PROCEEDINGS

OF SCIENCE

Study of the hadron gas phase using short-lived
resonances with ALICE

Johanna Lomker®* on behalf of the ALICE collaboration
“Nikhef,

Science Park 105, 1098 XG Amsterdam, The Netherlands
YGRASP, Utrecht University,

Princetonplein 1, 3584 CC Utrecht, The Netherlands

E-mail: johanna.lomker@cern.ch

Short-lived hadronic resonances are unique tools for studying the hadron-gas phase that is created
in the late stages of relativistic heavy-ion collisions. Measurements of the yield ratios between
resonances and the corresponding stable particles are sensitive to the competing rescattering and
regeneration effects. These measurements in small collision systems, such as pp and p-Pb, are a
powerful method to reveal a possible short-lived hadronic phase. In addition, resonance production
in small systems is interesting to study the onset of strangeness enhancement, collective effects,
and the hadron production mechanism. On this front, the ¢ meson is particularly relevant since its
yield is sensitive to different production models: no effect is expected by strange number canonical
suppression but its production is expected to be enhanced in the rope-hadronization scenario.

In this presentation, recent measurements of hadronic resonances in different collision systems,
going from pp to Pb-Pb collisions, are presented. These include transverse momentum spectra,
yields, and yield ratios as a function of multiplicity. The presented results are discussed in the
context of state-of-the-art phenomenological models of hadron production. The resonance yields
measured in Pb-Pb collisions are used as an experimental input in a partial chemical equilibrium-
based thermal model to constrain the kinetic freeze-out temperature. This is a novel procedure

that is independent of assumptions on the flow velocity profile and the freeze-out hypersurface.
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1. Introduction

Short lived resonances can provide insights about the late stages of the evolution of heavy-ion
collisions, known as hadronic-gas phase, due to their lifetime being similar to the decoupling time
of the system. When the quark gluon plasma (QGP) expands and cools down the total particle
yields are in principle determined at the chemical freeze-out, but it is assumed that (pseudo)
elastic scatterings and regeneration effects of the decaying particles before the kinetic freeze-out
counteract [1]. The (pseudo) elastic scattering causes a loss of correlation of the decay daughters
from a given resonance and thus effectively decreases the particle yields. Possible regeneration
effects, where two decay products regenerate into a given hadronic resonance, can increase the
particle yields. Both effects would modify the spectral shapes of the measured particles depending
on their time of production, duration of the hadronic-gas phase, the hadronic cross-section, and the
lifetime of the resonance. Therefore the two competing effects are analysed through resonances
with different lifetimes along with their ratios to the corresponding stable counterparts. The very
short-lived K*(892)° (t ~ 4.1 fm/c [2]) and A(1520) (t =~ 12.6fm/c) are likely to decay early in
the hadronic-gas phase. Thus the decay daughters of these resonances are assumed to be subjects
of re-scattering (or regeneration) at low transverse momentum (pr < 3 GeV/c), while the ¢(1020)
(t = 46.3fm/c) could be rather unaffected [1] [3]. The resonance yields and ratios measured in
Pb-Pb are further compared to the proton-proton reference systems to understand if these effects
arise due to the presence of the QGP, and therefore are exclusive for the evolution of heavy-ion
collisions, or not.

2. Analysis methodology

The experimental measurement is performed with unique particle identification and tracking
down to momenta of a few hundred MeV with the central barrel detectors of the ALICE experiment
[4]. Vertexing is performed with the most central Inner-Tracking-System (ITS) which also provides
the first measurement for the tracking, accompanied by the tracking information coming from the
Time Projection Chamber (TPC). Apart from tracking the TPC is mainly used for the particle
identification (PID) that is further matched to the information coming from the Time-Of-Flight
(TOF). The VO scintillator detectors, located close to the beam pipe, are employed for the trig-
gering and multiplicity estimation. The resonance yields are obtained through the invariant mass
reconstruction with the help of the corresponding detected daughter particles in the decay channels
A(1520) — pK~(pK™*) [3], K*(892)° — n*n~ and ¢(1020) — K*K~ [1]. In both analyses a
mixed-event-technique is used to reject the combinatorial background. To extract the signal from
the residual background, which is of similar shape as a Maxwell-Boltzmann distribution, a global fit
with a convolution of a non-relativistic Breit-Wigner function and the Gaussian detector resolution
is performed in each pr and centrality bin. The extracted raw signal yield is then corrected for the
decay branching fraction, detector acceptance, reconstruction efficiency, track selection and PID
efficiency with HIJING [5] MC simulations for the Pb-Pb analysis (where additional resonances
are injected), PYTHIA Monash2013 [6, 7] for the pp analysis and GEANT3 [8] for the transport
through the detector material.
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3. Results and discussion

