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Research and Development

During the period Oct. 1, 2006 i Sept 30, 2007, members of the Indiana University experimental
nuclear physics group published long, detailed papers summarizing the final results from the last
experiments carried out on the IUCF Cooler ring [Sa06, Pr06], together with two Cooler-inspired

papers in the Annual Review of Nucl ear and Particl e

has been organized around three major pursuits: (1) accelerator-based neutrino physics,
investigating Aanomal ouso flavor oscillation
medium-energy neutrino-nucleon scattering; (2) high-energy nuclear physics with the STAR detector
at RHIC, exploring the spin structure of the proton and the novel condensed strongly interacting
matter produced in relativistic heavy-ion collisions; (3) tests of fundamental symmetry principles
carried out primarily, but not exclusively, with cold or ultra-cold neutrons.

Below we describe the following research results and development projects:

¢ MiniBooNE muon neutrino oscillation results, ruling out the interpretation of evidence from
the earlier LSND experiment as two-neutrino oscillations at the qpmi~ 1 e\ scale [Ag07].
The IU group, under the leadership of Rex Tayloe, has played a central role in MiniBooNE
commissioning, running, and data analysis;

possi bi

e Ongoing construction of a prototype det-ector L

dimensional optical fiber grid embedded in a vat of liquid scintillator) proposed by Rex Tayloe
and Hans-Otto Meyer for tracking of recoil particles from the interaction of neutrinos or high-
energy neutrons;

e Acceptance of the SciBooNE proposal for a new detector to utilize neutrino beams from the
Fermilab Booster ring to measure cross sections relevant to backgrounds and systematic
errors in neutrino oscillation experiments;

e Significant constraints from RHIC polariz
spin from gluon spin alignment. Two-spin helicity asymmetries for inclusive jet production in
STAR are consistent with zero gluon polarization, with errors comparable to those from
polarized deep inelastic scattering. The first results were published in a paper [Ab06] with 1U
group members among the principal authors. Preparation of a paper, with Sowinski among
the principal authors, on the 2005 results is nearing culmination and the results are
discussed below. Preliminary results from the 2006 data will be released shortly and
promise yet tighter constraints.

e Dijet measurements at STAR see no net partonic transverse motion preferences correlated
with transverse proton spin, in contrast to initial expectations. Such correlations would be
indicative of spin-orbit correlations in the proton wave function, hence of parton orbital
angular momentum. The result, reported in [AbQ7], represents the first publication from the
long 2006 polarized proton run at RHIC and the first results that rely heavily on the STAR
Endcap ElectroMagnetic Calorimeter designed and built by the IU group. The analysis was
led by IU group members.

e Continued development and support for level 2 software triggers for quarkonium-enriched
data samples for the 2007 Au-Au run. This is essential to searching for the predicted
Ameti ngdo of quar konigluomplasmat es i n the quark
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Simulations supporting the development of requirements and a design for a set of gas
electron multiplier (GEM) tracking detectors to be placed ahead of the endcap calorimeter at
STAR for improved tracking precision of electrons and positrons from W* production in
polarized pp collisions at RHIC;

An upper limit on the extent of parity violation caused by weak pion exchange between
nucleons, as manifested in the photon asymmetry for radiative capture of polarized thermal
neutrons by protons. Data acquisition for the NPDGamma experiment has been completed
at LANSCE, utilizing the 16-liter liquid parahydrogen target and cesium iodide detector array
developed for this experiment by the IU group. Error bars equivalent to those of the best
previous experiment were achieved. The experiment has been moved to the SNS, where it
will improve the uncertainties substantially as the first approved experiment on the new
Fundamental Neutron Physics Beamline (FNPB).

Commissioning of a new NIST experiment to measure the parity-violating spin rotation of
cold neutrons traversing a liquid helium target, with significant equipment contributions from
U;

Near completion of the design work for the aCORN experiment: a new <1% measurement of
the electron-antineutrino correlation coefficient a in neutron B-decay, to be initiated at the
IUCF LENS (Low-Energy Neutron Source) facility and completed on the NG-6 beam line at
NIST;

Research and development for the neutron EDM Collaboration, with initial responsibility for
several technical challenges (the high-voltage system, SQUID magnetometers, light
collection at LHe temperatures, and cold neutron spin flipper) critical to plans to increase the
sensitivity in this search for time-reversal (T) violation by two orders of magnitude;

Operation of a prototype apparatus for the investigation of systematic effects for an electron
electric dipole moment search using a new solid-state approach with the potential to improve
existing measurements by two or more orders of magnitude;

Initial tests of the viability of solid oxygen as a moderator for ultra-cold neutron (UCN)
production, and design of a suitable system to incorporate this into the LENS target-
moderator-reflector assembly;

Conceptual design of a novel storage ring experiment to search for an electric dipole
moment of the deuteron via buildup of vertical polarization induced by spin precession in a
vxB electric field;

Studies of the nuclear 4-body system in experiments at the KVI cyclotron.

