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1 Executive summary

We present the beam use proposal for Run-12 and Run-13, based upon the physics prior-
ities of the PHENIX Collaboration, and laboratory guidance of 26 to 30 weeks in Run-12
and 26 weeks in Run-13. The list in this summary is priority-ordered. However, our
preferred running order is different, as described below.

26 cryo-week proposal for Run-12:

1. 500 GeV p+p for 8 weeks

2. 200 GeV Au+Au for 7 weeks

3. 200 GeV p+p for 5 weeks

4. 193 GeV U+U for 1.5 weeks

5. 27 GeV Au+Au for 1 week
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30 cryo-week proposal for Run-12:

1. 500 GeV p+p for 8 weeks

2. 200 GeV Au+Au for 7 weeks

3. 200 GeV p+p for 5 weeks

4. 193 GeV U+U for 1.5 weeks

5. 27 GeV Au+Au for 2 week

6. 62.4 GeV p+p for 1 week

7. 39 GeV p+p for 1 week

26 cryo-week proposal for Run-13:

1. 500 GeV p+p for 10 weeks

2. 200 GeV Cu+Au for 5 weeks

3. 200 GeV transverse p+p for 5 weeks

4. 193 GeV U+U for 5 weeks

Our twin highest priorities in the coming year will advance both the spin and heavy ion
programs at RHIC. We aim to measure single-spin asymmetries of W bosons in the for-
ward and backward direction in polarized 500 GeV p+p collisions, to determine light
anti-quark polarizations. The other goal is to study separated charm and bottom quark
propagation through the quark gluon plasma utilizing our new silicon vertex detectors.
The latter requires full energy Au+Au running with maximum luminosity plus compari-
son running with 200 GeV p+p collisions.

Our next priority is to study U+U collisions, which are expected to access higher energy
density in the tip-to-tip collision configuration and higher eccentricity in the side-to-side
configuration. Both are of great interest, however our ability to control the geometry
experimentally has yet to be demonstrated. Consequently, we request an exploratory
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U+U run in Run-12, followed by a longer U+U run in Run-13 once analysis of the Run-12
data shows that collisions of different orientation can be selected.

Our fourth priority is continue the Au+Au energy scan. The PHENIX goals are to search
for the onset of high pT hadron suppression and the

√
s where elliptic flow (v2) reaches

the saturated value observed at the higher RHIC energies and the LHC. Should Run-12
funding allow for 30 cryo weeks, we request p+p comparison running at 62.4 and 39 GeV.
This will allow determination of RAA instead of Rcp to help understand the intriguing
new results on J/ψ suppression at 62.4 and 39 GeV from the Run-10.

Beginning in 2013, an exciting new priority for PHENIX will be to use asymmetric heavy
ion collisions to study smaller systems with a well-controlled geometry. This will allow
us to move path-length dependence studies of energy loss and J/ψ suppression from
qualitative to quantitative.

In the following, we present highlights of recent PHENIX accomplishments to illustrate
how we have made use of past RHIC conditions. We also present the current state of
the experiment, our near term upgrade plans, and then discuss the physics that drives
our proposed run plan. These latter points were, in large part, also described at length
in the decadal plan developed and submitted by PHENIX on October 1, 2010. Because
of that, portions of the following are reproduced from that document, updated where
appropriate to reflect developments that have occurred since October.

2 Introduction

The PHENIX Collaboration proposes a scientific program of precision measurements to
pursue key goals in the study of heavy ion collisions and the spin of the proton at RHIC.
We aim to quantify the properties of the perfect QCD liquid, discover the conditions un-
der which those properties are first manifested, address the puzzle of how the half integer
spin of the nucleon is carried by its partonic constituents, and gain insight into the dy-
namical nature of and correlations among the partons in the nucleon.

The physics goals of the PHENIX Collaboration continue to evolve with increasing knowl-
edge, higher luminosities, and improved detection capabilities, but a consistent theme is
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the need for the highest possible integrated luminosities (and polarizations in the case of
p+p running) to explore fully the range of fundamental phenomena in nucleus+nucleus,
deuteron+nucleus and proton+proton collisions. The PHENIX detector was optimized
for precision measurements of rare probes of partonic matter and polarized protons with
particular focus on hard and electromagnetic probes. The experiment utilizes selective
triggers, high rate capability, and multiple fast detector systems to track and identify par-
ticles. Over the years, our triggering, data acquisition, archiving, and data analysis have
kept up with RHIC accelerator improvements. We applaud the C-AD developments of
stochastic cooling, and request annual full energy Au+Au runs to utilize this key im-
provement in RHIC capabilities for physics production.

PHENIX has undertaken an ambitious upgrade program to further enhance and augment
our capabilities. A major upgrade for triggering on high momentum muons from W de-
cays has been commissioned during Run-11. The new silicon microvertex barrel detector
(VTX) has been successfully installed, commissioned, and utilized. The VTX occupies
the space vacated by the Hadron Blind Detector (HBD), which was removed following
Run-10. In Run-12, the microvertex capabilities of PHENIX will be extended by the for-
ward vertex detector (FVTX). We look forward to using these detectors and the increased
luminosity afforded by stochastic cooling of heavy ion beams and electron lenses for pro-
ton beams. In spite of these undertakings, PHENIX continues to successfully provide
timely data analysis using the RHIC Computing Facility (RCF) and computing resources
at PHENIX collaborating institutions.

The period of 500 GeV p+p running during Run-11 presented PHENIX with significant
challenges. The polarization of the 500 GeV p+p was, as anticipated near 50% and repre-
sented a significant improvement over the polarization achieved during Run-9; the inte-
grated luminosity, however, fell rather short of expectations. The difficulty of obtaining
consistently usable stores in the machine, regardless of the intensity, presented the VTX
commissioning with its own challenges. The main effect is slowed progress toward the
goals laid out in the RHIC Spin Research plans. We present in this Beam Use Proposal a
plan for the next two years that takes this into account and also takes optimum advantage
of the exciting PHENIX upgrades and anticipated RHIC luminosity increases.

The PHENIX Beam Use Proposal is guided by the carefully structured, ongoing program
of upgrades. Our Run-12 request is optimized to take advantage of the muon trigger and
silicon central barrel vertex detector (VTX) upgrades. The muon trigger will allow us to
make significant progress on our measurement of W production and asymmetry at for-
ward rapidity, and the VTX will provide a clear separation of c and b quark probes in
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Au+Au collisions. The Muon Trigger upgrade will be completed with the construction
and installation of the RPC-1 detector stations during the 2011 shutdown. The VTX as-
sembly was finished and the detector was installed prior to the beginning of Run-11. A
new Be beam pipe with small diameter was installed prior to Run-11. Construction of the
forward vertex detector (FVTX) is well underway, and the FVTX will be completed for
installation prior to Run-12.

3 Recent scientific accomplishments

Between mid-2010 and the present, PHENIX submitted sixteen new papers for publi-
cation. Those papers, and the entire PHENIX body of publications, have continued to
accumulate citations at a steady rate, as shown in Figure 1. Collaborators have given
more than 160 PHENIX talks, both invited and contributed, since the time of the last PAC
meeting.
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Figure 1: History of citations to PHENIX publications showing a steady accumulation over
the last decade. The collaboration has more than 100 publications and more than 10,000
citations.

Among the papers recently submitted for publication are several results from the d+Au
run taken in 2008. These results, on the path length dependence of J/ψ suppression and
on dihadron correlations in d+Au with a variety of rapidity gaps between the hadrons
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both shed light on the initial state for Au+Au collisions. Both measurements utilize our
ability to classify the centrality of the d+Au collisions and point to large effects when
gluonic matter becomes very dense.

J/ψ measurements over a wide kinematic range with high statistical precision [6] con-
strain the combination of nuclear shadowing and breakup in cold nuclear matter. In fact,
calculations with the EPS09 nuclear parton distribution functions and a fixed break-up
cross section in nuclear matter have difficulty reproducing the centrality dependence and
the overall level of forward J/ψ suppression simultaneously. Comparison to a simple ge-
ometrical model of cold nuclear matter effects indicates that break-up based upon a lin-
ear or exponential density-weighted longitudinal thickness does not reproduce our data.
The dependence of forward J/ψ yield is better approximated by a quadratic dependence.
These data may be an early indication of effects of gluon saturation. However, before
drawing a firm conclusion about this, other explanations involving initial state energy
loss need further investigation.

In the second new result, back-to-back rapidity-separated hadron pair yields were mea-
sured in d+Au and p+p collisions [12]. Pairs were also detected with both hadrons at
forward rapidity. Together these dihadrons provide hard scattering probes over a wide
kinematic range. The yield of back-to-back hadron pairs in d+Au collisions with small
impact parameters is observed to be suppressed by a factor of 10 relative to p+p. The
kinematics of these pairs should probe partons at low x in the gold nucleus, where gluon
densities rise sharply. The observed suppression appears to indicate large nuclear effects
in the gluon structure of nucleons at small x. Again, there are caveats to the interpre-
tation of dihadrons at relatively modest pT values of 0.5–1.5 GeV/c, which may contain
contributions from soft processes. However, this measurement also provides hints of in-
teresting physics in regions of high gluon density.

3.1 Insights regarding particle flow in Au+Au

In Run-10, PHENIX continued the accumulation of substantial data sets on
√

sNN =
200 GeV Au+Au collisions. These data sets allow study of a number of probes of the
quark gluon plasma. While much of our physics focus is on hard probes, and analysis
of the 2010 data is underway, a number of precision measurements of particle flow were
completed over the past year.
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A key new insight is the importance of fluctuation-driven odd harmonics of the flow field.
These can be quantified by the third Fourier coefficient, v3. PHENIX has recently mea-
sured flow coefficients v2, v3, and v4 relative to event planes determined at large rapidity
using our reaction plane detector, the muon piston calorimeter, and the beam-beam coun-
ters, located at rapidities of 1–2.8, 3.1–3.9, and 3.1–3.7, respectively [11]. We found that the
event planes for v2 and v3 are uncorrelated, as expected for a triangular v3 shape driven
by event-by-event fluctuations in the participant nucleon density. The magnitudes of the
Fourier coefficients were studied as a function of transverse momentum and collision cen-
trality, and compared to hydrodynamic calculations from several authors, all employing
initial state fluctuations.
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FIG. 3. (color online) Comparison of vn{Ψn} vs. Npart mea-
surements and theoretical predictions (see text): “KLN +
4πη/s = 2” and “Glauber + 4πη/s = 1 (1)” [23]; “Glauber +
4πη/s = 1 (2)” [24]; “UrQMD” [26, 27]; “AMPT” [28]. The
dark dashed lines around the data points indicate the size of
the systematic uncertainty.

calculated results from viscous hydrodynamics with KLN258

initial conditions and 4π η
s = 2 lie significantly below the259

data. This is more apparent in the higher pT bin, even in260

the most central collisions. Therefore, our comparisons261

suggest that the combination of KLN initial conditions in262

concert with 4π η
s = 2 is strongly disfavored by our new263

v3{Ψ3} measurements. By contrast, the results from the264

hydrodynamical calculations which employ Glauber ini-265

tial condition fluctuations and 4πη/s = 1 show relatively266

good agreement with the v2,3{Ψ2,3} data. The exact sta-267

tistical significance of these constraints should be deter-268

mined through a global fit procedure, after quantitative269

accounting of the breakdown of hydrodynamics in periph-270

eral collisions, as well the systematics associated with the271

averaging of eccentricity fluctuations within these mod-272

els are fully understood. Nonetheless, from our data it is273

clear that the higher order moments vn{Ψn} for n ≥ 3274

provides an important avenue for constraining different275

physical properties of the QGP.276

In summary, we have presented participant event plane277

Φn correlations and differential measurements of vn{Ψn}278

for n = 2, 3, 4 for charged hadrons using the general-279

ized event plane method. The higher order harmonic280

moments v3{Ψ3} and v4{Ψ4}, as well as strong corre-281

lations between the higher order event planes across a282

large rapidity gap of ∆η′ >∼ 7, provide strong evidence283

that the initial state has transverse geometry fluctuations284

of the generalized eccentricities which are then propa-285

gated in the hydrodynamic evolution of the plasma af-286

terwards. This evidence, includes a) a lack of correlation287

between the measured event planes of order n = 2 and288

3 as predicted by Glauber modeling, assuming correla-289

tions of the event planes with the generalized eccentric-290

ity, b) proper description of the non-linear shapes of the291

pT dependence in the low pT region by hydrodynamic292

calculations, and c) agreement with several different ini-293

tial state + hydrodynamic models across centralities for294

order vn{Ψn}, among other evidence. The combined re-295

sults for v2,3{Ψ2,3}, in concert with initial hydrodynamic296

model calculations now suggest that the large (100%)297

uncertainty previously associated with the extraction of298

4πη/s is significantly reduced to give the value 4π η
s ∼ 1299

which is close to the conjectured lower bound for the spe-300

cific viscosity [29].301
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Figure 2: Comparison of v2 and v3 vs. Npart measurements in two ranges of pT with the-
oretical predictions. The dark dashed lines around the data points indicate the size of the
systematic uncertainty, and the symbols indicate the different predictions.