3.1 Resonance yields and mean transverse momenta
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Figure 1: Comparisons for K* and ¢ pr-differential yields from pp-collisions (left; from [1]), for two
different /s (right; open markers correspond to the 2.76 TeV results [9] and the 5.02 TeV results are from [1])
to model calculations from PYTHIA 6.4 (Perugia 2011 Tune) [10, 11], PYTHIA 8.1 (Monash 2013 Tune),
PYTHIA 8.2 (Rope hadronization) [12], EPOS-LHC [13], and HERWIG 7.1 [14].

The pr-differential resonance yields for the K*(892)° and ¢(1020)-mesons from pp-collisions
are presented in Fig.1. From the left figures, especially from the lower panels, it is apparent that none
of the state-of-the-art models can describe any of the two resonance yields over the full pr-range.
The right figure shows the spectra for two different collision energies and indicates a subtle growth
of the resonance yields with increasing energies. This increase of the yields for larger energies is,
as can be seen from the lower panel, a pr-dependent effect that saturates towards higher pr. And
even though none of the models could describe the spectral shapes well, the ratio between the two

energies is well reproduced by all models except for PYTHIA Monash 2013 which overestimates
the ratio.
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Figure 2: HIJING model comparisons for K** and ¢ pr-differential yields from Pb-Pb collisions (left), for
two different 4/syn and centrality classes (right) [1, 9, 15].

As expected for Pb-Pb collisions, the resonance yields increase for more central collisions
in the left plots of Fig.2. Even though the overall evolution with centrality can be described by
the HIJING model, the lower panels clearly point out that the model description fails to cover the
full pr-range for Pb-Pb collisions. The right plot of Fig.2 shows the resonance yields for two
collision energies and, additionally, two different centrality ranges. The yields increase slightly for
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the higher /sy while the energy ratio first grows for the central and mid-central collisions and
then saturates towards larger p7. The most important feature of this plot is that the K*(892)° energy
ratio around pr < 3 GeV/c drops below unity, while the ¢(1020) does not. This effect, at low
pr, is attributed to the re-scattering phenomena which are expected for the K*(892)°. The signal
loss due to re-scattering is enhanced for the higher collision energies due to the denser system with
higher pressure gradients produced with respect to the lower \/syn .
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Figure 3: Blast-Wave and EPOS v3.107 (UrQMD) model comparisons for A(1520) yields from Pb-Pb
collisions as a function of pr (left) and (pr) (right) as a function of system size ((dN./dn)'/?) [3, 16, 17].

While most models fail to describe the K*(892)° and ¢(1020) resonances in Fig.2 over the
full pr-range the Blast-Wave model [18, 19], tuned to measured n, K and p yields, serves as a
good description for all centrality classes of the pp-differential A(1520) resonance yields in Fig.2
(left), while the comparison to the EPOS v3.107 model [20] shows only a qualitative agreement
with the data. The right plot in Fig.3 presents the (pr) as a function of the system size. Here the
Blast-Wave model is again in a remarkable agreement with the measured data and the EPOS v3.107
(with UrQMD [21, 22]), which includes hadronic interactions in the final state, approximates the
evolution of the data points fairly well. From this, it can be inferred that the very short lived A(1520)
resonance originates from the same thermodynamic source as &, K and p and is likely to have some
additional interactions in the final state of the system evolution.

