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1 Overview

This close-out report covers the period 1994 - 2015 for DOE grant DE-FG02-94ER40845 
with Principal Investigator Prof. G. W. Hoffmann (deceased) of the University of Texas 
at Austin. The research conducted during this period was concerned with ultra-relativistic 
heavy ion nuclear physics, primarily as done by the STAR (Solenoidal Tracker at RHIC) 
experiment at the Relativistic Heavy Ion Collider (RHIC). Our efforts included data analy
sis, physics interpretation and modeling, hardware construction, and software development. 
Our physics analysis focused on studies of resonance formation, transport and decays in the 
collision medium with the aim of searching for signals of the QCD (quantum chromody
namics) phase transition and chiral symmetry restoration. We also focused on studies of 
two-particle correlations with the aim of improving our understanding of the initial state 
and the dominant dynamics involved in heavy-ion collisions in order to better understand 
QCD in the hot, dense medium. Toward the end of the grant period we initiated a study of 
heavy-flavor D°-meson + charged hadron correlations. That analysis is expected to continue 
beyond the present grant. Our hardware effort was aimed at increasing the capabilities of the 
STAR experiment for detecting short-lived hadrons through vertex tracking and for studies 
of light-flavor and heavy-flavor production mechanisms and baryon versus meson production 
via time-of-hight for long-lived hadrons and muon detection for studies of hidden charm and 
bottom flavored hadrons. The software effort focused on event reconstruction and detector 
simulation for the STAR detector. Further details of these efforts and results are given in 
the following narrative.

2 Chiral symmetry restoration and phase transition

According to lattice QCD predictions at sufficiently high temperature and/or energy density 
nuclear matter will undergo a transition to a state of deconffiied quarks and gluons, the 
QGP (quark-gluon plasma), where the fundamental chiral symmetry of QCD is restored in 
the hadronic fields. Understanding the relevant degrees-of-freedom and flavor dependence 
of the partonic phase throughout the hadronization process is a major goal for heavy-ion 
experiments. Spontaneous chiral symmetry breaking accounts for most of the mass of visible 
matter in the universe. Direct evidence of chiral symmetry restoration in the partonic phase 
of high-energy heavy-ion collisions is an essential signature of the phase transition from 
partonic to hadronic matter. Hadronic resonances are a unique probe of the properties of 
short lived partonic matter because their lifetimes are comparable to the expected lifetime 
of the QGP. That means a substantial portion of these resonances will decay in medium and 
carry medium information as long as they can be properly reconstructed from their decay 
particles. Resonances are used to study the partonic and hadronic medium of a heavy ion 
collisions.

2.1 Resonances in the partonic medium

Mass shifts and width broadening of resonances are signatures of a partially restored chiral 
medium. The leptonic decay of the 0(1020) meson has been studied due to the small interac
tion cross section of the decay daughters with the hadronic medium. The extracted invariant
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mass and width show a 10% contribution from in medium and 90% from vacuum contribu
tions. This result is in agreement with the expected signature from the chiral medium (R. 
Rapp). However, due to the 0(1020) long lifetime most (90%) of the resonances decay after 
chirality is broken and have their vacuum properties. For this studies the Time of Flight 
(TOF) detector was essential since it allowed a clean electron (decay particle) identification 
throughout higher momentum. In conjunction with the TPC (Time Projection Chamber) 
a electron purity of 95% was achieved with 99% efficiency. The significance of 16<r for the 
0(1020) meson’s invariant mass signal was the highest achieved in Au+Au 200 GeV collisions. 
The results were published in Phys.Rev. C 92 (2015) no.2, 024912 (arXiv: 1503.04217).

2.2 Resonances in the hadronic medium

Using the hadronic decay of 0(1020) meson into kaons the contribution of the hadronic phase 
has been studied. Together with other resonances A(1520), U(1385) and K(892) the STAR 
have been published in PRL (Phys.Rev.Lett. 97 (2006) 132301) in one of the most cited 
RHIC resonance papers. By applying a theoretical framework, which was developed together 
with theory colleagues, J. Rafelski and G. Torrieri, a lifetime of the partonic and hadronic 
phases in heavy ion collisions at RHIC from the relative suppression of resonances has been 
deduced. The study showed that the hadronic phase at RHIC is at at least 4 fm/c. Which 
means that system stayed about 4-5 fm/c in the partonic phase.