Figure 2 illustrates the new constraining power of the higher harmonics. It has been
known for some time that the unknown initial state for hydrodynamics calculations drives
a large uncertainty in the viscosity to entropy ratio (100%!), with v2 unable to distinguish
between color-glass-condensate and Glauber initial states. Indeed, one sees in the top
two panels that v2 is described equally well with hydrodynamics utilizing a color-glass-
condensate initial state and viscosity to entropy ratio of η/s = 2 (red upward triangles
labeled KLN) and a Glauber initial state with η/s = 1 (green downward triangles labeled
Glauber). The bottom panels show that v3 breaks the degeneracy, favoring the Glauber
initial conditions with η/s = 1. This new constraint will allow us to significantly improve
the precision of the extracted viscosity to entropy density ratio, which is one of the major
goals of the RHIC program. The final answer, with error bar, requires joint work with
theorists to constrain the parameters with data. It should be noted that the failure of the
calculation utilizing the KLN formulation of color glass condensate initial state may be
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due, at least in part, to details of how the initial state is implemented. This must also be
investigated in order to set a well-understood error bar for η/s.

A second, very exciting new result, is first observation of direct photon flow. This is a
measurement that only PHENIX can do; LHC experiments will have difficulty measur-
ing direct photons in the range 1 < pT < 3 GeV/c. We have measured the v2 of direct
photons at midrapidity and 1 < pT < 15 GeV/c in Au+Au collisions at

√
sNN = 200 GeV.

This was achieved by careful measurement of v2 of inclusive photons and of π0s in the
PHENIX electromagnetic calorimeter. Flow of the decay photons is determined from the
flow measurement of the neutral pions. Elliptic flow of the direct photons is then calcu-
lated as

vγ,dir
2 =

Rγ(pT)v
γ,inc
2 − vγ,bckg

2
Rγ(pT)− 1

,

where Rγ(pT) = Ninc(pT)/Nbckg(pT) is the ratio of inclusive to hadron decay photons
or “direct photon excess ratio”. Ninc = Nmeas − Nhadr, i.e. the number of measured pho-
tons after subtraction of hadrons which survive the photon identification cuts. Values of
Rγ(pT) above 5 GeV/c are taken from the real photon measurement with the PHENIX
EMCal [14], and below that from the more accurate but pT-range limited internal conver-
sion measurement of direct photons [7].

Figure 3 shows that for pT > 4 GeV/c, the anisotropy of direct photons is consistent with
zero, as expected for photons produced in initial hard scattering. However, for pT <
4 GeV/c, a region dominated by thermal photons, we find a substantial direct photon v2.
Surprisingly, it is comparable to that of hadrons. Hydrodynamic model calculations for
thermal photons in this kinematic region significantly underpredict the observed v2, and
the source of the flow is currently unknown. Flow of photons produced in the hadronic
phase is already included in the hydrodynamic models, though pre-equilibrium flow,
which is required to reproduce observed two particle Hanbury-Brown Twiss correlations,
is not.
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FIG. 2: Centrality dependence of the π0 and inclusive photon
v2 (a) 0-20%, (b) 20-40%. (c) direct photon v2 for 0-20%,
(d) same for 20-40% centrality. The direct photon fraction is
taken from [9] up to 4GeV/c and from [10] above that.

direct photon v2 are consistently higher for 20-40% cen-233

trality presumably due to increased bias from non-flow234

(jet) correlations in the RxNP.235

At low pT we observe a pronounced positive v2 sig-236

nal for direct photons, increasing with decreasing cen-237

trality and comparable to the π0 flow, but then rapidly238

going toward zero at 5-6GeV/c. Qualitatively this shape239

agrees with the prediction for very early thermalization240

times, 0.2-0.4 fm/c in [16], 0.2 fm/c and vanishing viscos-241

ity in [5], but both models severely underestimate the242

magnitude of the v2. Also, such large direct photon v2 in243

principle could be attributed to a dominant production244

mechanism at the later stage when bulk flow is already245

developed.246
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FIG. 3: Integrated v2 (pT >6GeV/c) versus Npart for π0 (a),
inclusive photons (b) and direct photons (c). Results with
both reaction plane detectors are shown. Each point repre-
sents a 10% wide centrality bin from 0 to 60%.

Integrated v2 (pT > 6GeV/c) for π0, inclusive and di-247

rect photon as a function of centrality are shown in Fig. 3.248

The low Npart behavior is strongly influenced by the lo-249

cation in pseudorapidity of the reaction plane detector.250

The π0 v2 is comparable to other hadrons and is higher251

than the inclusive photon v2, which is diluted by direct252

photons. The two direct photon v2 measurements (panel253

(c)) are consistent within systematic uncertainties and254

both are consistent with zero at all centralities. While255

a null result would be expected if initial hard scattering256

is the dominant (sole considered) source of photons, the257

typical contribution from jet-conversion only would be258

v2 ∼ −0.02 and from fragmentation v2 ≤ 0.01 weighted259

with the fraction of photons coming from these specific260

processes [2, 5]. Currently the experiment is not sensitive261

to their negative/positive contributions to v2.262

In conclusion, PHENIX has measured the elliptic flow263

v2 of π0, inclusive and direct photons in the 1<pT264

<15GeV/c range for minimum bias and selected central-265

ities in
√

s
NN

= 200GeV Au+Au collisions. At higher266

pT (>6 GeV/c) the direct photon v2 is consistent with267

zero at all centralities, however, the experimental un-268

certainties are currently about a factor of 2 higher than269

the predicted positive and negative contributions from270

fragmentation and jet conversion photons, respectively.271

In the thermal region (pT < 4GeV/c), a positive direct272

photon v2 is observed which is comparable in magnitude273

to the hadron v2 and consistent with early thermalization274

times and low viscosity but its magnitude is much larger275

than current theories predict.276
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3.2 Beam energy scan results

During Run-10, RHIC provided collisions of Au+Au at energies below the top energy
of
√

sNN = 200 GeV to enable a search for a critical point in the QCD phase diagram.
PHENIX took significant data sets at

√
sNN = 62.4, 39 and 7.7 GeV and has several new

results based on that data. We have looked at the behavior of various Fourier coefficients
describing the azimuthal momentum distribution as a function of collision energy. A
compilation of our recent results for this observable can be seen in central events in Fig-
ure 4. The overall strength of the anisotropy falls as one looks at higher order coefficients,
even while each of the coefficients rises with transverse momentum, but there seems to
be very little energy dependence from 39 up to 200 GeV.

If one takes particular pT selections of the v2 shown in the leftmost panel of Figure 4 one
can compare our new results with those of other experiments over a very wide range of
collision energies. Figure 5 shows PHENIX results alongside results from significantly
lower and significantly higher energy. From 39 GeV up to the LHC collision energy of
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Figure 4: Comparison of higher order flow coefficients in Au+Au collisions at
√

sNN = 200,
62.4 and 39 GeV.

2.76 TeV, one sees very little change in the strength of the elliptic flow reported in this
way.

One expectation of the beam energy scan is that it will enable the RHIC experiments to
identify the point in collision energy at which key observables supporting a partonic view
of RHIC matter change their values. In particular, PHENIX has expressed an interest in
seeing the collision energy at which participant quark scaling ceases to work well in de-
scribing the elliptic flow results. Figure 6 shows, for collisions at

√
sNN = 39 GeV, the

Fourier coefficient v2 versus pT on the left and v2/nq versus transverse kinetic energy,
KET/nq, on the right. Even at this rather low collision energy the constituent quark scal-
ing appears to work quite well, The energy at which this scaling breaks down is clearly
lower than this value of

√
s and the collaboration is looking forward to continuing this

analysis with collisions at even lower energy.

PHENIX has also looked at the behavior of rather hard probes at a function of the RHIC
collision energy. Figure 7 shows one measure of the nuclear modification factor, RCP,
for J/ψ → µ+µ− in Au+Au collisions at

√
sNN = 200, 62.4 and 39 GeV. Comparing the

results at lower energies, one sees that they are consistent with the results from full energy
RHIC collisions. The production of quarkonia is one of the most durable puzzles of high
energy collision and these results add to the growing encyclopedia of data that will help
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Figure 5: The second-order flow coefficient, v2, in A+A collisions as a function of
√

sNN ,
showing little change as

√
sNN rises from 39 GeV to 2.76 TeV.

resolve this mystery. It should be noted, however, that a more quantitative study of the
√

s
dependence of J/ψ suppression will require p+p reference data so that we may determine
RAA instead of relying upon the central to peripheral collision yield ratio. Ultimately,
d+Au running at lower energy will also be required, in order to disentangle cold nuclear
matter effects from suppression in quark gluon plasma. We anticipate requesting this in
Run-14.
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Figure 6: (left) Second-order flow coefficient for identified particles as a function of pT.
(right) v2 divided by number of constituent quarks, nq, as a function of the transverse kinetic
energy KET, also divided by nq.

Figure 7: RCP for J/ψ as measured in Au+Au collisions at
√

sNN = 200, 62.4 and 39 GeV
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3.3 Gluon polarization

The decomposition of the proton spin has been a long standing puzzle ever since first
indications that the quarks only contribute to about 30% of the total proton spin. A sizable
contribution from the gluons is a necessary ingredient making up the proton spin. Since
an experimental determination of the partonic orbital angular momentum has so far not
been established, the gluon polarization is an essential ingredient in our understanding of
the proton structure. PHENIX has used double longitudinally polarized high energy p+p
collisions to access the gluon helicity contribution ∆G in recent years. It has previously
been shown that the (polarized) partonic cross sections at leading order are dominant for
gluon-gluon fusion and quark-gluon scattering [20, 21].

PHENIX has measured double helicity asymmetries ALL for different probes at center-
of-mass energies

√
s = 62.4 GeV and 200 GeV [3, 4, 10, 8]. Figure 8 shows our results

for three runs at
√

s = 200 GeV. These asymmetries in combination with jet results from
STAR, inclusive, and semi-inclusive deep inelastic scattering (SIDIS) comprise the input
for a NLO-pQCD analysis in order to extract the underlying polarized quark and gluon
distributions [23]. Figure 9 summarizes the results of this analysis at Q2 = 10 GeV2.
We see that the gluon polarization seems to be small overall, but the uncertainties are still
very large at low x (outside the accessible x-range at RHIC 0.05 < x < 0.2). We would like
to point out here that the vertical scale of the gluon polarization plot is larger than those
for the sea quark polarizations. The determination of ∆g at partonic momenta below 0.01
can therefore have significant implications for the total gluon contribution to the proton
spin. The low-x region will become more important in pion production at 500 GeV and
can be tagged by certain combinations of meson correlations in the central and forward
regions of the PHENIX detector. These measurements, combined with the existing ones
at lower energy will allow meeting DOE-milestone HP12.
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Figure 8: Double helicity asymmetry ALL for neutral pions from runs 5, 6, and 9 as a
function of transverse momentum pT.

Figure 9: Polarized sea-quark and gluon distribution functions with uncertainty bands
from a current NLO-pQCD fit to the world data of inclusive and semi-inclusive DIS and
RHIC data by DSSV [23].
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3.4 Sea quark polarization

As shown above, both the gluon and the sea quark polarizations are poorly constrained
in the intermediate to low partonic momentum range (x < 0.1). Due to parity violating
nature of the production of W-bosons, one can directly link the polarization of the initial
state to the polarization of the involved quarks and antiquarks in the process. Together
with different acceptances in forward or mid-rapidities, we will be able to probe the sea-
quark polarization over a wide range of x without further involvement of fragmentation
functions as required in SIDIS measurements [21].