The (pr) as a function of (dN.j/dn) for K*(892)° and 4(1020) increases towards larger
systems. This can be directly seen from the growing (pr) as larger system sizes are approached
as shown in Fig.4 (left plot) and from the fact that the pp results, in the same plot, show generally
smaller (p7) compared to the heavy-ions. There is also a subtle increase of (pr) with 4/syn. The
(pr) at a given {(dN,p/dn) is of the same order from K*(892)° to ¢#(1020), due to their similarity
in terms of their mass. Fig.4 (right) supports this observation as the increase of {pr) with the
(dN¢1/dn) is clearly steeper for heavier particles. This suggests growing contributions of radial
flow with increasing (dN.j/dn) and triggers the question of production time of these resonances
as there is a breaking of mass ordering at low charged particle multiplicities.

3.2 Ratio to stable particles

From the left set of plots in Fig.5 it can be seen that all ratios are larger for pp-data with respect
to the larger heavy-ion systems. The K*(892)/K ratio as a function of system size (Fig.5 (a))
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Figure 4: The left panel shows (p7) as a function of the charged particle multiplicity (dN.;, /dn) for K*(892)°
and ¢(1020) at \/syn = 5.02 TeV compared to values from Pb—Pb and pp collisions at \/syn = 2.76 TeV
[9, 15], and Au—Au and pp collisions at 4/syn = 200 GeV [23-26] [1]. The right panel compares the (pr)
as a function of (dN.j,/dn) for K*(892)? and ¢(1020) at \/syn = 5.02 TeV to 7%, K* and p(p) [27] [1].
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Figure 5: Model comparisons for K*(892)°/K and ¢(1020)/K as a function of (dN.j,/dn)'/? (panels (a)
and (c)) and /sy (panels (b) and (d) for several collision systems and energies [1, 9, 15, 23-26, 28-32];
Grand-canonical thermal model from [33] and the EPOS3 model predictions from [34]. Model comparisons
from GSI-Heidelberg [35], THERMUS [36], SHARE3 [37] (parameters from fit to stable particles [38] and
non-equilibrium configuration [39]) and EPOS3 to the data from RHIC in Au-Au, d-Au and pp collisions at
Vsnn =200 GeV [40, 41] for A(1520)/A as a function of (chh/dr])l/3 (right plot) [3].

shows a clear suppression for larger systems whereas the ¢(1020)/K (Fig.5 (c)) is approximately
constant. Thermal models clearly underestimate the K*(892)°/K but approximate the ¢(1020)/K,
as well as the energy dependence of both ratios. The two different tunes of EPOS3, one with a
hadronic afterburner and the other one without, underline the relevance of the hadronic interactions
in the final state, as only the model with UrQMD can describe the constant ¢(1020)/K and the
suppressed K*(892)°/K ratio. These observations from the K*(892)° and ¢(1020) results [1] are
consistent with those from the A(1520) [3]. On the right plot in Fig.5, the A(1520)/A ratio shows
a similar suppression as the system size increases. This cannot be described by thermal models
alone but by EPOS3 configured with UrQMD. Comparing the lifetimes of the analyzed resonances,
there is a clear suppression of resonance ratios towards larger system size for the very short lived



Study of the hadron gas phase using short-lived resonances with ALICE Johanna Lémker

K*(892)? and A(1520) but not for the ¢(1020). This supports the assumption that the ¢(1020)
might be rather unaffected by re-scattering and re-generation effect in the hadronic-gas phase.

3.3 Conclusion

There are multiple indications of the importance of hadronic interactions in the final state of the
system produced in heavy-ion collisions. Even though there are hints of a subtle collision energy
dependence, the overall resonance production is clearly driven by the event multiplicity with growing
contributions of radial flow towards larger system sizes. The ratios of very short lived resonances
are found to be suppressed in central collisions. These two important observations support the
assumption of dominant re-scattering effects for short-lived resonances at low momenta. At the
current stage, all models fail qualitatively or quantitatively to describe the hadronic resonances
from proton-proton and/or heavy-ion collisions over the full pr-range. Further developments are
required to better understand the evolution of the QGP and the hadronic interactions that are likely
to occur at the very late stages of the evolution of the system produced in heavy-ion collisions.