B.l. Abelev et al. (STAR Collaboration), Phys. Rev. Lett. 97, 252001 (2006).

B.l. Abelev et al. (STAR Collaboration), Phys. Rev. Lett., in press; arXiv: hepex/0705.4629
A.A. Aguilar-Arevalo et al. (MiniBooNE Collaboration), Phys. Rev. Lett. 98, 231801 (2007).
G.A. Miller, A.K. Opper, and E.J. Stephenson, Ann. Rev. Nucl. Part. Sci. 56, 253 (2006).
H.-O. Meyer, Ann. Rev. Nucl. Part. Sci. 57 (2007), in press.

B.v. Przewoski et al., Phys. Rev. C 74, 064003 (2006).

M. Sarsour et al., Phys. Rev. C 74, 044003 (2006).



Neutrino physics: search for short baseline oscillations
and the observation of charged- and neutral-current scattering

D. Cox, T. Katori, C. Polly, and R. Tayloe

The MiniBooNE experiment [Ch98] at Fermilab searched for 3., Y 3oscillations in order to test the
controversial positive result previously reported by the LSND experiment [Ag01]. Using a higher
energy neutrino source and a longer detector baseline distance, MiniBooNE [Ag07] does not see the
oscillations expected from LSND when interpreted in a standard two-neutrino framework. Either the
LSND result was not due to oscillations or it was an observation of neutrino oscillations outside of
the standard framework. MiniBooNE did observe an anomalous excess of events below the
energies analyzed for oscillations, which are the subject of intense scrutiny. Perhaps this is a clue
that may lead to a solution of the LSND anomaly. In the course of the oscillation analysis,
MiniBooNE measured muon neutrino charged-current quasi-elastic scattering on carbon [Ag07b]
with unprecedented precision and produced a preliminary result on neutral-current elastic neutrino
scattering on carbon.

Two separate and blinded oscillation analyses were performed on the neutrino data set collected
in 2002-2006. With predetermined cuts based on maximum sensitivity to oscillations, the neutrino
data set was fAopenedd on March 26, 2007 and
reconstructed neutrino energy spectrum is shown in Fig. 1. The data are consistent with no 3, Y &3
oscillations using a two-neutrino formalism which assumes an L/E behavior for the oscillation
probability (where L is the baseline distance and E is the neutrino energy). The event excess in the
oscillation fit energy region, 475 < E< 1250MeYV, is not significant, 22 + 19 *+ 35 events, and the
oscillation fit in the region yields a y? probability of 93% for the null hypothesis. The (90%) exclusion
regions resulting from both analyses are shown in Fig. 2. The results from the two analyses are
consistent with each other and inconsistent with LSND at a 98% CL.
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This result sets a stringent limit for two neutrino oscillations with L/E dependence and contradicts
the LSND result if the oscillations are interpreted in the two-neutrino framework assuming the
oscillations have probability P=sin? 26 sin? (1.27 "’ L/E). However, there is an excess of events (96 +
17 + 20) in the MiniBooNE data set in the energy region below the oscillation analysis window (< 475
MeV). This could be misestimated background or it may be due to oscillations of another type (i.e.,
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not described by P=sin’ 26 sin? (1.27 qgn’ L/E)). Both hypotheses are currently under investigation
and additional results will be available soon.
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Figure 2. MiniBooNE oscillation
result sensitivity. The MiniBooNE
90% C.L. limit (thick solid curve)
and sensitivity (dashed curve)
are shown for events with 475 <
E, < 3000 MeV within a two-
neutrino oscillation model. Also
shown is the limit from the
boosted decision tree analysis
(thin solid curve) for events with 107
300< E, < 3000MeV.
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The charged-current quasielastic scattering (CCQE) of muon neutrinos from carbon (3; C  Y' Xk
accounts for ~40% of the total neutrino interaction rate in the MiniBooNE detector. A measurement
of the rate of this process and its incorporation into the 3. oscillation search allows for greatly

102

reduced systematic errors as many uncertasgandsg.es

CCQE interaction rates. In addition, a measurement of the 3, CCQE differential cross section with
the MiniBooNE event sample (~ 200 k events) will allow for greater understanding of this process on
carbon.

