Resonance production in high energy collisions from small to
big systems

K.Werner®, A. G. Knospe®, C. Markert®, B. Guiot®?, |u.Karpenko®&", T Pierog® , G.
Sophys®, M. Stefaniak@®", M. Bleicher®), J. Steinheimer(

@ SUBATECH, University of Nantes — IN2P3/CNRS — IMT Atlantique, Nantes, France
®) University of Houston, Houston, USA
© University of Texas, Austin, USA
@ Universidad Tecnica Federico Santa Maria y Centro Cientifico-
Tecnologico de Valparaiso, Valparaiso, Chile
© Bogolyubov Institute for Theoretical Physics, Kiev 143, 03680, Ukraine
() INFN - Sezione di Firenze, Via G. Sansone 1, I-50019 Sesto Fiorentino (Firenze), Italy
@ Karlsruhe Inst. of Technology, KIT, Campus North, Inst. f. Kernphysik, Germany
(™ Warsaw University of Technology, Warsaw, Poland
0 FIAS, Johann Wolfgang Goethe Universitaet, Frankfurt am Main, Germany
() GSI Helmholtzzentrum, Planckstr. 1, 64291 Darmstadt

Abstract. The aim of this paper is to understand resonance production (and mere g
erally particle production) for dierent collision systems, namely proton-proton (pp),
proton-nucleus (pA), and nucleus-nucleus (AA) scattering at the . \MEwill investi-

gate in particular particle yields and ratios versus multiplicity, using the santiplicity
definition for the three dierent systems, in order to analyse in a compact way the evolu-
tion of particle production with the system size and the origin of a veffigidint system
size dependence of thefldirent particles.

The main goal of heavy ion physics at very high energies iptbef of existence of the creation
of a quark-gluon plasma, and the study of the propertiesisfekotic state, by analysing the final
state of many thousands of produced hadrons. Unfortunatelyy of these final state particles are not
directly coming from the decay of the plasma, but they arelpced or at leastffected by the hadronic
cascade, the last stage of the collision before partictez& out and freely move to the detectors. Here
resonance studies come into play : There is a large numbesohances at our disposal, having very
different lifetimes, from 1 frit to several tens of ffo, which means that these particles decay with
varying probabilities in the hadronic stage, and proviggafore valuable information about the latter
one.

We extended this analysis, to also consider small collisimtems (pp and pA), in addition to AA.
We also consider not only resonances, but also stable leartproviding useful additional information
(the lifetime is not the only relevant parameter).

Our tool to analyse particle production is the EPOS modeD&®[1] is a universal model in the
sense that for pp, pA, and AA collisions, the same procedopéies, based on several elements:
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Figure 1. (Color online) (a) Non-linearféect: ladder fusion. (b) Pomerons connected to a given (red) Pomero

Initial state. A Gribov-Regge multiple scattering approach is employedafton-Based Gribov-
Regge Theory” PBGRT [2]), where the elementary object (Hind®n called Pomeron) is a DGLAP
parton ladder. Starting from a multi-Pomeron structuretti@r elastic scattering S-matrix, one then
uses cutting rules to obtain (partial) cross sections déste processes, by employing Markov chain
techniques.

Non-linear effects. High parton density féects like gluon fusion during the parton evolution (see fig.
1(a)) are taken into account by using a dynamical saturatoahe for each Pomeron, of the form
Qs = Qs(Npom 9), depending on the number of Pomerds, connected the Pomeron in question
(see fig. 1(b)), and its energy The functional form ofQs is obtained from fitting to the energy
dependence of basic cross sections and the multiplicitenidgnce of particle production in pp at
very high transverse momenta.

Core-corona approach. The parton ladders corresponding to Pomerons are treatddssscal rela-
tivistic (kinky) strings. So in general, we have a large nembf (partly overlapping) strings. Based
on the momenta and the density of string segments, one sepataome early proper timgthe core
(going to be treated as fluid) from the corona (escaping mesdriocluding jet hadrons). The core-
corona procedure has been first described in [3], a more trdeussion is found in [1]. The corre-
sponding energy-momentum tensor of the core part is tramsft into an equilibrium one, needed to
start the hydrodynamical evolution. This is based on thethgsis that equilibration happens rapidly
and dfects essentially the space components of the energy-maomeansor.