References

[1] The ALICE Collaboration, Production of K*(892)? and ¢(1020) in pp and Pb—Pb collisions
at \/syy = 5.02TeV, 10.1103/PhysRevC.106.034907

[2] M. Tanabashi et al. (Particle Data Group), Review of Particle Physics, 10.1103/Phys-
RevD.98.030001

[3] The ALICE Collaboration, Suppression of A(1520) resonance production in central Pb-Pb
collisions at /syy = 2.76TeV, 10.1103/PhysRevC.99.024905

[4] K. Aamodt et al. (ALICE Collaboration), The ALICE experiment at the CERN LHC, JINST
3, S08002 (2008).

[5] X.-N. Wang and M. Gyulassy, HIJING: A Monte Carlo model for multiple jet production in
pp, pA, and AA collisions, Phys. Rev. D 44, 3501 (1991).

[6] P. Skands, S. Carrazza, and J. Rojo, Tuning PYTHIAS.1: the Monash 2013 Tune, Eur. Phys.
J. C 74,3024 (2014).

[7] T. Sjostrand, S. Mrenna, and P. Z. Skands, A Brief Introduction to PYTHIA 8.1, Comput.
Phys. Commun. 178, 852 (2008).

[8] R. Brun, F. Bruyant, F. Carminati, S. Giani, M. Maire, A. McPherson, G. Patrick, and L.
Urban, GEANT Detector Description and Simulation Tool, http://cds.cern.ch/record/
1082634.

[9] J. Adam et al. (ALICE Collaboration), K*(892)° and ¢(1020) meson production at high
transverse momentum in pp and Pb-Pb collisions at y/syny = 2.76TeV, Phys. Rev. C 95,
064606 (2017).


https://link.aps.org/doi/10.1103/PhysRevC.106.034907
https://link.aps.org/doi/10.1103/PhysRevD.98.030001
https://link.aps.org/doi/10.1103/PhysRevD.98.030001
https://link.aps.org/doi/10.1103/PhysRevC.99.024905
https://doi.org/10.1103/PhysRevD.44.3501
https://doi.org/10.1140/epjc/s10052-014-3024-y
https://doi.org/10.1140/epjc/s10052-014-3024-y
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/j.cpc.2008.01.036
http://cds.cern.ch/record/1082634
http://cds.cern.ch/record/1082634
https://doi.org/10.1103/PhysRevC.95.064606
https://doi.org/10.1103/PhysRevC.95.064606

Study of the hadron gas phase using short-lived resonances with ALICE Johanna Lémker

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

T. Sjostrand, S. Mrenna, and P. Z. Skands, PYTHIA 6.4 Physics and Manual, J. High Energy
Phys. 05 (2006) 026.

P. Z. Skands, Tuning Monte Carlo generators: The Perugia tunes, Phys. Rev. D 82, 074018
(2010).

C. Bierlich, Rope hadronization and strange particle production, EPJ] Web Conf. 171, 14003
(2018).

T. Pierog, 1. Karpenko, J. M. Katzy, E. Yatsenko, and K. Werner, EPOS LHC: Test of
collective hadronization with data measured at the CERN Large Hadron Collider, Phys. Rev.
C 92, 034906 (2015).

M. Bahr et al., Herwig + + Physics and Manual, Eur. Phys. J. C 58, 639 (2008).

B. B. Abelev ef al. (ALICE Collaboration), K*(892)° and ¢(1020) production in Pb—Pb
collisions at v/syn = 2.76TeV, Phys. Rev. C 91, 024609 (2015).

B. Abelev et al. (ALICE Collaboration), Kg and A Production in Pb-Pb Collisions at \/syn =
2.76TeV, Phys. Rev. Lett. 111, 222301 (2013).

K. Aamodt ef al. (ALICE Collaboration), Centrality Dependence of the Charged-Particle
Multiplicity Density at Midrapidity in Pb-Pb Collisions at /sy x = 2.76TeV, Phys. Rev. Lett.
106, 032301 (2011).