2.3 In-medium jet hadro-chemistry

Hadron ratios are used to probe in-medium hadro-chemistry. The baryonic to mesonic reso
nance ratios are used to determine whether enhanced gluon splitting occurs in the partonic 
medium as proposed by Sapeta and Wiedemann, which will modify the hadro-chemistry in 
jets. One of the unexpected results obtained at RHIC was the p/vr yield enhancement at 
mid transverse momentum (pT ~ 1.5 6.0 GeV/c) in central Au+Au collisions at 200 GeV. 
The measured p/vr ratio for reconstructed triggered jets (surface biased) on the same-side 
agrees with those observed in p+p and d+Au. The p/vr ratio for away-side particles is 
enhanced for 0-20% most-central Au+Au data at 200 GeV. This is the first evidence for 
particle species dependent modification in the away-side jet. The results are interpreted 
as providing evidence that the fragmentation function is modified due to the surrounding 
partonic medium.

3 Two-particle correlations

Beginning with the first data from STAR, the 130 GeV Au+Au minimum-bias collisions, 
our group embarked on a systematic program of measuring and mapping the complete two- 
particle correlation landscape for RHIC Au+Au collisions, mainly at 62, 130 and 200 GeV. 
In our view the most fundamental measurements for non-exclusive final-state experiments, 
such as at the RHIC, are the identified single-particle spectra followed by the identified 
two-particle distributions. The latter is efficiently reported as the difference between the 
two-particle distributions and the product of single particle distributions, i.e. the correla
tion. Our analysis for light-flavor hadrons is now complete and concludes with this grant.
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The Ph.D. thesis analyses of four of our graduate students from 2000 - 2016, in collabora
tion with fellow STAR members at U. Washington, culminated in an exhaustive set of 2D 
angular correlations for identified particles (pious, kaons, protons) as functions of transverse 
momentum and collision centrality. The correlation data are represented in about 1700 2D 
plots for 200 GeV minimum-bias Au+Au collisions. With each student essential analysis 
steps, cuts and corrections were developed to enable us to reach the final goal of accurate, 
complete measurements of the light flavor, two-body distributions for the 200 GeV Au+Au 
collisions.

By studying the detailed centrality dependence of the 2D angular correlations, we dis
covered the same-side ridge (long-range pseudorapidity correlation) first seen (in hind sight) 
in the very first angular correlation analysis of the 130 GeV data and now observed in both 
p+p, p+Pb and Pb+Pb collisions at the LHC. Our group first studied the pt-evolution of the 
angular correlation structures and showed that the same-side ridge occurs at intermediate pt 
(1-4 GeV/c) and we mapped out the smooth evolution of the shape of the jet-like correlation 
peak from a broad 2D Gaussian to the more peaked shape observed in trigger-associated 
analysis at higher pt. In our group’s final analysis we included particle identification us
ing dE/dx in the TPC tracking plus time-of-flight measurements of particle speed. The 
quadrupole correlation, directly related to 1+ was deduced as a function of centrality and 
2D pt bin for each identified particle pair combination. With this information we tested the 
factorization assumption essential in t'g analysis and found that this assumption is approx
imately valid in all cases studied. The validity of factorization in this context means that 
the observed correlations are consistent with a single-particle event-plane asymmetry which 
is an essential property of hydrodynamic and dynamical transport models of collective, par- 
tonic flow. In addition these data reveal unexpectedly strong anti-correlations in the small 
opening angle structures for kaons and protons which indicate strong effects from local flavor 
and baryon number conservation in hadronization processes. The correlation data produced 
by our group could, if combined with a vigorous QCD effort, result in significantly better 
understanding of the strong interaction in a hot, dense environment. Our analysis efforts re
sulted in a number of publications, key examples of which include STAR publications Rhys. 
Rev. C 71, 064906 (2005); Phys. Rev. C 73, 064907 (2006); Phys. Rev. C 86, 064902 
(2012).

