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1 Introduction
This grant funded a new effort at the University of Texas at Austin (UT Austin) to 
investigate the Quark Gluon Plasma (QGP) at the highest possible energy of 2.76 
TeV per nucleon at the Large Hadron Collider (LHC) at CERN via the ALICE ex
periment. The QGP is believed to have existed a few micro seconds after the Big 
Bang for a short time before it transitioned into the ground state of nuclear matter 
consisting of hadrons (e.g. protons and neutrons). Lattice QCD has consistently 
predicted that chiral symmetry restoration and deconfinement would occur at the 
same critical temperature for any thermally equilibrated hadronic system. The group 
at UT Austin has established a unique physics and analysis program based on ob
servations of hadronic resonances in order to search for QGP signatures of chiral 
symmetry restoration and to study the characteristics of the hadronic and partonic 
medium created in heavy-ion collisions.

Hardware and other contributions to the US built Electromagnetic Calorimeter 
(EMCal) detector of the ALICE experiment were made via the fabrication of mechan
ical tools, taking shifts during data runs, serving as an on-call detector expert, and 
calibrating the detector data. The PI has been serving as co-convener of the resonance 
working group and has served on several ALICE committees and the Internal Review 
Committee (IRC) for several publications. A recent collaborative effort with theorists 
led to the publication of theoretical calculations to understand the previously mea
sured and published results on resonance production from the ALICE experiment. 
The analysis of resonances from jets to investigate chiral symmetry restoration is still 
an ongoing effort and results have been shown at several conferences.

2 Hadronic medium lifetime measurements using 
resonance yields

Hadronic resonances are a unique probe of the properties of the short-lived partonic 
matter produced in the collisions because their lifetimes are comparable to the ex
pected lifetime of the QGP. This means that a substantial portion of these resonances 
will decay in-medium and carry information about the medium as long as they can 
be properly reconstructed from their decay particles.

The resonance program at ALICE has measured resonances, including K(892), 
0(1020), 5(1530) and £(1385), in p+p and Pb+Pb collisions. Studying resonances 
in p+p collisions provides data that can be used to tune QCD-inspired event gener
ators such as PYTHIA and PHOJET, and provides an important baseline to which
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measurements of resonances in nucleus-nucleus collisions can be compared. In heavy- 
ion collisions resonances can be used to search for the signatures of chiral symmetry 
restoration in the medium, which is expected to lead to a shift in mass or an increase 
in the resonance width (Rapp, Brown, Rho). Resonances can also be used to study 
the properties of the hadronic phase. Re-scattering of resonance decay daughters 
during the hadronic phase may reduce the measured resonance signal and affect the 
ratios of yields of resonances to non-resonant hadrons (Bleicher, Stoecker, Markert, 
Vogel). These resonance-to-non-resonance ratios can be predicted using statistical 
models as functions of the chemical freeze-out temperature and the time between 
chemical and kinetic freeze-out. The simultaneous measurement of two resonances 
allows more constraints on these parameters (temperature and hadronic medium life
time) (Conf.Proc. 631 (2002) 533-552). The first measurements of the 0(1020) from 
our group and the K(892) resonance in Pb+Pb collisions at LHC energies were pub
lished (Phys.Rev. C91 (2015) 024609), where only the K(892) shows a suppression in 
more-central collisions. This result indicates the existence of the extended hadronic 
phase in heavy ion collisions, which scales with the system size.

To study the dynamics of the hadronic phase a microscopic model was needed 
which starts with the initial condition of a well understood partonic phase and a pure 
hadronic phase. The hydrodynamic inspired models have been shown to describe the 
QGP strong interacting low momentum matter in a heavy-ion collisions very well. 
An additional feature of the EPOS model includes a core and corona volume for the 
interacting matter, where the core is the strong interacting partonic matter described 
with hydrodynamics and the corona consists of single p-p, p-n and n-n collisions. 
The new EPOS + UrQMD model is able to describe the full heavy-ion collision 
including the resonance interactions. This model was put together in a collaborative 
effort between our group at UT Austin and the theoretical groups from Frankfurt, 
Germany and Nantes, France. The published results (Phys. Rev. C93 (2016) no.1, 
014911) are the first comprehensive and detailed calculations of resonance interactions 
in the medium which can describe their experimentally measured yields and spectra. 
From this calculation a lifetime of about 10 fm/c for the hadronic phase is extracted. 
This extended hadronic phase might have an impact on other particle and correlation 
measurements which have been interpreted as QGP signals in the past. The influence 
of the hadronic phase needs to be studied and taken into account. For this effort a 
proposal was made and a grant awarded to use the computing resources at the Texas 
Advanced Computing Center (TACC) at UT Austin to generate a large statistics 
volume of EPOS events. A new effort was started to calculate p-Pb events with the 
EPOS model to investigate if the Core-Corona concept also applies to small systems.
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3 Extended medium in small collision systems (pp 
and p-Pb)

Unexpectedly high multiplicity elementary p-p collisions and p-Pb collisions show 
an onset of signatures which have been attributed to the QGP in heavy-ion colli
sions. The elliptic flow v2, a signature of early equilibration in the partonic medium, 
is non-zero in p-Pb collisions. The increase of the mean transverse momentum of 
the hadrons in high multiplicity p-p and p-Pb collisions raises the question if hard- 
scattering processes or the late hadronic medium interactions are the cause. Reso
nances provide a unique tool with which to test the existence of an extended hadronic 
medium and to place limits on its lifetime. The newly published results of K*(892)0 
and 0(1020)(1020) in p-Pb collisions (Eur. Phys. J. C76 (2016) no.5, 245) show 
a multiplicity dependent resonance suppression and provides an estimated hadronic 
medium lifetime of about 2 fm/c in the 0-5% highest multiplicity events. This event 
class is similar to the 60-80% more-peripheral Pb-Pb events. These new findings 
make important contributions to determining the possible formation of a small QGP 
volume in elementary p-p and p-Pb collisions.

4 The interaction of a hadronic state in the par- 
tonic medium.

The understanding of chiral symmetry breaking, and thus the understanding of 
hadronization from partons to hadrons, is the remaining open question in the experi
mental verification of QCD. The LHC provides the right energy regime to investigate 
the phase transition from partonic to hadronic matter. According to Lattice QCD 
the medium produced in the collisions is expected to be a few MeV above the phase 
transition temperature of around 160-170 MeV. The lifetime of the partonic phase 
(~10 fm/c) can be estimated using the expansion velocity and the radius measure
ments from HBT and subtracting the hadronic lifetime measured from resonances. 
Hadronic resonances are a unique probe of the properties of short-lived partonic mat
ter because their lifetimes are comparable to the expected lifetime of the QGP. This 
means that a substantial portion of these resonances will decay in the medium and 
will carry information about the medium provided they can be properly reconstructed 
from their decay particles.

However, the results of the measurements show that the original searches for reso
nance mass shifts and width broadenings as signatures of chiral symmetry restorations
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are more difficult to interpret due to modifications of the hadronic phase. Using the 
transverse momentum dependence of the hadronic phase contributions it is clear that 
medium modification effects are still present at higher momentum such as pT > 2 
GeV/c. This means that the original proposal for studying resonances from jets is 
still a viable and promising signature. The newest graduate student who joined the 
UT Austin group will continue with this effort which is to be part of a new funding 
cycle.
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