In 2009, the first observations of single longitudinal polarized W-bosons from polarized
p+p collisions at

√
s = 500 GeV have been reported by both the PHENIX and the STAR

collaborations[1, 15]. PHENIX used an integrated luminosity of 8.6 pb−1 with a proton
beam polarization of 35% for beams. The analysis of the data was based on electrons
from W decay in the central arm detectors. Since a full reconstruction of these events (in-
cluding the decay neutrinos) is not possible, the analysis was aiming for the Jacobian peak
of electrons with transverse momenta larger than 30 GeV/c. Electron and positron candi-
dates were carefully compared to background estimations from Monte Carlo generators
(including smearing in the EMCal) and in data driven methods. The main contributions
to the QCD background are charged hadron clusters and hadron decay photons which
undergo conversion to electrons before the tracking system. Some are from a track mis-
association in the same jet event. An isolation cut suppresses the background by about
a factor of four. Figure 10 shows the cross section results of the world data in compari-
son with theory calculations. Figure 11 shows the results for the longitudinal single spin
asymmetries for W- and Z-bosons as calculated from:

AL =
1

Pbeam
· N→ − R · N←

N→ + R · N← (1)

where N→ and N← denote signal counts with positive and negative helicity of the polar-
ized beam. A normalization for the relative luminosity R is applied to the counts before
calculating the asymmetry. The error bars are from a maximum likelihood estimation for
a 68% confidence level. The dominant systematic uncertainty is from conversion electrons
in the detector material.
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3.5 Transverse single spin asymmetries

Large transverse single spin asymmetries have been a theoretical challenge in the past
three decades. Predicted to vanish at high energies these asymmetries have persisted with
significant amplitudes. Several mechanisms have been proposed to explain the measured
asymmetries, including initial state correlations between the quark spin and the proton
spin (Sivers effect [32]) as well as spin dependent fragmentation functions (Collins ef-
fect [22]) which can appear in combination with a non-vanishing transverse polarization
of the quark (transversity). The transverse polarization of quarks is unknown too, since
boosts and rotations do not commute in Lorentz transformations (in the highly relativis-
tic parton motion). Phenomenological fits to SIDIS data to extract the Sivers function as
well as the Collins fragmentation function from SIDIS and e+e− data have been made. In
order to disentangle contributions from different effects, we will need a variety of mea-
surements in different kinematic ranges and from different collisions systems as an input
for a truly global analysis.

Figure 12: Transverse single spin asymmetries for pions and etas at mid-rapidity from the
run 8 data set.

PHENIX has contributed transverse single spin asymmetries from its very first polarized
data set for neutral pions and charged hadrons with the central arm detectors. Despite the
statistical accuracy, these asymmetries have been used for a determination of the upper
limit of the gluon Sivers function. In 2008, the π0 single spin asymmetry, AN, was deter-
mined from a data set with highly increased integrated luminosity and much improved
beam polarization as compared to the previous measurement. Figure 12 includes the AN
of both π0 and, for the first time, the AN of η, as functions of the transverse momen-
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tum pT. The uncertainties are as small as 1/10% and all asymmetries are consistent with
zero at mid-rapidities at

√
s = 200 GeV. Large transverse single spin asymmetries have

been observed in forward directions over a wide range of energies in the past decades
(
√

s = 4.9 GeV, 6.6 GeV, 19.6 GeV, 62.4 GeV).

PHENIX used a newly commissioned electromagnetic calorimeter (Muon Piston Calorime-
ter, MPC) at pseudo-rapidities 3.1 < η < 3.9 during the 2008 RHIC run for the mea-
surement of inclusive cluster asymmetries. The geometry and position of the MPC is
such, that clusters from neutral pion decay photons start to merge at pion energies below
20 GeV. Detailed event generator studies (PYTHIA) combined with a full detector simu-
lation show that the clusters in the MPC are dominated by π0 decays. Contributions from
other mesons and direct photons are generally less than 10% in this kinematic range.

Figure 13 shows the results of the inclusive cluster asymmetries as a function of pT for
both forward (xF >0) and backward (xF <0) going particles (the direction of the polar-
ized beam defines the forward direction in this case). Backward asymmetries are consis-
tent with 0 as expected. Forward asymmetries rise with pT. This behavior is especially
interesting, because in the transition region of of the phenomenological description of
TMD parton distribution functions (qT � Q2) to a collinear twist-3 picture (qT ≈ Q2),
the asymmetry is expected to fall off again [27]. We may see a hint of this behavior, but
the asymmetries at large transverse momenta clearly need a more solid basis in terms of
statistics.

Figure 13: Cluster transverse single spin asymmetries in the MPC for forward and back-
ward going particles.
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4 Upgrades accomplishments

4.1 HBD analysis

The 2010 run was the second and last of two runs featuring the PHENIX HBD detector.
The HBD is a unique cutting-edge technology and was found to work exactly in accord
with its design specifications. The HBD is a windowless Čerenkov Detector that takes
advantage of the exceptional transparency of CF4 gas (down to λ = 108 nm) and the
1/λ2 yield of Čerenkov light to produce an exceptional yield of Čerenkov light per unit
distance. The yield of Čerenkov light accounting for all factors (gas transparency, mesh
transmission, active area, etc) was anticipated and measured to be 22 photo-electrons.

It is only by virtue of this large photoelectron yield that small angle pairs resulting from
Dalitz decay and photon conversions can be identified and rejected from further analysis.
Indeed, the N0 = 330 is the highest ever recorded for a Čerenkov detector. Furthermore,
the quantum efficiency (measured in situ) was maintained throughout the two years of
operation of the HBD in PHENIX. During the 2010 run, the HBD started with 95% active
area and ended with an active area of 95%. Overall the detector performance was superb.

Figure 14: Čerenkov light yield in the HBD.

CF4 gas produces scintillation light. Although the was used for the positive benefits of
continual gain measurement and occasional quantum efficiency measurement, the draw-
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back is the large scintillation light yield during central collisions. As anticipated, this scin-
tillation light has proved to be among the most challenging aspects of dielectron analysis
with the HBD. A background to electrons tagged by the HBD is created from random
coincidences of scintillation photons with downstream conversion electrons detected in
the PHENIX central arms. Two independent algorithms for dealing with scintillation
background were developed and both were successful. Figure 14. indicates the rejection
against fake electron signals (plotted here as 1/R) as a function of the electron efficiency
for one of the algorithms. As indicated, the rejection of scintillation background remains
high with reasonable electron efficiency.

A summary of the performance of the HBD in the face of this background is given in the
table below. As indicated, in central collisions a singles efficiency of 83% is retained with a
background rejection of 3.5. In terms of pairs, this results in an overall S/B improvement
of 8.4, close to the design goals for HBD performance. Results on the background sub-
tracted dielectron spectrum are not yet complete, but are anticipated in the near future.

Origin of 
electrons

Electrons/
event

Central Arms

Electrons/
event

Central 
Arms + HBD

Efficiency Rejection

Signal 0.17 0.14 0.83

Downstrea
m convers.

0.85 0.09 9.7

Misidentifie
d hadrons

0.33 0.07 4.7

Other 
electrons

0.22 0.15 1.5

Figure 15: Summary of various aspects of the HBD performance.
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VTX installation and commissioning

The installation and commissioning of the VTX in Run-11 marks the successful comple-
tion of the first phase of a major upgrade to the capabilities of PHENIX. The VTX consists
of two layers of pixels surrounded by two layers of stripixels. The nominal radii of the
four layers from the beam line are 2.5 cm, 5 cm, 11 cm, and 16 cm, respectively. The de-
tector covers |η| < 1 in pseudo-rapidity and ∆φ of 80% of 2π in azimuth. The detector
can measure vertex position of a track with a precision of 50 µm to 100 µm. The high
precision will enable us to separate decay electrons from B and D mesons. The detector
also provides large solid angle stand-alone tracking with modest momentum resolution
(δp/p ' 5% ⊕ 10%p).

The VTX was completed in the middle of November 2010, and its installation into PHENIX
IR was completed December 1, 2010, in time for the start of Run-11. It was commissioned
during the 500 GeV p+p run, collecting some 5× 106 events. The VTX performed very
well, with extremely low noise hit rate in the pixel detectors and good S/N (' 11) for
the stripixel detectors. At the time of installation, approximately 97% of the channels are
operating. Figure 16 shows a picture of the VTX installed in PHENIX.

The main purpose of the VTX is to identify the displaced vertices of D and B meson
decays, allowing the separate identification of open charm and open beauty. Surveys per-
formed during construction located the individual VTX silicon detectors to a resolution
of approximately 35 µm, implying that the Day-1 performance goal of distance-of-closest
approach (DCA) resolution of 100 µm should be readily achievable. This resolution is suf-
ficient for RUN11 physics goal of b/c separation. After detector alignment using the beam
data, the detector should achieve DCA resolution of 50 µm for high pT (pT > 2 GeV/c)
tracks. This is supported by a measurement of the transverse size of the beam, as shown
in the left panel of Figure 17. Here we show the distribution of the y-projection of tracks
on x=0 plane. These tracks are high momentum tracks in 500 GeV p+p reconstructed in
a small part of the VTX. The width of the distribution is 95 µm. Based on the emittance
and β∗ of the beam, the beam spot size is expected to be 85 µm (1D) for 500 GeV p+p.
These two values for the beam spot size are entirely consistent. This implies that a DCA
resolution much better than 100 µm is achievable after over-all detector alignment using
beam data.

The right two panels of Figure 17 illustrate the functioning of the VTX in both p+p and
Au+Au collisions. The VTX is currently taking data in Au+Au collisions. The concur-
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Figure 16: A picture of the VTX installed in PHENIX. The complex installation involved
routing the far-side half of the VTX under the beam pipe and then tipping it up vertically
into position.

Figure 17: Illustrations of the VTX performance during Run-11. (left) A reconstruction of
the p+p beam spot size. The 95 µm reconstructed size agrees well with the expected beam
spot size of 85 µm. (middle) Hits in the VTX for a p+p event. (right) Reconstructed tracks
in the VTX in a Au+Au event.

rent improvements in the DAQ and successful implementation of zero suppression in the
read-out of the VTX have allowed PHENIX to retain its very high DAQ rate of better than
5 kHz in Au+Au. We expect that we will record several billion events of 200 GeV Au+Au
data by the end of RUN11.
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4.2 Muon trigger upgrade for W physics

The PHENIX muon trigger upgrade for W physics has two principal components: addi-
tional trigger cards for the front-end electronics of the muon tracking chambers, MuTr,
(JSPS funded) and resistive plate chamber detector stations, RPC-1 and RPC-3, with their
front-end electronics (NSF funded). The MuTr trigger front end boards send data via
optical fibers to new transition boards (merge boards, JSPS funded) where signals are
reformatted for each of the muon spectrometer octants. The octant based signals are bun-
dled with RPC signals and are sent to FPGA trigger processor boards (local level-1 (LL1),
NSF funded).

Trigger decisions in the LL1 are based on matching high momentum MuTr tracks with hits
in the RPCs. The timing information from the RPCs is used to reject beam backgrounds in
the trigger decision. The muon trigger upgrade team consists of 90 PHENIX collaborators
from 18 institutions in China, Korea, Japan and the USA.

In the offline W analysis the trigger timing from the RPCs will be used to remove cosmic
ray backgrounds and to connect muon tracks with the correct bunch crossing and, there-
fore, with the correct beam polarization information for the event. In addition to the muon
trigger upgrade, W physics in the muon spectrometer arms requires two additional stain-
less steel absorbers for the suppression of low momentum hadrons that otherwise decay
and are incorrectly reconstructed (in combination with their decay muons) as high pT
tracks. Two new hadron absorbers were funded with contributions from RIKEN, BNL,
NSF and UIUC and were manufactured by ATLAS Tool & Die in Illinois. Figure 18(a)
shows the installation of absorber plates on the back-side of the central magnet yoke up-
stream of the north muon spectrometer in September 2010.

