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• Introduction - Resonances in hadronic phase


• Hadronic resonances in ALICE


• ALICE Detector


• Highlights from recent publications

• The ALICE experiment - A journey through QCD arXiv:2211.04384


• System Size Dependence of Hadronic Rescattering Effect at LHC Energies  arXiv:2308.16115


•  Production in Pb-Pb Collisions at 5.02 TeV arXiv:2308.16119


• Multiplicity Dependence of and  Production in pp Collisions at √𝑠=13TeV 
arXiv:2308.16116


• Future studies in LHC Run3


• Conclusion
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• Resonance 

• Short life time (  ~ few )  

➡ Can decay within the hadronic medium 

✓ Suitable tool for studying hadronic medium effects.

τ fm/c

Introduction: Resonances in hadronic phase
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Hadronic resonances in ALICE

4
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ρ (uū + dd̄)

K*(ds̄)

f0 (unknown)

Σ*(uus, dds)

Ξ(1820)

Λ(1520)

Ξ(1530)

(ss̄)

12.6

8.2

5

4.2

(uss)

(uss)

ɸ 

(uds)

𝜋+𝜋−
(46%)

Mass
770

(MeV/c2)

1820

Various masses

Lifetime
1.3 46.3

(fm/c)

Various lifetimes

StrangenessHadron class
Meson Baryon

hidden

0 2

Different hadron class / 
Strangeness

RESONANCES may have control knobs that can be used to study the hadronic phase.
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• Multi-purpose detector at the LHC with unique particle identification 
capabilities and tracking down to very low momenta

ALICE Detector
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• Multi-purpose detector at the LHC with unique particle identification 
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ITS: Inner Tracking System

TPC: Time Projection Chamber

TOF: Time of Flight

• 6 layers of silicon detectors

• Trigger, tracking, vertex, PID ( )dE/dx

• Multi-gap resistive plate chambers


• PID ( , time-of-flight)β

• Gas-filled ionization detection volume


• Tracking, vertex, PID ( )dE/dx
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• Multi-purpose detector at the LHC with unique particle identification 
capabilities and tracking down to very low momenta

ALICE Detector
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Resonance analysis: Invariant mass

6
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Minv = (E1 + E2)2 − | ⃗p1 + ⃗p2 |2

• Resonances are reconstructed via their invariant 
masses 

• Daughter tracks are selected based on the TPC/TOF PID 

• No secondary vertex reconstructed due to the lifetime: 
SV of resonance = Primary vertex


• Instead, topological selection can be applied 
to limit the PV tracks.
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Resonance analysis: Invariant mass
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Minv = (E1 + E2)2 − | ⃗p1 + ⃗p2 |2

• Resonances are reconstructed via their invariant 
masses 

• Uncorrelated background: estimated via event-
mixing or like-sign techniques


• Residual background: correlated pairs or 
misidentified decay products, modelled by custom 
functions (eg. polynomial function)


• Signal: Fit with a Breit-Wigner or Voigtian function 
and the residual background


• Yields are calculated by integrating the signal 
function
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• pT-Spectra: pT differential corrected yields based on the raw yields


• pT-Integrated yields  Particle yields ratio


• Average pT  Estimate system condition

→
→

Resonance analysis: pT spectra
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• Resonance yield ratio to 
the long-lived particle with 
the same quark contents

• Suppression of the 

ratios of the short-
lived resonances


• Huge role of a hadronic 
phase afterburner 
(UrQMD). 
→ Suggests 
rescattering of decay 
products in the 
hadronic phase.


