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Executive Summary

The first decade of operations at the Relativistic Heavy Ion Collider (RHIC) has provided
striking new insights into Quantum Chromodynamics (QCD) and has revealed new and
surprising connections to other disciplines of physics. The PHENIX experiment has been
at the forefront of these advances, while at the same time training the next generation
of scientists. PHENIX has published over 90 refereed journal articles with nearly ten
thousand citations and granted over 100 Ph.D’s. The measurements described in those
articles, together with theoretical modeling, are converging towards a coherent picture of
a strongly coupled quark-gluon plasma (sQGP) at temperatures of order (2–3)×Tc. New
questions about the nature of the sQGP, its quasi-particle content, and its relation to other
nearly perfect fluids have emerged. Parallel to these developments, the RHIC spin pro-
gram now dominates the world constraints on the gluon contribution to the proton spin,
and we have begun an exciting program of W physics aimed at constraining the flavor
dependence of the quark spin contribution and entering the rapidly developing area of
transverse spin physics and parton dynamics in hadrons.

As we look forward with anticipation to the next decade of physics, Associate Laboratory
Director (ALD) Steve Vigdor has charged the RHIC experiments PHENIX and STAR to
produce Decadal Plans. We have been asked to articulate what physics results are antici-
pated from the PHENIX detector incorporating the Midterm Upgrades currently nearing
completion, and to identify compelling areas of physics that would be opened with fur-
ther upgrades of PHENIX. The charge is given in Appendix A. This charge comes at
an opportune time as exciting questions emerge that help us refine our understanding
of the sQGP. Additionally, towards the end of this next decade, the potential upgrade
to the RHIC accelerator complex that would produce electron-ion collisions presents a
scientifically compelling opportunity to utilize an upgraded PHENIX detector as a first-
generation Electron-Ion Collider (EIC) experiment, while pursuing inherently new quark-
gluon plasma and spin studies.

The Decadal Plan builds upon the vision for the next five years (2010–2015) that maps out
a set of Midterm Upgrades to address a targeted set of physics questions. This Midterm
Physics Plan, which has been developed in consultation with the ALD and endorsed by
the Program Advisory Committee (PAC), is highlighted in Figure 1 in terms of the physics
topics addressed and the associated detector upgrades. The suite of currently funded up-
grades (including the HBD, VTX, FVTX, DAQTRIG2010, MuTrig) addresses key physics
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questions related to the sQGP (e.g. chiral symmetry restoration, heavy flavor flow), fun-
damental cold nuclear matter physics, and spin physics (e.g. quark flavor contributions
to the proton spin via parity-violating W decays). Additionally, we see a need during
this time frame for a new forward calorimeter (FOCAL) to address low-x gluon satura-
tion physics (targeted for 2014) and an upgraded data acquisition referred to as Super-
DAQ (targeted for 2013–2014) to fully utilize the increased luminosity of the collider. As
demonstrated in the draft run plan (see Appendix B), these key physics questions will be
addressed on the five-year time scale.

Beyond these five years, after the completion and full exploitation of the Midterm Up-
grades and RHIC luminosity increases, and after the turn on of the LHC heavy ion pro-
gram, we have identified new areas of investigation related to the fundamental properties
of the sQGP, and to transverse spin physics, that require major new detector capabilities.
These new opportunities to address fundamental properties of QCD lead to an evolu-
tion of the detector towards a configuration that can simultaneously address fundamen-
tal questions in heavy ions, cold nuclear matter, nucleon structure, and highly energetic
electron probes of nucleons and nuclei.

A key theme in all of these areas is the interplay between perturbative and nonperturba-
tive physics in QCD. By exploring hot QCD matter over a very broad range of collision
energies (and also informed by results at the LHC), we can vary the relative importance
of strong and weak coupling, critically extended by studying high-energy partons and their
interaction with the quark-gluon plasma via jets. The question of strong coupling also
directly relates to the quasi-particle nature of the sQGP, the color screening scale in the
sQGP, the issue of rapid equilibration, and the connections of QGP physics with other
perfect fluids, offering the exciting prospect of further exploring the gauge-gravity dual-
ity that has been so transformative.

Recent theoretical ideas stemming from the intense activity surrounding single-spin
asymmetries have raised new questions regarding basic assumptions in pQCD of fac-
torization and universality, which play a fundamental role in our understanding of the
partonic structure of hadrons. Key measurements to test these ideas have been proposed,
with one particularly clear example being the transverse single-spin asymmetry in Drell-
Yan pair production at forward rapidity. Observation of the sign change in the asymmetry
with respect to semi-inclusive deep-inelastic scattering would confirm the predicted mod-
ified universality for T-odd transverse-momentum-dependent (TMD) distribution func-
tions. Exploration of TMD distribution and fragmentation functions will be a central
focus of the future nucleon structure program, opening up a window to parton dynamics
inside hadrons and in the hadronization process, thus advancing one of the frontiers in
understanding QCD.

The tools for answering these questions rely on a major evolution in the configuration of
the PHENIX detector, while still building upon core detectors and data acquisition, in-
frastructure, and collaboration personnel strength. Studying the coupling of quarks to
the medium and exploring the mechanisms of fast parton interactions demands precision
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Figure 1: Timeline indicating the physics topics, detector upgrades, and accelerator up-
grades over the next decade.

measurements of jets, dijets, heavy flavor jets, and direct photon-jet correlations. Sub-
stantially more sophisticated and differential measurements beyond those presently ac-
cessible are needed, with an emphasis on reconstructing jets from their fragments rather
than reliance upon one or two hadrons from each jet. Determination of heavy quarko-
nia production and survival, as a function of pT at various colliding energies, is another
key observable for interactions with the sQGP. Precision spectroscopy of J/ψ,ψ’, and the
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Υ states is needed to determine the relevant color screening length in the sQGP. In or-
der to make these and other exciting measurements, we must supplement the high rate,
sensitive triggering, and electron and photon identification capabilities of PHENIX with
larger detector acceptance—an increase by two orders of magnitude for many key mea-
surements. The new goals that drive detailed jet reconstruction drive the need to add, for
the first time, large acceptance hadronic calorimetry at RHIC.

RHIC is a powerful and flexible facility that allows us to vary the medium properties by
colliding different nuclear species at different energies, and that also provides timely com-
parisons with critical baseline p+p and proton(deuteron)-nucleus collisions at the same√

sNN. The very large luminosities now available at RHIC enable a new generation of
jet studies up to 50 GeV, spanning a range of energies that provides maximum sensitiv-
ity to parton-sQGP interactions. Current-day and an upgraded PHENIX can sample a
very large luminosity with minimum bias triggers, thereby exploring the entire dynam-
ical range of jets provided by RHIC. Furthermore, leveraging the current PHENIX Col-
laboration strength and interests in addition to the infrastructure will make an upgraded
detector extremely and rapidly productive.

The PHENIX upgrade plan is envisioned for the 2016–2018 time frame, and involves re-
placing the PHENIX central magnet with a new compact solenoid. The limited aperture
provided by the outer central arm detectors would be replaced with a compact EMCal and
an Hadronic Calorimeter covering two units in pseudorapidity and full azimuth, comple-
mented by the existing VTX and FVTX inner silicon tracking. Two additional tracking
layers would be added. We highlight that the large acceptance and excellent detector
capability is combined with high rate and bandwidth, allowing the accumulation of 25
billion Au+Au collisions recorded and 50 billion Au+Au collisions sampled with spec-
trometer triggers in a single 20-week run period—an increase by an order of magnitude
over current data samples. The limited forward coverage of the current PHENIX detec-
tor does not allow us to adequately address the questions driving the nucleon structure
and cold nuclear matter community, nor does it provide any capabilities for e+p or e+A
collisions. Hence, we are considering an upgrade where one muon arm would be re-
placed by a new large-acceptance forward spectrometer with excellent PID for hadrons,
electrons, and photons and full jet reconstruction capability. The modified detector layout
is shown schematically in Figure 2. The new compact barrel component at midrapidity is
designed for excellent jet reconstruction and PID for photons, electrons, and π0 in p+p,
proton-nucleus, through central nucleus-nucleus collisions. The forward upgrade design
is driven by nucleon structure physics, cold nuclear matter physics, and the capability to
study first collisions at the EIC.

The upgraded PHENIX detector as proposed would enable a number of measurements in
e+A and e+p collisions if an electron beam became available at the PHENIX intersection
region. Specifically, the proposed detector would be well suited to measure inclusive
structure functions in e+p, such as g1 and FL, and inclusive structure functions in e+A.
It would also allow us to improve our knowledge of nuclear PDFs and diffractive vector
meson production in e+A, and permit probing low-x gluons in nuclei as well as allowing
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Figure 2: Layout of the upgraded PHENIX detector (sPHENIX).

spatial tomography of partons within nuclei.

Our plan is to carry out the Midterm Physics Plan while simultaneously aggressively
pursuing a targeted R&D program and detailed physics simulations to move this new
detector concept to the proposal stage. Critical R&D is necessary to optimize the radius
of the compact detector and its implications for jet capabilities and maintaining electron
and photon PID. This R&D work will enable optimized technology choices and the de-
velopment of a full detector proposal. We note that development work for the proposed
forward spectrometer has significant overlap with work towards a dedicated EIC detector.
We then envision a staged approach where some components are available for physics, as
indicated in Figure 1, and then over a two-year period the solenoid and two new spec-
trometers would be installed. This new detector is referred to as sPHENIX and would
then be ready at the start of EIC physics (referred to as ePHENIX). At this time a Su-
perQCD era at RHIC would begin, with the power of this truly formidable facility.

This document is organized as follows. We use a parallel structure where we describe sep-
arately for heavy ion physics and for nucleon structure physics: A) the current status of
the field and the RHIC program therein, B) the key physics questions and measurements
to address them over the next five years – the Midterm Physics Plan, and C) the key
physics questions and measurements to address them over the decade beyond that – the
sPHENIX Physics and Upgrade Plan. Then in Chapter 7, we describe the detector plans
and required R&D for the sPHENIX upgrade, and in Chapter 8 we discuss the physics for
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PHENIX enabled by e+p and e+A collisions in the Electron-Ion Collider era (ePHENIX).
In the Appendices we include the charge from ALD Steve Vigdor (Appendix A), the in-
put for the five-year run plan (Appendix B), a brief description and status of each of the
Midterm Upgrade projects in (Appendix C), the status of the collaboration (Appendix D),
and the PHENIX collaboration list (Appendix E).
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Chapter 1

Heavy Ion Physics: Current
Understanding

The first decade of the RHIC experimental program has produced a deep body of results
that have dramatically improved our understanding of QCD under conditions of extreme
temperature and energy density. The qualitative features of QCD under these conditions
are now understood to be quite different from the preRHIC conception widely held on the
eve of the first collisions on June 12, 2000. Detailed reviews of the early progress in these
investigations are contained in the white papers [48, 25, 105, 116] of the four day-1 exper-
iments BRAHMS, PHENIX, PHOBOS and STAR. Subsequent progress has culminated in
what might be called a “standard model” of heavy ion physics: the rapid thermalization
of an energy-dense initial state into a QCD plasma which evolves as a nearly ideal hydro-
dynamic system, followed by a freeze-out into final-state hadrons. The precise nature of
the plasma remains an open question both experimentally and theoretically, motivating a
broad range program of study in the next decade of RHIC physics.

The fact that hydrodynamics has been so successful in describing the behavior of the bulk
in RHIC heavy-ion collisions has been enormously useful. In particular, it has meant that
one can study in a sensible way the modification in the medium of a full range of familiar
observables: single particle spectra; two- and three-particle correlations; electromagnetic
probes; direct photons; and even full jet reconstruction. The systematic study of the mod-
ifications of these signals has been a significant tool for understanding the nature of the
medium.

The RHIC discoveries have garnered deep interest across many other fields of physics.
It was exciting to see that the hottest matter in the laboratory shares characteristic flow
patterns with the coldest matter – lithium atoms captured in magneto-optical traps at
temperatures T ≈ 10−7 K. There are also strongly coupled electromagnetic plasmas that
exhibit similar properties. It has been surprising that these diverse systems can be de-
scribed by string theory with calculations in the limit of infinitely strong coupling. This
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connection with string theory has been particularly fruitful, often with nuclear theorists
leading the way for new insights within the string community.

Section 1.1 summarizes the evidence for quark-gluon plasma formation and the descrip-
tion of the collectively expanding plasma at RHIC as being strongly coupled. Section 1.2
discusses the properties of this novel matter. Section 1.3 reviews our current understand-
ing of QCD in cold nuclear matter in the low-x region, which represents the initial state
for heavy ion collisions.

1.1 The success of the sQGP paradigm

One of the primary goals of the RHIC program was to establish whether or not a quark-
gluon plasma (QGP) was being created in very high energy heavy ion collisions. While
some important discoveries in particle physics, such as the observation of the J/ψ, can
be made clear in a single histogram [111, 112], the discovery of this state of strongly-
interacting nuclear matter did not emerge from a single observable. In large part, it has
been the success of hydrodynamics in describing the overall evolution of the system that
has allowed many disparate observations to be related and which has led the commu-
nity to adopt the paradigm of a strongly-coupled system, which acts much more like a
fluid (or liquid) than a gas. This “perfect fluid” is often called the “sQGP” or “strongly-
coupled quark-gluon plasma”, to distinguish it from the weakly-coupled deconfined state
predicted before the RHIC program began.

A depiction of the space-time evolution of a heavy-ion collision is shown in the left panel
of Figure 1.1. After the initial collision, the resulting high energy density state rapidly
thermalizes into a quark-gluon fluid that evolves hydrodynamically. As the temperature
and density fall with proper time, this fluid breaks down and hadronizes into final-state
particles. The success of nearly ideal hydrodynamics in describing the bulk evolution of
the system has provided a single physics scenario that has successfully reconciled a wide
array of theoretical and experimental inputs with a wide array of RHIC experimental
observations (diagrammatically shown in the right panel of Figure 1.1).

The initial high energy density is obtained via measurements of transverse energy distri-
butions (dET/dη) in heavy ion collisions. This was one of the earliest results from RHIC
and one which provided evidence that the energy density of the created medium is ex-
tremely high, higher than the energy density – determined by lattice QCD calculations –
required for a transition from a hadron gas to a plasma state. Figure 1.2 shows the prod-
uct of energy density times formation time as calculated in a Bjorken-like boost invariant
picture in Au+Au collisions at

√
sNN = 19.6, 130, and 200 GeV [54]. The formation time,

τ , is the earliest time at which one can regard the system as a collective state of “matter”
and is conventionally thought to be τ ∼ 1 fm/c. The experimental points are compared
to a relatively narrow range for the critical energy density, εc, as generally expected from
lattice calculations. In the most central collisions the achieved energy density sits well
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Figure 1.1: (left) Space-time evolution diagram for heavy ion collisions at RHIC. (right)
Diagram displaying the various inputs for the sQGP picture and the outputs as predictions
to compare with experimental data.

above the range of QCD phase transition values, and the medium is difficult to describe
via the propagation of distinct hadronic states.

The system that is created initially has a large central pressure and steep pressure gradi-
ents that cause the system to expand explosively. For heavy-ion collisions at RHIC ener-
gies, this expansion is successfully described using nearly ideal hydrodynamics, which
was not the case at lower collision energies. The transverse momentum (pT) spectra of fi-
nal state hadrons is well reproduced up to moderate values of pT by ideal hydrodynamic
models that include a hadronic cascade afterburner. In Figure 1.3, we show recent calcu-
lations from Hirano et al. [202] using a 3+1-dimensional ideal hydrodynamics followed
by a hadronic cascade. These include fluctuating initial conditions for the hydrodynamic
calculations, a realistic equation-of-state from lattice QCD, and zero shear and bulk vis-
cosity (i.e., ideal hydrodynamics). The results show good agreement with both hadron
spectra (π , k, p) up to pT ≈ 2.0− 2.5 GeV/c, and with elliptic flow v2 as measured by the
PHENIX experiment in Au+Au collisions at

√
sNN = 200 GeV.

Despite the impressive agreement of ideal hydrodynamics for the early time stage (i.e.,
with zero shear viscosity η), there is a conjectured low bound to the ratio of the shear
viscosity to entropy density η/s. This conjecture was originally motivated from simple
arguments based on the quantum mechanical uncertainty principle, and has since been
shown to be rigorously true for a broad class of gauge theories within the string theory
duality referred to as AdS/CFT [227]. This is a result with relevance far outside the field
of nuclear physics. For one thing, relativistic viscous hydrodynamics calculations have
only recently advanced sufficiently to be compared against RHIC results. This has ulti-
mately been beneficial for hydrodynamics experts in general, but was pushed in part by
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Figure 1.2: The product of energy density, εBj and formation time, τ , as a function of central-
ity (as measured by the number of participants Np) for Au+Au collisions at three different
energies. This has been calculated in a Bjorken-like boost invariant scenario, where one con-
ventionally takes τ ∼ 1 fm/c. The band shows the critical energy density, εc ∼ 1 GeV/fm3,
assuming a formation time of 1 fm/c, as determined using lattice QCD.

the needs of the RHIC analyses. There is also a connection to strongly coupled systems
of Fermi gases at µKelvin temperatures. Figure 1.4 shows the measurement of η/s for he-
lium, nitrogen, and water in comparison to the conjectured quantum lower limit. And of
course, the connections between RHIC physics and string theory, by way of the AdS/CFT
conjecture, have led to striking developments in both fields.

Figure 1.5 shows a comparison of a viscous hydrodynamic calculation [243] and PHENIX
experimental data for v2 as a function of pT. These initial results indicate that the quark-
gluon plasma may have a η/s ratio near the “perfect fluid” bound of 1/4π . However, cal-
culations of viscous hydrodynamics with fluctuating initial geometry and the full hadron
cascade afterburner are needed to obtain systematically reliable values for η/s. We expect
this to be an area of great theoretical progress in the next couple of years. Additionally, dif-
ferent methods of constraining η/s via the flow of heavy quarks have been made [30], and
will reach a precision era over the next five years with the PHENIX upgrades described
in Section 2.2.

While the viscosity to entropy density ratio is found to be small, the detailed dependence
of the flow on centrality and pT suggests that it is not zero, potentially reflecting the
influence of microscopic degrees of freedom, which tend to inhibit flow due to dissipative
effects. Shown in the left panel of Figure 1.6 are the v2 dependencies on pT for multiple
hadronic final states compared with an ideal hydrodynamic calculation. One observes
significant disagreement between data and the calculation for pT > 2 GeV/c. In the right
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Figure 1.3: Spectra and flow for identified hadrons compared to the ideal hydrodynamic +
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theory v2 vs pT.

panel of Figure 1.6 is the same experimental data plotted as v2/nq versus the transverse
kinetic energy KET/nq, where nq is the number of valence (anti)quarks in the hadron. This
observation has been interpreted by some to mean that quasi-particles with the quantum
numbers of quarks are the relevant degrees of freedom when these hadrons are formed.
This potential answer raises other very interesting questions – what are the masses and
widths of these quasi-particles? Also, if they are well defined quasi-particles and they
exist in the early time stages, they should create significant viscous effects which are not
observed [238]. Extending these measurements to other hadronic states and higher flow
moments [42], along with improved theoretical modeling of the hadronization process
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Figure 1.4: (left) Shear viscosity to entropy density ratio (η/s) near the conjectured lower
limit for helium, nitrogen, and water [227]. (right) Surprising connections involving RHI
physics that have emerged over the last decade.

are needed.

The success of a hydrodynamic description indicates that the system is close to local equi-
librium, and thus one can calculate the emission of electromagnetic radiation from the
scattering of its charged constituents. In particular, the system should radiate real and
virtual photons, with the highest rate of radiation at the earliest times when the temper-
ature is at its highest. It is difficult to access the dynamical processes which characterize
the system at these early times, but PHENIX has opened a window into this physics by
the measurement of direct virtual photons, radiated off of the hot charged constituents
of the plasma [43, 41]. Figure 1.7 shows the spectrum converted to real direct photons in
Au+Au central collisions. The solid line in the plot is an NLO pQCD calculation of the
expected rate in p+p appropriately scaled up in order to provide a baseline comparison
for the Au+Au results. There is a clear excess below pT = 3 GeV/c. These dielectrons
stem largely from the internal conversion of virtual photons. At low virtuality, the flux of
virtual photons is nearly the same as the flux of real photons. The flux of these photons in
Au+Au collisions provides an estimate of the temperature achieved in the early stage of
the collision. The excess observed above the spectrum expected from p+p collisions has
been modeled by hydrodynamic calculations coupled to EM radiation, and imply early
temperatures from T = 300–600 MeV, depending on the initialization time used in the
calculations. This clearly demonstrates that a hot, thermal system was created, with an
initial temperature well above the Hagedorn temperature (i.e., the temperature limit pre-
dicted for a hadronic resonance gas [198]). This would not be possible if the system was
purely hadronic.

In conclusion, the RHIC data show that a hot, dense system is formed – well beyond the
transition temperature suggested by the lattice. It flows with a low viscosity, indicative of
strong coupling between the constituents, building up substantial elliptic flow, and freez-
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Figure 1.5: Elliptic flow of charged hadrons, compared to relativistic hydrodynamic calcu-
lations that includes viscosity [243].

ing out into hadrons at or near the Hagedorn temperature. Thus, from a decade of results
from RHIC we have established the creation of a nearly equilibrated strongly-coupled
quark-gluon plasma. We also have some experimental insight into the bulk properties of
this matter (in particular its viscosity), although we still do not yet know its microscopic
degrees of freedom. This is the focus of the next phase of the RHIC program.

1.2 Properties of the sQGP

Beyond establishing the creation of a quark-gluon plasma, the RHIC program is working
to quantify the detailed properties of the created medium. This includes transport prop-
erties, such as the previously discussed viscosity-to-entropy ratio, as well as looking for
the restoration of chiral symmetry, effects of color screening, and jet quenching.

The measurement of low mass dileptons for the purpose of understanding the modifica-
tion of spectral functions in the quark-gluon plasma, and the relation of these measure-
ments to the restoration of approximate chiral symmetry, have provided some exciting
hints from the experimental data [41], but the fundamental answers will come in the next
five years utilizing the PHENIX upgrades. These issues are discussed in detail in Sec-
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Figure 1.6: (left) Elliptic flow v2 versus pT in midcentral Au+Au collisions at
√

sNN =
200 GeV [33] for various hadrons compared with an ideal hydrodynamic calculation. (right)
Elliptic flow v2/nq versus KET/nq where nq is the number of valence (anti)quarks in the
hadron.

tion 2.1 on chiral symmetry.

In addition, the measurement of heavy quarkonia states (to date most measurements in-
clude only the J/ψ state) is expected to encode information about color screening in the
quark-gluon plasma. Significant progress has been made, but there remain more ques-
tions than answers [32, 35]. We discuss key measurements designed to unravel this puz-
zle and answer detailed questions about color screening with PHENIX upgrades in Sec-
tion 3.4.