E. Schnedermann, J. Sollfrank, and U. W. Heinz, Thermal phenomenology of hadrons from
200-A/GeV S+S collisions, Phys. Rev. C 48, 2462 (1993).

B. Abelev et al. (ALICE Collaboration), Centrality dependence of 7, K, p production in Pb-Pb
collisions at v/syn = 2.76TeV, Phys. Rev. C 88, 044910 (2013).

A. G. Knospe, C. Markert, K. Werner, J. Steinheimer, and M. Bleicher, Hadronic resonance
production and interaction in partonic and hadronic matter in the EPOS3 model with and
without the hadronic afterburner UrQMD, Phys. Rev. C 93, 014911 (2016).

S. A. Bass, M. Belkacem, M. Brandstetter, L. Bravina, C. Ernest, L. Gerland, M. Hofmann,
S. Hofmann, J. Konopka, G. Mao et al., Microscopic models for ultrarelativistic heavy ion
collisions, Prog. Part. Nucl. Phys. 41, 255 (1998).

M. Bleicher, E. Zabrodin, C. Spieles, S. A. Bass, C. Ernst, S. Soff, L. Bravina, M. Belkacem, H.
Weber, H. Stocker e al., Relativistic hadron hadron collisions in the ultrarelativistic quantum
molecular dynamics model, J. Phys. G 25, 1859 (1999).

C. Adler et al. (STAR Collaboration), K*(892)° production in relativistic heavy ion collisions
at /sy n = 130GeV, Phys. Rev. C 66, 061901 (2002).

J. Adams er al. (STAR Collaboration), K(892)" resonance production in Au+Au and p+p
collisions at y/syn = 200GeV at STAR, Phys. Rev. C 71, 064902 (2005).


https://doi.org/10.1088/1126-6708/2006/05/026
https://doi.org/10.1088/1126-6708/2006/05/026
https://doi.org/10.1103/PhysRevD.82.074018
https://doi.org/10.1103/PhysRevD.82.074018
https://doi.org/10.1051/epjconf/201817114003
https://doi.org/10.1051/epjconf/201817114003
https://doi.org/10.1103/PhysRevC.92.034906
https://doi.org/10.1103/PhysRevC.92.034906
https://doi.org/10.1140/epjc/s10052-008-0798-9
https://doi.org/10.1103/PhysRevC.91.024609
https://doi.org/10.1103/PhysRevLett.111.222301
https://doi.org/10.1103/PhysRevLett.106.032301
https://doi.org/10.1103/PhysRevLett.106.032301
https://doi.org/10.1103/PhysRevC.48.2462
https://doi.org/10.1103/PhysRevC.88.044910
https://doi.org/10.1103/PhysRevC.93.014911
https://doi.org/10.1016/S0146-6410(98)00058-1
https://doi.org/10.1088/0954-3899/25/9/308
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.66.061901
https://doi.org/10.1103/PhysRevC.71.064902

Study of the hadron gas phase using short-lived resonances with ALICE Johanna Lémker

[25]

[26]

[27]

(28]

[29]

[30]

[31]

(32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

B. I. Abelev et al. (STAR Collaboration), Energy and system size dependence of ¢ meson
production in Cu+Cu and Au+Au collisions, Phys. Lett. B 673, 183 (2009).

B. 1. Abelev et al. (STAR Collaboration), Measurements of ¢ meson production in relativistic
heavy-ion collisions at RHIC, Phys. Rev. C 79, 064903 (2009).

S. Acharya et al. (ALICE Collaboration), Production of charged pions, kaons, and (anti-
)protons in Pb—Pb and inelastic pp collisions at v/syny = 5.02TeV, Phys. Rev. C 101, 044907
(2020).

M. M. Aggarwal et al. (STAR Collaboration), K (892)* production in Cu+Cu and Au+Au
collisions at v/syn = 62.4GeV and 200GeV, Phys. Rev. C 84, 034909 (2011).

