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Light Flavours: why and how

Small/large/medium/whatsoever system

Results from RHIC and LHC

LƴǘŜǊǇǊŜǘŀǘƛƻƴΥ ŀǊŜ ǿŜ ǘƘŜǊŜ ΨŀƭǊŜŀŘȅΩΚ

Conclusions, Outlook, Positivity, Criticalities

Your turn: shoot!
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Particles production: an (            ) unbiased perspective (I)
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as much
as possible

QCD: perturbative regime calculable up to the NNNLO level, non-perturbative regime much less known.

LQCD addresses static hadron properties, models try to describe dynamical processes

Microsopicmodels

Å Solidly QCD-grounded

Å Implement several sub-mechanisms to 
deal with non-perturbative aspects

Å (Relatively) large number of parameters

Å Normally better in predicting dynamics 
rather than chemical composition

EXAMPLES:

Á Clusters Models (HERWIG)

Á String models (PYTHIA, DIPSY)

ÁΧ

άŎƻƭƭŜŎǘƛǾŜέ aƻŘŜƭǎ

ÅΧ ŀǎ ǎǘŀǘƛǎǘƛŎŀƭ 

Á Few parameters

Á Predicts chemical composition

Á Surprisingly ~works from e+e- to 
Pb-Pb

o EXAMPLES: GSI/Heidelberg, 
¢I9wa¦{Σ {I!w9Χ

ÅΧ ƻǊ ƘȅŘǊƻ όǾƛǎŎƻǳǎύ

Á Describe collective expansion of 
hydrodynamic object

Hybrid Models

ÅCǳǎŜ ŘƛŦŦŜǊŜƴǘ άǊŜƎƛƳŜǎέ όǾŀŎǳǳƳ Ҍ 
statistical hadroniz., collectivity, etc.)

Å Several purely phenomenological 
mechanisms (­ parameters) 
implemented 

EXAMPLES:

Á EPOS

To which extent can we use 
ǘƘŜƳ ǘƻ ŘŜǎŎǊƛōŜ άǎƳŀƭƭ 
ǎȅǎǘŜƳǎέ ƻōǎŜǊǾŀǘƛƻƴǎΚ

What have we learnt so far?
Can we learn more?



Example of microscopic models: Pythia
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Å Linear confinement potential for large distances (confirmed 
by lattice QCD). Short distances: perturbation theory holds

Å Confined colourfields: strings with tension k= 1 GeV/fm

Å Breaking of strings (tunneling) give hadrons

ὖᶿὩ
p
k = Ὡ

p
kÖὩ

p
k

Å Flavourdetermined by gaussianmass suppression term 
(which mass? current Ą less s-suppression than observed. 
constituent Ą too much s-suppression. s/u tuned on data)

baryons

Fischer & Sjostrand, arXiv:1610.09818 (2017)
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Å hadronic collisions: multiple strings needed 
to describe multiplicity distribution (MPI)

Å In the LC Lund model each string is 
hadronizingseparately with respect to the 
others

Å The multiplicity increases, but not the àpTð

nor the relative flavor abundancies!
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Å Multiple strings are close in space-time. 
Dynamical interaction not implemented, 
but ColourReconnection (CR) can happen

Å Takes place after parton shower and considers 
all SU(3) permitted configurations. 
Selection parameter: total string length

Å After re-arrangement, hadronizationtakes place

Å Takes into account colourreconnection in remnant
H
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Christiansen & Skands, arXiv:1505.01681 (2015)



Example of macroscopic models: SHM
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Nucl. Phys. A 904 (2013) 535-538

Andronic & Braun-Munzinger & Redlich & Stachel, arXiv:1710.09425 (2017)

SHM ςclass of models which predict chemical composition 
of the final state:

Å see hadronizationas particles spilling from an excited state 
όŜΦƎΦ ƘŀŘǊƻƴ ǊŜǎƻƴŀƴŎŜ ƎŀǎΣ Χύ ŦƻƭƭƻǿƛƴƎ ǇǳǊŜ ǎǘŀǘƛǎǘƛŎŀƭ ƭŀǿǎΦ