The full physics impact of this program remains to be completed. Our analysis enables 
a unique method for separating flow from non-flow, or in another language jet-like from 
non-jet-like, contributions. Using 2D angular correlations we first observed an extended 
pseudorapidity correlation, now known as the ridge, whose dynamical origin remains to 
be understood. We mapped out the evolution of the jet-like correlation peak as functions 
of centrality, transverse momentum and particle identity, providing essential information 
for confronting eventual theories based on multi-partonic QCD diagrams. The correlation 
analysis methods developed by our group over the past 15 years are now being extended to 
the heavy-flavor (charm) program at RHIC. That analysis, to be continued in future grant 
periods, will determine the D° + hadron 2D angular correlations as functions of centrality 
and D° transverse momentum.
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4 Other Physics analysis

In addition during the first few years of STAR data production our group’s physics analysis 
effort included supportive efforts in multi-strange baryon reconstruction (Xi and Omega), 
the first HBT measurements from STAR for identified pious, the first Raa measurement, and 
the first mean-pt fluctuation measurement which showed both the absence of distinct sub
groups of “special” collision events and the presence of non-statistical fluctuations, the first 
indication that dynamical correlations were present. These data provided the first glimpse of 
strangeness enhancement, system size, energy loss, and the persistence of semi-hard pQCD 
scattering in more-central collisions.

5 Hardware development

5.1 STAR electronics R&D

During the funding period of this grant our group was involved in several detector projects for 
STAR, both mechanical as well as electronics. In the initial phases of STAR development we 
participated in the evaluation of various network technologies for the data acquisition event 
building. One of the network technologies that was considered was the so-called Scalable 
Coherent Interface (SCI), which was basically an idea of distributed shared memory. Custom 
boards developed by a commercial company were provided to STAR for evaluation, and our 
group worked with collaborators from BNL and LBNL on the various performance tests. 
Due to the lack of commercial acceptance of this technology, this project was eventually 
abandoned by STAR. However, a lot of the software concepts evaluated during this phase 
of STAR made it eventually into the design of the STAR readout boards, for which we 
also played an important role in the development and testing. The development of a slow 
controls interface (based on the HDLC standard) for an initial application in the TPC, and 
later adaptations by other STAR detectors, was a collaboration between LBNL engineers and 
our group. We also contributed to the definition of the architecture of the initial clock and 
trigger distribution board (the TCD board), and implemented the detector specific firmware 
of the TCD for the SVT project described below.

5.2 STAR Silicon Vertex Tracker

The next project our group got involved in was the Silicon Vertex Tracker of STAR which 
is a silicon based vertex detector designed for enhanced vertex finding, improved strange 
particle reconstruction and better low pt tracking. The SVT was divided into 36 ladders 
arranged in 3 concentric barrels. Each ladder houses either 4, 6, or 7 Silicon Drift Detectors 
(SDD) developed at BNL, where the charges produced by the traversing physics particles 
are drifted bi-directionally into anodes on each side. The UT group was responsible for the 
development of the Readout Electronics and the data acquisition scheme for the SVT. The 
readout system was divided into 24 units, corresponding to the 24 sectors of the STAR TPC. 
The development and production of the ladders, sensors and hybrids was the responsibility 
of BNL and LBNL. The development and production of the transition boards, RDO (read
out) units and interfaces to data acquisition (DAQ), Trigger, and slow controls was UTs 
responsibility. Production of the SVT RDO system including spares was finished in early
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2001. The SVT RDO units and transition boards were installed in STAR in the winter of 
2000 and was used successfully in several data taking runs. The STAR SVT contributed to 
the analysis of multi-strange baryon production.