• Smooth transition 
observed from pp to AA 
collisions 
→ Resonance yields 
controlled by system size 
(multiplicity)

Resonance analysis: Particle ratio

8

The ALICE experiment - A journey through QCD ALICE Collaboration
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Figure 41: (Left) Ratios of midrapidity yields between resonances and ground-state hadrons of similar valence-
quark content, as a function of hdNch/dhi1/3. These are obtained for inelastic pp collisions (

p
s = 2.76 TeV

and 7 TeV [487–490]) and for Pb–Pb collisions (
p

sNN = 2.76 TeV [366, 483, 486] and 5.02 TeV [255, 382,
435]) ranging from peripheral to most central overlaps. Error bars and boxes represent the statistical and the total
systematic uncertainty, respectively. Model predictions are from EPOS3 with and without UrQMD [491]. (Right)
Transverse-momentum distributions of K⇤(892)0 at

p
sNN = 5.02 TeV [435] for central and peripheral collisions

compared with predictions from EPOS3 (with and without UrQMD) and from a blast-wave model with a dedicated
treatment of resonances (BW FastReso) [259].

The yield ratios in Fig. 41 are also compared to EPOS3 simulations with and without a hadronic cascade
phase modelled by UrQMD [491]. The ratios obtained from EPOS3 without UrQMD are independent
of multiplicity as expected for all resonances, including a flat behaviour for f /K, that further supports
the similarity between f and kaon as far as hadro-chemistry is concerned. When the hadronic cascade
phase (UrQMD) is switched on, the model reproduces, at least qualitatively, the observed decreasing
trend of the r/p , K⇤/K and L⇤/L ratios with increasing multiplicity. The f /K ratio remains flat also
with UrQMD, confirming the hypothesis of no final-state effects acting on the f meson.

The hadronic rescattering effect is expected to be momentum dependent, with greater strength for low-
pT resonances (pT < 2 GeV/c) [257]. This can be studied by comparing the measured resonance
pT spectra with the expectations from different models. The pT spectra of K⇤ resonances are shown
in the right panel of Fig. 41 for central (0–10%) and peripheral (70–80%) Pb–Pb collisions at

p
sNN

= 5.02 TeV. They are compared with predictions from the EPOS3 event generator (with and without
UrQMD) and from an improved blast-wave model (BW FastReso) [259] hinging on the FastReso com-
putation for resonance production [260] (described in Sec. 2.2.1). In the BW FastReso calculations,
the common radial velocity and temperature at the kinetic freeze-out are evaluated from a simultaneous
blast-wave fit to the measured pT spectra of pions, kaons, and protons and used to predict the shape of
resonance spectra. The resulting distributions are then normalised so that their integrals are equal to the
measured yield of charged kaons in Pb–Pb collisions multiplied by the K⇤/K ratios given by a SHM
fit to ALICE data [122]. For peripheral collisions, model predictions are in fairly good agreement with
data over the full measured range. For central collisions, agreement is found only for pT > 2 GeV/c,
whereas at low-pT, as expected, the measured yields are reduced due to the rescattering effects. EPOS3
without UrQMD fails to describe the data at low-pT, for both central and peripheral collisions, whereas
good agreement is obtained at high-pT. When switching UrQMD on, a suppression is indeed observed
at low-pT, with increasing strength for decreasing pT.
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Particle ratio: K*±/K
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arXiv:2308.16119
• Resonance yield ratio to the 

long-lived particle with the same 
quark contents


• Similar decreasing trend to 
the one of K*0/K


• Model comparisons 

• 𝜸s Canonical Statistical Model


• Hadron Resonance Gas 
Partial Chemical Equilibrium 
model


• Hydrodynamic MUSIC model 
w/wo hadronic afterburner

arXiv:1906.03145

arXiv:1908.11730

arXiv:1908.11730

Recent publication

https://arxiv.org/abs/2308.16119
https://arxiv.org/abs/1906.03145
https://arxiv.org/abs/1908.11730
https://arxiv.org/abs/1908.11730
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Particle ratio: K*0/K
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ALI-PUB-555936

 arXiv:2308.16115

ALI-PUB-555936

• Resonance yield ratio to the long-lived 
particle with the same quark contents


• Comparison with the similar energy 
systems


• Continuous decreasing trend from 
small to large system


• Model comparisons 

• 𝜸s Canonical Statistical Model


• Hadron Resonance Gas Partial 
Chemical Equilibrium model


• EPOS3 w/wo UrQMD

arXiv:1906.03145

arXiv:1908.11730

arXiv:1509.07895

Recent publication

https://arxiv.org/abs/2308.16115
https://arxiv.org/abs/1906.03145
https://arxiv.org/abs/1908.11730
https://arxiv.org/abs/1509.07895
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pT-differential particle ratio: K*±/K
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arXiv:2308.16119

Recent publication

• pT dependence of the rescattering 
effect?