Å have few parameters at play:

Å T : the temperature of the source at chemical freeze-out

Å V : the volume of the source

ÅmB : baryochemicalpotential (0 at LHC)

ÅmS : under-equilibration scale for strangeness

ÅΧ

in some 
flavourof 
the model

Generally successful in heavy 
ion collisions, making use of a 

gran-canonical ensamble



Example of hybrid models: EPOS
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Å Hard scattering treated with the addition of several DGLAP partonάƭŀŘŘŜǊǎέ 
(pomerons) + a CGC-inspired saturation scale

Å Parton ladders are then considered as relativistic strings, conveniently treated in a 
string fragmentation approach (a-la Lund)

Å At time t0 (well before hadronization) strings are divided into: fluid (CORE) and 
escaping (CORONA) according to their momenta and density of the string segments

Ç CORONA: strings can hadronizeas in the Lund approach

Ç CORE: from the time t0 evolves as a viscous hydrodynamicsystem. 
Hadronizationhappens statistically at a common TH

Å After hadronizationhadron-hadron rescatteringcan be considered, making use of an 
afterburner (e.g. UrQMD)

NOTE: parameters governing the core-only part are 6 
(t0, r0, eFO, yrad, fecc, gs), to be tuned on data!

Werner, PRL 98, 152301 (2007)



Particles production: measurement techniques (I)
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Charged stable light particles (p,K°,p) are detected through their energy 
loss. Several PID techniques are useful to cover the largest pT range

Integration of different techniques is the 
most delicate point in these analyses



Particles production: measurement techniques (II)
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Particle Mass (MeV/c2) Decay channel ct(cm)

K0
S 498 p++p- (BR=69%) 2.68

L 1116 p+p- (BR=64%) 7.89

X 1322 L+p- (BR=99.9%) 4.91

W 1672 L+K- (BR=68%) 2.46

Weak-decaying particles detected exploiting:

Å reconstruction of the topological decay

Å PID for daughter candidates

Å Signal extraction through invariant mass 
integration



Particles production: measurement techniques (II)
11
½

23

LivioBianchi

GDR-QCD wshop

24 July 2018

Resonances can be studied through the cascade decay 
with PID assignment (large combinatorial background)

(Anti-)Nuclei can be detected through their energy loss in 
the material.

10.1016/j.nuclphysa.2017.12.004

https://www.sciencedirect.com/science/article/pii/S0375947417304839


/ƻƭƭƛŘƛƴƎ ǎȅǎǘŜƳǎΩ ǎƛȊŜΥ όƴƻƴ-)definition
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With small(large)-systems we can normally 
refer to two different things:

Å Size of colliding objects

Á Common way of thinking

Á (ee<) pp < p-A < A-A

Å Size of created medium

Á The correspondence to the previous 
is ~true only on average

Á Npart , Ncoll

Á Multiplicity

pp

p-Pb

Pb-Pb

p-Pb

p-Pb

pp

pp

Pb-Pb Pb-Pb



Multiplicity measurement
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Multiplicity is a very simple concept:

Å Number of particles produced in a 
defined kinematic region

Å HEP experiments have very good 
performance in reconstructing tracks

But:

ÅWe are mostly interested in primary 
particles! Need to remove secondaries

Å Important concept of MULTIPLICITY 
ESTIMATOR
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Multiplicity is a very simple concept:

Å Number of particles produced in a 
defined kinematic region

Å HEP experiments have very good 
performance in reconstructing tracks

But:

ÅWe are mostly interested in primary 
particles! Need to remove secondaries

Å Important concept of MULTIPLICITY 
ESTIMATOR

Multiplicity estimator:

Å Tool to categorize each event according to its multiplicity

Åhgap: important trick to avoid bias in the multiplicity estimation!* 

Å Comparison among different colliding systems should always be 
done using unbiased multiplicity estimators

* if you are interested in this technical but KEYdetail, just ask J



Results: particle spectra and collectivity



Transverse momentum spectra
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Detailed study of multiplicity (centrality) 
evolution of pT spectra brought-up in all 

collision systems and at all energies.