The MiniBooNE 3., CCQE analysis includes events consistent with the production and
subsequent decay of a single muon. Additional cuts are applied on the intensity and direction of
scintillation light to discriminate charged-current single pion events, the largest background to the 3,
CCQE process. This procedure results in a sample of 194 k events, the largest event sample of this
type ever collected, with 26% background, mainly from charged-current single pion events.
Assuming 2-body kinematics, the incident neutrino energy and 4-momentum transfer (Q% may be
calculated. The Q?distribution of these events is shown in Fig. 3. This sample is then fit using a
relativistic-Fermi-gas (RFG) model with 2 adjustable parameters: the axial mass, M,, and a Pauli-
blocking parameter, k. As can be seen in the figure this model provides a good description of the
data with extracted parameters My =1.23 + 0.20GeV and x = 1.019 + 0.011.This adjusted model for
the CCQE cross section was used (with appropriate systematic errors) for the 3. oscillation search.
This is the thesis work of T. Katori.

The neutral-current (NC) elastic scattering of muon neutrinos from protons and neutrons (3; p,nh
Y ¢3p,n) is a unique weak-neutral-current probe of the nucleon. Unlike the CC channel, it is
sensitive to the isoscalar content of the nucleon and may show the effects of strange quarks. In
addition it has been used to provide a constraint on the amount of scintillation light produced by sub-
Cerenkov-threshold hadrons within the MiniBooNE detector. The NC elastic reaction is identified in
MiniBooNE by selecting low-energy events with a small fraction of prompt light (the signature for
proton/neutron scintillation only) and no associated muon decay.

A NC elastic event sample has been extracted from approximately 10% of the total MB data
sample. This sample consists of approximately 4000 events with an expected background of
approximately 20%. The (preliminary) differential cross section for this process is shown in Fig. 4.
This analysis will result in a differential cross section measurement for this process, which, together
with the CCQE channel, will allow the extraction of the nucleon form factors as measured for
nucleons in carbon. This is the thesis work of Chris Cox.
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Figure 3. MiniBooNE events vs.
reconstructed Q° for 3, CCQE events
including systematic errors. The 10000
simulation, before (dashed) and after

(solid) the fit, is normalized to data. 8000
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[Ag01l]  A. Aguilar et al., Phys. Rev. D 64 (2001) 112007.

[Ag07]  A.A. Aguilar-Arevalo et al. (MiniBooNE Collaboration), Phys. Rev. Lett. 98, 231801 (2007).
[Ag07b] A.A. Aguilar-Arevalo et al. (MinoBooNE Collaboration), arXiv:0706.0926v1.

[Ch98] E. Church et al. (BooNE Collaboration), FERMILAB PROPOSAL 0898.



Scibath Prototype Detector

J. C. Horton, H. O. Meyer, and R. Tayloe

The isci batho neutr al
detector technology uses a grid of
. wavelength-shifting  (WLS) fibers
ELLLERREE S ‘ immersed in a volume of liquid
— scintillator to reconstruct charged-
particle tracks in a large target
volume. The method was conceived
in order to provide relatively precise
track localization and particle
identification in a large target mass
as is required for neutrino detectors.
It has since been realized that this
technology can also be used to
measure the energy and position of
neutron interactions as well. A small
prototype was built and tested at
IUCF [Ta06]. A (50 cm)? prototype is
Figure 5. The (50 cm)® scibath prototype detector fiber currently under construction.
cube structure.
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Figure 6. Block diagram of the scibath prototype readout system.

The mechanical component, a 768-fiber cube, 50-cm on a side, has been built and is shown in
Fig. 5. These WLS fibers will be connected to clear fibers and routed to 64-anode PMTs. The
optical fiber interface to the PMTs has been designed, prototyped, and tested. Fabrication of this
subsystem is imminent. The phototubes (PMTs) have been purchased. The PMT readout system
has been designed in-house at IUCF. A block diagram of the readout system is shown in Fig. 6.
Each PMT is connected to a readout board which records the PMT data and provides HV. For the
scibath prototype, 12 such boards are required.