Viscous hydrodynamic expansion. Starting from the initial proper timey, the core part of the sys-
tem evolves according to the equations of relativistic ischydrodynamics [1, 4], where we use
presentlyn/s = 0.08. A cross-over equation-of-state is used, compatiblé lgittice QCD [5, 6].
The “core-matter” hadronizes on some hyper-surface defigeiconstant temperatuiig;, where a
so-called Cooper-Frye procedure is employed, using dujisith hadron distributions, see [6].

Final state hadronic cascade. After hadronization, there occur still hadron-hadron att®rings, re-
alized via UrQMD [7].

The above procedure is employed for each event (event-byt@vocedure).

We will discuss particle production as a function of the ager multiplicity per eta interval
(dn/dn(0)) at central pseudorapidity;(= 0), whereas forward pseudorapidity intervals are used to
define the dierent multiplicity classes. This is the same procedure ed byg the ALICE experiment.

In the following(dn/dn(0)) is simply referred to as “multiplicity”.

Crucial for the following discussion is the fact that thee@orona separation behaves quite dif-

ferently for small and big systems (although we employ theesgrocedure), see fig. 2. Whereas
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Figure 2. (Color online) Core (red) and corona (blue) in a plane perpendiculgretbeam axis, for big (left),
small (right) and intermediate (middle) systems.

for very large multiplicity (central AA) most of the mattes core, with small corona contributions
at the surface (or some high pt segments further inside),evatgrery low multiplicity (in pp) only
corona : the system is not dense enough to form a core. Higtiphzity pp and pA, or peripheral
AA collisions are in between, both core and corona being intao.

Another way of seeing the multiplicity dependence of theeetorona separation is shown in fig.
3(a), where we plot the pion yield versus multiplicity, fanlp core particles (“core”, green dashed-
dotted), the contribution from corecorona (“co-co”, particles from core and corona, yellowtdad,
both contributions from EPOS simulation without hadrorés@cade. The ratio “core” over “co-co”
would be the relative core fraction, which increases cantity from zero (at small multiplicity)
to unity (at large multiplicity). We also plot the “full” cdribution, referring to all particles, for a
simulation with hadronic cascade (A summary of color, lewed symbol codes is found in table 1). In
all cases we plot curves for the three systems: pp, pA, andihAre are substantial overlap regions,
where diferent systems contribute, but we observe unique curvesysters size dependence. We
also observe that the hadronic cascade hagfiecteon the pion production (“co-co” and “full” gives
identical results).

In fig. 3(b), we plot a quantity relevant for resonance dedayise hadronic stage: The lifetime of
this phase, defined as thefdrence of the average formation time of particles for sitmuhs with and

core | green dashed-dotted particle from the core only no hadronic cascade
corona blue dotted particles from corona only no hadronic cascade
CO-Cco yellow dashed particles from core and corona no hadronic cascade
full red full all particles with hadronic cascade
blue triangles particles from pure string decay no cascade, no hydrg
thin lines pp simulation
intermediate lines pA (pPb) simulation
thick lines AA (PbPb) simulation
open circles pp data
open squares pA (pPb) data
open stars AA (PbPb) data

Table 1. Color, line, and symbol codes used for the plots in this paper, to accdatmthe dierent
contributions and the tferent systems.
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Figure 3. (Color online) (a) Pion yield versus multiplicity. We comparéelient contributions (core, core plus
corona (co-co) and the the full contribution (the latter on including the §itee hadronic cascade) fofférent
systems: pp (thin lines), AA (thick lines), and pA (intermediate lines). (Amary of color, line, and symbol
codes is found in table 1) (b) Lifetimes of the hadronic phase versus tiaitip

without hadronic cascade. The bigger the lifetime, the &ighe probablility of a resonance decay
inside this phase. The lifetime increases continuousinfiess than a fric to 10fnyc for big systems.

In the following we will investigate the multiplicity depdence (for pp, pA, AA) of particle ratios
to pions, for the diferent contributions from EPOS simulations, compared ta ffam ALICE [8—
17]. We always refer to the color, line, and symbol codes loieta..