The trigger cards for the MuTr front-end, RPC-3 north and the merge boards were in-
stalled before Run-10. RPC-3 south and the LL1 trigger processors were added in Oc-
tober and November, 2010, completing the first integration stage of the muon trigger.
Figure 18(b) shows a snapshot of the RPC-3 south installation in the RHIC beam tunnel in
November, 2010. Figure 18(c) shows the merge boards with all optical fibers to the MuTr
and the LL1 connected and Figure 18(d) displays the LL1 trigger processor crate.

The second integration stage of the trigger will include the two upstream RPC-1 stations
which will increase the trigger rejection to the level needed for the highest luminosities
in future p+p running at RHIC. An RPC-1 prototype was installed for Run-11 for rate
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a) Hadron Absorber

b) RPC-3 South d) LL1 Processors

e) RPC-1 Prototype  

c) muTr- Merge

Figure 18: a) Installation of the north hadron absorber. b) Installation of RPC-3 south. c) The
MuTr merge boards. d) The LL1 trigger processors. e) The latest RPC-1 octant prototype.

and background tests. Figure 18(e) shows the latest RPC-1 octant prototype. The RPC-
1 detector assembly is scheduled to be carried out from June to August, 2011, and the
installation of RPC-1 is scheduled for August and September, 2011.

PHENIX carried out a 10 week long run with polarized protons at
√

s = 500 GeV for
W physics from January to April 2011. The average beam polarization was 〈P〉 = 0.45
(from online analysis) and the recorded integrated luminosity was 30.6 pb−1 before cuts
on the vertex distributions. The muon trigger systems were commissioned successfully
and about 25 pb−1 of the data sample were recorded with all the MuTr triggers sys-
tems operational and the RPCs read out in the offline data stream. The muon trigger
used during the run was the new MuTr trigger in coincidence with the usual beam-
interaction trigger (without vertex cut) and the usual muon identifier trigger: MuTr ∩
BBC(no vertex) ∩MuID. The rejection of the muon trigger was 5000 for a collision rate
of BBC(no vertex) = 0.5 MHz decreasing linearly to 1200 at BBC(no vertex) = 3.0 MHz.
The muon trigger was not pre-scaled and has sampled the full 25 pb−1. RPC timing infor-
mation is available for the offline data analysis. A hit frequency distribution vs position
is shown for RPC-3 north in Figure 19-a and the results of RPC efficiency from a high
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Figure 19: a) RPC-3 north hit distribution vs position in [cm]. b) RPC-3 relative efficiencies -
not corrected for hadrons reconstructed in the MuTr but not passing through the MuID steel
to RPC-3 (leading to lower efficiencies). c) LL1-south efficiencies with respect to MuTr hits
and trigger emulator prediction vs momentum. d) Offline analysis: Single muon spectra
vs pT for different track selections compared to the spectrum expected for muons from W-
decay (red line).

voltage scan are shown in Figure 19-b.

Parallel to the data taking the RPC*MuTr trigger (without the BBC and the MuID coin-
cidence) was commissioned and operated successfully during the last week of the p+p
run. With RPC timing cuts turned on the RPC*MuTr trigger reached a rejection power
of 1100 at a collision rate of BBC(no vertex) = 2.7 MHz. Additional improvements in
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rejection power will result from the introduction of RPC-1, shielding of RPC-3 from out-
going beam backgrounds, optimized timing cuts in the RPCs, completing proper anode
grounding work of MuTr chambers and narrow roads in matching outgoing MuTr tracks
with RPC hits in the LL1 trigger algorithm. We expect an improvement of a factor 5 to 10.

A fast turn-around data production was carried out to monitor the performance of the
trigger systems based on detailed offline analysis: detector and trigger efficiencies were
found to be consistent with expectations. For example, Figure 19-c compares the MuTr
LL1 trigger efficiency with the efficiency predicted by a trigger emulator running on data
written to disk. The trigger is fully efficient for muon momenta above 14 GeV/c. The full
25 pb−1 have been processed in fast data production and first offline analysis has started.
For example, initial results on single high pT muon spectra are shown for different sets
of cuts in Figure 19-d. For pT > 20 GeV/c and with tight background rejection cuts the
observed spectrum comes close to the expected signal spectrum of muons from W decay
(red line in Figure 19-d). At this very early stage in analysis the signal to background
ratio is found to be S/B ≈ 1/2. Improved alignment and tracking in the MuTr and the
optimization of cuts rejecting high pT backgrounds will improve the S/B ratio, aiming to
reach S/B ≈ 3/1.

4.3 DAQ Upgrades

Integration of the silicon vertex detectors into the data acquisition system required a sig-
nificant upgrade of data acquisition electronics. In order to record events at rates of 6
kHz with the addition of a potentially large quantity of data from the vertex detectors
(about 1.7 Mbyte/event before zero suppression from the barrel, added to approximately
0.15 Mbyte/event of zero suppressed data from the rest of the detector), new Data Col-
lection Modules (DCM II’s) were designed to receive data transmitted at 1.6 Gbit/s from
the Front End Modules using the TI TLK2501 serializer/deserializer on approximately
100 optical fibers. Data from groups of DCM II’s were buffered and aggregated for trans-
mission over fiber to six sub-event buffer computers (SEB’s) with a new four lane PCIe
interface, for transmission over a 10 Gbps Ethernet network which was upgraded for this
purpose. Much of the acquisition was carried out in firmware in FPGA’s on the DCM
II and interface boards, but a very significant software effort was necessary to integrate
the new hardware into the Event Builder and data archiving systems by data acquisition
groups at Columbia University, the University of Colorado, and the Physics Department
at Brookhaven National Laboratory, in configuration of the detector electronics, moni-
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toring and equipment protection, and additional data logging speed necessitated by the
larger data volume.

5 Beam use proposal for Run-12 and Run-13

The Associate Laboratory Director for Nuclear and High Energy Physics has directed the
experiments to plan assuming 26–30 weeks in Run-12 and 26 weeks in Run-13, clearly
stating our priorities to give guidance should the run be shorter. Detailed guidance pro-
vided by the Collider-Accelerator Department (C-AD) describes the projected year-by-
year luminosities for various species, along with the expected time development of lumi-
nosity in a given running period [36]. We have used the species dependent luminosity
guidance, the stated cool-down time, and the stated start-up and ramp-up time for each
species to convert the required delivered integrated luminosities into a plan for the ap-
proximate number of weeks at each species. We also take into account an additional week
of set-up to develop polarization in 500 GeV p+p collisions.

Based on the C-AD guidance, not updated since the time of last year’s PAC meeting, we
assume the following for luminosities and polarization (please see below for explanation
of the difference between delivered and recorded or sampled luminosity):

• Based on our experience to date with p+p collisions at
√

s = 500 GeV, we assume
that our goal of 100 pb−1 delivered can be reached in 8 weeks. The integral is attain-
able with 10 successful stores per week.

• Our plan for 500 GeV p+p running is based on the projected polarization of 50% for
run 12 and 60% for run 13. Should this not be attained after 4-5 weeks of physics
running, we anticipate that the goals and run length may be re-optimized.

• After the ramp-up period, average Au+Au delivered luminosity per week at
√

sNN =
200 GeV is 990/µb in Run-12.

In order to determine the fraction of delivered luminosity that can be recorded by PHENIX,
we utilize the following factors:

27



• The PHENIX live-time is taken as 97%, which is the same as that in recent Runs. We
anticipate maintaining this factor also in p+p.

• The PHENIX up time is taken to be 65%, commensurate with recent data taking
with full energy Au+Au.

• Our planning assumed 20% of the p+p collisions inside ±10 cm and 55% inside
±30 cm. 25% of Au+Au collisions at

√
sNN = 200 GeV are assumed to be inside

±10 cm.

For most of the polarized p+p and full energy Au+Au running, the projected collision
rates are sufficient to reach the PHENIX bandwidth limit. Consequently, we will trigger
primarily on rare processes in p+p (e.g. high momentum leptons and photons) and im-
plement several vertex cuts at the trigger level for Au+Au data taking. In Au+Au at
200 GeV, we will employ, in addition to minimum bias triggers, a mix of high pT photon
and electron triggers. We also anticipate utilizing muon triggers once we see that suffi-
cient rejection power is achieved with the new shielding installed for the W program.

The physics performance studies for Run-12 have been done under the following as-
sumptions: 300 pb−1 delivered integrated luminosity in 8 weeks of physics data taking
for 500 GeV p+p. This yields 100 pb−1 sampled inside a vertex of ±30 cm for the W mea-
surements in the muon arms via

(PHENIXlive = 0.97)× (PHENIXup = 0.65)× (vertex = 0.55) = 0.35% (2)

It may be found that events outside a 30 cm vertex cut can be successfully utilized. How-
ever until that is demonstrated with data, we plan the running time assuming a 30 cm
vertex cut. In full energy Au+Au we assume data taking at an average data acquisi-
tion rate of 2.5 kHz, to account for the commissioning of the FVTX, though we anticipate
that the maximum possible data taking rate will be nearer to 5 kHz. The higher rate is
consistent with early experience coming from Run-11. Using the information in [36], the
PHENIX projected luminosities are calculated incorporating a realistic ramp-up time, as
detailed in [36], and the mean value of the maximum and minimum luminosity projec-
tions for each year’s running period.

The PHENIX Beam Use Proposal is summarized in Table 1. The proposed program fol-
lows the strategy laid out in the PHENIX Beam Use Proposal presented last year. It is con-
sistent with the PHENIX decadal plan submitted on October 1, 2010 [19], with changes
that primarily reflect the realities of the currently ongoing Run-11. We note that the pro-
posed order of the species, as shown in the table, is not identical to the priority assigned
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Table 1: Baseline PHENIX run plan for Run-12 and Run-13. Longitudinal polarization is
indicated by (L), transverse by (T).

run species
√

sNN weeks
∫

L dt pol. comments

|z| < 30 cm |z| < 10 cm

12

p+p 200 5 13.1 pb−1 4.7 pb−1 60% (T) HI comparison, ⊥ spin

p+p 500 8 100 pb−1 35 pb−1 50% (L) W program + ∆G

Au+Au 200 7 0.8 nb−1 heavy flavor (F/VTX)

U+U 193 1.5 0.03 nb−1 explore geometry

Au+Au 27 1 5.2 µb−1 energy scan

13

p+p 500 10 200 pb−1 74 pb−1 60% (L) W program

p+p 200 5 20 pb−1 4.7 pb−1 60% (T) HI comparison

Cu+Au 200 5 2.4 nb−1 control geometry

U+U 193 5 0.57 nb−1 explore geometry

by the collaboration to the physics. For practical reasons, we request that 200 GeV p+p
precedes the higher priority 500 GeV p+p. This is to allow commissioning the RPC1 de-
tectors with beam prior to the start of the W data taking. We also anticipate benefits to the
polarization by allowing CA-D to separate start up of RHIC from optimizing the polar-
ization. Running p+p before ions will allow PHENIX to commission the FVTX with beam
prior first Au+Au running. In case the budget in FY12 allows for 30 cryo weeks, PHENIX
proposes modifying the above plan with the steps enumerated below; time modification
to the running schedule proposed in Table 1 are listed in PHENIX priority order.

• Add 62.4 GeV p+p for 1 week

• Add 39 GeV p+p for 1 week
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• Lengthen 27 GeV Au+Au from 1 week to 2 weeks.

5.1 Run-12

The twin top priorities for PHENIX in Run-12 are polarized proton running to make
progress toward our spin physics goals, and full energy Au+Au running to utilize the
new FVTX and VTX detectors to separate charm and bottom in heavy ion collisions. The
200 GeV p+p serves as a reference run for the VTX data collected in Run-11 and Run-12,
and provides transverse spin physics. It is our next highest priority for Run-12.

The commissioning of the FVTX detectors will begin during the 200 GeV p+p portion of
Run-12. Because this is the first run of this major new detector system, the FVTX will
most likely not provide physics quality data for 200 GeV p+p collisions in Run-12. How
rapidly the detector commissioning proceeds will determine whether good physics data
will be available from the FVTX for any part of the 200 GeV Au+Au run. At this time, we
assume that the bulk of the high Quality FVTX physics data for both p+p and Au+Au
will be collected in runs 13 and 14.