Jet quenching has proven to be one of the richest areas of experimental and theoretical
results in the first decade at RHIC. Jet quenching refers to the interactions of fast partons
(quarks, gluons, heavy quarks) with the surrounding color charges and possibly quasi-
particles in the quark-gluon plasma. Two keys sets of experimental observables have
been published to date.

One set is from high pT single particle yields. The modification of their spectra are char-
acterized by the nuclear modification factor RAA, which is defined at the ratio of yields
in Au+Au collisions divided by the yield in p+p collisions scaled up by the expected
number of binary collisions 〈Ncoll〉. Deviations from unity are expected to arise from a
variety of nuclear effects, both in the initial and final state. We have measured RAA for a
variety of hadrons and have compiled representative results in Figure 1.8. Direct photons
are not suppressed up to about pT ∼ 13 GeV/c, showing that there is no depletion of
partons in the initial state. At the highest pT there is a hint of suppression which may be
related to isospin or the EMC effect. At the lowest values of pT, the photons are enhanced,
which corresponds to the enhancement seen in the internal conversion measurement in
Figure 1.7. The light quarks are represented here by the π0s; they show a strong suppres-
sion up to the highest values of pT. It is particularly interesting that the heavy quarks,
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Figure 1.7: The spectrum of direct photons in central Au+Au collisions measured (open
points) as direct real photons and (closed points) as virtual photons via e+e− pairs and con-
verted to the real photon yield. (black line) NLO pQCD calculation in p+p multiplied by
TAA to provide an estimate for the yield in Au+Au of photons coming from hard initial colli-
sions (prompt photons). (black dashed line) Results from variations in the scale uncertainties.
(red line) Calculation by Turbide et al. [303] estimating the yield of photons emitted ther-
mally by the hot system. (blue line) Sum of thermal plus prompt. The Au+Au results show
a clear excess above the prompt photon yield for pT < 3 GeV/c. This excess, attributed to
photons emitted in the early stage of the collision, leads to an estimate of the initial temper-
ature of 300–600 MeV [41].

represented here by the nonphotonic electron results, also show a significant suppression.
The medium is so opaque that even heavy quarks seem to be strongly quenched, indicat-
ing that heavy quarks lose substantial energy in traversing the medium.

Perhaps more striking is the azimuthal dependence of these hadron yields, as encoded
by the v2 variable as shown in Figure 1.9 [46]. Note that for these high pT values, the
v2 is not expected to result from hydrodynamic flow, but rather the difference in path
length of material encountered by fast partons going in different orientations through the
medium. The data are compared to several different jet quenching calculations. While
some of the models can correctly reproduce the magnitude of quenching, all of them
under-predict the v2 found in the data. Whether this is due to an incomplete description
of the quenching, the medium dynamics, or other effects remains a crucial unanswered
question.

The second set of observables comes from two and three-particle hadron correlations. We
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Figure 1.9: (left) The nuclear modification factor RAA, and (right) elliptic flow v2, versus
centrality for neutral pions in Au+Au collisions at

√
sNN = 200 GeV. The data are compared

to several different jet quenching calculations.

use a high pT hadron as a stand-in for a jet, which at leading order is itself a proxy for a
hard scattered parton. Figure 1.10 shows the correlation function in Au+Au collisions of
two hadrons, each of which has pT between 2 and 3 GeV/c. On the near-side (∆φ ∼ 0),
there is a strong peak which looks similar to what one sees in p+p collisions. On the
away-side (∆φ ∼ π), one sees a bifurcated peak quite unlike the single broad peak seen
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in p+p collisions.
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ical representations of two different interpretations of the existing jet correlation measure-
ments. (lower left) A shock wave simulation in AdS/CFT [157]. (lower right) A diagram for
fluctuating initial conditions in a Glauber calculation leading to a large ε3 moment.

It turns out that there are several possible (and possibly competing) interpretations for
this observed modification, as shown in Figure 1.10. The left panel shows a depiction
of a Mach cone arising from the supersonic propagation of a fast parton through the
medium. This is expected to arise both in the context of QCD calculations as well as
AdS/CFT-based ones [157]. The right panel shows the location in the transverse plane
of individual nucleons. These positions fluctuate from event to event and it is possible
to generate a significant triangular component [87, 292]. Particle emission from such an
arrangement could produce a pattern in the final state similar to that seen in the data,
after the dominant v2 modulation is subtracted. Within the next year this important issue
is likely to be resolved both experimentally and theoretically, which is very important for
understanding a future jet physics program.

Figure 1.11 shows two examples of the sort of jet correlation measurements possible with
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the current PHENIX detector. Both of these correlations rely on single particle proxies as a
stand-in for the jet. The panel on the left of Figure 1.11 shows the strength of the away-side
correlation (IAA) between a π0 trigger and an opposite side hadron [46]. The correlation
shown in the right panel is similar, but for direct photon triggers correlated with away-
side hadrons [164]. A direct photon trigger provides a calibrated measure of the jet energy
(neglecting the contribution of photons stemming from jet-medium interactions), so the
yield can be plotted in terms of the fractional momentum zT. As informative as these
results are, it is not currently possible to reconcile the full set of results on RAA, IAA, and
v2 within any current theoretical model.
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FIG. 2: (Color online) Away-side jet widths from a Gaussian
fit by h± partner momentum for various !0 trigger momenta
in p+p (open circles), midcentral 20–60% Au+Au (solid cir-
cles), and central 0–20% Au+Au collisions (squares). For
comparison, an interpolation of the p+p is depicted (curve).
In cases where the best fit "away > !/2 radians, the point is
o! the plot.

the near and away side is the same as the p+p jet shape.
For pt

T
>7 GeV/c, agreement is found for all pa

T
. How-

ever, for pt
T

at 5–7 (4–5) GeV/c, the agreement worsens
sharply for pa

T
< 3 (4) GeV/c as the away-side jet be-

comes increasingly broad. For example, the p-values for
agreement between the p+p and Au+Au shapes for pa

T

= 1-2 GeV/c are very small (< 10!4) for pt
T

= 4–5 and
5–7 GeV/c, but indicate reasonable agreement (0.33 and
0.16) for pt

T
= 7–9 and 9–12 GeV/c, respectively. The

statistical precision of the experimental data does not
allow conclusion of a sharp transition in the shape; how-
ever, there is a clear indication of a trend towards either
much smaller modification or unmodifed jet shapes for
higher pt

T
at all pa

T
. To confirm this finding, we compared

the away-side distributions in Au+Au central events for
pt

T
5–7 GeV/c with pt

T
7–9 GeV/c for pa

T
1–2 GeV/c (see

Fig. 1) and find the probability that they have a common
source is small (p-value < 0.07).

The lack of large away-side shape modification for pt
T

> 7 GeV/c and pa
T

< 3 GeV/c is surprising as medium
response e!ects are not generally expected to decrease
at larger pt

T
. In descriptions where the medium-induced

energy loss ("E) is nearly proportional to the initial par-
ton energy (E) [22], and where the lost energy produces
a medium response, a larger medium modification is ex-
pected for higher momentum partons. Within our statis-
tical precision, no evidence for this is seen; rather, the op-
posite is found. However, should "E/E fall steeply with
increasing parton pT , an increased contribution from par-
tons which have lost little energy could make an observa-
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tion of the medium response more di#cult. In alternative
models of fluctuating background correlations [12, 13],
the modification is predicted to diminish at higher trigger
pT as the background contribution drops, in agreement
with observations.

In addition to the shape modification measurement,
the away-side integrated yield is determined. Away-
side jet yield modification in central collisions, shown in
Fig. 3, is measured by IAA (the ratio of conditional jet
pair yields integrated over a particular range in "! in
Au+Au to p+p). The IAA uncertainties include uncorre-
lated errors ("stat), point-to-point correlated errors from
the background subtraction ("syst), and a normalization
uncertainty from the single particle e#ciency determina-
tion.

Away-side IAA values for pt
T

> 7 GeV/c tend to fall
with pa

T
for both the full away-side region (|"! ! #| <

#/2) and for a narrower “head” selection (|"!!#| < #/6)
until pa

T
" 2–3 GeV/c, above which they become roughly

constant. The yield enhancement at pt
T

> 7 GeV/c and
pa

T
< 2 GeV/c is modest and occurs without significant

shape modification (Fig. 2). When pt
T

is decreased, the
away-side IAA di!ers between the two angular selections
as the shape becomes modified.

Average away-side IAA values from weighted averages
of the “head” region data in Fig. 3 for pt

T
(pa

T
) > 5(2)

GeV/c are listed in Table I for both central and midcen-
tral collisions. The fits, which are not shown, cover the
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Figure 1.11: Examples of the jet correlation measurements possible with the current
PHENIX detector. Both of these correlations rely on proxies for the jet. (left) The strength
of the away-side correlation (IAA) between a π0 trigger and an opposite side hadron [46].
(right) A similar correlation, but for direct photon triggers correlated with away-side
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can be plotted in terms of the fractional momentum zT.

12



Heavy Ion Physics: Current Understanding Properties of the sQGP

!"# # #! #!! # #! #!! # #! #!! # #! #!!
#

#!

#!!

$%&'($)&'($*&'($+&'(

!!"#$"%&

'()*(+*,-

.*
$
)
/
(0
)
1

23
/
(0
44

5-+/-156#3/
7$)-08-$1
9*-:6-0

2+
#
;
;
*$
:"
;
#
<
-0
"=
>
-?
"3
@
A
B:
C

>&#$"D*$-+*3"-$-0:E"!

!F

G&36-(0
6#88-8

>*$*@&@
*#$*H(+*#$

I*+/#&+""

'()*(+*,-
6#88-8

'()*(+*,-
-44-3+8
0-(3/"JK

"!#

Figure 1.12: The muon stopping power in copper [88] demonstrates a comprehensive under-
standing of the interaction of a fundamental particle with matter over an enormous range
of scales.

Figure 1.12 shows the stopping power of a muon incident on copper as a function of
incident kinetic energy from 0.1 keV to 100 TeV, annotated along the way by the physical
processes responsible for that stopping power. This diagram represents a comprehensive
understanding in QED of the interaction of a fundamental particle with a medium over an
enormous range of scales. We are striving toward a similar understanding of interactions
in QCD (i.e., the interaction of a parton with the sQGP). PHENIX and STAR, with their
current and planned capabilities, are yielding valuable results that will improve over the
next five years. However, we believe that major advances in our understanding—the sort
of developments that will move us materially toward a QCD version of Figure 1.12—will
require a detector specifically designed to measure jets well. This is a major focus of the
PHENIX upgrade effort beyond 2015 and both its physics rationale and a description of
the required detector capabilities are discussed in detail in Section 3.1.
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1.3 Cold Nuclear Matter and low-x Physics

Our quest to understand QCD processes in Cold Nuclear Matter (CNM) centers on the
following fundamental questions:

• What are the dynamics of partons at very small and very large momentum fraction
(x) in nuclei, and at high gluon density what are the nonlinear evolution effects (i.e.,
saturation)?

• What are the pQCD mechanisms that cause energy loss of partons in CNM, and is
this intimately related to transverse momentum broadening?

• What are the detailed hadronization mechanisms and time scales and how are they
modified in the nuclear environment?

These questions are being attacked by numerous experiments and facilities around the
world. Deep inelastic scattering on nuclei address many of these questions with results
from HERMES at DESY [73, 64], CLAS at Jlab [142], and in the future at the Jlab 12 GeV
upgrade and eventually an Electron-Ion Collider [141]. This program is complemented
with hadron-nuclei reactions in fixed target p+A experiments at Fermilab (E772, E886,
and soon E906) [305] and at the CERN-SPS. RHIC has significantly extended this program
to d+A reactions at much higher colliding energies, and also with the key augmentation
of being able to tag impact-parameter categories of the collisions.

The RHIC program has already played a major role in addressing the fundamental ques-
tion of low-x partons in nuclei. It has been known for many years that the population
of small momentum fraction (small x) partons in a nucleon embedded in a nucleus is de-
pleted compared to that for a free nucleon. Evidence for this phenomena has come largely
from deep-inelastic scattering (DIS) measurements [191, 123] and from Drell-Yan [75, 305]
measurements. Quarks and anti-quarks are both depleted for x < 10−2. For gluons the
evidence is mostly indirect and relies on the Q2 scaling violations observed in lepton DIS
measurements. The state of the art for gluons is embodied in the EPS09 gluon nuclear
parton distribution functions (nPDF’s) of Eskola et al [184], which are shown in the left
panel of Figure 1.13. These modifications are extremely uncertain, with depletion factors
ranging from ' 10% to nearly no gluons at x ' 5× 10−3.

A more fundamental approach to the depletion of low-x gluons, often called nuclear shad-
owing, involves coherence models where production from the multiple scattering centers
in a nucleus can be coherent at high enough incident parton momenta, and these multi-
ple scatterings can interfere such that the net amplitude for production is reduced [222].
In such pictures, the interior nucleons in a nucleus are ”shadowed” and only produc-
tion from the surface is important. In some models, higher-twist contributions also play
a role [268]. Another fundamental picture involves changes in the dynamics of gluons
in the very crowded realm of gluons at small x, resulting in saturation effects [262]. At
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Figure 1.13: (left) Nuclear modification of gluons from a global analysis of Deep Inelastic
Scattering (DIS), Drell-Yan data, and PHENIX hadron data by the EPS09 group [184]. (right)
Schematic diagram of the different regions in the momentum transfer (Q2) vs momentum
fraction (x) space, showing the gluon saturation region at large ln 1/x and small ln Q2.

these very high gluon densities, gluon diagrams where two low-momentum gluons fuse
into one higher momentum gluon—thus depleting the low-momentum gluons—become
dominant. These effects are present in a nucleon, but become much stronger (' A1/3) in a
nucleus. Recent saturation models, assert that a novel semiclassical state—the color glass
condensate (CGC)—is formed above a critical saturation scale, Q2, at low enough mo-
mentum [192]. Figure 1.13 (right) shows a conceptual diagram of the CGC picture, and
indicates the region at small x and large Q2. However, the boundary where saturation
physics is dominant in x and Q2 is not yet well constrained.

Here we highlight two recent areas where PHENIX measurements at RHIC have started
to provide data to address these fundamental questions, while also attempting to provide
a reliable baseline of CNM effects to extrapolate to heavy ion collisions, and thus more
clearly isolate final state effects from the hot quark-gluon plasma.

The first set of highlighted measurements are of heavy quarkonia J/ψ over a wide range
of rapidity and for different centrality classes in d+Au reactions at

√
sNN = 200 GeV [34].

Figure 1.14 shows that for different colliding energies the nuclear modification factor has
a very different behavior as a function of the parton momentum fraction in the heavy nu-
cleus x2. There is better scaling of the results with center-of-mass rapidity yCM, although
deviations are already seen. PHENIX has collected ≈ 50 times more statistics in 2008 and
expects to submit new results for publication soon. We expect the data will help discrim-
inate between pictures of traditional gluon shadowing, gluon saturation, and possible
initial state energy loss of the incoming parton before the hard scattering.
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Figure 1.14: Nuclear suppression of J/ψ production for measurements at three different
energies (a) vs the momentum fraction of the gluon in the nucleus, x2 and (b) vs the rapidity
(ycm) of the J/ψ. α is a representation of the nuclear dependence in terms of a power law,
i.e. σA = σN Aα.

The second set of measurements involve correlated pairs of hadrons at forward rapidity
that probe the small-x gluon distributions, and for nuclear targets the modification of
these gluon distributions in nuclei. For pairs of hadrons, where one is forward and the
other at midrapidity, the x range probed is very broad. However, when both hadrons
are detected at forward rapidity, the x distribution is relatively narrow and at fairly small
x. Gluon saturation models have predicted that in the nuclear environment probed by
d+A collisions the correlation will be broadened and the away-side peak will be weak-
ened compared to p+p collisions. For this phenomena, usually called mono-jets, one
observes (triggers on) a hadron from one parton jet and the opposing jet vanishes (for
d+Au compared to p+p) with the momentum of the trigger jet balanced on the other
side by many gluons associated with the saturated gluon field. Recent data using the
Muon Piston Calorimeter, which covers pseudorapidity |η| =3.1–3.8, does show broad-
ening and weakening of the away-side particles, as shown in Figure 1.15. However, the
theoretical interpretation of this phenomena remains unclear, since pQCD model calcula-
tions including higher twist may also be able to produce such effects, particularly at the
rather low momenta of the hadrons measured so far.
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Extending the set of measured probes of CNM effects to include open heavy flavor, Drell-
Yan, and direct photons and over a much broader kinematic range is essential to the world
wide effort to address these key questions. As part of the PHENIX upgrade program we
address measuring open heavy flavor (D → e or µ and B → e or µ) including at forward
rapidity η = 1.2–2.2 in Section 2.4.1 and with direct photons over a similar rapidity range
in Section 2.4.2. However, extending the kinematic reach to much larger rapidities and xF
requires a new forward rapidity spectrometer that is discussed in Section 7.2. We believe
this complete program, in addition to other DIS experiments, hadron-nucleus fixed target
experiments, and eventually a proton-nucleus program at the Large Hadron Collider and
the Electron-Ion Collider will give the community the full tool set needed to answer these
questions.
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Figure 1.15: Conditional yield vs azimuthal angle (∆φ) in (left) p+p and (right) d+Au colli-
sions for two π0s at forward rapidity.
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Chapter 2

Heavy Ion Physics: Midterm Plan

PHENIX has an ambitious plan for addressing topics of current interest in RHIC physics
in the next five years. Here we highlight four key physics questions that our targeted
midterm upgrades and year-by-year run plans will answer. Details on the detector up-
grades and status are given in Chapter 7, and the 5-year proposed run plan is given in
Section B.2.

We plan to carry out the following program:

• We will investigate the restoration of approximate chiral symmetry and its impact
on vector meson spectral functions via dielectron measurements with the Hadron
Blind Detector.

• We will explore the mechanisms of parton energy loss for heavy quarks (charm and
beauty) and their coupling to the medium with the new silicon vertex detectors (the
VTX and FVTX).

• We will search for a QCD critical point with a continued systematic low energy scan.

• We will look for further evidence of gluon saturation at low x with the FVTX and
potentially with new forward calorimetry, referred to as the FOCAL.

These physics lines of investigation are directly connected to the PHENIX midterm up-
grades as shown schematically in Figure 2.1. In this Chapter we focus on these four key
areas, but we note that there are many other areas where larger data samples and new
detector performance will also be beneficial. For example, we want to extend the bulk
matter dynamics measurements described in Section 1.1 to U+U collisions with larger
energy densities and to asymmetric heavy ion collisions (e.g. Cu+Au) in order to study
higher flow moments – as detailed in the 5-year run plan in Table B.1. Also in the 5-year
run plan, we foresee an increase in Au+Au data sample a factor of 4–5 over the run-10
Au+Au data set. This increased data sample, combined with the larger acceptance in the

19



Heavy Ion Physics: Midterm Plan

VTX for low momentum charged hadrons, will improve our direct γ-hadron correlations.
The improved momentum vector resolution from the VTX and FVTX we will improve
our J/ψ measurements (including the separation of the ψ’).

Deconstructing 
the sQGP

Chiral Symmetry 
Restoration

Charm and Beauty 
Interactions in the QGP

Critical Point 
Search

Initial State Physics
Gluon Saturation

Hadron Blind 
Detector Upgrade

Silicon Upgrades
VTX and FVTX

Complete Beam 
Energy Scan

FVTX Upgrade
FOCAL Upgrade

DAQTrig2010 +
SuperDAQ

Fundamental 
Cold Nuclear 

Matter Studies

Figure 2.1: Schematic outline of key physics lines of investigation and the detector upgrades
needed.
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2.1 Modified Spectral Functions and Chiral Symmetry

A key property of the phase transition from a hadron gas to the Quark Gluon Plasma is
that lattice QCD calculations at µB = 0 indicate that the deconfinement transition tem-
perature is close to the temperature for the restoration of approximate chiral symmetry.
Although it is true that this symmetry is not fully restored, as the light quarks still retain
5–15 MeV current masses due to electroweak symmetry breaking (i.e. the Higgs mech-
anism), these masses are very small compared to ΛQCD and the residual chiral symme-
try breaking is only very slight. The breaking of chiral symmetry in the QCD vacuum
accounts for almost all of the mass of hadrons (including baryonic matter in the uni-
verse). As such, it is of utmost importance to understand in detail the manner in which
the quark masses evolve from their current-quark values at very high temperatures to
the constituent masses which appear in “dressed” hadrons. As detailed in Chapter 1, we
have strong experimental evidence that heavy ion collisions at RHIC create a nearly equili-
brated Quark Gluon Plasma with temperatures well above the transition value. However,
we have no direct experimental evidence that chiral symmetry is restored.

Figure 2.2: Spectral functions of the light vector mesons ρ (left) and ω and φ (right) in
vacuum (solid lines) as well as in hot nuclear matter (dashed lines).

Calculations within effective chiral theory indicate that near and above the phase tran-
sition temperature, the spectral functions of vector mesons including the ρ,ω and φ are
substantially modified (see [274] for example). Shown in Figure 2.2 is one calculation of
the spectral function modifications as a function of temperature. Measuring the modi-
fication of vector meson states is challenging for a number of reasons. First, any of the
decay products of a modified vector meson will reflect the complex time evolution of the
vector meson states as they themselves evolve and then decay in the medium. And, sec-
ond, any strongly interacting decay products will scatter in the medium, weakening or
destroying their correlations. This is why it is crucial to measure the leptonic decay of
these states, since the leptonic decay products do not interact with the medium via the
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color force and thus exit essentially undisturbed. In this regard the measurement of dilep-
tons in the invariant mass region 0.2–1.1 GeV/c2 are very interesting, specifically for the
ρ state because of the short lifetime (τ ≈ 1 fm/c) allowing it to decay in the hot and dense
matter.

Key measurements were done at the CERN-SPS with heavy ions for colliding energies√
sNN = 17–20 GeV to address this issue, including measurements by the CERES ex-

periment [58] and more recently by the NA60 experiment [102]. Figure 2.3 shows re-
sults from In+In collisions at

√
sNN = 17 GeV from NA60, after subtracting the con-

tributions expected in the absence of any modifications. Substantial modifications are
observed. Also shown are various competing theories about the nature of the evolution
of these spectral functions in addition to other hadronic contributions. The calculation
of Rapp and Wambach with a modified ρ state and contributions from ππ annihilation
shows reasonable agreement with the experimental data, except for masses greater than
0.9 GeV/c2. For a detailed review of the measurements and alternative theoretical expla-
nations see [300].