The readout boards employ flash ADCs running continuously to determine the charge and time of
al | PiMtTs of h &/8 photoelactron threshold. The ADC data is collected in FPGAs, zero-
suppressed, and then transferred to an ARM-9 CPU. The CPU further assembles the data and may
run an algorithm to determine the charge and time of hits in real-time. The readout board
architecture is shown in Fig. 7. The data are then sent to a host computer via Ethernet where the
data from all PMTs are bui | t into events. This system
subsequent events (such as muon-decay, or neutron capture) to be recorded with high efficiency.
The schematic design of the electronics boards is finished and component layout is approximately
50% complete. It is anticipated that the readout boards will be finished in late 2007.
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Figure 7. Scibath PMT readout board architecture.

[Ta06] R. Tayloe, H.O. Meyer, D.C. Cox, J. Doskow, A. Ferguson, T. Katori, M. Novak, D.
Passmore, Nucl. Instrum. Meth. A562, 198 (2006).



The SciBooNE experiment

T. Katori, C. Polly, and R. Tayloe

The SciBooNE experiment [Ag06] was recently built and commissioned at Fermilab. It is located
100 m from the production target on the booster neutrino beam line at Fermilab (as is MiniBooNE).
The goal of SciBooNE is to measure precisely, with a
fine-grained detector, neutrino and antineutrino
interactions on carbon to provide valuable information
for oscillation searches (in particular for the MiniBooNE
and T2K experiments).

The ScoBooNE detector, shown in Fig. 8, uses the
(preexisting) SciBar detector [KiO4] that served as a
near detector for the K2K experiment at KEK in Japan.
This device is a fully active, finely segmented tracking
detector consisting of plastic scintillator bars. It is
combined with an electromagnetic calorimeter and a
muon range stack, and is used in SciBooNE to
reconstruct neutrino interactions with fine granularity.
Our hardware contributions to SciBooNE are the
environmental monitoring and HV control systems
(slow-monitoring), which we continue to manage and
maintain.

Antineutrino data have been collected with SciBooNE
in the period June-July 2007. The FNAL summer
shutdown occurred in Aug.-Sept. 2007. An antineutrino charged-current quasi-elastic ( v, p — p' n)
event candidate is shown in Fig. 9. Neutrino running started in October 2007 and will continue until
1.0x10% protons on target (POT) are collected. The beam will then be switched to anti-neutrino
mode until 1.0x10%° POT are collected. It is anticipated that this will take until fall 2008. That will
complete the core plan for SciBooNE. The possibility for further running to increase data for a
neutral current elastic scattering measurement is being explored.

Figure 8.
SciBooNE
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Figure 9. An antineutrino charged-current
quasi-elastic ( v, p — 4" n) event
candidate in SciBooNE.
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[Ag06]  A. Aguilar et al., (SciBooNE Collaboration), "Bringing the SciBar Detector to the Booster
Neutrino Beam", FERMILAB-PROPOSAL-0954, arXiV:hep-ex/0601022.

[Ki04] K. Nitta et al., Nucl. Instrum. Meth. A 535, 147 (2004).



Constraints on gluon polarization from inclusive jets
in pp collisions at STAR

J. Balewski, P. Djawotho, W.W. Jacobs, J. Sowinski, S.E. Vigdor, and S.W. Wissink

Determining the gluonic contribution to the spin of the proton is widely recognized as a high priority
for the nuclear physics community. Recent analyses [Le07, Ha06, NaO6] of deep inelastic scattering
data indicate that there is still significant uncertainty in the magnitude, shape, and even the sign of
the Bjorken-x dependent gluon helicity function AG(x). In recent years, studies of polarized pp
collisions with the STAR detector at RHIC, in which we have played a leading role, have begun to
place significant constraints on AG beyond those from deep inelastic scattering.

We constrain gluon polarization in the proton using quark-gluon and gluon-gluon hard scattering
processes. Analysis of inclusive jets in the outgoing channel has provided the most significant
constraints on AG from the STAR measurements to date. The cross section and the first
determination of the longitudinal double-spin parameter A for inclusive jets from the 2003 and 2004
data were published in Phys. Rev. Lett. last year [Ab06], with Fatemi, Sowinski, and Vigdor among
the principal authors.