Hardening of spectra going to 
higher-multiplicity collisions

Traditionally attributed to radial flow 
in large collision systems. Same mechanism 

in small collision systems?

What is the behavior at higher pT?

Can we learn something from the first 
moment of the distribution?

®



Transverse momentum spectra: hardening
17
½

23

LivioBianchi

GDR-QCD wshop

24 July 2018

Evolution of spectra is over from ~4GeV/c 
onwards. True for all particles!

Ncoll-like scaling in pp collisions?

Shows increase in all collision systems.

Very similar in pp and p-Pb, but milder in Pb-Pb. More 
violently-expanding medium in small systems?

Need to check spectra evolution in a more differential 
way and compare to models!



Transverse momentum spectra: huge harvest at LHC
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Large variety of particles considered for all 
collision systems exploited



Transverse momentum spectra: huge harvest at LHC
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Hydro expansion can describe raising trend.

Coalescence and recombination give qualitative explanation of the 
falling at higher pT.

EPOS (hydro+jets) can describe the baryon anomaly in a satisfactory 
way, when tuning its free parameters on other observables

Higher radial boost at LHC ­ peak at higher pT

PRL 111 (2013) 222301

?



Transverse momentum spectra: huge harvest at LHC
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PRL 111 (2013) 222301
Hydro expansion can describe raising trend.

Coalescence and recombination give qualitative explanation of the 
falling at higher pT.

EPOS (hydro+jets) can describe the baryon anomaly in a satisfactory 
way, when tuning its free parameters on other observables

Higher radial boost at LHC ­ peak at higher pT
?

Is this feature present in the charm sector as well?

Need for larger statistics!



baryon/meson: different colliding systems
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Same pattern in the L/K0
Smeasured in small 

ǎȅǎǘŜƳǎΣ ǿƛǘƘ ŘƛŦŦŜǊŜƴǘ ƳŀƎƴƛǘǳŘŜΧ

ΧōǳǘΧ

MIND THE MULTIPLICITY SPAN!

In order to make proper comparison, one can select 
pT ranges and look at multiplicity dependence



baryon/meson: different colliding systems
22
½

23

LivioBianchi

GDR-QCD wshop

24 July 2018

Clear continuity among different systems!

Is the underlying mechanism the same here?

Need to compare to hydro

®

Same pattern in the L/K0
Smeasured in small 

ǎȅǎǘŜƳǎΣ ǿƛǘƘ ŘƛŦŦŜǊŜƴǘ ƳŀƎƴƛǘǳŘŜΧ

ΧōǳǘΧ

MIND THE MULTIPLICITY SPAN!

In order to make proper comparison, one can select 
pT ranges and look at multiplicity dependence



Hydro in pp?
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Blast wave: simplified hydro model:

Å Assumes common particle expansion with bT andTkin

Å If assumption ok: fit (e.g.) p,K,p­ predict pT shape of other particles

Å Assumption ~ok for all collision systems

Å pp and p-Pb: similar Tkin-bTprogression

Å Considering corresponding multiplicity:
ƭŜǎǎ άǾƛƻƭŜƴǘέ ŜȄǇŀƴǎƛƻƴ ƛƴ Pb-Pb,
but Tkin common for all systems

CAVEAT: limited pT range of validity. 
Resonance decays at low-pT, 

perturbative production at high-pT
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Blast wave: simplified hydro model:

Å Assumes common particle expansion with bT andTkin

Å If assumption ok: fit (e.g.) p,K,p­ predict pT shape of other particles

Å Assumption ~ok for all collision systems

Å pp and p-Pb: similar Tkin-bTprogression

Å Considering corresponding multiplicity:
ƭŜǎǎ άǾƛƻƭŜƴǘέ ŜȄǇŀƴǎƛƻƴ ƛƴ Pb-Pb,
but Tkin common for all systems

Simple hydro model 
seems to describe pT

spectra evolution with 
multiplicity across 
different collision 

systems

TAKE HOME

CAVEAT: limited pT range of validity. 
Resonance decays at low-pT, 

perturbative production at high-pT