We anticipate beginning the study of U+U collisions during this running period, as the
program was not able to be initiated in Run-11. Consequently, as our fourth priority, we
request an initial small U+U data set in Run-12, to be collected as part of commissioning
uranium beams in the new EBIS source. This will allow development of analysis methods
to demonstrate control/selection of the geometry of collisions in this non-spherical sys-
tem, event by event. As this utilizes observables with large cross section, a small number
of events will suffice for the initial study. Once we have demonstrated the ability to fully
exploit the unique features of U+U collisions, we will need a much larger data set to allow
the study of hard probes; we anticipate this longer run to take place in Run-13.

Our fifth priority is to fully exploit the energy scan data collected in Run-10. This neces-
sitates collecting reference p+p data at several low energies, and collecting a substantial
set of data with Au+Au collisions at

√
sNN = 27 GeV. In order to fully utilize the energy

scan data collected at 62 and 39 GeV in Run-10, we request p+p collisions for comparison
at the same energies.
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5.1.1 Spin physics goals for Run-12 and Run-13

The spin physics goals in PHENIX for runs 2012 and 2013 are measurements of quark and
anti-quark helicity distributions through parity violating longitudinal single spin asym-
metries, AL in W-production and measurements constraining the gluon spin contribution
to the proton spin in the range 0.01 < xg < 0.3. These measurements will address the
goals defined by NSAC milestones HP8 and HP12.

In addition to the data taking with polarized protons at
√

s = 500 GeV, PHENIX proposes
to acquire two data samples at

√
s = 200 GeV as reference sample for the heavy flavor

measurements with the new vertex detectors in heavy ion collisions. For the spin physics
program the resulting data sample will be used for precision measurements of single
transverse spin asymmetries, AN, at high pT and forward rapidity. It is also planned to
carry out exploratory measurements of single spin asymmetries AT that isolate contribu-
tions from the Collins effect and the Sivers effects.

The proposed program is consistent with and follows the PHENIX decadal plan submit-
ted on October 1, 2010 [19].

5.1.2 Assumed beam conditions and experimental readiness

The assumptions with regards to integrated luminosity and polarization used in the PHENIX
run plan are based on guidance from the Collider Accelerator Department. For

√
s =

500 GeV PHENIX proposes a 8 week long run in 2012 and a 10 week long run in 2013.
This will lead to a total data sample of

∫
Ldt = 300 pb−1 with an average polarization of

P = 0.55. This data sample will make it possible to achieve the W-physics goals outlined
in the PHENIX Decadal Plan. Additional running beyond 2013 would be scheduled if the
performance goals could not be meet during the 2012 and 2013 runs.

Two 5 week long p+p runs with
√

s = 200 GeV runs in 2012 and in 2013 will result in a
data sample of

∫
Ldt = 33 pb−1 with a beam polarization of P = 0.6.

PHENIX has commissioned successfully the new muon trigger for physics with W-bosons
during run 11. A first physics run was completed in April 2011 with about

∫
Ldt = 18−1
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within vertex cuts of |z| < 30 cm. The trigger rejection of the new muon trigger was
sufficiently high to sample the full delivered luminosity. An additional muon trigger
RPC station1 will be installed in the summer of 2011. The additional detector station in
combination with reduced backgrounds, optimized timing cuts and improved position
correlations will ready the muon trigger for the highest luminosities projected by CAD
for the W-physics program.

Two 12 ton absorbers were installed upstream of the muon spectrometers for run 11 and
serve successfully the rejection of offline backgrounds at high pT in the W analysis. The
run 11 data sample acquired with the new muon trigger were fast produced in nearly real
time and first offline analysis finds a signal to background ratio of S/B = 1/2. Improved
alignment and tracking in the muon tracking chambers and the optimization of cuts will
further improve the signal to background ratio. For runs 12 and 13 it is expected that the
signal to background ration will be between 1 < S/B < 3 : 1.

The highest sensitivity for gluon spin measurements at low x require excellent control
of all systematic uncertainties. In particular the uncertainty in the relative luminosity
measurement needs to be reduced to below 10−4 to fully take advantage of the large data
sample for accessing small asymmetries. For example, the gluon spin distribution, ∆G(x)
from the so-called minimal DSSV set leads to asymmetries of about 2× 10−4 at low pT
for inclusive double spin asymmetries for electromagnetic clusters in the MPC. Possible
improvements of the relative luminosity analysis are presently under study using run 11
data. However, reducing the relative luminosity uncertainty by a factor 5-10 may require
a new relative luminosity monitor. An idea to use a single arm LT has been tested in run
2004.

In summary, PHENIX has demonstrated readiness for its W physics program in the past
run 11. An improvement by a factor 5− 10 in the relative luminosity measurement will
be needed to fully use the high luminosity run for W physics for precision measurements
of ∆G(x) at small x. An effort is underway to improve the uncertainties in relative lumi-
nosity prior to run 12.

1A full size prototype for RPC-1 was tested in PHENIX successfully during run 11.
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5.1.3 Summary of the physics goals in p+p

• The determination of quark and anti-quark helicity distribution through measure-
ments of inclusive Aµ

L and A+e
L in W-boson production with an integrated luminos-

ity of
∫

Ldt = 300 pb−1 and an average beam polarization of P=0.55 in polarized
proton-proton collisions at

√
s = 500 GeV. About

∫
Ldt = 120 pb−1 with P=0.50 will

be available in time to satisfy NSAC milestone HP8 for 2013.

• Measurement of the gluon spin contribution to the proton spin for 0.01 < xg < 0.3.
This goal is the NSAC milestone HP12 for 2013 and will be reached in PHENIX
through measurements of inclusive double spin asymmetries for neutral pions at
mid-rapidity, |η| < 0.35 and forward rapidity 3.1 < η < 3.9, as well as measurement
of di-hadron pairs with the trigger hadron either a mid-rapidity or forward rapidity
and the associate hadron at forward rapidity. This measurement will be carried out
in parallel to the W measurements with

∫
Ldt = 300 pb−1 and P=0.55.

• Precise measurements of AN for pions at forward rapidity and at high pT and first
measurements of single transverse asymmetries AT probing directly the Collins ef-
fect or the Sivers effect in polarized proton-proton collisions. These measurements
will be using a data sample of p+p collisions at

√
s = 200 GeV with

∫
Ldt = 33 pb−1

and P = 0.6 that also will serve as comparison data sample for heavy flavor physics
in heavy ion collisions.

5.1.4 Physics with W-Bosons (HP8, 2013)

The highest priority for PHENIX Spin for Run-12 and Run-13 is to complete the 500 GeV
longitudinal spin program. This plan requires sampling 300 pb−1 at PHENIX, which im-
plies the delivery of approximately 900 pb−1 to our interaction point. These data will
enable us also to independently constrain the ratio d/u without the assumption of charge
symmetry. Finally, the data sample allows for measurements of the gluon spin polariza-
tion in the proton down to x 0.01.

It is imperative to collect sufficient data before 2013 to achieve NSAC milestone HP8,
which requires measurement of flavor-identified q and q contributions to the spin of the
proton via the longitudinal-spin asymmetry of W production in calendar year 2013. We
anticipate that this milestone can probably be at least partially satisfied with with the
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requested luminosity for run 2013; the ultimate result will require 900 pb−1 delivered
luminosity.

5.1.5 ∆u, ∆u, ∆d, ∆d

The parity-violating asymmetry AW±
L in the production of W± bosons permits the deter-

mination of the light quark and light antiquark polarizations in the proton. In PHENIX
this will be done via the detection of high pT electrons/positrons in the central arms
from the decay W± → e±ν and of high pT muons in the muon arms from W± → µ±ν.
Our simultaneous coverage in forward, backward, and central rapidity will provide a
powerful means of determining the quantities ∆u/u, and ∆d/d in the parton momen-
tum range 0.05 < xBj < 0.6. Almost direct quark/anti-quark separation is possible
with forward/backward leptons from W− production in the PHENIX muon arms due
to much larger quark density vs anti-quark density at large momentum transfer. In this
case, AL(forward W− → µ−) ≈ ∆d/d. Similarly, AL(backward W− → µ−) ≈ ∆u/u.
Additionally, measurement of W+ production will give access to ∆u/u and ∆d/d. How-
ever, due to the fixed neutrino helicity, the flavor contributions in forward and backward
rapidity are mixed. Similarly, the parity-violating asymmetry of W+ production in cen-
tral rapidity combines contributions from both u and d polarizations, and from d and u
polarizations in W− production. These measurements will have their greatest impact in
improving global fits that seek to determine the polarized parton distribution functions
in the proton.

Figure 20 shows our expectations, assuming 55% polarization, for the asymmetry un-
certainties with 300pb−1 sampled in the muon channel (left panels) and electron channel
(right panel). The curves show the calculated single spin asymmetries based on quark and
anti-quark helicity distributions from different pQCD fits to inclusive and semi-inclusive
DIS data along with RHIC polarized p+p data from previous runs. For the muon channel
we have assumed that a S/B=3 can be reached for runs 12 and 13. The projections for
the electron channel are based on the published result from run 9 and take into account
the additional background created by the material in the newly installed silicon vertex
detector.
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Figure 20: Expectations for the uncertainties in the parity violating inclusive single spin
lepton asymmetry Aµ,e

L from W-production. The left side shows projections for the muon
channel and the right side shows projections for the electron channel for

∫
Ldt = 300 pb−1

and P = 0.55. For the muon channel as signal to background of S/B = 3/1 was assumed.
The projections shown for muons are based on detailed simulations including full detector
response and inclusion of all backgrounds. The projections shown for electrons are based
on the published PHENIX result from run 2009.

5.1.6 d/u ratio from W-production in PHENIX

The ratio R = σW+
/σW− of cross sections for W− and W+ production in p+p collisions

at RHIC provides a new way to measure the asymmetry d/u of the quark sea in the
nucleon. Previous measurements through the Gottfried sum rule in DIS and Drell-Yan
production in p+p scattering have relied on combining data from proton and deuteron
targets assuming charge symmetry, up(x) = dn(x), dp(x) = un(x), up(x) = dn(x) and
dp(x) = un(x), and assuming that nuclear effects are negligible. In W production d/u
can be obtained from the proton data alone, independent of assumptions about charge
symmetry. Figure 21 compares calculations for the W cross section ratio R for four dif-
ferent sets of parton distribution functions with errors projected for the integrated run 12
+ run 13 luminosity of 300 pb−1. The PDF set MRS-SO assumes a symmetric quark sea,
d(x) = u(x), and can be well separated within the projected experimental uncertainties
from PDF sets that include the breaking of the quark sea. A detailed discussion of this
measurement can be found in [37].
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Figure 21: The ratio, R, of cross sections for W+ and W− production at
√

s = 500 GeV
plotted versus the rapidity of the decay lepton. The projected errors represent the combined
run 2012 and 2013 integrated luminosity of 300 pb−1 into the PHENIX central and muon
arms. The curves represent calculations of R for different PDF sets. The PDF set MRS-SO
assumes a symmetric quark sea whereas the other PDF sets are based on asymmetric quark
seas. The projections are from reference [37] and have been performed at the event generator
level.

5.1.7 Measuring ∆G(x) in the range of 0.01 < x < 0.3 (HP12,2013)

In PHENIX Aπ0

LL is a well established tool for constraining the gluon contribution to the
proton. As is shown on the right hand side in Figure 22,

√
s = 500 GeV collisions provide

access to a lower x range than at 200 GeV.

The left hand side of Figure 22 shows the expected uncertainties in Aπ0

LL as a function of pT
at 500 GeV for the project run 12 integrated luminosity of 100 pb1 with the standard ±30
cm vertex and a polarization of 50%. The calculation is for π0 measured in the PHENIX
central arms. As there is considerable material thickness due to the vertex detector sup-
port structure beyond the ±10 cm vertex region, the estimation is based on only 18 pb−1

within ±10 cm.

We will also utilize double spin asymmetries measured for π0s and electromagnetic clus-
ters reconstructed in the Muon Piston Calorimeter (MPC). These forward measurements
will increase the reach to smaller x. The experimental method of using back-to-back
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Figure 22: Expected uncertainties in Aπ0

LL as a function of pT in Run-12. Only collisions
with vertex inside ±10 cm are included. The projections are based on earlier measurements
published by PHENIX.

hadron pairs in the MPC or one hadron in the MPC and a second in the central arm pro-
vides the ability to select different xg depending on the choice of rapidities and transverse
momenta of the hadrons. Di-hadron measurements have been successfully explored with
the MPC for the 2008 d+Au and p+p data samples.The results have been submitted for
publication recently [12]. In order to demonstrate the sensitivity of these measurements
the double spin asymmetry, Acluster

LL is shown in figure 23 together with the xg distribution
for this channel. The projected errors are for

∫
Ldt = 300 pb−1 and P = 0.55. The asym-

metries shown have been obtained by setting ∆G(x) to DSSV-min in the simulations. At
a pT = 1.5 GeV the asymmetries are 2× 10−4 rising to about 1× 10−3 at pT = 6 GeV. In
order to fully exploit the sensitivity for ∆G(x) at small xg it will be necessary to improve
the uncertainty in the relative luminosity to below 10−4.