The PHENIX experiment has demonstrated excellent electron identification and tracking
capabilities and has published results not only regarding low-mass dielectrons at low pT,
where the process discussed above is believed to be most prominent, but also for higher
pT dielectrons where contributions from nearly-real virtual photons are significant [57].
The right panel of Figure 2.3 shows that the PHENIX published result (integrated over
all pT) indicates a significant enhancement below the vacuum value for the ρ meson. In-
terestingly, this disagrees with a model of ρ modified spectral function and ππ annihila-

Figure 2.3: (left) Results from the NA60 experiment for low-mass dimuon pairs produced in
In+In collisions. Various theoretical model calculations are shown for comparison. (right)
PHENIX results for the invariant mass spectra of e+e− pairs in Au+Au collisions in the
low-mass region. The calculation is by Rapp and van Hees [274]
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tion that reasonably described the NA60 data at lower colliding energies. However, the
enhancement is seen in only three data points, which is insufficient to make a detailed
determination of the shape of the modification. Also, since there seems to be a signifi-
cant disagreement between theory and measurements taken at colliding energies

√
sNN

that are an order of magnitude apart, it is crucial to map out the full energy span more
thoroughly.

The key limitation in the current PHENIX measurements is the very large combinatorial
background in central Au+Au collisions that must be subtracted before accessing the cor-
related electron pairs of interest. Additionally, a low signal-to-background ratio results
in a systematic uncertainty from the detailed understanding of the combinatorial back-
ground and its normalization. Exhaustive analysis of the PHENIX Au+Au data taken
at
√

sNN = 200 GeV has allowed control of the dielectron background normalization at
a level of 0.25%. Such precision is required in order to obtain our published true dielec-
tron signal via subtraction since the signal to background below 1 GeV/c2 was approxi-
mately 1:200. The combinatorial background is mainly a result of associating uncorrelated
electron-positron pairs in the mass spectrum. The problem is exacerbated by a high mul-
tiplicity of beampipe conversions and π0 Dalitz decays in conjunction with the limited
acceptance of PHENIX. In dielectron reconstruction, typically one of the two pair part-
ners is lost. An upgrade of the PHENIX detector was necessary to considerably reduce
the resulting combinatorial background.

For the express purpose of answering in detail the questions regarding modified spec-
tral functions in the medium, PHENIX started a very ambitious research and develop-
ment project back in 2003. This detector project was a significant part of the last PHENIX
Decadal Plan (2004–2013) [4] which has now come to fruition.

In order to differentiate between γ conversions, π0 Dalitz decays and light vector meson
decays, the opening angle of the decay pair must be measured. Since Dalitz decays and
photon conversions typically produce pairs with very small opening angles, the direction
of the momentum is sufficient to tag electrons originating from these sources. The inner
coil of the PHENIX central magnet was designed to be able to cancel the field within a
60 cm radius of the beampipe and provide the zero-field region required for this type of
measurement to work. Thus a Hadron Blind Detector (i.e. one that is only sensitive to
electrons and not hadrons) that can operate in this field-free region, can make this differ-
entiation. The main Hadron Blind Detector (HBD) specifications are: electron identifica-
tion with a very high efficiency (> 90%), double hit recognition at a comparable level and
a moderate hadron rejection factor of 100. Details on the detector design and hardware
performance are given in Appendix C.

The HBD was installed for an engineering run in 2007, and significant operating problems
were encountered. The detector was removed and was refurbished to improve its ability
to hold high voltage stably. The HBD was then reinstalled for p+p data taking during the
2009 run. The HBD operated stably during the entire duration of the 2009 and 2010 runs.
First analysis of Hadron Blind Detector data in full energy Au+Au collisions indicates
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that the HBD performed in run-10 as well as in run-9.

The superb performance of RHIC in run-10 allowed PHENIX to collect over 8 billion
events at 200 GeV and 700 million events in 62.4 GeV Au+Au collisions. This will lead to
an excellent measurement of the low-mass dilepton spectrum, and allow us to determine
whether the large dilepton excess observed by PHENIX at 200 GeV also appears at lower√

sNN. In the 39 GeV Au+Au run, PHENIX collected 250 million events. With such a
data sample, which is substantially larger than initially anticipated, it should be feasible
to measure the low-mass dielectron spectrum at a third energy.

Optimization of the analysis algorithms for high multiplicity events is underway at the
time of this writing, with a particular focus on effective rejection of photon conversions
in the HBD back plane. We anticipate an improvement in the effective signal by at least
an order of magnitude over our published Au+Au 200 GeV results. Lowering the back-
ground to be subtracted also substantially decreases systematic uncertainties in the ex-
tracted signal. The improved data set will allow a detailed examination of the low-mass
enhancement and ρ modification as a function of both pT and centrality, similar to that
shown at lower energies from NA60 in Figure 2.3. Measurements from the large data set
at 62 GeV, using the HBD background rejection, will have twice the statistical significance
of the existing result at 200 GeV. It becomes more difficult to predict the measurement

Invariant Mass e+e- [GeV/c2]

PHENIX Au + Au @ 39 GeV

Projected Uncertainties from Run-10 Data Set

Figure 2.4: Projected yields and uncertainties for e+e− pair invariant mass measurements in
Au+Au at 39 GeV data after background subtraction. Details on the projection are given in
the text.
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significance in the 39 GeV data set, as we do not yet know the
√

sNN dependence of the
low-mass enhancement. Figure 2.4 shows the invariant mass distribution predicted for
200 million minimum bias events with vertex inside ± 20 cm, under two assumptions
about the magnitude of the enhancement. The solid line shows the mass spectrum of
dielectrons calculated with the hadronic decay cocktail. The black points show the ex-
pected measurement should the enhancement be the same at 39 GeV as measured at 200
GeV. The uncertainties are rather small because the combinatorial background falls as the
square of the hadron multiplicity, and the HBD further reduces the background that must
be subtracted. The blue points show the mass spectrum that results if the excess at 39 GeV
is 30% of that observed at 200 GeV. This illustrates the limit of measurable enhancement
at this energy.

These three excellent data sets span the region of interest, and they are under very active
analysis. We expect this to be a focus within the collaboration over the next two years,
and to result in high quality measurements to answer key physics questions. The HBD
detector has now been removed from the PHENIX hall to make space for the inner silicon
detectors, discussed in the next Section.
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2.2 Heavy Flavor Lepton Physics

The PHENIX experiment was specifically designed to have exceptional electron parti-
cle identification, even in the high multiplicity environment of central Au+Au reactions.
PHENIX has published [30] Au+Au results from the 2004 run on nonphotonic electrons,
which are predominantly from charm and bottom meson decays. Figure 2.5 shows the
measurements of the nuclear modification factor RAA out to pT ≈ 10 GeV/c and ellip-
tic flow v2, which indicate a dramatic change in the momentum distribution of heavy
quarks in the medium. If the heavy quarks were unaffected by the surrounding Quark
Gluon Plasma, the RAA value would be close to one (excepting modest initial state ef-
fects) 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 the entire analysis procedure
for nonphotonic electrons, including systematic uncertainty estimation, and theoretical
model comparisons [44].
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Figure 2.5: (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 2.6, these results present a challenge for the perturbative (weak cou-
pled expansion approximation) picture of partonic energy loss. However, a fundamen-
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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 [38]. 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.

Figure 2.6: 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.

Figure 2.7 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 predominance 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 velocities
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
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us answer the question of how close η/s in the quark-gluon plasma is to the conjectured
minimum bound.
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Figure 2.7: Nonphotonic electron (HF) elliptic flow (v2) as a function of transverse mo-
mentum compared with theoretical models from Greco et al., Zhang et al., and van Hees et
al.

In the last Decadal Plan (2004–2013) [4], the PHENIX collaboration proposed to develop
and build a set of inner silicon vertex detectors specifically to unambiguously resolve
these heavy quark puzzles. These detectors will enable us to measure the displaced ver-
tices of leptons from the decay of charm and bottom mesons, and separate the charm and
bottom contributions with high precision. As described in Appendix C, excellent progress
on the construction of the midrapidity barrel vertex detector (VTX) and forward rapidity
(FVTX) has been made, and installation of the VTX is on schedule for the fall of 2010, and
will be followed by the installation of the FVTX in the fall of 2011. The Appendix also
describes a data acquisition upgrade (referred to as DAQTrig2010) that is being imple-
mented for reading out these new detectors. This important set of physics measurements
are a driving factor in our expected beam use request for the next five year period. As
shown in Table B.1, we project two initial Au+Au runs in 2010/11 and 2011/12 for com-
missioning the silicon detectors and to obtain initial physics results, and later a longer
run when full accelerator stochastic cooling becomes available, and additional data acqui-
sition bandwidth via the SuperDAQ upgrade is installed (see detailed in Appendix C.2.6).
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Figure 2.8: 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. [304] assuming
different diffusion coefficients.

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. For comparison p+p
measurements at 200 GeV, we project an integrated luminosity over two years of running
of 15 pb−1 sampled within the same z-vertex acceptance.

We show the projected physics performance we expect to achieve by 2015, using the above
integrated luminosities over multiple year running periods. Shown in Figure 2.8 are the
Au+Au pT distributions of electrons from charm and bottom hadron decays (left) and the
corresponding nuclear modification factors RAA (right). Figure 2.9 shows the projected
uncertainties for minimum bias Au+Au collisions for the elliptic flow v2 observables. 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-
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Figure 2.9: 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. [304] in a heavy quark diffusion calculations assuming
different diffusion coefficients. Note that the largest flow magnitude case corresponds to
nearly zero shear viscosity.

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 2.10 are the projected
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 [175], ’DGLV Rad + El’ which includes additional elastic
energy loss [316], and collisional dissociation of the mesonic state in the medium [52].
These measurements will provide excellent discriminating power between these differ-
ent scenarios.
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2.3 Beam Energy Scan and Search for the Critical Point

When ordinary substances are 
subjected to variations in tempera-

ture or pressure, they will often undergo 
a phase transition: a physical change 
from one state to another. At normal 
atmospheric pressure, for example, water 
suddenly changes from liquid to vapor 
as its temperature is raised past 100° C; 
in a word, it boils. Water also boils if the 
temperature is held !xed and the pres-
sure is lowered—at high altitude, say. The 
boundary between liquid and vapor for 
any given substance can be plotted as a 
curve in its phase diagram, a graph of tem-
perature versus pressure. Another curve 
traces the boundary between solid and 
liquid. And depending on the substance, 
still other curves may trace more exotic 
phase transitions. (Such a phase diagram 
may also require more exotic variables, as 
in the !gure).

One striking fact made apparent by 
the phase diagram is that the liquid-
vapor curve can come to an end. Beyond 
this “critical point,” the sharp distinction 
between liquid and vapor is lost, and 
the transition becomes continuous. The 
location of this critical point and the 
phase boundaries represent two of the 
most fundamental characteristics of any 
substance. The critical point of water, for 
example, lies at 374° C and 218 times nor-
mal atmospheric pressure. 

The schematic phase diagram shown 
in the !gure shows the di"erent phases 
of nuclear matter predicted for various 
combinations of temperature and baryon 
chemical potential. The baryon chemical 
potential determines the energy required 
to add or remove a baryon at !xed pres-
sure and temperature. It re#ects the net 
baryon density of the matter, in a similar 
way as the temperature can be thought to 
determine its energy density from micro-
scopic kinetic motion. At small chemical 
potential (corresponding to small net 
baryon density) and high temperatures, 
one obtains the quark-gluon plasma phase; 

a phase explored by 
the early universe dur-
ing the !rst few micro-
seconds after the Big 
Bang. At low tempera-
tures and high baryon 
density, such as those 
encountered in the 
core of neutron stars, 
the predictions call for 
color-superconduct-
ing phases. The phase 
transition between a 
quark-gluon plasma 
and a gas of ordinary 
hadrons seems to be 
continuous for small 
chemical potential 
(the dashed line in 
the !gure). However, 
model studies sug-
gest that a critical 
point appears at 
higher values of the 
potential, beyond 
which the bound-
ary between these 
phases becomes a sharp line (solid line in 
the !gure). Experimentally verifying the 
location of these fundamental “landmarks” 
is central to a quantitative understanding 
of the nuclear matter phase diagram.

Theoretical predictions of the loca-
tion of the critical point and the phase 
boundaries are still uncertain. However, 
several pioneering lattice QCD calculations 
have indicated that the critical point is 
located within the range of temperatures 
and chemical potentials accessible with 
the current RHIC facility, with the envi-
sioned RHIC II accelerator upgrade, and at 
existing and future facilities in Europe (i.e., 
the CERN SPS and the GSI FAIR). Indeed, 
the recent discovery of the quark-gluon 
plasma at RHIC gives evidence for the 
expected continuous transition (dashed 
line in the !gure) from plasma to hadron 
gas. Physicists are now eagerly anticipat-

ing further experiments in which nuclear 
matter will be prepared with a broad range 
of chemical potentials and temperatures, 
so as to explore the critical point and the 
phase boundary fully. As the experiments 
close in, for example, the researchers 
expect the critical point to announce itself 
through large-scale #uctuations in several 
observables. These required inputs will be 
achieved by heavy-ion collisions spanning 
a broad range of collision energies at RHIC, 
RHIC II, the CERN SPS and the FAIR at GSI.

The large range of temperatures and 
chemical potentials possible at RHIC and 
RHIC II, along with important technical 
advantages provided by a collider coupled 
with advanced detectors, give RHIC scien-
tists excellent opportunity for discovery of 
the critical point and the associated phase 
boundaries.

Search for the Critical Point: “A Landmark Study”
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Figure 2.11: (left) Schematic diagram for the phases of QCD matter. Note the hypothesized
Critical Point connecting the first order phase transition line down to the region of Color Su-
perconductivity. (right) Similar diagram with various theoretical estimates for the position
(in particular µB,T) for the critical point and the range of µB values accessed through the
RHIC beam energy scan.

There are several compelling reasons for performing a beam energy scan at RHIC. The
measurement of excitation functions for many important observables at RHIC, like quark-
number scaling of elliptic flow or parton energy loss, can serve as powerful constraints
and discriminators between various theoretical models of the quark-gluon plasma and its
eventual hadronization. In addition, a beam energy scan serves to map a large region of
the QCD phase diagram, Figure 2.11. In particular, the region of higher baryon chemical
potential (large net baryon density) is predicted to be one of the more feature-rich parts
of the QCD phase diagram. At the center of the discussion is the possibility that a critical
end point to a first order phase boundary may be located at finite µB. Whether such a
point exists and at which value of µB it is located is currently unknown. Lattice calcu-
lations at finite µB are challenging, and make a number of as yet untested assumptions.
Recent results are shown in the right panel of Figure 2.11. One can argue for the existence
of a critical point on general grounds, since current lattice QCD calculations indicate that
there is a smooth crossover at µB = 0, and there is a first order transition at very low tem-
peratures, in the domain of color superconductivity. However, it is possible that this first
order phase transition line could be moved all the way back to the color superconductor
boundary. These arguments only underscore the high priority for experimentally inves-
tigating this part of the phase diagram. Locating the critical point by experiment would
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significantly expand our knowledge of the QCD phase diagram.

There are a number of observables within reach for the existing PHENIX detector that are
sensitive to this physics problem.

• The measurement of fluctuation observables is expected to provide the most direct
evidence that the system has approached a critical point. Simultaneous observation
of an increase in fluctuations in 〈pT〉 and multiplicity, along with the observation
of an increase of correlation lengths has the potential to identify the critical point
location. Using the latest Collider-Accelerator Division rate estimates, we can make
statistically significant measurements of multiplicity, 〈pT〉 and 〈ET〉 fluctuations for
collision energies above

√
sNN = 10 GeV. Additional fluctuation measurements of

correlation functions at low pT and longitudinal density fluctuations should be pos-
sible. For event-by-event measurements of the K/π ratio, we will be near the statis-
tical limit for energies below 39 GeV.

• Density fluctuations at the critical point may inhibit momentum transport over large
distances, thereby effectively decreasing the shear viscosity (and hence the η/s ra-
tio). Data from a variety of substances near the critical point suggest that the mini-
mum of the η/s ratio may be reached [165]. An excitation function of flow observ-
ables (including elliptic flow v2) is important for mapping out the energy depen-
dence of the shear viscosity. Additional measurement of quark-number scaling as a
function of energy should also prove elucidating in this regard.

• The measurement of identified particle ratios, including K/π , π/p and p/p are im-
portant for determining the degree of chemical equilibration and the location at
freeze-out in the µB − T plane. These measurements are a strength of the PHENIX
spectrometer with its excellent collision start time and particle time-of-flight detec-
tors.

• Parton energy loss as a function of collision energy is another key handle on the
properties of the medium as it evolves. The exact conditional dependence (energy,
system size) of the parton energy loss will have major constraining power on differ-
ent theoretical frameworks for understanding parton-medium interactions. While
we do not expect moderate to high pT nuclear modification factors RAA to be directly
sensitive to the critical point, there should be a dependence in terms of the relevant
quasi-particles and excitation modes of the medium that the parton scatters from.

• Femotoscopy (HBT correlations) provides a number of experimental control tools to
measure the space-time dimensions of the medium created by these heavy ion reac-
tions. Measurements at the higher RHIC energies reveal extended nonGaussian tails
in the source function [55]. These tails are sensitive to the emission time duration of
the fireball, and thus may be significantly modified near the critical point.
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The RHIC program had a very successful start to the beam energy scan program in
2010, and as shown in Appendix B, Table B.2. PHENIX has already recorded substan-
tial Au+Au minimum bias data sets at

√
sNN = 7.7 (1.6M events), 39 (250M events), and

62.4 GeV (700M events). We are proposing to run at
√

sNN = 18 and 27 GeV over the
2010–2012 period to collect comparable data sets and thus complete the first pass energy
scan. The PHENIX detector has shown the ability to trigger and analyze data below RHIC
injection during the 7.7 GeV running. However, the finite acceptance of the central arm
spectrometers and the finite z-vertex acceptance (|z| < 30 cm for accepting produced par-
ticles from collisions without striking the magnet pole tips) limits the PHENIX physics
reach for energies below 15 GeV. The introduction of the silicon VTX detector increases
our overall acceptance, but at the same time only has optimal acceptance for collisions
with |z| < 10 cm. Thus, we do not project requesting additional sub-injection energy
running at this time.
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Figure 2.12: The number of events (×106) of Au+Au minimum bias data that can be
recorded as a function of beam energy

√
sNN . The black points are at energies where data

has already been taken, and the red points are projected future runs to complete the scan.

We are very excited to carry out this program and analyze the experimental data. We
show the data sets already on tape and the projected data sets in Figure 2.12. We also
show in Table 2.1 the breadth of observations possible with various sized data sets. One
can see that for energies greater than 15 GeV, a wide suite of analyses are possible. It
is also clear that other observations, such as three-dimensional source imaging via pion
HBT is not possible at the lower energies. Although there are prospects for upgrades to
the accelerator for higher luminosity at lower energies, we do not currently anticipate
that they make these observations possible within PHENIX. We note that the beam en-
ergy scan program is one with great discovery potential. There is a possibility that, based
on the analysis of the experimental data, additional requests for running at an interme-
diate energy (between those already requested) or for additional run time to follow up
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Physics Topic Collision Energy √sNN

7.7 18 27 39

〈n〉 fluctuations 0.01 0.01 0.01 0.01

〈pT〉 fluctuations 0.03 0.03 0.03 0.03

PID spectra, ratios 0.02 0.01 0.01 0.01

longitudinal density correlations
critical exponent η 2 2 2 2

1D imaging of pions source
Lévy exponentα

pion 3D Gaussian HBT Ri(mT)
HBT intercept parameter λ(mT)

33 19 16 14

dielectron spectra
〈K/π〉 fluctuations 50 50 50 50

dihadron correlations 246 109 68 48

nuclear modification factor RAA
optical opacity κ 157 24 6.3

heavy flavor electrons 700

1D imaging of kaon source
3D imaging of pion source

kaon 3D Gaussian HBT Ri(mT)
586 340 276 239

Table 2.1: Table of physics topics versus colliding Au+Au energy. The numbers represent
the number of events (×106) required to make a precision measurement in this particular
channel. The values in red represent measurements that require significantly more statistics
than PHENIX can record (c.f. Figure 2.12).

interesting signals might be made.
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2.4 Cold Nuclear Matter and low-x Physics

As detailed in Section 1.2, we are interested in cold nuclear matter (CNM) physics to
answer fundamental questions about parton distributions in nuclei (nPDFs) and inter-
actions of partons and hadrons in nuclei, as well as to have a controlled baseline for
quark-gluon plasma studies in heavy ion collisions. Particularly interesting are the for-
ward rapidity measurements in d+Au collisions that are sensitive to low-x gluons in the
nuclear wave function and to possible gluon saturation effects. In the next five years, we
expect to make significant progress on this front with two projects. First, the forward
silicon tracker (FVTX) is on schedule to be installed in 2011. The detector will enable de-
tailed measurements of open heavy flavor, multiple quarkonia states, and a first look at
Drell-Yan at forward rapidity (1.2 < y < 2.4). The detector design and status are given
in Appendix C. Second, we want to extend the study of forward rapidity hadron and di-
hadron production that is hinting at gluon saturation effects to the cleaner direct photon
channel. To this end, we are preparing a proposal for a forward compact electromagnetic
calorimeter (referred to as FOCAL and described in Appendix C.2.5) that would measure
direct photons at 1.0 < η < 3.0 and thus be sensitive to gluons with x ≈ 3× 10−3–10−2,
in addition to other complementary observables.

2.4.1 Open and Closed Heavy Flavor with the FVTX

Currently, the suppression in p(d)+Au reactions of forward rapidity J/ψ over a broad
range of colliding energies (

√
sNN = 18–200 GeV) is not well understood. At RHIC ener-

gies, part of the large suppression may be the result of gluon saturation at low-x but these
effects should be much smaller at the lower energies. The most recent measurements of
J/ψ suppression in d+Au collisions in 2008 by PHENIX have been analyzed using a sim-
ple two-component model with nuclear modified PDFs that include gluon shadowing,
and an ad hoc effective breakup cross section σbr that is allowed to vary with rapidity in
order to obtain the best agreement with the data. The latter is unphysical in the sense that
realistic breakup cross sections should not have a substantial variation with rapidity. The
results of this phenomenological analysis are shown in Figure 2.13. What is striking is
that data from lower energies follows the same pattern with a steeply rising suppression
(i.e. larger σbr) at the most forward rapidity. This may indicate that initial state energy
loss for the high-x parton in the proton (deuteron) is responsible for the suppression.