• Left/Right: particle ratio K*±/K, K*±/ 


• Top: same system


• Bottom: double ratios of Pb−Pb to pp results 
, 


• Suppression in low pT region 
→ rescattering is low pT phenomenon


• Consistent results with K*0


• Right bottom: the enhancement is 
more pronounced for K*±/ 


• Consistent picture of larger radial flow in the 
central Pb−Pb collisions

π

(K*±/K)PbPb/(K*±/K)pp (K*±/π)PbPb /(K*±/π)pp

π

https://arxiv.org/abs/2308.16119
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Estimating lifetime of the hadronic phase

ALI-PUB-555936

 arXiv:2308.16115

Recent publication

• Lower bound on the hadronic 
phase lifetime 
• : Particle ratio at kinetic freeze-out 

(Pb-Pb)


• : Particle ratio at chemical freeze-
out (pp)


• : lifetime of resonance


• Assumptions: 
Simultaneous freeze-out of all particles 
Negligible regeneration


• Scaled with Lorentz factor


• Smooth transition  
from small to large system

• Reach to 0 at the small system

rkin

rchem

τres

rkin = rchem × e−(τkin−τchem)/τres

1 + (
< pT >

mass of K*0
)2

https://arxiv.org/abs/2308.16115
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Estimating lifetime of the hadronic phase
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• Lower bound on the hadronic 
phase lifetime 
• : Particle ratio at kinetic freeze-out 

(Pb-Pb)


• : Particle ratio at chemical freeze-
out (pp)


• : lifetime of resonance


• Assumptions: 
Simultaneous freeze-out of all particles 
Negligible regeneration


• Low mass resonances  
 Shorter lifetime of lower bound 

hadronic phase


 More regeneration?

rkin

rchem

τres

→

→

rkin = rchem × e−(τkin−τchem)/τres
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Kinetic freeze-out temperature
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ALI-PUB-555941

 arXiv:2308.16115

Recent publication

• The kinetic freeze-out temperature 
estimated using the fit of HRG-PCE 
model to the measured yields of 
hadrons ( , , , , )

• Fit parameters: 
• Baryon chemical potential: 0

• chemical freeze-out temperature: 155 MeV

• kinetic freeze-out temperature

• freeze-out volume


• Freeze-out temperature: 
Increase systematically  
while moving from central to 
peripheral centrality


• Presence of the hadronic phase 
with a finite lifetime regardless of 
the colliding particle.

π K p ϕ K*

https://arxiv.org/abs/2308.16115
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• RAA: Comparison of the yields with the corrected number of collisions between 
pp and AA collisions.

• Left: RAA is less than 1 in high pT for both systems.  
→ It shows Hydro-like expansion (low pT) and Partonic energy loss (high pT)


• Right: Centrality-dependent pT-integrated RAA shows same trend with charged hadrons(h±)  
→ No strong effect from jet-quenching to LF particle species composition for the leading particles

Nuclear modification factor: RAA
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ALI-PUB-555951 ALI-PUB-555956

 arXiv:2308.16115

Recent publication

https://arxiv.org/abs/2308.16115
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Nuclear modification factor: RAA

16

Recent publication

• RAA: Comparison of the yields with the corrected number of collisions between 
pp and AA collisions.

• Left: Species dependent RAA (mass range: 0.139 to 1.020 GeV/c2) 
→ K*0/K , K*±/K show the smallest values due to the rescattering effect.