5.1.8 Transverse Spin Physics

In addition to the dedicated p+p running at
√

s = 500 GeV for the nucleon spin program,∫
Ldt = 33 pb−1 with P = 0.6 of p+p data at

√
s = 200 GeV will be taken in runs 12

and 13. This request is driven primarily by the heavy ion program requirements for p+p
reference data. However, this presents a good overlap with the luminosity needs for
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xgluon

Figure 23: Expected uncertainties in the MPC cluster ALL as a function of pT for
∫

Ldt =
300 pb−1 and P = 0.55. The asymmetries have been obtained by setting ∆G(x) to DSSV-min
in the simulations. Also shown is the xg distribution for this channel.

the transverse physics program in PHENIX. Currently the total recorded luminosity with
transverse polarization is 8 pb−1 at

√
s = 200 GeV with a beam polarization of P = 0.5 in

2006 and P = 0.45 in run 2008.

The proposed transverse running will make it possible to pursue currently marginal mea-
surements with much improved statistical significance.First, the high pT behavior of the
original single spin asymmetries for inclusive hadrons at forward rapidity has still not
been explained quantitatively. The precision of present data seems insufficient to guide
theory at high pT. It is important to carry out high statistics measurements of AN at for-
ward rapidities to characterize the pT-dependence of AN at forward rapidity and large
pT. Figure 24 shows projections of AN for electromagnetic clusters (mostly π0s) in the
MPC.It will be possible to measure the pT dependence of AN with good precision up to a
pT = 6 GeV and to differentiate between different theoretical possibilities.

Secondly, it is generally assumed that AN arises from multiple mechanisms, the Sivers
effect in the initial state, the Collins effect in the final state and dynamic quark-gluon
correlations at higher twist in the Operator Product Expansion (OPE). With the proposed
luminosity it becomes possible to carry out measurements that isolate and directly probe
the Collins and Sivers effects. We will discuss three examples for the data samples to be
taken during runs 12 and 13: AN in back-to-back hadron correlations probing the Sivers
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Figure 24: Previous results and expected uncertainties for Acluster
N as a function of pT in Run-

12.The projections are based on earlier measurements of AN for electromagnetic clusters
in the MPC. The blue curve represents the expected pT-dependence at subleading twist,
AN ∼ 1/pT and the red curve represents a simple model for re-summed contributions to
AN at all (odd) orders in the twist expansion.

mechanism, AT in di-hadron interference fragmentation sensitive to quark transversity
distributions and the measurement of Collins asymmetries in jets, probing again quark
transversity distributions.

Probing Quark Transversity Distributions

Feng Yuan has proposed to measure the Collins effect at RHIC in jets. Ideally the mea-
surement would consist of reconstructing jet axis and jet energy and then, as function of
the fractional hadron momentum z, the measurement of the Collins asymmetry in the
azimuthal distribution of the hadron around the jet axis with respect to the proton spin
vector component normal to the plane defined by jet axis and beam momenta. In absence
of full jet reconstruction capabilities the measurement is carried out in PHENIX by start-
ing with a high pT trigger particle in the central arms. After adding additional hadrons
present close to the trigger particle a ”quasi” jet axis is determined and the Collins asym-
metry is then observed for hadrons on the away side with respect to the jet axis. The
measurement has been studied by introducing transverse spin processes in PYTHIA. The
Collins function is taken from the analysis of SIDIS and Belle data. The transversity distri-
butions are tuned so that the simulations reproduce the cluster AN measured in the MPC
correctly. Two different assumptions are used. First it is assumed that 25% of the experi-
mental AN originates from the Collins effect. This assumptions corresponds to the Collins
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asymmetry shown as dashed line in Figure 25. Alternatively, it is assumed that 100% of
AN results from the Collins effect. This assumption results in the solid line in Figure 25.
The error bars in Figure 25 indicate the statistical sensitivity for

∫
Ldt = 33 pb−1. With

the statistics available from run 12 and 13 the measurement can directly rule out maximal
Collins contributions to the inclusive transverse spin asymmetries AN observed in p+p
collisions.

The theoretical analysis of the Collins results his limited by the fact that factorization for
transverse momentum dependent fragmentation functions (such as the Collins function)
and parton distributions (such as un-integrated quark transversity distributions) may not
hold for p+p collisions. It would be highly interesting to quantify the magnitude of the
factorization breaking in p+p collisions. This may become feasible by comparing the re-
sults of an extraction of quark transversity distribution from Collins asymmetries in jets
with an extraction based on the co-linear di-hadron interference fragmentation function
(IFF), as factorization holds for. Significant differences between the extracted transversity
distributions would indicate large effects in factorization and universality between SIDIS,
e+e and p+p.

PHENIX already has carried out an exploratory measurement of transverse spin asymme-
tries in di-hadron interference fragmentation. The results for

∫
Ldt = 8 pb−1 are shown

in Figure 26 together with projected errors for the run 12 and 13 measurement with Fig-
ure 25. A simple model based on quark transversity distributions extracted from SIDIS
and Belle Collins asymmetries in combination with the most recent Belle result on inter-
ference fragmentation leads to the estimate that AT ∼ 0.005 in di-hadron fragmentation.
This asymmetry can be easily detected in run 12 and 13 as the projections in Figure 26
show.

The extraction of quark transversity distributions from Collins and IFF asymmetries rests
on the availability of independent information on the spin dependent fragmentation func-
tions from e+e− annihilation. For this purpose, a group of PHENIX and STAR exper-
imenters have joined the Belle collaboration and have successfully measured initially
Collins- and recently IFF-asymmetries in jet fragmentation. The timely information from
Belle will allow our theory colleagues to promptly analyze run 12 and 13 PHENIX data on
Collins and IFF spin asymmetries and to extract quark transversity distributions probing
for differences between the transverse momentum dependent Collins extraction and the
co-linear IFF extraction of transversity quark distributions.
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Figure 25: Projected uncertainties for Collins asymmetries in PHENIX. The projections are
based on PYTHIA simulations tuned to reproduce the AN measured in the MPC.

Figure 26: Previous results for the transverse spin asymmetry AT observed in di-hadron
interference fragmentation with the PHENIX central spectrometer arms and projections for
run 12 and 13 measurement. AT is shown for three different combination of hadron pairs.
The projections for run 12 and 13 with

∫
Ldt = 33ṗb−1 are based on earlier PHENIX results

shown on the figure.
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Probing Sivers asymmetries The integrated luminosity from runs 12 and 13 with trans-
verse spin will also lead to better statistical precision in the AN measurement of back-to-
back hadrons. This measurement is sensitive to the presence of transverse momenta in
the initial state and probes the Sivers effect. A comparison between previous results and
projections for run 12 and 13 are shown in Figure 26.

Figure 27: Previous results and expected uncertainties for AN for back-to-back hadrons for∫
Ldt = 33 pb−1 in runs 12 and 13.The projections are based on earlier measurements of AN

for back-to-back hadrons in PHENIX.

5.1.9 200 GeV Au+Au collisions

PHENIX has exceptional electron particle identification, even in the high multiplicity en-
vironment of central Au+Au reactions. PHENIX has published [2] Au+Au results from
the 2004 run on nonphotonic electrons, which are predominantly from charm and bot-
tom meson decays. Figure 28 shows the measurements of the nuclear modification factor
RAA out to pT ≈ 10 GeV/c and elliptic flow v2, which indicate a dramatic change in the
momentum distribution of heavy quarks in the medium. If the heavy quarks were un-
affected by the surrounding Quark Gluon Plasma, the RAA value would be close to one
(excepting modest initial state effects) and v2 would be zero. This Letter has been cited
200 times in the last three years which is a simple indicator of the strong interest in the
field in these results. In a recent manuscript submission we have extensively documented
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the entire analysis procedure for nonphotonic electrons, including systematic uncertainty
estimation, and theoretical model comparisons [9].

AAR

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

 = 200 GeVNNsAu+Au @ 

0-10% central(a)

Moore &
Teaney (III) T)π3/(2

T)π12/(2

van Hees et al. (II)

 [GeV/c]
T

p
0 1 2 3 4 5 6 7 8 9

HF 2v

0

0.05

0.1

0.15
(b)
minimum bias

Figure 28: (a) Nuclear modification factor RAA of heavy-flavor electrons in 0–10% central
collisions compared with PHENIX π0 data and various model calculations. The box at
RAA = 1 shows the uncertainty in the number of binary collision estimate. (b) v2 of heavy-
flavor electrons in minimum bias collisions compared with PHENIX π0 data and the same
models.

As shown in Figure 29, these results present a challenge for the perturbative (weak cou-
pled expansion approximation) picture of partonic energy loss. However, a fundamen-
tal complication is that the nonphotonic electrons have contributions from both charm
hadron (e.g. D meson) and bottom hadron (e.g. B meson) decays. It is expected that
charm hadrons dominate the electron contribution for pT < 5 GeV/c and bottom hadrons
for pT > 5 GeV/c. This is roughly confirmed by examining nonphotonic electron-hadron
angular correlations in p+p reactions [5]. However, the statistical uncertainties are large
and the current perturbative QCD FONNL calculations have an uncertainty in the ratio
of b→ e/c→ e ratio from approximately 0.3 to 0.7 at pT = 5 GeV/c.
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Figure 29: RAA in the 0–10% centrality class compared with energy loss models. The thick
dashed curve is the BDMPS calculation for electrons from D and B decays. The bands are
DGLV calculations for electrons from D and B decays. The lower band contains collisional
energy loss as well as radiative energy loss. The thin dashed curves are DGLV calculations
for electrons from D decays only.
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Figure 30: Nonphotonic electron (HF) elliptic flow (v2) as a function of transverse momen-
tum compared with theoretical models from Greco et al., Zhang et al., and van Hees et al.
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Figure 30 shows a number of calculations of charm quark flow in the Quark Gluon Plasma.
At pT = 5 GeV/c, some calculations of v2 range as high as 15%. The data do not support
a monotonic increase of v2 with pT, despite large statistical uncertainties. The trend seen
in the data could be the result of reduced charm quark flow, or it could be due to a pre-
dominance of bottom quark contributions at higher pT.

Diffusion calculations show that bottom quarks are so heavy that they are difficult to
move around, and thus exhibit minimal flow. In the perturbative energy loss framework,
radiative energy loss of heavy quarks via gluon bremsstrahlung is suppressed due to
the “dead cone” effect, where forward radiation for heavy quarks, traveling at veloci-
ties much less than the speed of light, is limited. If, contrary to expectations, the bottom
quarks exhibit strong flow in the medium, this would challenge the entire paradigm of
perturbative energy loss as the proper framework for understanding jet quenching. Ad-
ditionally, a measurement of charm flow (separated from bottom flow) out to higher pT
may well provide one of the best constraints on the η/s ratio via the diffusion approach.
This method for constraining η/s is an excellent alternative to the current method which
compares the bulk flow of light hadrons to viscous hydrodynamic models. It would help
us answer the question of how close η/s in the quark-gluon plasma is to the conjectured
minimum bound.

The VTX was installed on schedule in the fall of 2010, and will be followed by the installa-
tion of the FVTX in the fall of 2011. The first Au+Au run with the capability of measuring
displaced vertices of leptons from the decay of charm and bottom mesons is currently un-
derway, utilizing the VTX. We are currently acquiring physics data with the detector in
its initial Au+Au run. However, additional running is needed to exploit the VTX and
achieve the uncertainties shown below. Run-12 will allow commissioning of the FVTX in
both p+p and Au+Au events, however full utilization of the FVTX will certainly require
additional Au+Au running beyond Run-12. For comparison p+p measurements at 200
GeV, we require an integrated luminosity over two years of running of 15 pb−1 sampled
within the same z-vertex acceptance.