The path to follow for disentangling these different physics is through the comparison of
other final states that have very different sensitivities to the physics. Shown in the right
panel of Figure 2.13 is the nuclear modification factor α (where σpA = σpp × Aα) as a
function of center-of-mass rapidity for J/ψ and open charm from the E866 and E789 ex-
periment at

√
sNN = 38 GeV. Any nuclear modifications to the initial gluon density in the

nucleus or initial state effects (including parton energy loss and/or multiple scattering)
should affect the open and closed charm similarly. In contrast, final state breakup of the
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Figure 2.13: (left) Effective breakup cross section σbr versus center-of-mass rapidity from
theoretical model fit to the preliminary 2008 data from PHENIX (blue), FNAL E866/NuSea
(black) and HERA-B (red). (right) Nuclear suppression (α) vs rapidity (yc.m.) for open charm
production (closed black circles, and open blue boxes) and for J/ψ (open red circles) from
FNAL E866/NuSea and E789.

J/ψ will have different effects from open charm. There are also data from E866 for the
ψ’ [235] that show a similar suppression to the J/ψ at forward rapidity indicating that the
modification occurs before the physical state is manifest, in contrast to backward rapidity
where the ψ’ has a larger suppression possibly due to its larger physical size (and thus
larger expected cross section for breakup). Key new measurements in the next five years
will also be done in E906 in proton-nucleus collisions with the Fermilab 120 GeV Main
Injector beam. Measurements of Drell-Yan and quarkonia states at this even lower energy
will be crucial for helping to separate and constrain the different physics effects.

Extending this suite of observables to RHIC energies is a primary goal of the FVTX pro-
gram. The FVTX and increases in d+Au statistical data sets will enable measurements
of:

• Open charm and beauty tagged via D→ µX, B→ µX, and B→ J/ψX.

• J/ψ and ψ’ separation and nuclear modification.

• Drell-Yan first measurements at forward rapidity.

The forward silicon tracker (FVTX) will be installed during the 2011 shutdown and will
be available for physics starting in run-12. It covers pseudorapidity 1.2 < |η| < 2.4
using four planes of silicon mini-strips with their precision coordinate in the radial direc-
tion. Using it will allow reconstruction of a precision vertex that will enable selection of
detached vertices to select charm and beauty mesons, to reject long-lived decays of pi-
ons and kaons, and also will provide precision tracking of muons before the large effect
of multiple scattering from the thick absorber in the front of the muon arms. This will
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enable higher precision quarkonia measurements, provide the ability to tag open heavy
flavor (charm and beauty), and give a first look at Drell-Yan yields at forward rapidity.

The expected coverage in x2 and x1, momentum fractions in the target nucleus and projec-
tile deuteron (or proton) respectively, are shown in Figure 2.14. For charm one is sensitive
down to 〈x2〉 ≈ 5× 10−3 while for beauty the minimum x2 is higher, at about 4× 10−2.
The small x2 values make these measurements quite sensitive to gluon saturation effects,
and the large x1 values also make these measurements sensitive to initial state parton
energy loss effects—assuming precision measurements.
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Figure 2.14: Coverage in x2 and x1 for detection of charm and beauty with the Forward
Vertex detector (FVTX).

At PHENIX, existing open-charm and open-beauty measurements rely largely on obser-
vation of the lepton (electron or muon) from the semileptonic decay of the heavy mesons,
and on statistical subtraction of a large amount of background—e.g. π0, η, Dalitz and
quarkonia decays for electrons, and light hadron and quarkonia decays for muons [29, 56].
This results in significant systematic and statistical uncertainties from the background
subtraction. The tagging of D and B decays to single muons will change this to a preci-
sion picture.

The FVTX also improves the mass resolution for dimuon pairs and will allow separate
measurements of the small ψ’ peak in the mass spectra even though it is next to a much
larger J/ψ peak. This will provide the first measurements of the cold nuclear matter
effects on the ψ’ at forward rapidity with dimuons at RHIC. The most recent d+Au run
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allowed us to make the first measurement of the nuclear suppression of Υ’s in CNM,
shown in Figure 2.15. Increasing luminosities of the machine will allow correspondingly
higher statistics measurements of these most rare processes in the future.
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Drell-Yan
Beauty with FVTX

Drell-Yan with FVTX

Figure 2.15: (left) Upsilon nuclear modification factor in d+Au collisions vs rapidity from
the 2008 d+Au data. (right) Projected dimuon counts as a function of invariant mass from
correlated beauty and Drell-Yan pairs shown as dashed lines. An anti-displaced vertex cut
using the FVTX results in an improved Drell-Yan to beauty ratio by a factor of four as shown
by the solid lines.

Lastly, the extension of these measurements to Drell-Yan (with no final state effects) is
a very important control. To date it has not been possible to extract Drell-Yan yields at
RHIC energies due to the larger yield of dilepton pairs from correlated open heavy flavor
decays in the invariant mass region above the J/ψ. Only for invariant masses above
the Υ states does the Drell-Yan yield become dominant. The introduction of the new
silicon vertex detector upgrades in PHENIX will allow (via an anti-displaced vertex cut) a
suppression of the open heavy flavor contributions and potentially the extraction of Drell-
Yan yields. A initial simulation of the expected improvement in signal to background for
Drell-Yan into dimuons at forward rapidity is shown in Figure 2.15. The relative Drell-
Yan contribution increases as one moves to more forward rapidity and higher invariant
masses, and thus the kinematic range of the measurement needs to be determined. It is
expected that for the rapidity coverage of the FVTX, even with an anti-displaced vertex
cut to improve the Drell-Yan to open heavy flavor contributions (charm and beauty), a
statistical subtraction of the remaining backgrounds will be necessary.

2.4.2 Direct Photons at Forward Rapidity (FOCAL)

There are multiple channels at forward rapidity that give one experimental sensitivity to
low-x gluon dynamics, including open and closed heavy flavor, as discussed above. Di-
rect photons, produced predominantly via the gluon-Compton process (q + g → q + γ),
are a theoretically clean way to access the gluon distribution in nuclei and to determine
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how those gluons are modified in the nuclear environment. The direct photon is a clean fi-
nal state independent of fragmentation where the leading order diagram described above
is expected to be dominant. Thus, the extension of this program to include the direct pho-
ton channel in p(d)+Au collisions at forward rapidity is essential.

Figure 2.16 shows the results of a recent NLO analysis of nuclear parton distribution
functions and their uncertainties [185]. It is clear that while the valence and sea quark dis-
tributions are well constrained, there is a high degree of uncertainty in the gluon nuclear
parton distribution function (nPDF). There are existing measurements of forward rapid-
ity hadrons that in principle can help reduce this uncertainty. However, the ambiguity
about the fragmentation process and diagram contributions have resulted in substantial
debate about their inclusion in global nPDF fits. Direct photon measurements in the same
forward kinematics have the potential to resolve this debate, in addition to allowing a
global analysis of multiple channels (including heavy flavor).
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Figure 2.16: The nuclear modification factors for valence quarks RV , sea quarks RS and
gluons RG in Pb nuclei. The thick black lines indicate the best-fit results, whereas the dotted
green curves denote the PDF error sets. The shaded bands correspond to the 90% confidence
level range of the nPDFs.

As noted in Section 1.2, the depletion of low-x gluons can be interpreted in terms of co-
herence models. These models effectively “shadow” the interior nucleons in the nucleus
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due to coherence effects that arise from parton multiple scattering. There is also the ex-
citing possibility that at small x gluon recombination dominates and the gluons can be
described as classical fields. McLerran and his collaborators [249, 250, 251] have used a
classical approximation to describe the initial stages of heavy ion collisions, referred to as
the color glass condensate (CGC). The CGC may be a universal description of the QCD
vacuum that is relevant to hadrons as well as nuclei. This universal description is consis-
tent with observations made in electron-proton collisions at HERA [228]. In a heavy ion
collision, the nucleus acts as an amplifier of the effect because the gluon wave functions
extend across the entire thickness of the nucleus. Saturation effects which in a proton
would be at x ∼ 10−4, would be at an x about 6 times larger in a (p)d+Au collision,
making the measurement accessible at a lower collision energy.

It is notable that not only are these measurements important for understanding CNM, but
also for constraining the initial state in heavy ion reactions that transitions to the sQGP.
As a specific relevant example, calculations in the CGC framework indicate a smaller
concentration of the initial deposited energy with a larger eccentricity than traditional
Glauber calculations without gluon saturation effects [179]. Hydrodynamic descriptions
of the sQGP have to have as input the initial energy density and spatial profile. In order
to have precision measurements of the shear viscosity and constraints on the equation of
state, these ambiguities in the initial spatial profile need to be resolved. Tests of the gluon
saturation picture and the dependence of these effects on the nuclear density are of the
utmost importance for having precision answers to many of the questions in heavy ion
physics.

One of the important early results from RHIC was the suppression of high pT particles
in central collisions at midrapidity. One explanation of this effect was that it was not due
to the produced medium (i.e. jet quenching), but due to the initial state (i.e. gluon shad-
owing or color glass condensate effects). Results from all of the RHIC detectors saw no
suppression of high-pT particles in the central rapidity region (|η| < 1) in d+Au collisions,
implying that at midrapidity, RHIC experiments lie outside the saturation region and that
suppression was due to energy loss of the parton through the medium.

Unlike high pT particles at midrapidity, data from d+Au collisions at higher rapidity show
that high momentum particles are suppressed, indicating a suppression of the gluon
nPDF at RHIC. It becomes important therefore, to explore the region of x between 10−2

and 10−3 in cold nuclear matter. This can be accomplished by making complimentary
measurements in d+Au collisions with different theoretical and experimental strengths.
For experiments at the LHC, at even higher collision energies, the lower x-data will lie
almost entirely within the saturation region at central rapidity. The RHIC energy range is
unique in that measurements made at midrapidity lie outside the saturation region, but
measurements at forward rapidity are within the saturation regime. Hence, the onset of
saturation can be studied at RHIC.

Exploring the suppression of the gluon structure function directly via the study of direct
photons is more difficult experimentally, but much cleaner theoretically. A proposed up-
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grade to the PHENIX detector, the Forward Calorimeter (FOCAL) (see Appendix C.2.5 for
details) is being developed to be directly sensitive to the gluon distribution function over
a region of x between x ≈ 3× 10−3–10−2 through a variety of measurements. By charting
out the suppression in a variety of observables versus centrality and rapidity the FOCAL
will be able to map out the gluon nPDF and provide critical input to models of gluon sup-
pression in cold nuclear matter. We show in Figure 2.17 the EPS09 nPDFs as a function
of x (left) and the corresponding calculation for the direct photon yield as a function of
pseudorapidity η in central 0–20% d+Au events. Sufficiently precise measurements of
this nuclear modification factor can provide strong constraints on RG. We are currently
evaluating the full performance of the FOCAL measurement in terms of statistical and
systematic uncertainties.

pT>3GeV

Figure 2.17: (left) The nuclear modification factors for gluons RG as a function of x from
EPS09 with the uncertainty bands from variations in the global analysis. (right) Calculation
of the nuclear modification factor RdAu for direct photon yields as a function of pseudora-
pidity for the corresponding set of EPS09 nPDFs in central 0–20% d+Au events.

While we consider direct photon production to be a critically important channel, it is
one of many interesting channels in the forward rapidity region that are sensitive to the
gluon nPDF which are accessible to the FOCAL. The FOCAL combined with tracking
from the FVTX in front of the FOCAL should allow measurements of not only the direct
photon, but also the jet axis from the associated quark fragmentation in the quark-gluon
Compton process. The additional jet axis information will allow a narrow range of x that
contributes, thus providing better constraints.

In addition to γ+jet axis measurements, the FOCAL also provides measurements of sin-
gle and dihadrons (i.e. π0 and η). Energetic dihadrons would correspond to leading
particles from dijet events, which give an estimate of the jet direction and provide inde-
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pendent information on the gluon distribution in nuclei at small x [129].

There is an intriguing signature of the CGC suggested by Kharzeev, Levin, and McLer-
ran [217]. Monojets reflect the fact that the recoiling medium (presumably a CGC) reacts
as a whole coherently. Such a phenomenon would be manifest as a suppression of back-
to-back jets (seen as correlated particles) even in d+Au collisions at forward rapidity. In
contrast, one recent theoretical work suggests that this possibility is unlikely even in the
context of the CGC [135]. Additionally, Jalilian-Marian has made predictions about the
correlations between direct photons and hadrons [210]. Theoretical calculations for the
CGC are not as extensive and available as compared to calculations using a pQCD in-
spired parton distribution function framework, hence we have chosen to concentrate on
the more standard viewpoint of measuring parton distribution functions. However, this
is a measurement which is essentially identical to the one we concentrate on here, and
the FOCAL will certainly be sensitive to any such signals. Our approach is that we will
design and plan for the task of measuring the gluon distribution functions. We will an-
alyze the data in both the Color Glass framework and the gluon distribution function
framework.
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Chapter 3

Heavy Ion Physics: sPHENIX Plan

We are excited about the expected state of the field and advanced knowledge that we
project to acquire by 2015 (as described in the previous chapter), but beyond 2015 we
foresee facing critical unanswered questions that will only be addressable through an up-
graded RHIC program operating in conjunction with the LHC heavy ion program. These
questions include:

• Are quarks strongly coupled to the quark-gluon plasma at all interaction distance
scales?

• What are the detailed mechanisms for parton-QGP interactions and responses? Are
the interactions coherent over the entire medium length scale, what are the domi-
nant energy loss mechanisms?

• Are there quasi-particles in the medium? What are their masses (m) and widths (Γ )?

• Is there a relevant color screening length in the quark-gluon plasma?

• How is rapid equilibration and entropy production achieved?

• What is the nature of color charge in large nuclei? What role does gluon saturation
and the EMC effect play in nucleus-nucleus collisions? How do these modifications
evolve?

The answers to these questions are related to the very nature of the quark-gluon plasma
(QGP) and the fundamentals of the interactions between high energy partons and the
QGP in nucleus-nucleus collisions. In Figure 3.1, we illustrate the relations between the
question we seek to answer, the observables carrying the answers, and the detector ca-
pabilities required to measure those observables. In this Chapter, we will focus on the
connections between the questions and observables. Later, in Chapter 7, we will shift fo-
cus to the connections between observables and needs by describing a specific detector
and technological approach to realize these observables in experiment.
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Questions Observables Needs
Quarks strongly coupled
Interaction mechanisms

Jets, Dijets,
J�- Jet (FF, radiation)

Charm/Beauty Jets

J/\ at multiple energies

Upsilons (all states)

Thermal Behavior
Thermalization time Direct J* flow

Quasiparticles in medium

Screening Length

Large Acceptance
High Rate
Electron ID
Photon ID
Excellent Jet Capabilities (HCAL)

Figure 3.1: A chart illustrating the interesting physics questions after 2015, their relationship
to final-state observables, and the detector requirements needed for these measurements.

Figure 3.1 is a pictorial representation of the aim of this Chapter, but putting that picture
into words, we find that the most promising approach to answering questions in RHIC
physics that are fundamental, compelling, and unanswered by 2015, is through precision
measurements as detailed in the following Sections.

• Section 3.1: Jet and Photon-Jet Physics

• Section 3.2: Heavy Flavor Jet Physics

• Section 3.3: RHIC and LHC Complementary Roles

• Section 3.4: Quarkonia and Color Screening

• Section 3.5: Early Time Dynamics

• Section 3.6: Cold Nuclear Matter Physics
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3.1 Jet and Photon-Jet Physics

Studies of hard scattering processes and jet quenching in ultra-relativistic heavy ion col-
lisions attempt to answer the fundamental question: How does a high energy colored
parton interact with the quark-gluon plasma (QGP)? The familiar cartoon of the physics
embodied by this question is shown in Figure 3.2 which depicts jet quenching in a very
simple fashion, showing individual outgoing partons from the hard scattering losing en-
ergy by interacting with the medium and then fragmenting in the vacuum. A more com-
plete and rigorous understanding of hard-scattering processes views the final-state as
containing two or more parton showers generated by the outgoing quarks and gluons.
With that in mind, we can re-phrase the question above in a more precise way: How
is the final-state parton shower initiated by a hard scattering process modified by the
presence of the quark-gluon plasma? The answer to this question not only addresses
a fundamental problem in QCD, but through the interaction between the partons in the
shower and the medium, it also provides insight into the properties of the medium itself
and into the physical process by which thermalization is achieved.

Nearly a decade after the first publications demonstrating jet quenching via single-
particle jet-proxy measurements in Au+Au collisions at RHIC [47], there is still no unique
interpretation of the experimental data or understanding of the underlying physics. Most
descriptions of jet quenching have relied on weakly coupled techniques [246] to calculate
both radiative and collisional energy losses.

Given the sQGP paradigm for the bulk interactions detailed in Section 1.1, it would be
surprising if the physics of jet quenching did not contain some features of strong cou-
pling. Other physical mechanisms may contribute to observed jet quenching including
synchrotron radiation from strong chromomagnetic fields [285, 323] and even turbulent
chromomagnetic fields [245] generated by plasma instabilities [276]. Sufficiently detailed
and precise measurements of jet quenching, pursued via reconstruction of the medium-
modified parton showers, combined with controlled theoretical calculations should pro-
vide direct sensitivity to the mechanisms of parton-medium interactions and, thus, to the
properties of the medium. With currently available data and theoretical calculations we
cannot even determine the most basic quenching parameter, q̂, to better than a factor of
four [36, 119]. A comprehensive approach to a full suite of jet measurements (includ-
ing dijet and γ-jet) will answer many fundamental questions about the properties of the
quark-gluon plasma.

3.1.1 What do jets teach us about the medium?

The products of hard scattering processes are not simply massless quarks and gluons but
highly virtual, “undressed” quarks and gluons whose virtuality evolves with time. That
virtuality evolution includes the development of a parton shower that ultimately results
in final-state hadrons with their vacuum properties.
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Figure 3.2: A familiar depiction of jet quenching at leading order and without virtuality
evolution. After an initial hard scattering the partons lose energy in the medium and even-
tually fragment in the vacuum into final-state hadrons.

The properties of the medium probed by a high energy quark or gluon necessarily depend
on the virtuality of that quark and gluon. This is illustrated in Figure 3.3. A high pT parton
interacts with the medium over a full range of Q2 scales with a maximum Qmax set by the
p2

T of the parton. For the very highest values of Q2, the parton probes the medium on short
distance scales where the constituents of the medium are bare color-charge point-like
quarks and gluons and pQCD descriptions of resulting interactions should be applicable.
At intermediate scales we expect the probe to see a medium composed of quark and
gluon quasi-particles with thermal masses and associated dispersion relations. At still
lower Q2 the probe samples the medium across longer distance scales where the strong
coupling physics is manifest. At these length scales, weakly coupled pQCD and strongly
coupled string dual (AdS/CFT) descriptions of the quark-gluon plasma offer different
and competing models of the interaction of the probe with the medium [240, 206, 195].
Note that in the string dual case (as shown at the lower right of Figure 3.3) there are no
quasi-particles to absorb locally any collisional energy loss.

Because the virtuality of a hard-scattered quark or gluon evolves with time, jet measure-
ments provide a doubly “integrated”, or time-averaged, view of the medium. That aver-
aging includes both the virtuality evolution of the probe and also the time evolution of the
medium properties. Because the upper limit on virtuality of the quarks and gluons, Qmax,
is determined by the momentum transfer in the hard scattering process, by varying that
momentum transfer we can dial the range of distance scales and structure with which
a quark or gluon probes the medium. Figure 3.4 shows the pQCD yields [309] for vari-
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Figure 3.3: Schematic Diagram of the Parton Probe Sensitivity to Different Physics and QGP
Structure [204].

ous hard scattering final states scaled for Au+Au central 0–20% collisions. As detailed in
Chapter 7, with an upgraded PHENIX detector and increased RHIC luminosities, we can
sample ten billion Au+Au central collisions—corresponding to one count at 10−10 at the
bottom of the y-axis range. We would be able to measure light quark jets with 105 counts
above 40 GeV and 103 counts above 60 GeV. Approximately 50% of all single jet events
also have their away-side partner jet contained within the acceptance of the upgraded
detector. A similar fraction of direct γ events also contain the away-side jet. Therefore
the γ-jet count rates can be determined from Figure 3.4 by dividing the direct γ rate by
two. While these estimates for jet yields do not account for detector and reconstruction
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efficiencies, we expect those reductions to be more than offset by additional increases in
luminosity or running time not included in the estimate of 1010 central events. Through
a combination of single jet, dijet, and γ-jet measurements we will be able to extend the
jet measurements down to 15 GeV, we would be able to measure jet final states with a
factor of 3–4 variation in Qmax. RHIC is an ideal place to carry out this jet program and
to substantially extend the measurements over a broader range of Qmaxat the LHC.
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Figure 3.4: Jet, photon and π0 rates within |η| < 1.0 from NLO pQCD [309] calculations
scaled to Au+Au central collisions. Ten billion Au+Au central collisions corresponds to
one count at 10−10 at the bottom of the y-axis range. With that data sample, we would
measure light quark jets with 105 counts above 40 GeV and 103 counts above 60 GeV.

For the highest jet energies that we anticipate to be available at RHIC, we have access to
quark and gluon virtualities so large that the initial stages of the parton shower develop
prior to the formation of a medium, and the quenching of the resulting jets should proceed
through the independent quenching of the sub-jets. Such “premedium” development of
the parton shower generated by hard-scattering processes will be more important in jet
measurements at the LHC, but with the range of jet energies accessible at RHIC we will
be able to study the evolution of jet quenching from relatively low initial virtuality probes
to very high virtuality probes. The capability to select jets of both high and low virtuality
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will be essential for understanding of the medium properties and also for understanding
energy loss itself. The ability to “dial” the Qmax needs to go along with the ability to
“dial” the path length via collisions of lighter ions, asymmetric ion collisions, centrality
selection, and reaction plane angle dependence. These essential tools allow one to tune
the effects from virtuality evaluation and the coherence of the radiation.

The use of “full” jet measurements provides much more insight into the physics of the
interaction of high-pT quarks and gluons with the medium than current single- and
dihadron measurements (as previously described in Chapter 1). The angular distribu-
tion, transverse momentum distribution, and longitudinal momentum distribution of
partons produced in a medium-modified parton shower encode the physics of the parton-
medium interaction. For example, we show in Figure 3.5 a comparison by Iancu et al of a
dijet parton shower in a strongly-coupled Super Yang-Mills (SYM) theory with a cartoon
of the collimated jets produced in pQCD hard processes. The angular distribution of the
strongly coupled parton showers will be very different from that of typical pQCD parton
shower due to the difference in the kinematics of the splitting process [200]. Such a picture
represents an extreme case of the modification of a jet parton shower by the medium. It is
even possible that the modification of the parton shower at very strong coupling may be
so severe that the products of the hard scattering process become effectively thermalized
in medium.

Figure 3.5: Comparison for the collimated back-to-back jets in pQCD (left) and the parton
showers for a pair of strongly coupled jets in a Super-Yang Mills theory (right).

To demonstrate the sensitivity of the gluon transverse momentum distribution to this
screening scale we show in Figure 3.6 the distribution of gluon transverse momenta ob-
tained from WHDG calculations [315] for quarks of 20 GeV and 40 GeV in a static medium
with a length of 5 fm for three different values of the screening scale used in the WHDG
formalism. The results in Figure 3.6 demonstrate that the gluon kT distribution for fixed
medium density is sensitive to the screening length in the medium.