In 2005 RHIC produced 3.1 pb™ of pp data collected with 45-50% beam polarization and
reduced backgrounds, and increasingly sophisticated triggering allowed us to select events more
likely to contain jets. Postdocs Fatemi and Sarsour began to analyze this data while at 1U, and have
continued the effort at their new positions. Along with senior members from our group, they have
taken lead roles in completing this analysis, with results for A, extracted from the 2005 data set
recently submitted to Phys. Rev. Letters. Fatemi, Sarsour, and Sowinski are principal authors on
this paper. The data, shown in Fig. 10, are compared to four curves from the GRSV analysis [GIO1].
The dash-dot curve corresponds to fully polarized gluons and was already disfavored by the 2003-04
data. The dashed curve represents gluons that are also fully polarized, but opposite in sign to the
proton spin. The solid curve is the best fit to DIS data, AG=0.24,while the dotted curve assumes
completely unpolarized gluons at the input scale. It is clear that these new data impose constraints
on allowed values for AG beyond those from DIS, at least within the assumptions of this analysis.
Quantifying the full impact of these data will require inclusion of this data set in a global analysis,
along with all current DIS data.

In 2006 RHIC achieved ~60% proton polarization with an increase of close to a factor of two in
integrated luminosity. Preliminary results on inclusive jets from 2006 are expected to be released
shortly. In addition to extending our A_. measurements for inclusive jets, new triggers were
introduced to acyguwi rteo edreovied ho pdiarlegcotrd t hms to i dent i f
backgrounds. Our group, in particular Vigdor, Balewski, and Djawotho, played essential roles in
developing the sophisticated triggers necessary for acquiring this data set, while Jacobs heads a
new photon analysis subgroup. With fully reconstructed di-jet and y-jet coincidences, we can
enhance qg scattering in our analysis, and thus gain sensitivity to the sign of AG and its underlying x-
dependence. Preliminary analyses of these data are allowing us to optimize our data-taking
strategy for upcoming runs, an effort in which the IU group continues to play a lead role. In
particular Sowinski has led the effort to define triggers for the 2008 pp run emphasizing the di-jet and
y-jet channels.
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[AbO6] B.l. Abelev et al. (STAR Collaboration), Phys. Rev. Lett. 97, 252001 (2006).

[GlO1] M. Glueck, E. Reya, M. Stratmann and W. Vogelsang, Phys. Rev. D 63, 094005 (2001);
B.Jaeger, M. Stratmann, and W. Vogelsang, Phys. Rev. D 70, 034010 (2004); and M.
Stratmann and W. Vogelsang, private communication.

[Ha06] M. Hirai, S. Kumano and N. Saito, Phys. Rev. D 74, 014015 (2006).
[LeO7] E. Leader, A.V. Sidorov, and D.B. Stamenov, Phys. Rev. D 75, 074027 (2007).
[NaO6] G.A. Navarro and R. Sassot, Phys. Rev. D 74, 011502(R) (2006).
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Transverse single-spin asymmetries for di-jet production
in pp collisions at STAR

J. Balewski, W.W. Jacobs, I. Qattan, J. Sowinski, S.E. Vigdor, and S.W. Wissink

The first paper [AbO7b] reporting results from the long polarized proton collision run at RHIC in 2006
by the STAR Collaboration has been accepted for publication in Physical Review Letters, with 1U
physicists Jan Balewski, Issam Qattan, and Steve Vigdor as principal authors. The paper reports the
first measurement in pp collisions that directly probes possible transverse motion preferences of

guar ks or gluons that ar e cor r an ocadntation. Whist sh-caltedh e

Sivers effect measures the degree to which the partons participating in a given hard-scattering
process prefer to move | eftward or rightward
momentum and transverse spin vectors. It can arise from spin-orbit correlations in the proton wave
function, thus providing a window into elusive parton orbital angular momentum. This work relies
heavily on the Endcap Electromagnetic Calorimeter (EEMC), on specialized hardware and software
triggers, and on innovative analysis techniques, all developed by the 1U group.

Di-jet production arises from the hard scattering of partons provided by the two colliding proton
beams. The measurement searches for a kinematic boost signaling an initial-state transverse
momentum preference for the partons: do the two jets tilt leftward or rightward, vis-a-vis back-to-

back in azimuth, when one protonds spin points

protonés spin is MC, pPEAROs Widarhget haec cEeEpt anc e
jets go forward with respect to one beam; in that regime, asymmetries measured with respect to the
two beam spins provide complementary information about parton Sivers preferences in the valence
and sea regions.