We also anticipate a longer run when full accelerator stochastic cooling becomes avail-
able, and additional data acquisition bandwidth via the SuperDAQ upgrade is installed.
In total this will yield 4.3 (3.6) nb−1 or equivalently 29 (24) billion recorded Au+Au inter-
actions for the VTX (FVTX). All of these event number projections take into account the
smaller z-vertex acceptance (i.e., ±10 cm) of the silicon detectors. We show the projected
physics performance we expect to achieve by 2015, using the above integrated luminosi-
ties over multiple year running periods. Shown in Figure 31 is the nuclear modification
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Figure 31: Projected uncertainties for the nuclear modification factor (RAA) as a function
of transverse momentum for heavy flavor electrons tagged with a displaced vertex from D
meson decay (red) and B meson decay (blue). The uncertainties are for the 10% most central
Au+Au collisions—a subset of a total of 29 billion Au+Au minimum bias events and 14.8
pb−1 p+p events at 200 GeV. Also shown are calculations by van Hees et al. [33] assuming
different diffusion coefficients.
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Figure 32: Shown are the projected uncertainties for the elliptical flow (v2) as a function
of transverse momentum for heavy flavor electrons tagged with a displaced vertex from
charm hadron decay (red) and bottom hadron decay (blue) and the combination of the two
(black). The uncertainties are for 10% central Au+Au reaction as a subset of a total of 29.0
billion Au+Au minimum bias events as projected to be accumulated by 2015. Also shown
are calculations from van Hees et al. [33] in a heavy quark diffusion calculations assuming
different diffusion coefficients. Note that the largest flow magnitude case corresponds to
nearly zero shear viscosity. 46



factor RAA of electrons from charm and bottom hadron decays. Figure 32 shows the
projected uncertainties for minimum bias Au+Au collisions for the elliptic flow v2 ob-
servables. For the elliptic flow projections, we have assumed a reaction plane resolution
comparable to that from the reaction plane detector that was installed prior to 2007. This
detector was removed after the 2010 running period due to conflicting space requirements
with the VTX, but studies indicate that the VTX and FVTX can be similarly utilized with
a comparable resolution. These results will provide great insight into the puzzles of the
behavior and interaction of heavy flavor quarks in the medium.

The FVTX provides an excellent opportunity to measure the open heavy flavor suppres-
sion and flow at forward rapidity. Here the measurement is also sensitive to low-x gluons
in the gold nucleus, and will provide a baseline measurement for comparison with the
J/ψ suppression seen in the same kinematic range. Shown in Figure 33 are the projected

 (GeV)Tp
1 2 3 4 5 6

AAR

0

0.2

0.4

0.6

0.8

1

1.2

DGLV c+b dN/dy =1000
DGLV Rad + EL
Collisional Dissociation

Charm+beauty with FVTX
 -1; AuAu: 4.60 nb-1pp: 14.8 pb

Figure 33: Projected heavy flavor RAA measurement with the FVTX versus transverse mo-
mentum pT, compared with three different theoretical expectations.
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measurement uncertainties on RAA for heavy flavors, using muons that are tagged by the
FVTX as originating from heavy meson decays. This displays a very clear discriminating
power between different energy loss scenarios: ’DGLV’ including perturbatively calcu-
lated radiative energy loss only [24], ’DGLV Rad + El’ which includes additional elas-
tic energy loss [35], and collisional dissociation of the mesonic state in the medium [13].
These measurements will provide excellent discriminating power between these different
scenarios.

Collecting an identified open heavy flavor data set for p+p, d+Au and Au+Au that cov-
ers a broad rapidity range address the following physics topics:

• The determination of the rapidity, centrality, and pT dependence of the modifica-
tion of open heavy flavor from the combined p+p and d+Au data (p+p in Run-13,
d+Au most logically in Run-14). This will provide an excellent data set that will
address the behavior of gluon modification vs nuclear density. Open heavy flavor
has the advantage over J/ψ measurements that it is not subject to modification by
collisions with nucleons during the heavy ion collision, and so avoids the compli-
cation that arises for J/ψ production, where a breakup cross section must also be
determined from the data. There is little theoretical guidance for the J/ψ breakup
cross section, and it possibly has a significant dependence on rapidity.

• Once the role of cold nuclear matter effects is quantified in p+p and d+Au data, the
contributions to Au+Au collisions can be predicted, and the effects of hot nuclear
matter on the open c and b cross sections can be isolated using the Run-13 Au+Au
data set. This will permit the study of energy loss of heavy quarks in hot nuclear
matter over a broad rapidity range.

In addition to its critical role in studying gluon modification vs nuclear density at low
x, and isolating hot nuclear matter effects over a broad rapidity range, the FVTX will
make important improvements in the quarkonium measurement capabilities at forward
and backward rapidities by improving the mass resolution and improving the signal to
background for quarkonium measurements. This is particularly important for studying
ψ′ cold and hot nuclear matter effects using p+p, d+Au and Au+Au collisions.

The p+p and Au+Au data sets will be obtained in Run-12 and Run-13, with a possible
continuation into Run-14. The d+Au data set would become a high priority for Run-14.
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What answers can we expect with an 8 week Au+Au run at 200 GeV? At this time, CAD
projects a peak luminosity of 40× 1026cm−2s−1 and an average store luminosity of 20×
1026cm−2s−1. The VTX detector spans a range along the beam axis from -10.0 cm to +10.0
cm. Thus, collisions that occur outside this narrow region will produce particles that have
a much smaller acceptance for hits in the VTX, in addition to encountering almost a full
one radiation length of material (the support structure and readout for the VTX). The
fraction of all collisions expected within this narrower z-vertex range is approximately
25%. This was achieved in Run-10 and is matched in Run-11 at the time of this writing.

In Run-10, the PHENIX Data Acquisition system was able to record 5 kHz of minimum
bias Au+Au events. The VTX detector installation is also coupled with new data acquisi-
tion electronics (the Data Collection Module II) and upgrading the Event Builder switch
(as part of the PHENIX DAQ/Trigger 2010 project). The upgrades for reading out the
VTX have full capabilities in significant excess of 5 kHz, and this has now been demon-
strated in Run-11. However, this will be the first running period for the FVTX, which
will require commissioning time and periods with rates below the ultimate performance
specifications. Thus, we assume an average data taking rate of 2.5 kHz during this run-
ning period (with the possibility for improved performance during the run). At this rate,
we are limited by the beam luminosity during the first few weeks of ramp-up, and data
acquisition rate limited thereafter (assuming only the 2.5 kHz rate). Thus, we estimate
that after 2 weeks of setup and for 7 weeks of physics data taking, we would record at
least 4.7 billion minimum bias Au+Au events at full energy.

It is important to note that the full measurement is a multi-year program. Utilizing the
data from one run, the error bars on Figures 31 and 32 will be larger by a factor of about√

6. This implies central rapidity measurement by the VTX of b quark RAA to 6 GeV/c
pT and v2 to approximately 3 GeV/c. Combining two data sets will reduce the error bars
by a factor of

√
2, increasing the pT reach accordingly. Similar factors in the error bars

apply for measurements with the FVTX. PHENIX considers it vital to begin this program
immediately, also in the forward region, in order to utilize our new detectors and to be
competitive with heavy flavor measurements at the LHC.

5.1.10 U+U at
√

s = 193 GeV

One of the unique capabilities of RHIC, in contrast to the LHC heavy ion program, is its
capability to deliver large data sets changing the geometry using U+U collisions as well
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Figure 34: Energy density and entropy density as a function of the number of participating
nucleons for Au+Au and U+U collisions (from [26]).

as asymmetric beam species. This gives the possibility of varying the eccentricity for the
study of anisotropic flow and the path length for the study of parton suppression. When
comparing to theoretical models, such studies should be sensitive to early time dynamics
and thermalization. The PHENIX run plan includes two such systems—U+U collisions
made possible by EBIS and Cu+Au collisions.

There is significant anticipation for the availability of Uranium beams at RHIC. The key
physics interest arises from the significant deformation of Uranium nuclei (non-sphericity).
Figure 34 shows calculations indicating that in tip-tip collisions (as illustrated) a higher
energy density is achieved. Probing this higher energy density can provide key tests of
hydrodynamic behavior and the path-length dependence of parton energy loss [26]. More
recently, it has been proposed [34] that body-body collisions (as illustrated in Figure 1)
may be an excellent test of the hypothesized local parity violating bubbles. These colli-
sions near impact parameter b = 0 should have zero magnetic field and thus no charge
separation effect related to local parity violation, while the overall eccentricity remains
large (thus allowing one to examine competing flow and fluctuations effects). The key to
utilizing Uranium collisions for these purposes is the ability to disentangle the various
geometries of the individual interactions. For two spherical nuclei, one impact parameter
value (b) determines the initial nuclear geometry (and then fluctuations of the nucleon
positions within each nuclei). However, in U+U collisions, in addition to the impact pa-
rameter, the two nuclei have rotations in spherical coordinates(θ1, φ1, θ2, φ2). Numerous
papers have made proposals for separating these various geometries [28, 30, 31, 25].

50



Figure 35: Uranium-Uranium geometry picture showing the tip-tip configuration (upper)
and the body-body configuration (lower).

In order to study and reproduce some of these proposed methods, we have modified
the PHOBOS Glauber Monte Carlo [17] to include the uranium geometry following the
prescription in [28] and also the forward neutron distribution (for modeling the response
in the Zero Degree Calorimeters). If the charged particle multiplicity dNch/dη at mid-
rapidity is correctly described by the two-component model (as discussed in [25]) where:

dNch
dη

∝ (1− Xhard)×
Npart

2
+ Xhard × Nbinary (3)

then the very highest multiplicity events can simply be selected with a highly enhanced
tip-tip contribution. However, the two-component model yields 10% discrepancies when
comparing Au+Au to Cu+Cu reactions and alternative scalings have also been success-
ful. It is notable that in [29] they discuss Uranium geometries in terms of gluon saturation
effects and find a smaller selectability in these highest multiplicity events. An initial data
sample is necessary in order to test these various pictures (which is of physics interest
in its own right), to then understand how the geometry can be disentangled. The selec-
tivity within the two-component model alone and a cut on charged particle multiplicity
for the top 0.2% and 0.04% is shown in Figure 36. The angular selection for the tip-tip
configuration remains rather broad.

Additional proposals have been made that one can select event categories by a combi-
nation of elliptic flow and multiplicity or zero degree energy. For tip-tip collisions, the
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Figure 36: Glauber Monte Carlo results for Uranium-Uranium collisions for the θ angle of
one nucleus. The black histogram is all collisions (i.e. random geometry), the red curve
is selecting the highest 0.2% based on charged particle multiplicity (assuming the two-
component model) and the blue curve is selecting the highest 0.04%.

eccentricity is small and thus the elliptic flow (v2) should be small. However, this be-
comes quite complicated for some of the physics goals (for example testing the limits of
the hydrodynamical models) because one has used a specific observable of interest to hy-
drodynamics in the event selection; this can produce a bias. Alternatively, body-body
collisions might be selected by looking for almost no zero degree energy and then large
eccentricity via large v2. However, PHENIX finds that even in the most central Au+Au
reactions, there is still non-zero energy in the zero degree calorimeters. This is likely due
to a few percent probability to have the nucleons interact, but charge exchange a proton
to a neutron or have a very small angle scatter of the initial neutron.

Shown in Figure 37 (left panel) is the modeled distribution for charged particle multiplic-
ity (based on the two-component model) versus the zero degree energy. We select the
dNcharge/dη > 700 and ZDCenergy < 1500 GeV (corresponding to 0.6% of the total cross
section), and find that almost all such events have impact parameter b < 2 fm.

In Figure 37 (right panel) we show the participant eccentricity (εpart) distribution for these
events. In black are the events aligned within 30 degrees of tip-tip (and one can see the
preference for small eccentricity) and in red are the events aligned within 30 degrees of
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Figure 37: Shown in the left panel is the modeled distribution for charged particle mul-
tiplicity (based on the two-component model) versus the zero degree energy. In the right
panel we have selected the smallest 0.6% impact parameter events based on the left panel
distribution and we show the participant eccentricity (εpart) distribution for these events. In
black are the events aligned within 30 degrees of tip-tip (and one can see the preference for
small eccentricity) and in red are the events aligned within 30 degrees of body-body (and
one can see the preference for larger eccentricity and for εpart > 0.25 this dominates the
sample).

body-body (the preference for larger eccentricity and for εpart > 0.25 this dominates the
sample). There are many model assumptions that go into this calculation that need vali-
dation with real data, but the results show promise. Consequently, the PHENIX Beam Use
Proposal supports a modest commissioning run, with the possibility for longer running
in the coming physics runs.