There is a wealth of fundamental information about the parton interaction and the basic

51



Jet and Photon-Jet Physics Heavy Ion Physics: sPHENIX Plan

composition of the sQGP that can be determined from these measurements. Simple ques-
tions arise, such as when the parton suffers collisional energy loss, what are the quanta
(if any) that absorb the recoil energy and momentum? In order to answer these questions,
we now detail the experimental observables that can be realized in the laboratory.

1 2 3 4 5
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d
N
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k
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Figure 3.6: Distributions of radiated gluon transverse momentum (kT) obtained from the
leading order in opacity DGLV energy loss formalism for jets of energy 40 GeV (solid) and
20 GeV (dashed) in a medium of path length L = 5 fm. Results are shown for three screening
scales: µ = 0.25 GeV (green), µ = 0.5 GeV (blue) and µ = 1 GeV (red).

3.1.2 Jet Observables

To study the properties of the parton shower generated by hard-scattered quarks and glu-
ons we must first be able to find the events in which hard scatterings took place, recon-
struct the nominal direction of the outgoing parton showers and separate the products
of those showers from the background either event-by-event, statistically, or both. We
will discuss the issues with carrying out such a program below, but assuming that we
can successfully measure jets, we list here a set of measurements that will address the
physics issues raised above and provide insight on the mechanism of jet quenching, and,
in turn, on the medium itself. We defer a discussion of heavy flavor jet observables and
the opportunities that they provide to Section 3.2. Key experimental observables include:

• Single jet spectrum and jet RAA for different jet sizes and different jet algorithms.

• Single jet fragment z, JT, and angular distribution for different jet sizes.

• Statistical measurement of hadron ∆φ and ∆η

52



Heavy Ion Physics: sPHENIX Plan Jet and Photon-Jet Physics

• Di-jet IAA, ∆E, and ∆φ distribution

• γ-jet energy balance, and ∆φ distribution, γ-tagged fragment z distribution

• Jet fragmentation/bremsstrahlung photon spectrum

• Centrality, A, and reaction plane angle (φ− Ψ) dependence of all the above.

Ideally we would reconstruct and separate from the background of the underlying event
every hadron produced in the parton shower generated by a hard-scattered quark or
gluon, but such a separation is not possible even in p+p collisions due to the fact that
the hard-scattered partons can emit radiation over all angles including in their backward
hemispheres, though that radiation is typically quite soft. Because the large angle and
backward radiation from dijets or multi jets are necessarily entangled, “vacuum” jet recon-
struction algorithms impose constraints on the angular region included in the jet. If the jet
algorithm is both collinear and infrared safe, the direction and number of reconstructed
jets is insensitive to the presence of the soft, large angle radiation and pQCD calculations
of the jet cross section corresponding to the jet definition can be performed [125]. While
many of the cone algorithms that have been used for jet reconstruction are not collinear
or infrared safe, we will nonetheless use the concept of a cone jet definition with a radius
R illustrated in Figure 3.7 as a conceptual proxy for the angular constraint imposed by a
generic jet algorithm.

As discussed earlier, the medium is expected to broaden the parton showers—by different
amounts in the presence of strong chromomagnetic fields and through the influence of
the collective motion of the sQGP on the quenching process. That broadening reduces
the energy contained within a cone of given radius and shifts the reconstructed jet to
lower energy. For example, a calculation of the angular distribution of medium-induced
radiation by Vitev and Zhang [308] is shown in Figure 3.7 compared to the in-vacuum
fragmentation of an unmodified jet. In Au+Au or Cu+Cu (the red or the blue curve,
respectively, in Figure 3.7), one can see the striking effect of the medium on the angular
shape of the jet. The forward gluon intensity is suppressed by coherent interactions with
the medium, the parton splittings are strongly modified, and the jet acquires a much
broader angular shape as a consequence. One could test this picture of jet modification
by looking at the details of energy flow around the direction of a reconstructed jet.

Figure 3.8 shows the results of a theoretical calculation [308] of the jet suppression (RAA)
in Au+Au collisions at

√
sNN = 200 GeV as a function of jet energy and for different cone

radii. This calculation includes the effects of nuclear PDFs and initial state energy loss.
It shows substantial suppression even for large jet energies and large cone radii where
the effects of “out of cone” radiation are expected to be small. The predicted value of
RAA depends strongly on the cone radius, varying from a value similar to that of the π0

(RAA ∼ 0.2) for a narrow cone (R ∼ 0.2), up to RAA ∼ 0.7 for a large cone (R ∼ 1.0).
There are a number of effects at work here. One is the outright loss of jets because they
are so strongly modified in the medium that they are not reconstructed. This will deplete
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Figure 3.7: The differential jet shape variable,ψ(r, R), for 30 GeV quark jets, from Vitev and
Zhang [308], shows how the energy of a jet is distributed in angle relative to the direction of
the jet as a whole. In vacuum (black dashed curve), the jet has a very focused angular distri-
bution. In Au+Au or Cu+Cu (red or blue curve, respectively), one can see the striking effect
of the medium on the angular shape of the jet. The forward gluon intensity is suppressed
by coherent interactions with the medium, the parton splittings are strongly modified, and
the jet acquires a much broader shape as a consequence.

the yield at a given ET. Another effect is the shift downward in energy of jets that are
reconstructed successfully.

Vitev [308] argues that for pure radiative energy loss, the jet RAA provides sensitivity
to the medium-induced angular broadening of the jet, but collisional energy loss and
quenching due to strong coupling effects can also contribute to the observed jet suppres-
sion. The energy lost due to the recoil of medium constituents will be rapidly thermalized
in the sQGP and will contribute to a reduction in the jet energy which, in turn, will reduce
the yield of jets at a given (transverse) energy. It is also possible that quenching strong
enough to “isotropize” the energy of a jet will cause the jet to become unobservable, lead-
ing to a suppression of the jet yield. The effects of broadening can be separated from
suppression due to collisional energy loss or strong coupled quenching. If the suppres-
sion is due to the broadening of jets, the jets will nonetheless be reconstructed. The inset
in Figure 3.8 shows the ratio of measured RAA values for different cone radii. Those ratios
are insensitive to the initial-state effects and reflect the effects of the angular broadening
of the parton shower.
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into account the geometry of the heavy ion reaction, the
longitudinal Bjorken expansion of the QGP, and the con-
straints imposed by its experimentally measured entropy
density per unit rapidity [4], have been performed for all
physics results quoted in this Letter.
One can exploit the differences between the vacuum

and the in-medium parton showers by varying the cone
radius R (Ri,jet < R) and a cut pmin

T (ETi
> pmin

T ) for the
particles ”i” that constitute the jet, to gain sensitivity
to the properties of the QGP and of the mechanisms of
parton energy loss in hot and dense QCD matter. This is
illustrated in the insert of Fig. 2. The most easily accessi-
ble experimental feature of jet production in nuclear col-
lisions is, arguably, the suppression of the inclusive cross
section in heavy ion reaction compared to the binary col-
lision scaled, ∝ 〈Nbin〉, production rate in elementary
nucleon-nucleon reactions [4]:

Rjet
AA(ET ;R, pmin

T ) =

dσAA(ET ;R,pmin

T )
dyd2ET

〈Nbin〉dσ
pp(ET ;R,pmin

T )

dyd2ET

. (5)

Eq. (5) defines a two dimensional jet attenuation pattern
versus R and pmin

T for every fixed ET . In contrast, for the
same ET , inclusive particle quenching is represented by a
single value related to theR → 0 and pmin

T % 〈ω 〉 limit in
Eq. (5). Thus, jet observables are much more differential
and, hence, immensely more powerful than leading par-
ticles and leading particle correlations in their ability to
discriminate between the competing physics mechanisms
of quark and gluon energy loss in dense QCD matter and
between theoretical model approximations to parton dy-
namics in the QGP.
We now focus on the first complete theoretical result

at NLO for Rjet
AA versus the jet cone size R for Au+Au

and Cu+Cu collisions at RHIC. We use the reaction op-
erator approach to non-Abelian energy loss [14], in the
limit of weak coupling between the jet and the plasma
with αs ∼ 0.3, to evaluate the probability distribution
Pq,g(ε, E) that quarks and gluons, respectively, will lose
a fraction of their energy ε =

∑
i ωi/E due to medium-

induced bremsstrahlung. Next, we determine the fraction
of this energy that will be redistributed inside the jet:

fq,g ≡ f(R, pmin
T )q,g =

∫ R

0
dr

∫ ET

pmin

T

dω
dIrad

q,g

dωdr∫ R∞

0 dr
∫ ET

0 dω
dIrad

q,g

dωdr

. (6)

While such redistribution may affect the jet shape, it
will not affect the jet cross section. For example, when
R → R∞ and pmin

T → 0 (fq,g = 1) final-state QGP-
induced effects to inclusive or tagged jet cross sections
vanish. Parton interactions in the strongly-interacting
plasma, however, are not the only many-body QCD ef-
fects that will alter the measured jet cross section. Cold
nuclear matter (CNM) effects prior to the QGP forma-
tion [15] must also be included in accurate theoretical
calculations of hard probes production in nuclear colli-

sions and we first evaluate dσCNM,NLO

d2ET dy
. We find that in
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FIG. 3: Transverse energy dependent nuclear modification
factor R

jet

AA
for different cone radii R in b = 3 fm Au+Au

(top panel) and Cu+Cu (bottom panel) collisions at
√

sNN =
200 GeV. Inserts show ratios of jet cross sections for different
R in nuclear reactions versus ET .

the kinematic region of interest, 10 GeV ≤ ET ≤ 50 GeV
around midrapidity at RHIC

√
sNN = 200 GeV colli-

sions, the EMC effect and initial-state energy loss [15]
play a dominant role. Next, we determine the relative
fractions nq,g of quark and gluon jets in this inclusive
cross section (nq + ng = 1). These are well defined at
leading order [16] and separation of the inclusive cross

section into
dσCNM,NLO

q,g

d2ET dy
is necessary to properly describe

parton energy loss in the QGP, which scales with the
quadratic Casimir in the corresponding representation of
SU(3) (CA/CF = 2.25). At NLO there exists an ambi-
guity of O(αs) in this separation [16], which has a very
small effect on inclusive jet observables.

We calculate the medium-modified jet cross section per
binary nucleon-nucleon scattering as follows (pmin

T = 0):

1

〈Nbin〉
dσAA(R)

d2ET dy
=

∫ 1

ε=0

dε
∑
q,g

Pq,g(ε, E)

× 1

(1− (1− fq,g) · ε)2
dσCNM,NLO

q,g (R)

d2E′

T dy
. (7)

In Eq. (7) (1− fq,g) · ε represents the fraction of the en-
ergy of the parent parton that the medium re-distributes
outside of the cone of radius R. The measured cross
section is then a probabilistic superposition of the cross
sections of protojets of initially larger energy E′

T =

Figure 3.8: Plot of jet RAA calculated by Vitev and Zhang [308] in 200 GeV Au+Au collisions
as a function of jet energy for different jet cone radii. The calculations include effects of
quenching, nuclear PDFs, and initial state energy loss. Jets reconstructed using a narrow
cone (R ∼ 0.2) show a strong suppression as the angular spread of their energy is broadened
by the effects of parton-medium interactions. The inset shows ratios of jet RAA for different
jet cone radii.

A statistical measurement of the angular distributions and kT distribution of hadrons with
respect to the jet axis with an appropriate subtraction of the underlying event should indi-
cate if the jet is broadened or not. Distinguishing between suppression due to collisional
energy loss and strongly coupled quenching may be more difficult. However, the rela-
tive contribution of collisional energy loss (∆E/E) is expected to decrease with increasing
jet energy while the strongly coupled modifications of the parton shower may persist to
large jet energies [200]. Also, the dramatic modification of the parton shower suggested
in Figure 3.5 may not be achieved for short path lengths, so it should still be possible to
detect modifications of jets that propagate over relatively short lengths in the sQGP.

A new set of theoretical tools for understanding parton showers are available as Monte
Carlo codes. These tools are still under active development. For illustration, we show
in Figure 3.9 and Figure 3.10 results obtained from the QPYTHIA Monte-Carlo simulation
of medium-induced modifications of parton showers [99] generated by light (quark and
gluon) partons, charm quarks and bottom quarks for a q̂ = 0 (i.e. no quenching) and
for q̂ = 10 GeV2/fm and average path length L = 3 fm. The modified fragmentation
function (top) and the modified JT distribution (bottom) yield direct information about
the parton shower and angular ordering.
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Figure 3.9: QPYTHIA simulations of the fraction of jet energy within a certain radial size
Ψ(r/R). Results are shown for q̂ = 0 (i.e. PYTHIA with no quenching) and q̂ = 10 GeV2/fm
with L = 3 fm. The jets were reconstructed from the QPYTHIA generated hadrons using the
anti-kT algorithm with R = 0.4 and results are shown here for jets with energy > 20 GeV.

The benefits of full jet reconstruction can be combined with direct photon measurements
to yield significant additional insight on jet quenching. At leading order the direct photon
and opposing quark have balanced transverse energy, giving an event-by-event calibra-
tion of the quark ET. Shown in Figure 3.11 are the results of a QPYTHIA simulation for
direct photons with pT > 20 GeV/c and the reconstructed jet energy on the opposing
side (|∆φγ− jet| < 0.2 radians). The results are shown for jet reconstruction with the anti-
kT algorithm with radius parameter R = 1.0, 0.4, 0.2 and for unquenched and quenched
jets. One observes a dramatic shift in the quenched scenario for the reconstructed jet en-
ergy in jets with smaller radius values, which we will be able to measure experimentally.
It is worth emphasizing that the rate of background or “fake” jets in this type of analysis is
dramatically reduced because only the rate of “fake” jets in events with high pT photons
is relevant. As shown in Figure 3.4, a large acceptance, high rate detector can measure of
order 104 direct photons with pT > 20 GeV/c and with a 50% acceptance for the partner
jet.
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Figure 3.10: QPYTHIA simulations of the momentum distributions longitudinal (top) and
transverse (bottom) to the jet axis of light charged hadrons (π±, K±, p and p) produced in
light and heavy flavor jets. Results are shown on the left for q̂ = 0 (i.e. PYTHIA) and q̂ =
10 GeV2/fm with L = 3 fm. The ratios of the distributions obtained from q̂ = 10 GeV2/fm
to q̂ = 0 are shown on the right. The longitudinal momentum distributions are expressed in
terms of fraction of the jet energy, z = pl/pjet. The jets were reconstructed from the QPYTHIA-
generated hadrons using the anti-kT algorithm with R = 0.4 and results are shown here for
jets with energy 20 GeV.
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3.1.3 Experimental challenges

In heavy ion collisions, the underlying event will prevent clean separation of low mo-
mentum hadrons from the parton shower and hadrons from the underlying event. The
fluctuations in the particle and transverse energy density in the underlying event can also
present difficulties by distorting the direction of a reconstructed jet and/or by generating
false jets. Currently there are preliminary results from both the PHENIX and STAR exper-
iments on jet reconstruction in heavy ion reactions as shown in Figure 3.12. These results
lead to very different conclusions regarding the “fake” jet contribution and intense stud-
ies within the field are working to reconcile these differences. There are no published jet
reconstruction results in heavy ion reactions at any energies.

Figure 3.12: (left) Preliminary PHENIX reconstructed jet RAA in Cu+Cu collisions utilizing
a Gaussian Filter algorithm with σ = 0.3 [233]. (right) Preliminary STAR reconstructed jet
RAA in central Au+Au collisions with the kT and anti-kT algorithms [281].

To illustrate the status of our evaluation of the jet measurement, we have utilized the
HIJING model [197] for the underlying Au+Au event. Shown in Figure 3.13 is the re-
constructed jet pT from the PYTHIA jet Monte Carlo truth information at the particle level
(i.e. no detector response is included) compared with the reconstructed jet pT when the
PYTHIA jet is embedded in a central HIJING event. The (left) right panel shows the results
for the anti-kT algorithm with R = (0.2) 0.4. The lower panels indicate the average base-
line shift in the reconstructed jet energy (blue curves) and the RMS jet resolution blurring
from the subtraction of the average underlying event. For jets with true pT > 20 GeV,
the relative resolutions are quite modest (4–8 GeV/c) and correctable via standard jet un-
folding techniques. In order to study the “fake” jet contribution, we have run HIJING
central Au+Au events where hard processes are turned off above pT > 5 GeV/c, where
processes below that pT are not possible to include accurately in the unfolding matrix.

We run the standard anti-kT jet finder on these events to produce a “fake” jet distribution
(where the baseline average energy is subtracted), as shown in Figure 3.14. We compare
this distribution to the scaled pQCD [309] jet distribution. Additional detailed studies are
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Figure 3.13: A summary of jet response functions obtained using a fast simulation and the
anti-kT jet finding algorithm. The plots on the left use a “cone” size parameter, R = 0.2, the
ones on the right use a larger value, R = 0.4.

needed to fully understand the “fake” jet contribution, but this work in progress indicates
that for jet pT > 25 GeV one can start to reliably find full jets. We believe that with
additional studies and “fake” jet rejection algorithms, this threshold can be pushed down
further.

Dealing with jet radii greater than 0.4 will be more challenging, but one can also utilize a
narrow jet cone algorithm and then measure broader radiation contributions statistically.
It is very important to note that as seen in Figure 3.4, we have sufficient event rate for
direct photons out to pT ≈ 50 GeV/c and for these events one can study the opposing
quark jet with a dramatically reduced “fake” jet rate. The reduced rate is due to the fact
that one is only encountering fluctuations within the small subset of Au+Au events with
very high pT photons, and not with fluctuations in the multibillion Au+Au event sample
when trying to measure inclusive single jets. This reduction of “fake” jet contributions is
also realized for tagged heavy flavor jets.
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Figure 3.14: HIJING events with hard processes above a cut-off scale turned off to generate
“fake” background events, compared with the scaled pQCD jet cross section.

If jet quenching is due to strong coupling, or proceeds through a mechanism that pro-
duces a much stronger angular broadening than that predicted by weakly coupled calcu-
lations, then narrow jet definitions may be largely insensitive to the jet modifications. That
situation will be experimentally identifiable since the jets would be strongly suppressed
while the detected jets (e.g. from the corona) might appear completely unmodified. In
that situation, broader jet definitions may recover the missing jets at the cost of larger
backgrounds and fake rates.
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3.2 Heavy Flavor Jet Physics

The main motivation for studying heavy flavor jets in heavy ion collisions is to under-
stand the mechanism for parton-medium interactions and to further explore the issue of
strong versus weak coupling [205]. Light quarks and gluons interact with the medium and
were originally thought to lose energy by radiating gluons. However, measurements of
electrons from the decay of heavy mesons also show suppression out to ≈10 GeV/c (see
Figure 2.5(a)). Gluon radiation from heavy quarks was expected to be suppressed via the
dead cone effect [176]. However, the measured RAA fell below pQCD based calculations
for both charm and bottom suppression and set off a theoretical search for an energy loss
mechanism which can provide better agreement with the data. Recent measurements of
the contribution of electrons from B decays to the nonphotonic electrons [39] have con-
tributed to the disagreement as the data suggest that electrons from B and D decays are
equally suppressed.

Our knowledge of the mechanisms heavy quark energy loss and its dependence on quark
masses should be substantially improved by the new results that will be provided by the
VTX and FVTX in the next five years (2010–2015), as described in the previous chapter.
However, there are two areas of heavy flavor measurements that will still be limited by
detector capabilities, even with the VTX and FVTX upgrades.

• Full reconstruction of D and B mesons.

• Full jet reconstruction with c and b flavor tag

These are measurements that are limited by the small acceptance of PHENIX central arms.
Large acceptance tracking and calorimetry would make these measurements possible and
would extend the study of heavy flavor jets into new areas.

3.2.1 High statistics measurement of Heavy mesons

Although the VTX has sufficiently good secondary vertex resolution (50–100µm) to sepa-
rate the D decay vertex from the primary vertex, the reconstruction efficiency of D decays
is small due to the small acceptance of the PHENIX central arms. The long flight path
(> 5 m) from the beam to the EMCal or TOF further reduces the acceptance due to the
decay-in-flight of kaons from D → Kπ and D → Kππ decays. The VTX covers a large
acceptance (|η| < 1), but its stand-alone tracking momentum resolution is approximately
σp/p ' 10% ⊕ 5%p, which is not adequate for D meson reconstruction.

A large acceptance tracking system that covers ±1 unit of rapidity with high momentum
resolution will increase the reconstruction efficiency of D mesons by almost two orders of
magnitude compared to the present PHENIX detectors. A high statistics measurement of
fully reconstructed D mesons will enable much more detailed studies of the energy loss
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Figure 3.15: RAA of D and B mesons in Au+Au (top) and Cu+Cu (bottom) collisions at√
sNN =200 GeV from collisional dissociative processes. Figure from Ref. [284].

and flow of charm. Correlation measurements involving D mesons and other hadrons
are useful tools to study the fragmentation of charm quarks in the medium.

The expected yield of fully reconstructed D mesons is quite substantial, primarily because
the acceptance of the tracking system is so large. For minimum bias Au+Au collisions
at
√

sNN =200 GeV, the number of cc pairs per event is approximately 0.7 per unit of
rapidity. Since about half of the c quarks fragment to D0, the number of D0s plus D0s
is also approximately 0.7 per event. A tracking system covering ±1 unit of rapidity has
a geometrical acceptance close to 100% of dN/dy for D → Kπ . Thus the number of
D → Kπ accepted by such a tracking system is 2.7× 10−2 per event. The actual yield is
much smaller than this since we would need to apply very tight secondary vertex cuts
to remove a large combinatorial background. For D mesons at low pT, the vertex cut
efficiency can be less than 10% and still achieve a good S/B ratio. But even taking into
account the small efficiency of the vertex cut, approximately 100 million reconstructed
D → Kπ can be expected for 50 billion Au+Au minimum bias collisions. Similar or
even larger data samples can be obtained in the other decay channels of D0, D+ and Ds
mesons. A measurement of Λc should also be possible although the yield after the vertex
cut should be modest due to its small cτ of 59µm.

A high statistics measurement of D mesons will allow the extension of RAA measure-
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ments to a very high pT. Figure 3.15 shows the expected RAA of D and B mesons calcu-
lated by Vitev[284]. In this particular calculation, the strong suppression of both D and B
mesons due to collisional dissociation persists to a very high pT—at least up to 20 GeV/c.
Thus it is important to measure RAA of D at very high pT. It is interesting to see out
to what pT the strong suppression persists. If RAA measurements of charm and bottom
quarks begin to rise at some pT, the measurements of D and B mesons via tagging will be
more sensitive to the effect than measurements of their decay electrons.