B. Abelev et al. (ALICE Collaboration), Production of K*(892)? and ¢(1020) in pp collisions
at /sy n = 7TeV, Eur. Phys. J. C 72, 2183 (2012).

S. Acharya et al. (ALICE Collaboration), Multiplicity dependence of light-flavor hadron
production in pp collisions at /sy = 7TeV, Phys. Rev. C 99, 024906 (2019).

J. Adam et al. (ALICE Collaboration), Production of K*(892)° and ¢(1020) in p—Pb collisions
at \/syn = 5.02TeV, Eur. Phys. J. C 76, 245 (2016).

B. I. Abelev et al. (STAR Collaboration), Hadronic resonance production in d+Au collisions
at \/syn = 200GeV at RHIC, Phys. Rev. C 78, 044906 (2008).

J. Stachel, A. Andronic, P. Braun-Munzinger, and K. Redlich, Confronting LHC data with the
statistical hadronization model, J. Phys.: Conf. Ser. 509, 012019 (2014).

A. G. Knospe, C. Markert, K. Werner, J. Steinheimer, and M. Bleicher, Hadronic resonance
production and interaction in partonic and hadronic matter in the EPOS3 model with and
without the hadronic afterburner UrQMD, Phys. Rev. C 93, 014911 (2016).

A. Andronic, P. Braun-Munzinger, and J. Stachel, Hadron production in central nucleus-
nucleus collisions at chemical freeze-out, Nucl. Phys. A 772, 167 (2006).

S. Wheaton and J. Cleymans, Statistical-thermal model calculations using THERMUS, J.
Phys. G 31, S1069 (2005).

M. Petran, J. Letessier, J. Rafelski, and G. Torrieri, SHARE with CHARM, Comput. Phys.
Commun. 185, 2056 (2014).

M. Floris, Hadron yields and the phase diagram of strongly interacting matter, Nucl. Phys. A
931, 103 (2014).

M. Petran, J. Letessier, V. Petraek, and J. Rafelski, Hadron production and quark-gluon plasma
hadronization in Pb-Pb collisions at v/syn = 2.76TeV, Phys. Rev. C 88, 034907 (2013).

B. I. Abelev et al. (STAR Collaboration), Strange Baryon Resonance Production in /sy n =
200GeV p+p and Au+Au Collisions, Phys. Rev. Lett. 97, 132301 (20006).


https://doi.org/10.1016/j.physletb.2009.02.037
https://doi.org/10.1103/PhysRevC.79.064903
https://doi.org/10.1103/PhysRevC.101.044907
https://doi.org/10.1103/PhysRevC.101.044907
https://doi.org/10.1103/PhysRevC.84.034909
https://doi.org/10.1140/epjc/s10052-012-2183-y
https://doi.org/10.1103/PhysRevC.99.024906
https://doi.org/10.1140/epjc/s10052-016-4088-7
https://doi.org/10.1103/PhysRevC.78.044906
https://doi.org/10.1088/1742-6596/509/1/012019
https://doi.org/10.1088/1742-6596/509/1/012019
https://doi.org/10.1016/j.nuclphysa.2006.03.012
https://doi.org/10.1088/0954-3899/31/6/060
https://doi.org/10.1088/0954-3899/31/6/060
https://doi.org/10.1016/j.cpc.2014.02.026
https://doi.org/10.1016/j.cpc.2014.02.026
https://doi.org/10.1016/j.nuclphysa.2014.09.002
https://doi.org/10.1016/j.nuclphysa.2014.09.002
https://doi.org/10.1103/PhysRevC.88.034907
https://doi.org/10.1103/PhysRevLett.97.132301

Study of the hadron gas phase using short-lived resonances with ALICE Johanna Lémker

[41] B. 1. Abelev ef al. (STAR Collaboration), Hadronic resonance production in d+Au collisions
at \/syn = 200GeV at RHIC, Phys. Rev. C 78, 044906 (2008).


https://doi.org/10.1103/PhysRevC.78.044906

	Introduction
	Analysis methodology
	Results and discussion
	Resonance yields and mean transverse momenta
	Ratio to stable particles
	Conclusion