In fig. 4(a), we plot thécaon to pion ratio versus multiplicity, for dierent contributions from the
EPOS simulations, for fierent systems (pp, pA, AA), see table 1 for color, line, andlsyl codes.
Despite a large overlap for theftéirent systems, we observe universal curves, for all carioibs.
The core contribution is completely flat, as expected siheeparticle ratios only depend on the
properties of the fluid at freeze out, taken to be the samd sysiems. Also the corona contribution
(from string segments which escape the fluid) is essentilalty but with some deviation from pure
string fragmentation (blue triangles). But at large mliktipy the corona contribution is small, so
we have essentially two flat curves, from core and coronasavhere in case of kaons the core
contribution is roughly a factor of 2 above the corona. Fragn $(a), we know that the relative core
weight increases continuously from zero to unity, whichlaigs the increase of the careorona
(co-co) contribution which interpolates between the carawel at small multiplicity to the core level
at high multiplicity. Considering finally the “full” contbution (including the final state hadronic
cascade), we see ndigirence compared to the case without cascade (co-co), hotsaeproducing
the experimental data. In fig. 4(b), we consigemesons, and we observe almost the same behavior
as seen for the kaons, a continuous increase of roughly erfat® from corona to core level, and
little effect of the hadronic cascade. Due to tbeg lifetime of 46.2 fnyc only few ¢ mesons decay
in the hadronic phase.

The situation is dterent forQ baryons, see fig. 4(c), since here core and corona curves are

separated by about a factor of 10, leading to a strong inergfathe core-corona (co-co) contribution
of a factor of 10 with multiplicity. The full curve is slightlreduced at high multiplicity compared
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Figure 4. (Color online) Particle to pion ratio for flerent particle species versus multiplicity, foiffdrent
contributions from the EPOS simulations, foffdrent systems (pp, pA, AA). We also plot ALICE data from
[8—20]. See table 1 for color, line, and symbol codes.

to co-co, due to hadronic final state interactions (baryatibaryon annihilation). We observe very
similar results for th&* resonance (lifetime 21.7 fmjic), but some discrepancy compared to the data.

Concerningprotons, we see in fig. 4(e) also first an increase of the co-co curve) the corona
level to the core level, and again (as for the Omega resohanealuction at high multiplicity when
including final state hadronic rescattering, coming frbanyon-antibaryon annihilation. We also
plot 2 baryonsin fig. 4(f), showing a significant increase with multipligit

In fig. 5(a), we consider th&aon resonance K*. Here core, corona, and as a consequence
also core-corona (co-co) are identical (by accident%. Interestinige Tull results (including the final
state hadronic cascade) is considerably lower than thétsegithout cascade (co-co). This is due to
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Figure 5. (Color online) Same as fig 4, for other particle species.

the short lifetime (4.2 frryc), which makes th@articles decay within the hadronic stage. Some

of the decay products rescatter (and change momenta) asgthuent the kaon resonances to be
reconstructed via their decay products. So contrary to élsesdiscussed earlier, we observe here a
monotonically decreasing curve, as observed in the datarfge multiplicities. The data show some
discontinuity at low multiplicity, contrary to what we obwse in the simulation. Newer ALICE results
show as well a continuous behavior. Also thembda resonance A* shows in 5(b) a significant
decrease of the “full” contribution at high multiplicity,aptly due to decays in the hadronic stage
(lifetime 12.6 fmc) and baryon-antibaryon annihilation. But one has to befaanot to draw wrong
conclusions. The lifetime is relatively large, so theeet of the decay cannot be very big compared
to Lambdas. On the other hand, it seems that the corona arabibdevel are closer to each other



compared to the Lambda (see fig. 5(c)), so the -eooeona curve increases less, and therefore the
reduction due to annihilation (present in battandA*) provides a bigger decrease in the casa of

The X* resonance, shown in fig. 5(d), shows also the “usual” monotonic increaéehe
coretcorona contribution, but here we get a strong increase anioNtiplicity but little change at
high multiplicity, when considering the “full” contribudh including the hadronic cascade. We have
actually two competing processes: The lifetime is reldyighort (5 fiyc), so there should be some
reduction due to decay at high multiplicity, which is not visible because it is coensated by an
increase due toesonance creation in the hadronic stage. Whereas the reduction due to decay is
only possible for sfiiciently big systems (at high multiplicity), resonance tirggis possible at any
multiplicity, and is therefore visible at small multiplt@s. TheA** resonance (lifetime 1.7 fryc),
considered in fig. 5(e), shows a similar behavior, on a smsdale.

An exceptional case is theresonance, shown in fig. 5(f), since here the core level is below the
corona one (this is the only case, it happens begapsaduction is very frequent in the string breaking
procedure), and therefore tber e+corona contribution decreaseswith multiplicity. Considering the
full contribution (including the hadronic cascade), thisran additional reduction, such that altogether
there is a very strong decrease of thever pion yield with multiplicity.

To summarize, we have shown that the study of the multigld@&pendence of particle ratios for
different collision systems (pp, pA, AA) provides a wealth obimiation concerning the production
mecanism of particles and about the properties of the medianwng produced orfeected these
particles.
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