High pT D0 mesons can be reconstructed from D0 → K−π+ with a relatively high vertex
cut efficiency. For a D0 with momentum of 15 GeV/c, the flight distance is about 1 mm,
and the typical decay opening angle is about 0.2 radian. At such an opening angle, the
secondary vertex resolution along the flight direction is approximately 250 µm. For such
a high pT, the combinatorial background is also much smaller than in the low pT region.
A 0.5 mm cut would eliminate virtually all the background while keeping approximately
60% of the signal. A similar argument can be made for the D0 → K−π+π0 channel, where
the π0 is not tracked to a secondary vertex but is used in the mass reconstruction. The
expected yields of charm and bottom hadrons are shown in Figure 3.16 for 20% central
Au+Au collisions. For pT > 20 GeV/c, the yield of charm hadrons is approximately
2 × 10−7 per event, and the yield of D0 → Kπ is approximately 1% of charm hadrons
after the D/c ratio (' 0.5), the branching ratio (3.9%), and vertex efficiency (' 60%) are
taken into account. Thus the yield of D0 → Kπ for pT > 20 GeV/c is approximately
2× 10−9 per event or 20 per 10 billion central Au+Au collisions.

High statistics measurements of charm hadrons will also enable a detailed study of v2
of charm. We can investigate whether the quark number scaling observed in the light
hadron sector also holds in the charm sector. We can also investigate whether there is
a difference in the v2 of the D0 and the Ds due to its mass difference or quark content.
The large D meson sample can also be used for a detailed study of D-hadron correla-
tions. Correlation studies can also reveal modification of charm fragmentation inside the
medium.

3.2.2 Heavy Flavor tagged Jet

The most direct way to understand the energy loss mechanism is to study the modifi-
cation of jets as a function of the type of jet: light quark or gluon jets (which together
dominate the inclusive jet spectrum), charm jets and bottom jets.

Unlike one- and two-particle observables, full jet measurements provide a complete pic-
ture of the modifications of hard processes from p+p to heavy ion collisions. One- and
two-particle observables which require a high pT particle are also biased toward those
jets which have undergone less interaction with the medium (e.g. by having been created
near the surface). Since the goal is to study the interactions between the medium and the
hard partons, less biased observables are needed.
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Figure 3.16: FONLL calculations [146] for heavy flavor (charm and bottom) jets, fragmen-
tation hadrons (D,B mesons primarily), and decay electrons as a function of transverse mo-
mentum.

By significantly expanding the experimental acceptance and having the ability to recon-
struct full jets with a heavy flavor tag, the kinematic reach of our measurements is sub-
stantially extended. The rates of heavy flavor production from perturbative QCD calcu-
lations [146] are shown in Figure 3.16. The calculations are then scaled for central 20%
Au+Au collisions at

√
sNN = 200 GeV with the assumed nuclear suppression factors

(RAA) shown in the legend. These are the counts per Au+Au event with pT > pT(cut)
and within pseudorapidity |η| < 1.0.

One promising tool is the study of jet-shape modification in nucleus-nucleus events com-
pared to p+p collisions. Different mechanisms of energy loss would be expected to lead
to different redistributions of the jet energy. Figure 3.17 shows Ψ(r/R), the fraction of the
total jet energy inside a sub-cone of radius r, as a function of r in QPYTHIA and PYTHIA.
QPYTHIA, which incorporates energy loss via radiation only, broadens the jet in nucleus-
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broadening depends on the parton type.

nucleus collisions compared to p+p collisions. Collisional energy loss might be expected
to broaden the jet further. Collisional dissociation processes, in which the meson forms
and is dissociated in the matter [284], would lead to a nearly unmodified jet shape from
p+p collisions. Comparisons of the shape modifications from light and heavy jets would
provide insight into the dominant mechanisms of energy loss for the different jet types.
These measurements are very similar to those in which the jet RAA is measured as a func-
tion of the jet size (see for example Ref. [308]).

There are three methods to tag heavy flavor jets. All of these methods can be used to
study heavy flavor jets.

Lepton Tagging The simplest method of tagging heavy flavor jets is to select events with
a high pT electron. In the current PHENIX setup, for pT >1.5 GeV/c the number of
electrons from heavy meson decay exceeds that from nonheavy flavor sources. With the
addition of the VTX the rejection power of electron tagging will be increased because
of the ability to select on displaced tracks, separating charm from bottom and rejecting
electrons from Dalitz decays at the vertex. Since semileptonic branching ratio of both
c and b is approximately 10%, this method provides a reasonable tagging efficiency of
heavy flavor jets for a wide pT range.
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Figure 3.18: D and B fragmentation functions as measured in e+e− collisions from Ref. [88].

Reconstruction of Heavy Mesons Tagging heavy flavor jets by reconstructing the heavy
meson has a number of advantages. In vacuum fragmentation, the D and B mesons carry
a large fraction of the heavy jet energy, z, see Figure 3.18. In-medium fragmentation func-
tion modifications are a sensitive probe of energy loss, especially for heavy flavor where
so much of the jet energy ends up in the heavy meson. This is especially true if collisional
dissociation is significant, which would change the heavy meson z without changing the
overall jet RAA or energy distribution[284]. Figure 3.19 shows the D meson fragmenta-
tion function in PYTHIA and QPYTHIA for 20 GeV/c jets. The peak of the fragmentation
function is shifted from z ' 0.7 to z ' 0.5. Thus for a given pT, D mesons are more
suppressed than charm jets. Jet tagging with reconstructed D mesons allows direct mea-
surement of the modification of the D meson fragmentation function and can disentangle
the causes of the large suppression of charm.

Tracks from Secondary Vertices Another possible method for tagging charm and bottom
jets is to look for jets with many tracks which do not point back to the collision vertex.
Heavy jets typically fragment into a heavy hadron which contains a large fraction of the
jet momentum. This method looks for evidence of a decay displaced from the primary
collision vertex. It does not require the heavy hadron itself to be reconstructed, but rather
tags the jet as containing a heavy hadron. This in principle allows higher efficiency be-
cause it eliminates the need to isolate specific decay modes as in the previous methods.
This technique is used by the D0 collaboration to identify b-jets at the Tevatron [15]. This
method exploits the fact that most b-hadron decays lead to multiple charged particles
originating at the b-hadron’s decay point, and thus it is particularly effective to tag b jets.
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3.3 RHIC and LHC Jet Physics

Within the next year the LHC will provide Pb+Pb collisions at 2.75 TeV that will expand
the excitation function for heavy ion studies by more than an order of magnitude in col-
liding energy. One of the most exciting questions is whether the quark-gluon plasma
properties will be strikingly different in collisions at these higher energies. Calculations
from lattice QCD shown in Figure 3.20 indicate a rather dramatic spike in the nonconfor-
mality (ε− 3p)/T4 just above the transition temperature to the quark-gluon plasma, and
then a steep decline towards zero. While temperatures in the early stages at RHIC are of
order 2× Tc, the initial temperatures achieved at the LHC may be 4− 5× Tc [98]. As illus-
trated in Figure 3.21, the fundamental properties of the quark-gluon plasma are expected
to evolve with temperature, and the relevant range of temperatures for sQGP (i.e. nearly
perfect fluid) properties is potentially quite narrow.
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Figure 3.20: Lattice QCD calculation for the trace anomaly (ε − 3p)/T4 versus tempera-
ture [122].

Early data at low luminosities at the LHC will already be quite revealing in terms of the
bulk dynamics. A fundamental question is whether the shear viscosity to entropy ratio is
small only very near the transition temperature, as speculated in [201], or remains small
over the entire range of bulk dynamics explored at the LHC. The answer to this question
will shape many of the future investigations at both RHIC and the LHC.

If the LHC probes an initially weakly-coupled quark-gluon plasma (wQGP), then RHIC
will remain the unique world facility for studying and dissecting the properties of the
strongly-coupled sQGP. However, if the increased temperature range for the QGP at the
LHC still resides within the strongly-coupled domain, the complementary program of
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Figure 3.21: An illustration of the characteristics of QCD matter as a function of tempera-
ture.

RHIC and the LHC will have unprecedented tools to gain a complete understanding of
hot QCD in this domain.

A number of strengths of the RHIC physics program and the complementary role of the
LHC are itemized here and then a detailed discussion of each follows.

• sQGP created at RHIC is optimal for strongly coupled studies. Whether the medium
at the LHC is strongly or weakly coupled remains to be determined experimentally.

• RHIC is a powerful and flexible facility that will allow us to dial the medium proper-
ties via colliding different nuclear species, colliding at different energies, and com-
parison with critical baseline p+p and proton(deuteron)-nucleus collisions at the
same

√
sNN.

• RHIC experiments will measure jets with energies 15 < ET < 60 GeV thus spanning
a large range of scales in the medium as shown in Figure 3.3.

• RHIC collisions are dominated by quark jets over a wide ET range. In a complemen-
tary way, LHC has a majority contribution from gluon jets.

• RHIC experiments have shown that cold nuclear matter initial state effects are mod-
est at midrapidity for pT > 2 GeV/c and can be separated from jet quenching effects.

• PHENIX and an upgraded PHENIX can sample a very large Au+Au luminosity
with minimum bias triggers, which is crucial for lower energy jet studies and under-
standing calorimeter trigger biases for higher energy jet studies.

The LHC will study the medium with probes at much higher Q2 with jet energies in ex-
cess of 100 GeV. At such energies, the underlying event from the Pb+Pb collisions will
have little impact on jet reconstruction if the jets are modified as expected from weakly
coupled calculations. Measurements at the LHC will produce significant advances in
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the understanding of jet quenching by answering basic questions about the nature of
the medium-modified final-state parton showers generated in very high energy hard-
scattering processes. However, we believe that jet measurements at RHIC, in conjunction
with LHC measurements, will be essential for the development of a unique answer to the
“big picture” question posed at the beginning of this section—namely an understanding
of the modification of the parton shower generated by hard scattering processes and the
physics of the interactions of the partons in that shower with the medium at all resolution
(virtuality) scales and as a function of medium temperature and density.

Also, there is a significant difference in the flavor composition of the final-state par-
ton spectrum at high ET between RHIC and the LHC. As shown in Figure 3.22, for
ET > 50 GeV more than 90% of the jets at RHIC are quark jets. At the LHC there is a
more even balance of quark and gluon jets, though the majority of jets are still due to the
fragmentation of gluons. The difference in the strength of the quenching for quarks and
gluons needs to be disentangled, particularly when the role of flavor changing g → qq
splitting processes in the parton shower are included. The purity of the sample of high
energy quark jets at RHIC provides an advantage in a program whose goal is a precise
understanding of the mechanism of jet quenching.
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Figure 3.22: Comparison of fraction of quark and gluon jets from LO pQCD calculations
for RHIC (200 GeV) and the LHC (5.5 and 2.75 TeV) [306].

Hard scattering processes at the LHC will provide the opportunity to study jet quench-
ing at very high outgoing parton virtualities, but those high virtualities also present a
challenge. The interpretation of the quenching of multijet (i.e. more than 2 jet) final
states—predominantly from hard radiation of one of the outgoing jets—must account
for the interplay of the time-scale for the emission of that radiation in the parton shower
and the time-scale for the evolution of the medium. Underlying event studies of jet sub-
structure will be necessary to measure split jets which are nominally isolated but where
one of the jets is below 50 GeV. Ultimately, the understanding of the substructure of very
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high energy jets will be a valuable tool for probing the quark-gluon plasma, but it is likely
that understanding the additional physics introduced by the presence of hard radiation
will take some time to understand. At RHIC, the radiation from the highest energy jets
will be suppressed since those jets are mostly quark jets. Radiation from heavy flavor
jets, discussed in the next section, will be further suppressed by the quark mass, so the
measurement of quenching for those jets will be even more “clean”.

As we have discussed above, the underlying event in heavy ion collisions provides a chal-
lenge for jet reconstruction for jet energies below some ET, determined by the level of and
fluctuations in the underlying event and by the jet algorithm. Studies of the performance
of jet reconstruction by ALICE, ATLAS and CMS [172] suggest that jet measurements
below 50 GeV are challenging. Evaluations of jet finding efficiency indicate that the ef-
ficiency reaches 50% near 50 GeV for cone sizes of 0.4–0.5. Additionally, triggering on
lower energy jets has a low efficiency in current LHC experiment studies for heavy ion
reactions. In contrast, in current-day PHENIX and an upgraded PHENIX, we have the
ability to sample a very large luminosity with minimum bias triggers which enable lower
energy jet studies and understanding calorimeter trigger biases for higher energy jet stud-
ies.

In the physics discussion above we have stressed the need to understand the influence
of the virtuality evolution on quenching, and more generally, the value in understanding
the evolution of quenching phenomena using jet reconstruction over a wide range of jet
energies. Even if the medium properties at the LHC and RHIC turn out to be similar, a jet
measurement program at RHIC will provide a unique window for jet energies ET ∼10–
20 GeV where the virtualities of outgoing partons are limited and the picture in Figure 3.2
represents a reasonable approximation to the physics. Additionally, it is important to
have an overlap in measured jet energies between RHIC and the LHC around ET ∼50 GeV
where partons showers are more fully developed and the virtuality evolution discussed
above is most relevant. The experimental study of that evolution will likely turn out to be
essential to developing a rigorous understanding of the influence of the medium on the
virtuality evolution.

RHIC data taken in 2003 from d+Au collisions indicate rather modest initial state effects at
midrapidity for particles with pT > 2 GeV/c. In contrast, initial state effects at the LHC
are potentially quite large. These initial state effects guarantee a robust proton-nucleus
program at the LHC, and at the same time indicate the necessity of careful experimental
and theoretical work to disentangle final state quark-gluon plasma jet quenching effects.
Figure 3.23 shows a comparison of two different calculations of the nuclear modification
factor for single hadrons in p+Pb collisions. One calculation is based on the EPS09 parton
distribution functions [184] which have only modest nuclear modifications at large Q2.
The other result is obtained from a saturation calculation based on the dipole model [74].
The dramatic difference between these results indicates the large theoretical uncertainties
in the initial state physics relevant for predictions of hard scattering rates for the very high
collision energy at the LHC. Clearly, p+Pb measurements at the LHC will substantially
reduce the theoretical uncertainties. Such large saturation effects at the LHC would be
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very exciting, even if it means extrapolation to Pb+Pb collisions is then more complicated.
There is also uncertainty in the possible influence of BFKL physics on hard scattering
processes at moderate ET, particularly for processes producing jets with large rapidity
separation. In contrast to the situation at the LHC, at RHIC for high pT processes the
dominant initial-state effects are EMC suppression in the nuclear parton distributions
and initial-state energy loss. Existing d+Au jet measurements currently being carried
out by PHENIX will provide a calibration of these effects out to jet ET ∼30–40 GeV so
that theoretical calculations of jet rates in Au+Au collisions have initial-state effects fully
constrained within the next few years.
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Figure 3.23: (left) The calculated nuclear modification factor RpPb (for p+Pb collisions)
at the LHC at

√
sNN = 8 TeV from a pQCD + factorization picture with EPS09 nuclear

modified Parton Distribution Functions (PDFs) [269]. The red curve is the same quantity
calculated in a nonfactorized picture of gluon saturation [74]. Note that their calculation
assumes an Ncoll numerical factor of 3.6, and would be re-scaled after this is determined at
the LHC. (right) Results from the same gluon saturation calculation for the outgoing gluon
nuclear modification factor RPbPb at LHC energy.

Lastly, the flexibility and running time at RHIC has been an essential component of the
success of the program. Crucial information regarding initial state effects from cold nu-
clear matter have been highlighted. Additionally the running of smaller systems pro-
vided breakthrough information regarding initial state fluctuations and also a controlled
path length dependence study. New large acceptance upgrades combined with accelera-
tor luminosity improvements will allow RHIC to study many physics probes over a broad
range in energy – including jet and heavy flavor studies down below

√
sNN= 62 GeV. It is

notable that key comparisons between RHIC and the lower energy CERN-SPS have been
very insightful, and we fully expect an even more prominent interplay between RHIC
and LHC data analysis and theoretical understanding.
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3.4 Quarkonia and Color Screening

Color screening in the quark-gluon plasma directly relates to the issue of strong versus
weak coupling. Measurements of heavy quarkonia provide the best access to information
about color screening. We detail here a set of measurements of multiple quarkonia states
and at multiple colliding energies to answer this question.

The proposal for directly observing the effects of color screening in the QGP by measur-
ing the reduction in yield of heavy quarkonia in nuclear collisions dates back over twenty
years [248]. Results from Pb+Pb collisions at

√
sNN = 17 GeV at the CERN SPS fixed

target program gave tantalizing hints of such effects [81]. Multiple theoretical calcula-
tions predicted significant further J/ψ suppression at RHIC energies due to the higher
temperatures achieved and the longer lifetime of the QGP stage. PHENIX has recorded
and published high statistics heavy quarkonia data from the J/ψ channel in

√
sNN=200

GeV p+p [31], d+Au [34], Cu+Cu [35] and Au+Au [32] collisions to test this prediction.
The resulting measurements from the PHENIX experiment, shown in the left panel of
Figure 3.24, revealed that the J/ψ nuclear modification factor (RAA) at midrapidity was
in fact in agreement with that measured at the lower energies

√
sNN=17 GeV (and in dis-

agreement with simple expectations of increased screening effects). Additionally, with the
PHENIX forward spectrometers, we observed that the suppression was even larger at for-
ward rapidity, in contrast to expectations based on lower energy densities in this region.
A number of theoretical proposals have been put forward in the last five years to explain
this surprising result, and many of these proposals also highlight exciting potential uses
of quarkonia as tools for probing the sQGP.

The first of these proposals relates to what are referred to as initial state or cold nuclear
matter effects. It is known that parton distribution functions are modified in heavy nuclei.
In particular the modification of low-x (small momentum fraction) gluons is not well con-
strained by experimental measurements (for details see [184] for example). Predictions of
nonlinear evolution for low-x gluons, referred to as gluon saturation or color glass con-
densate effects, may be even more dramatic [218]. A smaller population of gluons in the
incoming nuclei results in a reduced number of hard-scattering reactions that can produce
cc pairs and thus eventually J/ψ states. Additionally, once the heavy cc pair is produced
it may be scattered or its correlation broken up in traversing the back-side of the incoming
nucleus (which is often parameterized as a simple σbreakup). Recently, new data from the
CERN SPS at lower energies [103] and precision d+Au data from PHENIX [166] indicate
that thisσbreakup may be significantly smaller as one goes to larger collision energies. In a
calculation incorporating these two effects [101, 187], one finds that if one accounts for the
different initial state modifications as a function of energy and rapidity, the suppression
from the QGP medium is in fact larger at RHIC (see the right panel of Figure 3.24). It is
important to note that the recent PHENIX d+Au data do not seem to be consistent with
existing models of a modified gluon distribution and a constant σbreakup—see Section 2.4
on Cold Nuclear Matter effects for details. The data require a much stronger suppression
at forward rapidity. The physics behind this observation must be understood before one
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Figure 3.24: (left) J/ψ nuclear modification factor RAA as a function of collision centrality
(characterized via Npart) from the PHENIX experiment in Au+Au and the NA50 experiment
in Pb+Pb. Also shown are several theoretical calculations that predicted larger suppression
at RHIC energies. (right) PHENIX and CERN SPS midrapidity nuclear modification fac-
tors with the estimated cold nuclear matter contribution divided out [187], plotted versus
particle multiplicity.

can claim to have accounted properly for initial-state effects.

The second class of these proposals is that recombination (also referred to as coalescence)
of previously unbound heavy quark pairs into quarkonia cancels any additional suppres-
sion at RHIC energies [298, 275]. There are large uncertainties associated with the dy-
namics and basic cross sections involved in this process. In Figure 3.25, we schematically
show three competing production mechanisms. Case 1 shows the traditional production
mechanism where the cc are produced together and bind. Case 2 is where the cc are pro-
duced together but with relative momentum such that they would normally not produce
a quarkonium state. However, due to scattering in the medium (and even focusing by the
hydrodynamic flow of the medium), they are able to coalesce. Case 3 is where one has the
recombination of a c and c quark produced from two separate hard-scattering reactions
at different spatial locations in the medium. These recombination cases are particularly
interesting since they might be specific indicators of the distance scale over which heavy
quarks travel in the QGP prior to hadronization (thus yielding information on the time
evolution of deconfinement - see [298] for example). Also, we know that approximately
10 cc pairs are produced per central collision at RHIC, and expect about 115 pairs at the
LHC. Case 3 has a rate that is roughly proportional to the square of the density of cc pairs,
and thus would have virtually no contribution at CERN SPS energies, but would produce
enormous J/ψ enhancement effects at the LHC in Pb+Pb collisions. A comparison of the
RHIC and LHC J/ψ data could therefore resolve the contribution of off-diagonal pair coa-
lescence (Case 3). Also, this last scenario might help explain the larger suppression of J/ψ
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at forward rapidity at RHIC, due to the lower density of cc pairs in that rapidity region.

1

2

3

Grab this one Dave!

Figure 3.25: Cartoon of three quarkonia production mechanisms, including two recombina-
tion schemes.

These effects need to be understood to be able to answer the key original question of color
screening in the QGP, and could potentially reveal other very interesting physics of heavy
quark mobility and/or gluon saturation effects. The critical aspect of this program is
the ability to systematically study these effects in a number of different heavy quarkonia
states with precision (critically including the three Υ(1s, 2s, 3s) states), study them as a
function of collision energy and geometry, and study their effects in cold nuclear matter
(in p(d) + A reactions) over a broad kinematic reach. We need to:

• Vary the temperature and lifetime of the QGP medium by changing the collision en-
ergy between

√
sNN=62 GeV to 200 GeV (at RHIC) and 5.5 TeV (at the LHC), which

changes the initial temperature from about 1.5Tc to about 4Tc and increases the life-
time by a factor of two to three.

• Vary the size of the quarkonia states by observing the three bound Υ states at LHC
and RHIC, as well as the ψ′ and possibly the χc.

• Vary the underlying heavy quark production cross sections by observing charmo-
nium and bottomonium produced at

√
sNN=62 and 200 GeV and 5.5 TeV. The open

charm and bottom cross sections are, respectively, about 15 and 100 times higher at
LHC energy than at RHIC energy of 200 GeV. When RHIC lowers the energy from
200 to 62 GeV, the charm production cross section is reduced by 1/3 and the beauty
cross section by more than a factor of 10.

We note that the expected heavy quarkonia yields from RHIC and the LHC are compared
in [188]. The cross sections for production of charmonium and bottomonium at the LHC
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are estimated to be, respectively, about 13 and 55 times higher than at RHIC. But because
of the roughly 30 times larger integrated luminosity expected at RHIC, the heavy flavor
yields will be comparable to those at the LHC. This is crucial to having precision measure-
ments across the entire span of the collision energy range.