During the development of the SVT we used various prototypes for an installation of an 
silicon drift detector (SDD) based telescope detector in the AGS experiment E896. That 
experiment consisted mainly of a Drift chamber and a neutron telescope designed to search 
for the H di-baryon in heavy-ion collisions in 1998. The prototype SDD telescope consisted 
of 15 SDDs, as well as prototype electronics and DAQ. Both RDO and DAQ were our 
responsibility. We also designed and implemented a Fastbus based DAQ for the drift chamber 
and neutron telescope for this experiment.

The shower-maximum detector (SMD) upgrade of the electromagnetic calorimeter (EMC) 
in STAR used the same SC As used in the SVT project, so we produced additional RDO 
units (slightly modified) for use in the readout of the SMD. Production of these units was 
finished by the end of 2001 and installed for the STAR run in 2002. Shower-maximum 
distribution data has been used for many analyses in STAR which require tt° and/or direct 
high-pt photon reconstruction.

5.3 STAR Time-of-Flight

The next major project our group got involved in was the Time-of-Flight project which 
added significantly to START particle ID capabilities. This detector consists of 24,000 
channels of stop detectors based on a technology developed at CERN called multi-gap re
sistive plate chambers (MRPC) distributed over 120 trays covering the full azimuth outside 
the STAR TPC and approximately two-units in pseudorapidity. Each TOP tray consists of 
192 detector channels and 3 types of integrated electronics cards. These electronics are on 
boards that close the gas volume containing the MRPCs and that contain custom ASICs 
which accomplish amplification, shaping and digitizing the MRPC signals. A second set of 
cards contain custom TDC ASICs developed at CERN for another TOP system. A final card 
collects the TDC signals from all the boards on a tray, stores those signals and transmits 
them over a high-speed copper link to a readout unit outside of the TPC. This readout unit 
collects the data from 30 trays as well as the digitized data from a scintillator based start 
detector on either end of STAR, formats these data, and transmits via fiber-optic cables to 
the DAQ receivers in the DAQ room about 100m away. The UT group had two major re
sponsibilities in this TOP project. We received the MRPC detectors from our collaborators 
in China and assembled them into the completed trays, connected the integrated electronics 
boards, and tested the completed trays for mechanical stability, gas leaks, noise performance, 
and timing performance in a cosmic ray setup at UT. While the tray bodies were produced 
by a commercial company, the U. Texas Physics department machine shop produced various 
mechanical support structures for these trays. Students and technicians in our group under 
our supervision assembled the trays. We assembled the electronics setup for the noise and 
cosmic ray timing tests and operated it during the construction to verify the proper function 
of these trays. The second responsibility was the leadership of the electronics development, 
implementation and production. We collaborated with engineers from outside companies 
and with Rice University to develop and implement the on-tray electronics which were then 
produced by a company in Houston. At UT together with a local engineer from Austin, we 
developed, implemented and produced the readout boards that connected the on-tray elec
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tronics to the trigger, DAQ and slow control systems in STAR. The completed TOF system 
was finally commissioned and used during the 2010 Run of STAR and has been used in every 
run of STAR since then, achieving timing resolution of the MRPCs and complete electron
ics chain of less than 60ps, which is below the design specification of the project. Particle 
identification for pious, kaons and protons in STAR now reach to approximately 2 GeV/c, 
2.5 GeV/c and 3 GeV/c, respectively, allowing access to new physics in the intermediate pt 
range where baryon/meson ratio enhancement and same-side ridge phenomena occur. Data 
from TOF played an essential role in the Ph.D. thesis analyses of three of our students since 
2010.