The measured asymmetries, shown in Fig. 11, are all statistically consistent with zero, and are
much smaller than the spin asymmetries measured in semi-inclusive deep inelastic scattering
(SIDIS) of electrons from a transversely polarized proton target [AiO5], which are sensitive to the
quark Sivers effect. Initial theoretical estimates [Vo05] predicted di-jet asymmetries comparable in
magnitude to those measured in SIDIS. However, the theory has evolved rapidly in parallel with,
and partially stimulated by, these data, and can now accommodate di-jet asymmetries as small as
we measure by cancellations among contributions [Bo07]. The Sivers effect involves a triple vector
correlation which, although formally odd under time-reversal, can be nonzero by virtue of initial- (ISI)
and/or final-state (FSI) interactions among partons from the beam protons. In pp collisions, both ISI
and FSI contribute, and tend to cancel. In addition, contributions from up and down quarks cancel to
different extents than in SIDIS or in the sizable transverse spin asymmetries measured at RHIC for
inclusive forward hadron production in pp collisions [AdO4]. The measurements therefore constrain
any unified theoretical account for transverse spin asymmetry measurements in high-energy
scattering, as needed to probe spin-orbit correlations among partons in the proton.

[AbO7] B.l. Abeleev et al., (STAR Collaboration), Phys. Rev. Lett. (in press); arXiv :hep-
ex/0705.4629.

[AiO5] A. Airapetian et al. (HERMES Collaboration), Phys. Rev. Lett. 94, 012002 (2005).
[AdO4] J. Adams et al. (STAR Collaboration), Phys. Rev. Lett. 92, 171801 (2004).
[Bo0O7]  C.J. Bomhof, P.J. Mulders, W. Vogelsang and F. Yuan, arXiv:hep-ph/0701277.
[Vo05] W. Vogelsang and F. Yuan, Phys. Rev. D 72, 054028 (2005).
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Figure 11. Measured and calculated (with three different models) asymmetries vs. di-jet pseudo-
rapidity sum for the beams headed in the +z (a,c,e) and iz (b,d,f) directions at STAR. (a,b) Fraction
of the di-jet cross section in QCD calculations that involves a participating quark from the +z beam or
gluon from the i zbeam. (c,d) The integrated (over azimuthal opening angle ¢£) asymmetry for di-jets
to tilt left vs. right for a spin-up proton beam. Quark Sivers functions in the calculations are
constrained by measured spin asymmetries [AiO5] in semi-inclusive deep inelastic scattering at
HERA. (e,f) Asymmetries calculated from yields weighted by sin £ to suppress truly back-to-back di-
jets for a more robust theory comparison. Sivers functions are constrained in the calculations by
transverse spin asymmetries for inclusive forward hadron production measured at Fermilab and
RHIC [Ad04].
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Progress on quarkonium detection at STAR

P. Djawotho

Strong evidence for deconfinement in the novel form of matter discovered at RHIC [AdO5] would
come from the sequential disappearance, at progressively higher temperatures, of various bound
states of heavy quarks and antiquarks [Ma86, Sa06]. They'i s predi cted to
temperature, the JAy at an intermediate temperature, and the Y(1S) state at the highest temperature
[Sa06]. Post doc Pibero Djawotho has continued to
guarkonium events and to extract production cross sections. Djawotho reported on the observation
of both the Jiy and Y from the 2006 pp run at Quark Matter 2006 [Dj07]. Central to these
measurements are software triggers implemented by Djawotho.

The successful measurement of an Y production cross section for pp collisions serves both as a
proof of principle and an essential baseline for the analogous measurement in central Au+Au
collisions at RHIC, where, obviously, combinatoric background is a considerably more challenging
problem. During the 2007 run, the upsilon trigger integrated 6 0 0 ™ at Hull-energy in Au+Au
collisions. Results of the ensuing analysis are expected to be presented at Quark Matter 2008. The
triggers will be run again in the 2008 d-Au and pp runs. Development of a JAy trigger suitable for
rare event enhancement in Au+Au is | i kelOf-Flighto
detector for a run in 2009, permitting some cuts on particle identification at trigger level.

[AdO5]  J. Adams et al. (STAR Collaboration), Nucl. Phys. A 757, 102 (2005).
[Djo7] P. Djawotho, J. Phys. G: Nucl. Part. Phys. 34, S947-S950 (2007).
[Ma86] T. Matsui and H. Satz, Phys. Lett. B 178, 416 (1986).