Why are the different quarkonia states so important? The effects of screening will be em-
phasized by changing the size of the physical quarkonia bound state, and by increasing
the energy density in the medium. The clearest signature will most likely be observed
by comparing simultaneously the yields of the three Υ states from heavy ion collisions
at RHIC and at the LHC. The relative melting temperatures (as calculated in [174]) are
shown in Table 3.1 and graphically in Figure 3.26 along with the physical sizes and thus
the approximate Debye screening length for disassociation. These results (along with
more recent lattice QCD calculations) suggest that the Υ(1S) (and possibly even the
Υ(2S)) may remain bound at RHIC, but not at the LHC. The Υ(3S) is expected to be
unbound in both cases. Therefore the effect of screening on the relative yields of the three
bound states is expected to be quite different at RHIC and LHC. Also, the effect of initial
state or cold nuclear matter effects should be the same for all three states, since their initial
production couples to the same low-x gluons and their traversal through the initial cold
nucleus is of a time scale t < 0.1 fm/c before the physical states with their standard sizes
are formed. Lastly, the recombination effect is negligible at RHIC energies, at least in the
Case 3 of initially separate QQ pairs.

Another item to note is that the Υ(2s) and the J/ψ have very similar physical characteris-
tics and thus similar expected screening effects. This comparison between the two states
will be very important to check if one has separated the other interesting physics effects
discussed above from the screening process. For this one needs a sufficiently large data
set, and good control over systematic uncertainties.

Table 3.1: Dissociation temperatures of quarkonia states relative to the QCD critical temper-
ature, Tdis/Tc.

Quarkonia state

J/ψ χc ψ′ Υ(1s) χb(1p) Υ(2s) χb(2p) Υ(3s)

1.10 0.74 0.20 2.31 1.13 1.10 0.83 0.75

Two additional lines of attack on the problem are currently identified as important. One
relates to understanding the cold nuclear matter effects. The recent discoveries of large
suppression in d+Au reactions at very forward rapidity has hinted at gluon saturation
effects or possibly initial-state parton energy loss. The forward spectrometer upgrade
(discussed in Section 7.2) may provide breakthrough measurements on this front. Second,
the PHENIX experiment has proven its precision measurement capability for J/ψ, but
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Figure 3.26: Diagram indicating one theoretical prediction for the melting point of the vari-
ous quarkonia states and their relation to the physical size of the state and thus the screening
length for melting.

additional discriminating measurements will be available with higher luminosities, larger
acceptance, and more uniform reconstruction:

• High-pT J/ψ over a range from pT= 0–20 GeV/c.

• J/ψ elliptic flow (v2) over a range of pT= 0–10 GeV/c.

• J/ψ polarization in multiple frames, encoding information on the production mech-
anisms.

• Feed-down contribution to the J/ψ from the ψ’ and χc.

• J/ψ-hadron and J/ψ-jet correlations.

To elucidate the last item, the high-pT quarkonium must be momentum balanced, allow-
ing one to not only look for azimuthal correlations with hadrons (as published in p+p
reactions by STAR [20]), but actually look for away-side jets from the original hard scat-
tering. In heavy ions this measurement should be feasible and may provide insight on
the production mechanisms and surface/volume emission biases.

The relative acceptance with full coverage of pseudorapidity |η| < 1.0 and full azimuth
∆φ = 2π compared to the current PHENIX central arm spectrometer is shown in Fig-
ure 3.27. This increased acceptance, in conjunction with much larger data samples and
detector uniformity (also for triggering), will fully enable this program. Such a detector
acceptance, along with high data acquisition bandwidth, could sample 50 billion Au+Au
minimum bias events (see Appendix B for details). The rates and pT reach of such mea-
surements for the J/ψ and Υ are shown in Figure 3.28. We project being able to measure in
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Figure 3.27: Calculation of the geometric acceptance increase with a detector with high rate
and trigger-capable detectors covering |η| < 1.0 and full azimuth.

Au+Au collisions at 200 GeV of order 5000-10,000 Υ(1s), 1300-2600 Υ(2s), and 700-1400
Υ(3s). The relative ratios as produced in hadron-hadron collisions are Υ(2s)/Υ(1s) ≈ 0.3
and Υ(3s)/Υ(1s) ≈ 0.15 [21]. It is crucial to cleanly separate the three states, or else one
loses key physics information.

A large advantage of the Υ states is the ability to measure all contributions directly, as
opposed to current measurements of the J/ψ which has significant (of order 40%) con-
tributions from the χc and ψ’, and also possibly large contributions from B → J/ψ at
higher pT. The substantial increase in acceptance and rate will allow measurements of
theψ’, and with displaced vertex tagging, the beauty decay contribution. The χc remains
challenging since the decay to J/ψ+ γ results in a rather soft photon. We are studying
the ability to measure this channel even in heavy ion collisions for higher pT χc particles.
Another potential measurement is at forward rapidity where the photon is boosted and
might be measured with the FOCAL detector (detailed in Section C.2.5) or with a larger
acceptance forward upgrade (detailed in Section 7.2).

In Au+Au 0-20% central collisions, where we can expect samples of 10 billion events,
we expect a reach of pT ≈ 17− 20 GeV/c for the J/ψ. Figure 3.29 shows the published
PHENIX J/ψ RAA versus pT with four theoretical predictions for the trends at higher
pT. One sees dramatic predictions for large suppression at high pT in the AdS/CFT cal-
culation where the dissociation temperature changes as a function of the velocity of the
quarkonia state [241, 196], in contrast with calculations without such effects but with a
substantial Cronin-type pT broadening [225, 275]. Note that the AdS/CFT calculations
predict a larger suppression at higher pT, but the exact turn on of this effect is unknown.
Recent data from the STAR experiment in Cu+Cu collisions [20] offers a hint that perhaps
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the opposite picture holds, where the cc pair at high pT travels without seeing the color
charges of the medium. Extending these measurements with high precision to Au+Au
central collisions is of great interest. Also, the large statistical sample allows for the more
differential measurements listed previously. In Figure 3.30, we show projected uncertain-
ties for J/ψ polarization measurements in Au+Au central events. Such measurements in
both p+p and Au+Au collisions will give unprecedented insight into the production and
hadronization processes. In a recombination scenario, the simplest prediction would be
exactly zero polarization.

We believe that this suite of measurements, in conjunction with LHC measurements, will
allow us to answer the question of the color screening length scale in the QGP. We also
note the possible surprises that might await in terms of a velocity dependence of the
deconfinement temperature, or contrasting the large energy loss of partons via jet mea-
surements with a possible color transparency for tightly-bound QQ states.
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3.5 Early Time Dynamics

The earliest stages of a heavy ion collision involve pre-equilibrium dynamics, that cannot
be described with the existing languages of perturbative, thermal, or transport QCD. A
full understanding of the detailed mechanisms of equilibration and entropy production is
currently lacking. The success of hydrodynamics in reproducing the observed collective
flows and single hadron spectra indicates that equilibration proceeds rapidly, with the
system attaining local equilibrium in less than 1 fm/c [221]. It is notable that depending
on the details of pre-equilibrium evolution, longer equilibration times may be allowed
– see [243] in Section IV.D for details. Although pre-equilibrium transverse motion or
viscous effects may change the estimated timescale somewhat, the thermalization time
required to reproduce the magnitude of hadron v2 remains substantially shorter than
can be explained by partonic rescattering with cross sections expected from perturbative
QCD [252].

A number of ideas have been proposed to explain the rapid thermalization. One intrigu-
ing scenario is that instabilities in the QCD color fields, similar to the Weibel instability
in QED plasmas, drive isotropization by rapid growth of color field modes due to in-
teraction with the plasma particles in an anisotropic momentum distribution [254, 277].
Turbulent color fields should affect transport properties and govern the pre-equilibrium
dynamics [107, 290]. Interaction with such locally coherent fields (or voids in the plasma
density distribution) randomizes particles’ momenta within a distance inversely propor-
tional to the field strength and coupling in the plasma. Instabilities and turbulence are
both predicted to increase the energy loss of jets traversing the early plasma [118].

The remarkable success of AdS/CFT in explaining the small viscosity to entropy ratio
suggests that infinitely strong coupling effects on thermalization could be relevant. As
the formation time of the black hole that governs the physics in the gravity dual picture is
approximately 0.2 fm/c, characteristic classical oscillations of AdS-black holes and black
branes may affect the approach to thermal equilibrium [117]. Such oscillations, which are
nonhydrodynamic normal modes, have been predicted to produce energetic low-mass
dileptons.

One of the major challenges in our field is to provide experimental observables sensitive
to the details of these processes. The measurements of reconstructed light and heavy
quark jets discussed above will provide detailed information on energy loss early in the
collision. Furthermore, the study of thermalization of jet fragments provides experimen-
tal access to partonic thermalization mechanisms that are relevant to early times in the col-
lision [200], as well as to energy loss in the fully developed sQGP. Electromagnetic probes
are another natural observables for this physics, as they preserve information from early
times. The measurement of all these probes over a broad range in rapidity is another way
to test the full three-dimensional evolution and early time pre-equilibrium dynamics.

Here we discuss two approaches to gain insight into these key physics issues. First, we
discuss midrapidity measurements of photons and dileptons. Second, we discuss a suite
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of forward rapidity measurements to understand the three-dimensional early dynamics.

Early Time Dynamics with Photons at Midrapidity Direct photons are emitted over the en-
tire time history of the collision. PHENIX has made a measurement of direct photons
and analyzed them in the context of hydrodynamical models [43]. This was motivated
by the fact that thermal radiation is dominated by the highest temperatures achieved.
However, one may expect some pre-equilibrium direct photon emission, as well. A small,
short-lived nonequilibrium source may yield photons with pT > 2 GeV/c [120]. To deter-
mine whether the spectrum at high pT is dominated by such radiation or from photons
emitted in the later phase after equilibration and development of collective flow, we will
measure v2 for direct photons. This measurement should also provide sensitivity to any
pre-equilibrium flow gradients.

The left side of Figure 3.31 shows the magnitude of v2 expected from a three-dimensional
ideal hydrodynamical calculation [239]. A substantial value is reached for photon pT of
approximately 2 GeV/c. Pre-equilibrium photons should contribute substantially also at
lower pT, where thermal photon flow is expected to be rather small. The right side of
Figure 3.31 shows the difference between fragmentation and direct photon v2 at higher
pT, illustrating the sensitivity to energy loss in measurements of direct photon v2 [302].

Figure 3.31: (Left) Calculation of thermal photon v2 [239] as a function of pT. (Right) Cal-
culation of direct photon v2 [302] as a function of pT for Au+Au collisions at 200 GeV. The
dotted lines show v2 for primary hard photons and jet fragmentation, and the solid lines
show all direct photons. The dashed line is all photons with without energy loss of jets.

While initial measurements of photon v2 are currently underway, definitive answers will
likely require very large data sets and enhanced acceptance for direct photons. Calori-
metric measurements are most effective for pT ≥ 2 GeV/c, and will be greatly enhanced
by the large coverage in the planned upgrade. PHENIX has already shown the ability
to detect direct photons above the yield from QCD Compton scattering. Lower pT direct
photons are more difficult to measure owing to the enormous backgrounds from hadron
decays. An intriguing idea to access direct photons at very low momenta is to measure
two photon correlations [167] (and reviewed in [293]). The Bose-Einstein correlation al-
lows separation of uncorrelated background photon pairs from those emitted directly
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from a small source. Measurement of the HBT correlation of photons as a function of pho-
ton energy should also allow extraction of time information via the “outward” correlation
function.

PHENIX has shown that moderate pT photons are accessible by measurement of dielec-
trons. The data set currently in hand with the Hadron Blind Detector offers a major
improvement over previous data. However, it is highly likely that measurements with
additional precision and more differential study of photons will be needed to understand
the pre-equilibrium dynamics. This is also true for understanding the observed dilepton
excess and its possible connection to AdS oscillations. We note that electron identifica-
tion at low pT is crucial for these measurements. The electron capabilities of the planned
upgrade are currently under investigation, and we envision optimizing the design of the
calorimeter plus tracking system for electron measurements. A very large minimum bias
sample (tens of billions of events) is crucial, to allow disentangling of backgrounds and
fully utilize the large acceptance envisioned.

Exploring Early Time Dynamics at Forward Rapidity Chapter 1 describes the great ad-
vances in our understanding of hot, dense nuclear matter that have followed from mea-
surements at RHIC. It is worth noting, however, that most of the significant evidence to
date has come from measurements in the central rapidity region, which is where the most
extensive collection of detectors has been fielded. Section 7.2 below describes our plans
for comprehensively instrumenting the forward-angle region with tracking, calorimetry
and particle ID. In this Section we outline how new and quite fundamental physics topics
can be addressed if we can extend comprehensive measurement capability – full hadron
tracking and PID over 2π in azimuth and a range of ∆η ∼1–2 units of pseudorapidity –
to a forward rapidity range (η ∼1–3.5) in heavy-ion collisions.

When it was realized that a rapid pre-equilibrium transition to a locally-equilibrated state
could not be achieved in a conventional parton cascade, a whole new range of mech-
anisms were contemplated [189]. These include the chaotic, turbulent decay of strong
coherent color fields. Such mechanisms open a window onto a whole new realm of QCD
which cannot be described in either perturbative or thermal language (and, interestingly,
there are strong parallels to thermalization at the end of primordial inflation in the early
universe [232]). Investigating this dynamical mechanism of fast, early thermalization
would be a great advance for high-energy nuclear physics, beyond the goal of studying
the thermalized sQGP state itself.

Staying within the hydrodynamic paradigm, we expect that the fluid which is initially
created in the central rapidity range will have little or no pressure gradients in the longi-
tudinal direction, and so all of its interesting evolution will be in the transverse directions,
proceeding from its initial 2-D energy (and transverse momentum, if any) density profile.
Such a 2-D profile can be expected to follow from the local 2-D projected density of par-
ticipant nucleons, or gluons. This follows from very general grounds of causality: if the
initial energy deposition and thermalization time is fast, i.e. < 1fm/c, then the separate
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transverse patches of this size will be causally disconnected and can only form their ini-
tial density based on the local, 2-D projected information; see the blue and yellow regions
marked in Figure 3.32. Thus we can reasonably predict the shape of the 2-D initial density
profile of the central region fluid without any knowledge of the stopping or thermaliza-
tion mechanisms, and this has enabled the field of 2+1D hydrodynamics to develop with
such great success. By the same token, however, measuring the 2+1D evolution of the
central region fluid may not help to constrain the initial stopping or thermalization mech-
anisms very directly.

Figure 3.32: A 3-D conception of the initial condition at the start of hydrodynamics; local
energy densities are shown on surfaces of constant rapidity at a given proper time, includ-
ing the effects of longitudinal momentum conservation. The blue and yellow tubes indicate
regions which are initially causally disconnected and so have independent patterns of initial
energy deposition; the profiles indicate one pattern which conserves longitudinal momen-
tum.

In contrast, the longitudinal profile of the initial deposition of energy, and other conserved
quantities, within each local transverse patch should be intimately related to the stopping
mechanism. And, unlike the transverse profile there is no obvious or generally accepted
picture for what that mechanism should be. The fully 3D initial energy deposition forms
the initial condition for fully 3+1 dimensional hydrodynamics at RHIC; this is a decidedly
under-explored field to date. Initial conditions over 3D are modeled in a variety of ways,
including some based on a specific picture such as the CGC description [203], while some
are more schematic with a few free parameters [263], and others give detailed attention
to fluctuations [199].

As shown in Figure 3.32, conservation of longitudinal momentum alone could lead to
a decidedly nontrivial shape for the initial energy density in three dimensions; such a
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complex shape may then evolve to produce a highly nontrivial flow pattern at forward
rapidity, including the effects of longitudinal hydrodynamics. Also, the presence of fluc-
tuations in the initial longitudinal profile at each patch is a fundamental feature of the
mechanism, which would have manifestations both within a forward rapidity range and
in long-range correlations across wide rapidity separations (see for example [180]).

There is an important potential distinction between the process of initial energy deposi-
tion into any particular 3-D volume, which we call stopping, and the process by which that
local energy density becomes isotropized to the extent that pressure can be defined, which
we call local equilibration or local thermalization. In principle the two could be described by
different languages; for example, the initial stopping could occur through the formation
of strong, coherent color fields as in the glasma scenario, which then decay [189] locally in
a turbulent or chaotic manner to produce local thermalization of the energy density. How-
ever, whatever the proper language turns out to be, once it is developed it seems likely
that the two stages will not be so distinct. Both stopping and thermalization are forms
of fast entropy generation, in which energy is partitioned into new modes, and the two
stages must fit compatibly together. So, while the theory of these early-time processes is
not nearly well enough developed to say for certain, we can presume that a program of
constraining the initial stopping/deposition of conserved quantities will also provide key
information to constrain the thermalization mechanism.

The other main tool for diagnosis of the initial density distribution will be jet-medium
interactions. In the preceding Sections we have described our program for a new era of
jet-medium interaction studies, centered on detection and reconstruction of full jet objects
(as opposed to just leading hadrons or hadron pairs) with new detectors in the central ra-
pidity region. If a similar capability can be extended to measuring A+A collisions in the
forward rapidity regions, however, then an even richer field of study becomes accessible.
At midrapidity the scattered partons encounter a relatively simple medium, with a fairly
well-defined 2-D initial distribution and complex evolution limited to the transverse di-
rections; while partons scattered at forward rapidity may encounter a more complicated
3-D initial distribution which is also undergoing a significant evolution in three dimen-
sions [266]. See Figure 3.33 for an illustration of how the observation of the azimuthal
dependence of jet quenching as a function of rapidity can directly constrain the nontrivial
3-D initial condition which follows from the initial deposition of longitudinal momentum
across transverse position in a CGC picture [51, 50]. Extending this kind of investigation
with our new full jet program at forward rapidity holds great promise to learn about both
early-time dynamics and jet-medium interactions in a new setting.

Initial measurements at forward rapidity in A+A collision at RHIC already exist.
PHENIX has measured muons from heavy flavor decays and some single hadrons in
the existing muon arms, which will be enhanced in the current upgrade program (see
Appendix C.2). The PHOBOS experiment has measured patterns of charged particle pro-
duction over a wide range of rapidity and full azimuth, but without momentum recon-
struction or particle identification; while the BRAHMS experiment has done the comple-
ment, measuring single hadron production with particle identification over a wide range
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2

order GLR kT factorization formulation[11] as compared
to proposed higher order nonlinear generalizations[13].

At RHIC the strongest support for the KLN/CGC ap-
proach is its remarkable ability to reproduce the exten-
sive systematics of the energy and nuclear size depen-
dence of the global pT integrated dNch/dy. This results
from a specific dependence of the saturation scale, Qs,
on
√

s and A. In contrast, phenomenological soft-hard
models such as HIJING fail to reproduce the systematics
because the separation scale, p0 ∼ 2 GeV, between soft
and hard parton production was assumed to be indepen-
dent of those variables. It is an important open question
of how high in pT can the kT -factorized KLN/CGC ap-
proximation be pushed in specifying the A + A initial
conditions versus how low in pT can the conventional
collinear factorized approximation be pushed. Both ex-
perimental and theoretical control over the initial condi-
tions in A + A at RHIC are essential to strengthen the
current case for the discovery of new forms of matter,
the strongly coupled Quark Gluon Plasma (sQGP) and
CGC, at RHIC[14, 15, 16].

In this letter a new jet tomographic approach is pro-
posed based on extending the discussion in Ref.[1] to
KLN/CGC initial conditions of the sQGP bulk as well its
extrapolation to high pT # Qs jet partons. The idea is to
exploit the difference between the geometric distributions
of jets relative to that of the bulk matter as illustrated in
Fig.1. We focus on the predicted azimuthal dependence
of the jet quenching pattern, RAA(η, φ, p⊥; b > 0), and
long range rapidity correlations induced by the generic
intrinsic rapidity twist of the bulk matter.

At midrapidity, η = 0, the elliptic asymmetry of the
reaction geometry in noncentral (b > 0) in A + A re-
actions leads to a well known elliptic asymmetry in jet
quenching. However, the rapidity twist has no observable
effect at mid-rapidity. At positive rapdities η > 2 , on
the other hand the rapidity twist of the bulk shifts the
center of mass away from x = 0, while at negative rapidi-
ties that shift has opposite sign. In conventional pQCD,
collinear factorized gg → gg predicts a jet distribution
that is proportional to the local binary collision density,

σNNTB(r+)TA(r−), where r± =
√

(x± b
2
)2 + y2, and

TA(x) is the Glauber nuclear profile function[1]. The
jets are therefore produced symmetrically about x⊥ = 0
at all η. The collinear factorized jet density therefore has
no rapidity twist as illustrated by the grey ellipse in Fig.1

The bulk matter density is effectively rotated away
from the beam axis because the bulk density varies ap-
proximately as {(Y − η)TA(r+) + (Y + η)TA(r−)}/2Y ,
which is not reflection symmetric about x⊥ = 0 away
from midrapidity. At pT < Qs the CGC model pro-
duces approximately the same rapidity twist as wounded
nucleon string models since this is a direct consequence
of local participant versus binary collision scaling of the
bulk. However, due to the nonlinear equation determin-

x

!!!!

p T
>>Q s

CGC

pT>>Qs pQCD

pT
~ Qs

sQGP

v1 >0

v1 < 0

FIG. 1: (Color Online) Illustration of the initially twisted
sQGP gluon density[1] relative to the beam axis in the (x, η)
reaction plane. CGC[8], BGK[5], and HIJING[7] predict this
generic low pT

<
∼

Qs locally boost non-invariant structure.
Also shown are the relative rotations of the high pT " Qs jet
partons in the kT factorized CGC model as well as conven-
tional collinear factored pQCD. Jet quenching through the
sQGP leads to opposite sign first azimuthal harmonic mo-
ment, v1(pT " Qs, η) in the two approaches. The projectile
and spectator nuclei are indicated by half circles together with
the sign convention of low pT directed flow v1.

ing the local saturation scale Qs(x⊥, x) the bulk density
surface region can sharpen significantly over conventional
Wood-Saxon geometry included in TA(x⊥). This sur-
prising change of the bulk surface geometry in the KLN
implementation of CGC was first pointed out by Hirano
and Nara[18].

However, as we show below, at higher pT the CGC pre-
dicts even greater rapdity twist away from the beam axis
than the bulk as shown below and illustrated in Fig.1. In
this paper, we explore some tomographic consequences of
using the kT factorized formalism and CGC type unin-
tegrated gluon distributions to produce both the bulk
and jet matter in the reaction. This anomalous rapid-
ity twist effect is opposite to that discussed in [1]. This
effect occurs because the different nuclei are probed at
asymmetric Bjorken momentum fractions while produc-
ing high pT matter.

