Andronic et al, PLB 673 142]

Hadrons are produced in apparent 

chemical equilibrium in Pb-Pb

collisions at LHC energies. 

Largest deviations observed for 

protons (2.8σ) and for K*0 (re-

scattering in hadronic phase).

à so called “proton anomaly”.

[ALICE, Nucl. Phys. A 971 (2018) 1-20]

https://www.sciencedirect.com/science/article/pii/S0375947417304839
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Thermal statistical model fits Pb-Pb 5.02 TeV (prel.)

à Also at 5.02 TeV, yields of 
light flavor hadrons are 
qualitatively well described 
by equilibrium thermal 
models over 7 orders of 
magnitude.

à Fit at 5.02 TeV converges 
to slightly lower Tch than at 
2.76 TeV (153 w.r.t to 156 
MeV).

à Deviations remain the
same at the two energies.
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Particle identification

à Protons are cleanly 
identified in ITS, TPC, 
TOF, HMPID.
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What is a primary particle?
Many particles (~50%) are of secondary origin (decays, knock-out, conversions…).
à Precise data to model comparisons need to take care of that.

A primary charged particle is defined to be a 
charged particle with a mean proper lifetime τ larger 
than 1 cm/c which is either produced directly in the 

interaction, or from decays of particles with τ
smaller than 1 cm/c, excluding particles produced in 

interactions with the detector material.
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What is a primary particle?

[W. Riegler, CERN-Fermilab school 2016]

à 1cm/c is chosen as it 
is between the longest 
lived weak decays of 
heavy quark hadrons 
(only small contribution 
to the yield of LF 
hadrons) and the 
shortest lived weak 
decay of light flavor 
hadrons.

=> Products of weak 
decays of light flavor 
hadrons are subtracted 
from the primary 
particle sample.
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Feed-down subtraction
• Main contaminators to the 

sample of primary protons:

• Careful subtraction based
on the different distance 
of closest approach to the 
primary vertex (dca).

Σ+→p π0    (51.6%)
Λ → p π- (63.9 %)
Ξ- → Λ π- (99.87 %)
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DCA resolution in ALICE

[Int. J. Mod. Phys. A 29 (2014) 1430044]

http://www.worldscientific.com/doi/abs/10.1142/S0217751X14300440
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(anti-)proton-to-pion ratio vs system size
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 = 7 TeVspp, 

PLB 728 (2014) 25-38

 = 5.02 TeVNNsp-Pb, 

PRC 88, 044910 (2013)

 = 2.76 TeVNNsPb-Pb, 

Preliminary

 = 5.02 TeVNNsPb-Pb, 

Preliminary

 = 5.44 TeVNNsXe-Xe 

ALICE V0 Multiplicity Classes

ALI−PREL−155907

à Smooth behaviour of p/π
ratio observed from small
to large collision systems.

à Same behavior in Pb-Pb
collisions at two energies
and also in Xe-Xe collisions 
(taken at lower B=0.2T
field) and among different 
experiments in pp.

à While the deviation from 
the thermal model is ~2.8σ, 
this only corresponds to
only 15-18% in absolute 
terms. 
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(anti-)proton-to-pion ratio vs system size
à Smooth behaviour of p/π
ratio observed from small
to large collision systems.

à Same behavior in Pb-Pb
collisions at two energies
and also in Xe-Xe collisions 
(taken at lower B=0.2T
field) and among different 
experiments in pp.

à While the deviation from 
the thermal model is ~2.8σ, 
this only corresponds to
only 15-18% in absolute 
terms. 
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Proton-to-pion ratio at RHIC
• STAR heavy flavor tracker allows to measure light flavor hadrons much more 

precisely also at RHIC energies. 

• Change in π yield is small, but significant reduction of protons is observed.
à Is there a more recent update of this measurement?

[S. Mizuno, SQM2016]
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Particle production and the QCD phase diagram

[F. Karsch, SQM 2016] 

The proton yield drives the fit and thus the determination of Tch.
à An exact measurement of these yields is not just a boring detail. 
It is the experimental determination of the limiting temperature at which 
hadrons can still exist!