The Electron Beam Ion Source (EBIS) will provide a new heavy ion pre-injector for RHIC
based on a high charge state heavy ion source, a Radio Frequency Quadrupole (RFQ)
accelerator, and a short Linear Accelerator. EBIS has the potential for significant future
intensity increases and can produce heavy ion beams of all species including uranium
(that has been previously unavailable). In the most recent “RHIC Collider Projections
(FY 2011–FY 2015)” dated May 11, 2010, the stated luminosity average for a store is
8× 1026cm−2s−1 corresponding to an interaction rate of approximately 5.5 kHz. Since
the β* is quoted at 0.65 meters, we assume that 55% of collisions will take place within
the z-vertex (|z| < 30 cm) and 30% within the z-vertex (|z| < 10 cm), corresponding to
average interaction rates of 3.0 kHz and 1.6 kHz respectively. For most of the physics of
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interest in a short Uranium-Uranium run, the full acceptance of the new silicon vertex
detector (VTX) is necessary. Consequently, we will primarily focus on the narrowest z-
vertex range. In the projections document, it states that at the end of the initial ramp-up
period the luminosities may be “lower than at the end of the running period by a factor
of 2-4” (where the above numbers were “after a sufficiently long running period.”). Thus,
for planning purposes, we will assume during a short initial commissioning run a factor
of 3 lower rate, resulting in 530 Hz of U+U interactions within |z| < 30 cm.

In a period with 0.5 weeks setup for U+U (after full energy Au+Au running) followed
by 1.5 weeks of data taking, PHENIX can record 150− 200 million minimum bias U+U
interactions. A 200 million event data sample would yield approximately 400,000 events
in the tip-tip configuration, corresponding to approximately 0.2% of the cross section.
This should be sufficient for geometry studies. Note that if one could perfectly select
events with impact parameter b < 2 fm and with both nuclei aligned within less than
30 degrees of the tip-tip configuration, this corresponds to only 0.03% of the total cross
section. Given the rate estimates for this commissioning run, measurements for these
configurations involving rare probes or high pT will not be possible.

Based upon these considerations, we request 0.5 + 1.5 weeks for commissioning the ura-
nium beam collisions and followed by collection of the data samples necessary to study
the various geometry issues in Run-12.

For Run-13, we request a 5 week run yielding a useful integrated luminosity of 0.57/nb
which will yield about 4 billion minimum bias U+U events or an event sample similar
to that which would be collected Au+Au collisions in Run-12, with its complement of
physics signatures. This would give us about 8M events in the tip to tip configuration or
a sample similar to the central events obtained in the Run-2 Au+Au run, i.e. enough to
begin doing rare probe physics in the tip to tip configuration.

5.1.11 Energy Scan

PHENIX requested 1 week of Au+Au collisions at 27 GeV for Run-11. The goal was
to measure v2 for identified hadrons and RAA of π0. As this run did not take place in
Run-11, we request it in Run-12. We will measure not only v2, but also v3, and utilize
the combination to measure the viscosity to entropy ratio η/s by comparison to viscous
hydrodynamics calculations. We will search for the breaking of constituent quark scaling
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of flow, and for the onset point of pion suppression.

In order to fully utilize the Au+Au energy scan data collected at 62 and 39 GeV in Run-10,
we request p+p collisions for comparison at the same energies. Although the 62 GeV run
was initially motivated by open heavy flavor and dileptons with the HBD, the excellent
performance of RHIC allowed PHENIX to measure J/ψ production at both 62 and 39
GeV. The results were quite surprising. As can be seen in Figure 7, the J/psi suppression
observed at 62 GeV is very similar to that at 200 GeV; suppression at 39 GeV is also con-
sistent, though the statistical error is quite large. These results suggest that the similarity
of J/psiRAA at top RHIC energy to that at top SPS energy cannot be due to

accidental cancellation of several different effects. However, quantitative comparison is
not currently possible. Without sufficient p+p reference data at 62 GeV, we can only
compare the ratio of

J/psi yields in central to peripheral collisions. The requested p+p reference data will
allow us to report RAA instead. A p+p reference data set at 39 GeV will allow calculation
of a minimum bias RAA; this will have smaller error bars than the current Rcp, which
requires breaking the Au+Au data into two centrality bins.

Using the observed RAA of 0.25 for 62.4 GeV Au+Au, and the fact that we collected
4.5 pb−1 p+p equivalent Au+Au collisions in Run-10, we estimate that 0.84 pb−1 of p+p
reference data are necessary (this number also takes into account the higher efficiency for
J/ψ reconstruction in p+p). The CA-D guidance states that the average luminosity for
62.4 GeV p+p collisions is 4.8 × 1030cm−2sec−1. This yields a daily rate of 0.124 pb−1

recorded by PHENIX with a vertex cut of ± 30 cm, appropriate for the muon arms. Con-
sequently, we request one week of 62.4 GeV p+p to collect 0.84 pb−1.

At 39 GeV, CA-D advises that the luminosity is half as large, resulting in a daily rate of
0.062 pb−1 recorded. Our 39 GeV Au+Au data set from Run-10 is 1.6 pb−1 p+p equiva-
lent. If we use a centrality-integrated RAA of 0.6, and correct for relative reconstruction
efficiencies, we estimate that 0.72 pb−1 of p+p reference data are needed. This would re-
quire 11.6 days, which does not fit into even the optimistic number of cryo weeks. In one
week of data taking, we could record 0.434 pb−1 with a vertex cut of ± 30 cm.
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5.2 Run-13

5.2.1 p+p in Run-13

As described above, the spin goals require combining multiple runs to gain the required
statistical precision. Our highest priority for Run-13 is to continue collecting data on
polarized p+p collisions at 500 GeV. Our request for 200 pb−1 in a vertex of ± 30 cm in
Run-13, combined with the 100 pb−1 requested for Run-12, will allow us to achieve the
performance shown in the Run-12 discussion above.

Our third priority for Run-13 is to record 20 pb−1 into ± 30 cm of 200 GeV transversely
polarized p+p collisions. This will allow us to reach our transverse physics goal and
provide comparison data for the FVTX. Should we not collect sufficient Au+Au data in
Run-12 for physics with the FVTX, we will revisit and possibly re-prioritize this goal,
along with the following heavy ion goals.

5.2.2 Cu+Au at
√

s = 200 GeV

Our second priority for Run-13 is to study Cu+Au collisions for the first time. We aim to
record 2.4 nb−1 into a vertex cut of ± 10 cm.

The collision of asymmetric beams makes available two geometric situations not possible
when colliding Au+Au or any other symmetric systems. First, for non-central collisions,
the eccentricity of the collisions region does not have right left symmetry (Figure 38a) and
can give rise to odd harmonics of flow from the geometry. (It is also possible to get such
odd harmonics in symmetric collisions from eccentricity fluctuations[16].) Figure 38b
illustrates this effect. Odd flow harmonics, in particular v1 resulting from ε1 and v3 re-
sulting from ε3 should be measurable. ε1 is significant at Npart ∼ 40, which corresponds
to an impact parameter of 9 fm. Since the radius of Au is about 7 fm and the radius of
Cu is about 4.5 fm (A = 63), this corresponds to a geometry where the center of the Cu
is at the outer edge of the Au nucleus. The rise in ε1 at Npart ≈ 180 corresponds to the
case where the Cu nucleus is has just become fully contained in the Au nucleus with the
outer edges lined up. Whether this will result in a measurable v1 will be an interesting
experimental question.
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Figure 38: (a)A schematic of an exaggerated Cu+Au collision illustrating the collision re-
gion with left-right asymmetry. (b) ε1 - ε5 for Cu+Au collisions vs. the number of partici-
pants.

The measurement of flow in a variety of geometric configurations may be able to give
information on early time dynamics and thermalization, for example via parton scattering
cross sections[18]. Comparisons can be made between data from a variety of colliding
systems and theory to yield physically meaningful parameters such as the viscosity or the
thermalization time. Recently PHENIX has made a measurement of the elliptic flow of
thermal photons. Such a signature, will be particularly useful when measured in Cu+Au
and U+U collisions in elucidating information about the early stages of the sQGP.

Secondly for very central Cu+Au collisions, the Cu nucleus is essentially buried in the
Au nucleus, giving a configuration in which the effect of the low density surface is mini-
mized, since the Cu nucleus has interacted with the dense center of the Au nucleus. The
interpretation of two particle correlations, and jet-jet correlations have been complicated
by the fact that many jets, particularly those which are unquenched, may emerge because
they are formed at the edge, in the low density region.

In Cu+Au collisions the low density surface region can be minimized by going to very
central collisions. It has been suggested that the highest density region may be com-
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pletely opaque, even for heavy quarks and as such partons from very central Cu+Au col-
lision should not reach the surface. If the photon-jet signature is used, the photon would
emerge, but the balancing quark or gluon would always be absorbed by the medium. It
would also be possible to look at less central collisions, i.e. where the edges line up to
introduce a small low density surface region. In this way the path length traversed by
the outgoing quarks can be varied as done in symmetric systems. Interaction signatures
such as the suppression of light quark jets, heavy quarks, and quarkonia can all be stud-
ied using this tool. Again, a comparison to Au+Au collisions and to theory should shed
light on the energy loss in the medium, and possible quarkonium dissociation and/or
recombination.

The geometry of Cu+Au collisions is much simpler than in U+U collisions since there is
only one variable, the impact parameter. In addition the RHIC community has already
had experience with asymmetric species when d+Au collisions were studied. For non-
central collisions standard methods measuring spectator neutrons in the ZDC and the
multiplicity in the BBC can be used. The case in which the Cu nucleus in completely
contained within the Au nucleus is particularly interesting. Figure 39a shows the distri-
bution of the number of participants from the Cu nucleus for minimum bias collisions.
The enhancement of the contained case can be see at Npart > 60 which accounts for about
3% of the cross section. If we take these events then plot the multiplicity (again assum-
ing a two component model) vs. the impact parameter (Figure 39b), we can select those
events which are preferentially very central, or those in which the Cu is contained in the
Au nucleus but are less central. A cut on the multiplicity of between 360 and 380, yields
events with an average impact parameter of about 0.8 fm. A cut of 320 to 340 yields events
with an average impact parameter of about 1.5 fm—i.e., central events where the edges
coincide (Figure 39c).

For run 13 we request a run of 5 weeks giving us a useful integrated luminosity of 2.4/nb
or about 10 billion minimum bias events. As in the case of the U+U request, this will
make accessible all physics signatures expected in a good Au+Au run. The top∼3% (300
million events) of the cross section corresponds to those events where the Cu nucleus is
contained in the Au nucleus. About 0.1% or 10 million events are those in which the Cu
passes through the very center of the Au nucleus, with an average impact parameter of
about 0.9 fm. (Note: the ratio between events within b = 0.9 fm and 1.5 fm does not go
as the ratio of the areas because of the smearing effects between the multiplicity and the
impact parameter.) This is enough to begin to look at rare probes such as charm and J/ψ
suppression in very central events as compared to less central, where the Cu nucleus is
still within the Au nucleus.

58



Figure 39: (a) the number of participants in the Cu nucleus in minimum bias Cu+Au
collisions. The peak at Npart ∼62 arises from the case when the Cu nucleus in contained
completely in the Au nucleus. (b) The multiplicity vs. impact parameter when the number
of participants in the Cu nucleus is greater than 60. (c) The impact parameter when a cut
is made for a multiplicity of 360-380 (red) and 320-240 (black). The two distributions are
normalized to each other.
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5.2.3 U+U collisions

Our fourth priority for Run-13 is to record 0.57nb−1 of U+U collisions at
√

s = 193 GeV. We
optimistically anticipate being able to demonstrate our understanding of the geometrical
selection by offline cuts from the 1.5 week long test run requested in Run-12. Conse-
quently, we request a longer U+U run in Run-13. The motivation and expected statistics
were described above.
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