[Sa06] H. Satz, Hard Probes 2006 Conference, hep-ph/0609197.
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EEMC and STAR: Development and Status

W.W. Jacobs, J. Sowinski, S.E. Vigdor, S.W. Wissink, J. Balewski, P. Djawotho,
W. He, I. Qattan, and X. Wang

i) Overview:

The highly successful research effort at STAR relies not only on RHIC machine performance, but
also critically on the timely addition and successful exploitation of subsystem capabilities. Hence,
along with the efforts in physics analyses the local IU group has been heavily involved in various
aspects of STAR hardware and attendant software tasks, particularly regarding calorimetry and
triggering, and their development, performance and maintenance.

For heavy-ion collisions (run 7 was all Au+Au), the 1U group has played a leading role in the
development and commissioning of special triggers to enhance the data collection rate for Jiy and Y
production, as well as the analysis of quarkonium production in both pp and heavy ion collisions
studied with STAR.

A considerable amount of software work is required for general use by many analyses; as
described further below, our group has also developed significant expertise in STAR triggering. This
carries over into contributions in software emulation of the triggers for data and Monte Carlo
analysis. Jan Balewski (IUCF) has become one of the STAR experts on tracking, extending tracking
further into the endcap region than previously possible and developing vertex finders for the multiple
vertex environment we are finding ourselves in as pp design luminosities are reached. Our group is
also leading the way in improving the state of the art in =%y and e/halgorithm development.

In addition to the above, the IU group also continues to play important roles in STAR operations
besides taking shifts, by supporting the detector it built, by contributing strongly to STAR (spin) run
planning, detector development issues and long term RHIC spin timeline and priority discussions.
Will Jacobs is the collaboration-wi de Coordi nator for STARG6s Endcap an
discussion and solutions for problems in hardware, calibrations and analyses that are of common
interest for both subsystems. Jan Balewski is the software coordinator for the EEMC. Jim Sowinski
is currently one of the Spin Physics Working group convenors and has been a period coordinator
overseeing shift crews during the past two runs.

i) Calorimeter hardware improvements and performance:

The 1U group retains the responsibility for maintenance and improvement of the hardware and
software for the Endcap (EEMC) calorimeter. On the hardware side this includes replacement of
failed HV bases and electronics between runs and during short access breaks during the run,
removal and installation of the poletip at the beginning and end of the run, recommissioning early in
the run and expert availability throughout the run. In total, these require significant manpower on
site. Ongoing software support, performance monitoring and calibrations are also required. During
the 2007 Au-Au run, the EEMC again worked remarkably well, with over 99% of all channels
(including the calorimeter towers, their pre- and post-shower layers, and the scintillator-based SMD
planes) functioning and calibrated.

As Coordinator for both the EEMC and BEMC, Jacobs oversees maintenance and improvements
on the BEMC as well. Performance-wise, it should be mentioned that for the BEMC there are still
areas needing improvement. While various upgrades to power supplies and HV control have the
towers approaching only a few percent i n ot w oea.gk compaged to 10-15% in 2005), the
Shower Maximum Detector (BSMD) still typically suffers ~ 20% bad channels by the end of a run
due to failure of FEE and RDO electronics. Much of the latter are related to original construction /
component issues. Efforts are underway to further understand and reduce such BSMD failures. The
2006 data set was the first involving full readout availability for the BEMC preshower layer.
Debugging, commissioning and initial calibration for this detector subsystem is a separate ongoing
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task taken on by TAMU collaborators with significant EMC group oversight and problem solving help.
The preshower layer is particularly important for electron/hadron discrimination and for =%y
discrimination at high energies, both having impact for the spin physics program.
We are currently upgrading the data path for both the BEMC and EEMC to our L2 high level
triggering. The increased pp luminosity for run 6 along with the extensive use of L2 data processing
(and vetoing) brought up the issues of (EMC) data speed to the L2 processors as well as overall
issues of deadtime associated with detector readout and data transfer. While provision was made in
the IUCF designed and built EMC data collector for a separate and faster path to L2, this was not yet
implemented and data instead took a path with less stringent timing requirements through DAQ.
Detailed timing measurements made during run 6 and subsequently at shutdown, found that the
earliest arrival of EMC data to L2 was ~ 800 ¢s after the LO decision with a long tail whose size grew
with event rate. This is to be compared to a typical L2 processing time of 100-2 00 e€s. Whi |l e t he
a limit on the raw (hardware level) LO rate that is allowed by operation of the gated grid of the STAR
TPC, clearly a faster/direct transfer time of EMC tower data to a L2 trigger decision can boost overall
data collection efficiency when used with fAclevero
overall acceptable STAR DAQ event rate. For run 8 we have decided on a solution to tackle several
recurrent issues at once: upgrade data transfer from present G-Link to a new DDL protocol (after
ALICE at CERN), transfer directly to trigger L2 machine with subsequent delivery to DAQ and
accomplish this via a new data collector output board to alleviate spares availability issues. Gerard
Visser (IUCF EE) is responsible for the design/construction and final implementation of the new
boards that will use the SIU-DRORC plug-in data transfer components from CERNTECH (now an
adopted STAR standard for new subsystems following the ALICE-based electronics protocol). This
capability along with increased use of L2 decision software will help maximize the success of run 8
polarized pp and subsequent running by optimizing the use of STARG6s | i mited bandwi
addition to the hardware tasks significant expert level software tasks in L2 and DAQ will be required
to implement this new system.