[A. Andronic et al., Nature 561 (2018) no.7723, 321-330] 
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Particle chemistry across system size (1)

àSmooth evolution of particle 
chemistry from small to large 
systems as function of charged 
particle multiplicity 
⇒ common origin in all 
systems?

à Increasing strangeness 
production with increasing 
multiplicity until saturation 
(grand-canonical plateau) is 
reached.

pp
p-Pb Pb-Pb
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Particle chemistry across system size (2)

àSmooth evolution of particle 
chemistry from small to large 
systems as function of charged 
particle multiplicity 
⇒ common origin in all 
systems?

à Increasing strangeness 
production with increasing 
multiplicity until saturation 
(grand-canonical plateau) is 
reached.

àConfirmed with new 
pp √s=13 TeV and Xe-Xe data!

pp
p-Pb Xe-Xe Pb-Pb
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Particle chemistry across system size (3)

Significantly increasing trend of 
ϕ-meson (!!̅) to pion ratio with 
increasing multiplicity

à In contrast to expectation from 
simple strangeness canonical 
suppression.

à Pivotal role of the ϕ-meson in 
the understanding of strangeness 
production with thermal-statistical, 
core-corona, and MC models.
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TPC with GEM readout for Pb-Pb at 50 kHz

• Current MWPC: readout limited by ion backflow
• New readout chambers (GEM) continuous readout

– Preserve momentum and dE/dx resolution
• 5 interactions on average during TPC drift time (83µs)
• Calibration and track-to-event assignment in O2-system
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Outlook to LHC Run 3 and 4 (A)

The measurement of the coalescence 
parameters for composite objects with 
different sizes studied as a function of 
the multiplicity can be used to 
compare the light (anti-)(hyper-)nuclei 
production scenarios.

(anti-)nuclei yields are not subject to 
feed-down from strong decays!

[A. Andronic et al., Nature 561 (2018) no.7723, 321-330] 
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Outlook to LHC Run 3 and 4 (B)

The measurement of the coalescence
parameters for composite objects with 
different sizes studied as a function of 
the multiplicity can be used to 
compare the light (anti-)(hyper-)nuclei 
production scenarios

Physics case for Run3&4:
à Measure centrality dependence of 

the hypertriton in Pb-Pb
à Can we produce at all the 

hypertriton in pp collisions?
à Go more differential for A = 3
à Measure B4 for 4He, 4 LH, 4 LHe
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102  3
ΛH candidates in 2015 sample

Outlook to LHC Run 3 and 4 (C)

The measurement of the coalescence
parameters for composite objects with 
different sizes studied as a function of 
the multiplicity can be used to 
compare the light (anti-)(hyper-)nuclei 
production scenarios

Physics case for Run3&4:
à Measure centrality dependence of 

the hypertriton in Pb-Pb
à Can we produce at all the 

hypertriton in pp collisions?
à Go more differential for A = 3
à Measure B4 for 4He, 4 LH, 4 LHe
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Outlook to LHC Run 3 and 4 (4)
à Check out the entire LHC physics program at LHC Run 3 & 4 which is
summarized in the recently released CERN yellow report: arXiv:1812.06772

http://arxiv.org/abs/arXiv:1812.06772
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Summary and conclusions
• The physics of thermal light flavor hadron production was considered as 

final in the RHIC (pre-LHC) era, but the increased precision of LHC 
experiments has brought surprises and many new insights, e.g.:

1. Detailed investigation of the proton yield (see also talks of C. Ratti, Pok-Man Lo,…)

2. anti-nuclei puzzle

3. Textbook measurements of the approach to the grand-canonical saturation from small 
to large collision systems

• While the study of the proton yield now gets finalized by theorists, the 
measurements of anti-nuclei and high multiplicity pp collisions enter a 
golden era with LHC Run 3 & 4 in 2021-2029.
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Additional slides