5.4 STAR Muon Telescope Detector

In 2007 STAR proposed to use the same MRPC detector technology but using large area de
tectors instead to build a Muon Telescope Detector (MTD) subsystem to be installed outside 
the EMC barrels using the magnet steel as an absorber. Readout electronics developed for 
the TOF system was able to be used for this MTD with slight modifications to the firmware 
and control software. The MTD system uses the same start detectors as the TOF system, 
so at the system level the data flow is the same as the TOF system, resulting in only a 
different configuration but otherwise almost identical electronics as for the TOF. Based on 
our experience with the TOF construction, our group took on the responsibility of construct
ing the MTD trays and also assumed responsibility for the modification, implementation, 
and production of the readout electronics for MTD. The on-tray electronics merely required 
additional board production from our colleagues in Houston. Initial prototype detectors and 
electronics for the MTD were installed and commissioned during the 2011 Run of STAR, 
while the system installation continued in stages in 2012 and was completed and commis
sioned during the 2013 Run and has been included in every STAR run since with various 
improvements to both the firmware and software of the electronics, for which we are respon
sible. The MTD is now in full-time use in the study of J/V’ decays were the J/V’ is either 
produced directly from the collision medium or serves as a marker for B-meson production 
via the feed-down decay chain.

5.5 STAR Heavy Flavor Tracker

In 2011 we joined the STAR Heavy Flavor Tracker (HFT) project. This inner vertex tracker 
upgrade was identified as a critical component for the direct topological identification of 
particles with very short lifetimes from decays of heavy quarks. The basic idea behind the 
HFT is to do tracking from the outside-in with graded resolution through four concentric 
barrels containing various silicon detector technologies. The two inner-most layers closest to 
the beam pipe (the “PXL” detector) contain silicon sensors based on the monolithic active 
pixel sensor (MAPS) technology. We collaborated with LBNL on the development of the 
readout for this sub-detector and were responsible for the firmware, control and monitoring 
software, and online QA software. Since the readout of the outer-most layer of the HFT, the 
Silicon Strip Detector (SSD), is very similar in requirements to the PXL detector readout, 
the SSD group re-used the readout board we designed for the PXL with minor modifications. 
In addition a great portion of the firmware our group developed for PXL was ported to the 
SSD readout. The PXL detector consists of 40 ladders with 10 MAPS sensors each, 10
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ladders in the inner layer and 30 ladders in the second layer. A total of 10 readout boards 
suffice to read out all sensors, and to connect to the trigger, slow-controls, and DAQ systems. 
After an initial engineering run during the 2013 STAR run, the final system was installed 
before the 2014 Run. Commissioning of the PXL detector took a few weeks, and PXL then 
took data successfully during the 2014, 2015, and 2016 STAR runs. We were also responsible 
for the online QA software that allowed monitoring the performance of PXL. After noticing 
some initially unexpected radiation damage to the sensors during the first year of operating 
PXL in the beam, operational changes to mitigate these effects were implemented in both 
the firmware and software, which limited the radiation damage to the sensors in the last two 
runs.

Data from the HPT are essential to START heavy-flavor physics program which our group 
joined toward the end of the grant period reported here. Our newest graduate student, who 
started during this reported grant period, will use the STAR HPT data to study D° + hadron 
2D angular correlations.

6 Software and Simulations

From 1994 until about 2000 our group was committed to developing event reconstruction 
and simulation software for the STAR experiment at RHIC and we assumed a leadership 
role in the STAR collaboration. This effort resulted in the design of the functionality and 
data structure interfaces for a modular software system for charged particle tracking, tra
jectory matching between detector sub-systems, particle identification, vertex finding and 
calorimeter analysis. The modular design, lead by our group, enabled of order 50 members 
of the collaboration to coherently contribute to the several million lines of code necessary 
for the simulations and reconstruction effort. The modular design was used during the first 
several years of data running before being replaced by a modern C++ design. The latter 
was heavily based on the original design. Our group was responsible for designing the first 
data summary tape (DST) data structure used in the first data run in 2000. Our group also 
participated in the first several Mock Data Challenges at RHIC which tested the software 
performance for the eventual massive data production environment. Monte Carlo simulation 
codes were developed during this period for simulating event-by-event physics signals such as 
elliptic flow, temperature fluctuations, flavor fluctuations, resonance decays, and quantum 
interference correlations (HBT). These two codes continue to be used in STAR and were 
ported to ALICE and the AliRoot environment. Our group has also been responsible for 
STAR’s Data Quality Assurance from 2001 to the present. This includes infrastructure code 
development, documentation, and data monitoring during all of STAR’s runs since 2000.
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