• Right: Evolution of RAA with centrality 
→ Larger suppression in larger system.
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• Can we find the rescattering/regeneration effects even in small systems?

• K*/K shows a smooth decreasing trend even at pp collisions

Hadronic interactions in small system

17

ALI-PREL-522894

Paper under preparation!
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• Can we find the rescattering/regeneration effects even in small systems?

• K*/K shows a smooth decreasing trend even at pp collisions


• Λ(1520)/Λ, Σ*±/Λ, Ξ*0/Ξ show increasing(?) trends in small systems


• No decreasing trend found from baryon resonance so far, 
Σ*± has short life time, but it is not affected. might be due to the regeneration?

Hadronic interactions in small system
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• ALICE Run3 data analyses are under preparation!

• Performance plots of K*0, , Λ(1520) from pp 900 GeV and 13.6 TeV


• More statistics → More possibilities!

• Chiral symmetry restoration using resonances (f1, K1(1720), Ξ(1820))

• Search for the glueball candidate 
• Resonance flow and Jets to constrain the hadronic phase effect

ϕ

LHC-Run3: Resonance in flow and jets
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Future studies

2 From low to high temperature

The FASTSUM collaboration uses highly anisotropic lattices, with aτ/as ! 1, which are constructed
specifically for spectral studies of QCD at nonzero temperature. The temperature is varied by chang-
ing the number of time slices Nτ, via the standard relation, T = 1/(aτNτ), i.e., we use a fixed-scale
approach. We have generated several ensembles, four below and four above the deconfinement
transition, see Table 1. Tuning of the lattice parameters and also the "zero-temperature" ensemble
(Nτ = 128) were kindly provided by the HadSpec collaboration [9]. The crossover temperature, de-
noted with Tc, is determined via the inflection point of the renormalised Polyakov loop and is found
to be Tc = 185(4) MeV. This is higher than in nature, due to the light quarks not having their phys-
ical masses (mπ = 384(4) MeV). The strange quark mass has its physical value, though. For further
details, we refer to Refs. [7, 8].

Table 1. Number of time slices Nτ and the corresponding temperature, in units of Tc. Also shown are the

number of configurations and sources. The spatial lattice size is 243, with as = 0.1227(8) fm and as/aτ = 3.5.

Nτ 128 40 36 32 28 24 20 16

T/Tc 0.24 0.76 0.84 0.95 1.09 1.27 1.52 1.90
Ncfg 139 501 501 1000 1001 1001 1000 1001
Nsrc 16 4 4 2 2 2 2 2

We computed all octet (spin 1/2) and decuplet (spin 3/2) baryon correlators, for both positive and
negative parity. Results in the N,∆ andΩ channels can be found in Ref. [1]; the others (Λ,Σ,Σ∗,Ξ,Ξ∗)
will appear in Ref. [6]. In the confined phase, we find that the correlators can be described by com-
binations of exponentials, allowing us to determine the groundstate masses m± as a function of the
temperature. These results are summarised in Fig. 1, where we show m±(T ) in the various channels,
normalised with m+ at the lowest temperature.

Several observations can be made. The positive-parity masses are largely temperature indepen-
dent. A slight increase and subsequent drop close to Tc can be seen, but it is not significant within
current errors. The negative-parity masses on the other hand drop in all channels in a similar way, and
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Figure 1. Temperature dependence of the groundstate masses, normalised with m+ at the lowest temperature,

m±(T )/m+(T0), in the hadronic phase, for octet (left) and decuplet (right) baryons. Positive- (negative-) parity

masses are indicated with open (closed) symbols.
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Conclusion
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• Resonance is a useful tool for studying Hadronic Phase


• ALICE has published interesting studies:

• Rescattering effect is dominant in large systems


• Kinetic freeze-out temperature


• Lifetime of the hadronic phase

• Regeneration has to be considered as well!


• Continuous evolution of the lifetime from small to large system


• Hint of suppression in Small System

• No decreasing trend from baryonic resonance in small system


• Outlook: Promising amount of data from Run3!



Back up