iii) Calibration, Q/A and monitoring:

Most STAR analyses require an offi ne gain calibration of the EMCO6s.
BEMC, the offline calibration begins with a refinement of the procedure used at the beginning of the
run to adjust tower gains to match the spectral slopes for minimum-i oni zi ng particl es
Analyses of MIP spectra for all towers lead to the reconstructed absolute gains (in ADC
channel/GeV) for 2006 shown in Fig. 12. The change in average absolute gain from one d bin to
another reflects the desired matching of transverse energy (Et) scale among the 720 towers, as
needed to ensure an approximately uniform trigger rate for EEMC-based triggers. The purple
horizontal lines represent the ideal gains (Er = 60 GeV full scale). Overall the calibration looks good,
and tests in 2007 Au-Au indicate that high voltage adjustments in these data can reign in the outliers
when applied for the 2008 run.
Electrons can provide an offline calibration standard, extending over a much larger momentum
scale, by matching momentum determined from TPC tracking to energy measured in the
calorimeters. Their use in the past has been limited by insufficient statistics to calibrate each EMC
tower individually, by the absence of good tracking information over much of the EEMC acceptance,
and by limited particle type discrimination afforded by the dE/dx signals from the TPC. For 2006 a
sufficient electron data set was acquired to attempt a calibration of individual BEMC towers; forward
tracking software improvements (described below) may extend this calibration technique to cover
perhaps half of the EEMC area and are being worked on by beginning IU student Justin Stevens.
More refined offline EMC calibration efforts using reconstructed 7% s ar e ongoing but | u:
in conjunction with development of improved n°and direct y reconstruction algorithms from the run 6
data set.
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Figure12. EEMC t ower gains (in ADC channel s/ GeV) for 200
plotted as a function of pseudorapidity bin (corresponding to the 12 towers spanning 1 O ¢ with 2 ,

bi n 12 =d)eThe reddhorizontal lines are the ideal gains for maximum ADC value at E+ = 60

GeV. With some small revisions, these gains are stable and suitable for 2007 and 2008 running

(see text).

iv) Software infrastructure for spin physics:

In addition to algorithm development specific to the physics analyses, the IU group has been heavily
involved in software to improve triggering, tracking, vertex reconstruction and other software
infrastructure. While primarily benefiting the STAR spin physics program, in many cases they have a
wider application. Examples are bulleted and briefly described below:

pp Vertex Reconstruction: The challenge here is a relatively low charged particle multiplicity

for many pp collision events of interest, combined with the high likelihood at pp luminosities
(especially future) of pileup track segeknts in
beam crossing. Jan Balewski (IUCF) introduced a major overhaul capable of finding multiple

vertices per event, ranked according to a maximum likelihood algorithm that determines
weights for different tracks from their consi st
Trigger Barr el and their consistency on the ea
membrane. The software is now in widespread use for many STAR analyses.

Background Atrackingo was developed by |1 UCF post
involving the identification of fAstreaksd of adj
(e.g., particl es traversing a number of calorimeter tow
software has been used to identify background during the 2007 run and in several ongoing

analyses. (Note: streak identification techniques are not available in the EEMC, because the

background particles enter roughly perpendicular to the tower axes for the BEMC, but

roughly parallel to the tower axes for the EEMC).

e Trigger simulation: Offline physics analyses need to carefully simulate the trigger for their
data sets, not only as the trigger was intended to work, but how it was actually configured
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