The Local Gluon Distribution: The local generalization
of kT -factorization GLR formula[11] used by KLN[8] and
Hirano and Nara [18] is given by

dNg

dpT d2xT dη
=

4π

CF

αs(p
2
T )

pT

∫ pT

d2kT ×

φA(x1, (
&kT + &pT

2
)2; &xT )φB(x2, (

&kT − &pT

2
)2; &xT ). (1)

CF =
N2

C
−1

2NC
and the collinear momentum fractions are

given by kinematics, x1,2 = pT exp(±η)/
√

s. The QCD
coupling, αs, is evaluated at p2

T and regulated at low pT

by imposing a maximum value αmax = 0.5. Note that
we use η to denote the rapidity rather than the pseudo

6

η

x

Participant / Binary Density

One jet quenched Both jets quenched
One jet quenched

FIG. 9: A schematic illustration of the orientation of the initial twisted sQGP (11) relative to the symmetric binary collision
distribution (10) of jet production points projected onto the (x, η) reaction plane. The extra azimuthal asymmetry and octupole
twist of jet quenching results from the relative rotation of these two distributions. (In color online)

opacity

χα(x0, y0, η, φ, b) = cα

∫
∞

τ0

dt tα

dNg

dxdydη
(x0 + t cos(φ), y0 + t sin(φ), b) . (12)

Different α = −1, 0, 1 weights correspond to different
mechanisms of energy loss. Elastic scattering energy loss
through longitudinally expanding[4] (or static) sQGP
matter corresponds to α = −1 (0). Inelastic radiative
energy loss through longitudinally Bjorken expanding (or
static) sQGP matter corresponds, on the other hand, to
α = 0 (1). The results turned out numerically to be
within 10% in all cases. Therefore, we drop from now on
the α index and show results only for α = 0.

We shown in Figs. 10, 11 the φ dependence of the
opacity for different b and η. In all cases the opacity is
normalized to the maximal x0 = y0 = b = η = 0 opacity

χ0 ≡ χ0(0, 0, 0, 0) (13)

In Fig. 10, χ0(0, 0, η, φ)/χ0 is shown for a jet produced
at the origin x = y = 0 for b = 3, 6, 9 fm. For each b, we
consider the azimuthal variation at η = 0,±2,±4. First,
note that the magnitude of the opacity is proportional
to the decreasing central density as either b or |η| in-
creases. Second, the amplitude of the elliptic second mo-
ment 〈cos(2φ)〉 increases as the eccentricity of the sQGP
increases with b as seen in Fig.8. Third, the maximum
opacity at η = 0 is in directions perpendicular to the im-
pact parameter vector where there is more matter and
minimum parallel to it. These features and trends are
the familiar ones in the conventional standard Bjorken
scenario[26].

However, the new twists caused by the intrinsic longi-
tudinal boost violating δ = O(1) initial conditions illus-

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
b = 3 fm

! (Azimuth)

"
 /

 "
0

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
b = 6 fm

! (Azimuth)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
b = 9 fm

! (Azimuth)

# = 0

# = !2

# = 2

# = !4

# = 4
$ $/2 3$/2 

$/2 $ 3$/2 

$/2 $ 3$/2 

$/2 $ 3$/2 $/2 $ 3$/2 $/2 $ 3$/2 

FIG. 10: Opacity χ as a function of azimuthal angle φ for
different values of rapidity and impact parameter. The jet
is assumed to be born at the origin of the transverse plane.
The functions have been normalized to χ0, the opacity felt
by a jet propagating along the x-axis after being born at the
origin of the transverse plane, at midrapidity and with impact
parameter zero. (In color online)

trated in Fig.9 are (1) the emergence of a long range ra-
pidity asymmetry between +η and −η with a 1800 phase
shifted azimuthal dependence and (2) an azimuthal pat-
tern that has odd harmonics in addition to quadrapole
v2 = cos(2φ) moment. It is clear that there is a sig-
nificant high pT v1 = cos(φ) dipole moment away from
midrapidity. This is manifest in the difference between
χ(φ = 0, η) and χ(π, η) as expected from Fig. 9.

Figure 3.33: (left) Illustration from [51] of the “twisted” initial distribution of partons as
drawn in the x-η plane; the shape arises from a nontrivial initial deposition of longitudinal
momentum across position, following a color glass condensate description of the incoming
nuclei. (right) Illustration from [50] showing how azimuthal jet quenching measurements
at different rapidities could reveal/diagnose the early energy density deposition pattern.

of rapidity but only a very narrow acceptance and limited statistics.

These measurements have been intriguing in many ways that are related to the physics
agenda described in this Section. However, to really carry out the proposed program
of diagnosing the mechanisms of initial stopping and thermalization as described here,
we will need to go beyond the previous experiments and measure tracked and identi-
fied hadrons over full azimuth and simultaneously over a substantial range in rapid-
ity (∆η ∼1–2 units) at forward angles (η ∼1–3.5). The reasons are that the early-time
program will require 1) Identified single hadrons to map back to true rapidity and to
identify/track baryon density as one conserved quantity, 2) Momentum reconstruction
to diagnose the final state as consistent with an hydrodynamical picture (or not); 3) Full
azimuthal coverage in order to reconstruct correlated pairs, and to distinguish them as
being from flow or hard scattering sources; 4) Full azimuth at forward angles simultane-
ously with midrapidity in order to study correlations and fluctuations in the longitudinal
energy deposition pattern; 5) A sizable range in (pseudo)rapidity in order to see the pat-
tern of longitudinal flow and to reconstruct jet objects and their constituents, including
heavy flavor production.

Making such comprehensive measurements at forward angles in A+A collisions at RHIC
is very challenging. We are currently exploring occupancy studies to understand how
far forward in angle, and up to what nuclear size A and centrality all or some of these
measurements will be possible.
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3.6 Cold Nuclear Matter and low-x Physics

During the next five years (2010-2015), we expect major advances in our understanding
of cold nuclear matter effects and the dynamics of low-x and high-x partons in large
nuclei. As described in Section 2.4, PHENIX measurements of open and closed heavy
flavor with the FVTX and direct photons with the FOCAL will probe gluons down to
〈x〉 ≈ 5 × 10−3. Additional measurements from the STAR experiment at RHIC, fixed
target experiment E906 at Fermilab [278], and e+A studies at Jlab (see for example [283]),
along with theoretical advances will give a more coherent picture of the dominant cold
nuclear matter physics. We believe that the next major advances require the utilization of
multiple channel measurements that probe an order of magnitude lower in x to study the
evolution of these partons as a function of x and Q2 while deep in the saturation regime.

Proton(deuteron)-nucleus collisions at collider energies allow the study of multiple in-
teractions of hadrons and partons passing through spatially extended QCD systems.
Systematic studies with nuclei of varying size (and impact parameter) are revealing
space-time properties of the strong interaction, such as the time scales and microscopic
mechanisms of hadronization. The heaviest nuclei at high energies access the gluonic
properties of matter, such as gluon saturation—which is a fundamental prediction of
QCD [255, 194, 236, 192].

Here we discuss the physics gained by extending the PHENIX measurement capabilities
down to two degrees from the beam axis (a detector upgrade discussed in Section 7.2).
This upgrade would include larger coverage in existing channels (open heavy flavor,
heavy quarkonia, direct photons, π0, η) as well as opening new channels via Drell-Yan
and photon-jet and jet-jet correlations (with fully reconstructed jets). With these multiple
measurements, each probing the fundamental parton distributions and other cold nu-
clear matter effects in a different way, quantitative discriminating power can be achieved
to identify the underlying dynamics for these effects. Only through a fundamental under-
standing of this physics, as opposed to a parameterization, can we understand the full
time evolution of heavy ion collisions with high accuracy. Cold nuclear matter physics
is quite rich and we are actively exploring many new ideas. Here we detail a few areas
where specific new measurements will make major advances in our knowledge.

Measurements from E665 of the inclusive structure function F2 in deep inelastic scattering
off of nuclear targets reveal a substantial shadowing effect (suppression of F2(A)/F2(D))
that increases for lower x and appears to level off for x < 5× 10−3 [26]. The experimental
results are shown in Figure 3.34 along with two theoretical calculations with very different
underlying physics. The left panel shows a calculation including dynamical high twist
shadowing [307] and the right panel shows a calculation including color transparency
and coherent length effects (with and without additional gluon shadowing) [223]. One
simple framework for thinking about the results is that the longitudinal extent of the
partons increases as their momentum decreases. Thus, for partons with x < 0.1 the size
becomes larger than the spacing between nucleons in the nucleus and shadowing effects
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may start, and then for x < 0.003 the size becomes larger than the entire nucleus and
one might expect the maximum coherence effects. However, interpretation of the data
in terms of gluon saturation is limited because for x < 10−3 the average Q2 < 1 GeV2

and hadronic vector meson dominance and higher twist effects are important. Extending
these measurements with p(d) + A collisions at RHIC that are sensitive to x ≈ 10−3

but with a Q2 scale set by heavy flavor pair production, for example, would be very
elucidating.

Figure 3.34: Data from E665 compared with (left) a shadowing calculation from Vitev [307]
and with (right) color transparency and coherence calculations from Kopeliovich [223]. In
the right panel, the solid (dashed) curve is with (without) the contribution from gluon shad-
owing.

Measurements of the nuclear dependence at small x for the Drell-Yan process provide
crucial information on the shadowing of anti-quarks in the nucleon sea. However, other
cold nuclear matter effects can also occur for the Drell-Yan process, e.g. initial-state quark
energy loss, that can complicate the extraction of the shadowing effects. These two effects,
shadowing and energy loss, have different dependencies on collision energy, and as has
been the case for quarkonia studies (see Section 2.4 and Figure 1.14), measurements at
multiple energies can be invaluable in separating the different effects. A precise measure-
ment at RHIC energies (specifically a range of different RHIC energies), along with the
existing E866/E772[75, 305] and expected E906 [278] measurements would provide this
needed discriminating power. If the dominant physics is gluon saturation, one wants to
know the relevant scales and relate these in a fundamental way for measurements with
different colliding systems.

A very recent exciting development is that, within well-defined approximations, the sat-
uration scale for gluons can be related to the gauge-invariant Transverse-Momentum-
Dependent (TMD) gluon distribution [177] in a nucleon embedded in a nucleus [237],
connecting to the saturation scale via a dipole approximation. Within the dipole pic-
ture, the saturation momentum has been shown to be equal to the transverse momen-
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tum broadening for the Drell-Yan and quarkonia production processes on a nucleus [224]:
Q2

sat(b, E) = ∆p2
T(b, E), where b is the impact parameter and E is the energy of the parton

propagating through the medium. The physical origin of the broadening is the interaction
of a propagating parton with the transverse gluonic field in the medium through gluon
bremsstrahlung. The probability of gluon radiation is proportional to the gluonic parton
density of the medium, and thus pT broadening is a direct measure of the saturation phe-
nomenon. The value of ∆p2

T has been measured in a small number of experiments where
the lab-frame parton energies range from 2 GeV to 270 GeV. Interpretation of the observed
hadron broadening ∆p2

T in terms of parton broadening ∆k2
T requires taking into account

the nature of the propagating entity (quark, gluon, photon, dilepton), the hadron species
measured in the final state, and kinematic factors. The magnitude of hadron broaden-
ing in these experiments has ranged from ∆k2

T ∼ 0.02 GeV2 for the lightest nuclei at the
lowest energies to ∆k2

T ∼ 0.5 GeV2 for the heaviest nuclei at the highest energies, see
Figure 3.35. The authors of [124] suggested to measure the suppression of dilepton pairs

Figure 3.35: Broadening in Drell-Yan reactions on different nuclei as measured in the E772
(closed squares) [264] and E866 (open squares) [305] experiments respectively. Broadening
for J/ψ [264, 76] is shown by circles and triangles respectively. The dashed and solid curves
correspond to the predictions without and with the corrections for gluon shadowing.

in the forward direction in p(d) + A compared to p+p at low pT to study the gluon satu-
ration effects. It is also worth pointing out that the authors of [193] suggest Drell-Yan at
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forward rapidity at LHC in p+p collisions to study saturation effects. The study of satu-
ration effects in e+A collisions is one of the flagship measurements proposed for EIC (see
Chapter 8). It will be extremely important to to prove the universality of this phenomena
to observe it in different interactions.

Drell-Yan measurements in p(d) + A collisions at RHIC at very forward angles are opti-
mal for addressing these physics questions. Initial studies for the feasibility of Drell-Yan
measurements at rapidity up to y = 4 are discussed in the context of the measurement of
transverse single spin asymmetries in Chapter 6 and Section 7.2).

Here we demonstrate what is required to achieve an order of magnitude increase in
x coverage using the J/ψ and direct photons as two examples. Similar x coverage is
achieved for open heavy flavor, Drell-Yan, and jet measurements within the proposed
increased acceptance. In Figure 3.36, we first show the increase in xF coverage that is
obtained through an upgrade that extends the θ range of our acceptance. For projected
future deuteron(proton)-nucleus luminosities, the largest xF values can be increased from
0.3 (the current coverage of the PHENIX muon spectrometers) up to values as high as
xF = 0.75. These large xF values also open the possibility to investigate the contributions
to heavy quarkonia as well as to open heavy flavor from intrinsic charm [140]. Shown in
Figure 3.37 are predictions for the percentage contribution to J/ψ production in p+p reac-
tions for contributions from g + c→ J/ψ+ c that indicate large effects at forward rapidity
(where J/ψ rapidity y = 3.5 corresponds to xF = 0.5). The authors note that a dedicated
study of J/ψ +c in p(d) + A collisions provides a unique way to study shadowing effects
as well as heavy-quark energy loss.

For the J/ψ the corresponding x2 and x1 coverage for different ranges in xF are shown in
Figure 3.38. If one compares the x2 values in Figure 3.38 to the gluon shadowing shown
for EKS09 in Figure 1.13, it is seen that this allows one to probe deep into the shadow-
ing/saturation regime.

As a second example, a direct photon measurement at very forward rapidity also probes
gluon dynamics at low-x in the nucleus. The gluon x2 values probed for several pseu-
dorapidity ranges with a photon detector covering the 2–37 degree range are shown in
Figure 3.39. The corresponding quark x1 values are also shown in Figure 3.39. This mea-
surement would extend those we anticipate will be made by the FOCAL upgrade (de-
scribed in Appendix C.2.5), and equally importantly, with a larger acceptance and full jet
reconstruction capability, would be able to select a narrower range in x enabling one to
map out the evolution of the parton dynamics in much more detail.

At the same time that the acceptance opens a new window to low-x parton dynamics
in the Au nucleus, the range in high-x partons in the deuteron(proton) projectile is also
significantly extended – as shown in Figure 3.39. One can access this physics via heavy
quarkonia, open heavy flavor, and Drell-Yan. Another exciting way to access the physics
of high-x partons in nuclei is through the production of W bosons. At previous luminosi-
ties and with the current acceptance of the PHENIX spectrometer, making W → e+/−

measurements in p(d)+Au or Au+Au collisions at
√

sNN = 200 GeV have not been con-
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Figure 3.36: Coverage in xF for J/ψ→ l l given different allowed angular ranges for the lep-
tons. The acceptance for the current muon arm, 12-37 degrees, is compared to acceptances
which extend down to angles of 5 or 2 degrees.

sidered possible. Within a high rate and trigger capable acceptance of |η| < 1.0 and full
azimuthal coverage, with projected luminosities we can measure hundreds of W → e+/−

with an electron(positron) pT > 20 GeV/c. This is particularly interesting in p(d)+Au re-
actions because the W can only be produced through the interaction of very high x quarks
and anti-quarks. We show a PYTHIA simulation with the above kinematics and plot the
x1 and x2 distributions for two different pseudorapidity selections in the left panel of Fig-
ure 3.40. This x range is in the domain of the EMC effect for nuclear modified parton
distribution functions (nPDFs). Measurements at this large Q2 would be very interesting.
Additionally, since at RHIC we have a well developed method for p(d)+Au centrality
selection, one can do a first measurement of the geometric dependence of the EMC ef-
fect within large nuclei. In the right panel of Figure 3.40 we show the expected nuclear
modification factor RpAu for W → e+/− using the EPS09 nPDFs (red curve) and the cur-
rent theoretical range of uncertainties within the EPS09 framework (as dashed blue lines).
The statistical significance of such a W measurement in p(d)+Au will be a challenge to
discriminate between small differences in the nPDFs. However, if calculations of initial
state energy loss for the high x parton in the deuteron(proton) projectile are correct, one
should observe a very substantial suppression (perhaps with RpAu < 0.5) since the x
distribution is falling steeply in this range. These measurements are complementary to
similar measurements at midrapidity via high pT direct photons and jets, but with differ-
ent systematics and control variables.

The increased acceptance of sPHENIX at central and forward rapidity opens new avenues
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Figure 3.37: Fraction of J/ψ produced in association with a single c-quark relative to the
direct yield (NLO*) as a function of rapidity for three models of c(x): within Intrinsic Charm
(No IC), sea-like and BHPS [140].
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in the legend box. (right) Similarly for x1 (the gluon momentum fraction in the nucleon of
the projectile.

to study with many different probes, i.e. Drell-Yan, open and closed heavy flavor and
identified hadrons, in a wide range in x and xF, saturation and the space-time prop-
erties of the strong interaction, such as the time scales and microscopic mechanisms of
hadronization. These measurements find a natural continuation in the measurements in
e+A collisions at eRHIC described in Section 8.3, which will give the unique opportunity
to study with one apparatus the universality of these processes.
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Chapter 4

Nucleon Structure Physics: Current
Understanding

QCD, the theory of the strong force that was proposed in the 1970s and is now well estab-
lished, describes one of the fundamental forces in nature in terms of its point-like degrees
of freedom: quarks and gluons. Much of the intricacy and challenge of QCD lies in its
emergent properties of confinement and asymptotic freedom, and as we have sought to
understand the visible matter of the universe in terms of the quarks and gluons of QCD
over the past several decades, a rich picture has come to light, with several overarching
questions remaining that have been and continue to be addressed by the RHIC p+p pro-
gram:

• What is the nature of the spin of the proton?

• How can we describe the multidimensional landscape of nucleons?

• How do quarks and gluons hadronize into final-state particles?

Much of our present knowledge of nucleon structure comes from deep-inelastic lepton-
nucleon scattering (DIS) experiments, with a great wealth of data on the unpolarized
structure of the proton available from the electron-proton collider, HERA, which covered
a very wide range in partonic longitudinal momentum fraction (x) and four-momentum
transfer squared (Q2) [13]. From HERA we have learned that quarks carry 50% of the
momentum of the proton, with the other half carried by gluons, which dominate for x <
0.1 [219]. In DIS, the virtual photon emitted by the lepton couples only to the quarks
in the nucleon; thus, sensitivity to gluons is obtained via scaling violations, requiring
measurements over a broad range of Q2 for a given x, or via the photon-gluon fusion
process.

Despite all that has been learned through DIS measurements, studying nucleon structure
in a wide variety of reactions is essential in order to piece together a complete picture.
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Hadron-hadron interactions offer several advantages. Direct access to gluons is possible
through parton-parton scattering, making measurement of the spin contribution of the
gluon to the spin of the proton a key component of the RHIC program. Clean access
specifically to antiquarks is also possible in hadron-hadron collisions. Flavor separation
of the light antiquark helicity distributions via W production, enabled by the very high-
energy polarized proton beams at RHIC, will be a primary focus of the program in the
next several years, with first results just released by both PHENIX and STAR. The Drell-
Yan process is yet one more means of cleanly accessing antiquark distributions in hadron-
hadron collisions, and we expect Drell-Yan to become an increasingly important part of
the RHIC p+p program in the future. An excellent historical example of the unique con-
tribution that Drell-Yan measurements can make to understanding nucleon structure was
the discovery of the SU(3) asymmetric sea via unpolarized Drell-Yan production with the
E866 experiment [299], published in 2001 after a decade of HERA running and more than
30 years after the discovery of quarks in lepton scattering experiments.

Comparing observations from DIS and hadronic interactions also allows us to test the as-
sumptions of universality across processes in describing hadron structure and hadroniza-
tion within the framework of perturbative QCD (pQCD). In the high-energy limit of
pQCD, calculations in which the quarks and gluons are treated as nearly free particles
moving collinearly with their parent hadron, and in which hadronic interactions are as-
sumed to factorize into a) parton distribution functions (PDFs) within the initial-state
hadron, b) partonic hard-scattering cross sections, and c) fragmentation functions (FFs)
describing the hadronization of the scattered parton, have had tremendous success in
describing hadronic cross sections at high energies over the past several decades. The
collider energies available at RHIC put high-pT reactions comfortably within a regime
described by factorized pQCD, as can be seen in Figure 4.1. It is worth noting that the rel-
evant perturbative scale in DIS is Q2, while in hadron-hadron interactions it is the square
of the transverse momentum (p2

T) of the produced jet or particle, and while both Q2 and x
are known in DIS, in hadron-hadron measurements the pT of the produced particle is cor-
related with x, but a given pT bin typically samples from a range of x values (as illustrated
in Figure 5.5 later in this document).

At high energy, there remain two fundamental aspects of the nucleon partonic structure
which are rather poorly determined by experiment. One is the nature of the nucleon spin;
the other is the nature of the quark and gluon motion and spatial distributions transverse
to the light-cone momentum direction.

In this Chapter we summarize the current understanding as follows. Section 4.1 reviews
the longitudinal spin asymmetry measurements from PHENIX, shows the impact of data
from both PHENIX and STAR upon global fits of ∆g(x), and gives a first view from RHIC
of the flavor separated quark helicity distribution; Section 4.2 summarizes insights regard-
ing the polarization of quarks with nucleon spin transverse to the light cone; Section 4.3
discusses transverse momentum dependent parton distribution functions (TMDs); and
Section 4.4 provides a brief summary of the program at facilities other than RHIC.
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Figure 4.1: Comparisons to QCD calculations of π0 cross sections at midrapidity measured
by PHENIX at

√
s = (left) 62.4 GeV, (middle) 200 GeV, and (right) 500 GeV.

4.1 Nucleon Helicity Structure

At present, we have a limited set of high-energy data which tell us the alignment of the
quarks along the light-cone momentum direction as a function of the momentum fraction.
These distributions are poorly known at both high and very low momentum fraction,
and the range in Q2 explored is much narrower than in the unpolarized case due to the
fact that there have only been polarized fixed-target DIS experiments thus far [68, 79,
96, 16, 49, 109]. The polarized lepton scattering experiments have made it clear that the
quark spins only contribute about 30% to the nucleon spin. The gluons, which make up
roughly 50% of the total (unpolarized) partonic momentum distribution, may be expected
to carry a significant fraction of the nucleon spin, but this distribution could previously
only be determined by scaling violations in inclusive DIS over the limited range in Q2 of
available data, which give nevertheless a relatively precise determination of g(x) [131].
The RHIC spin program, with high-energy polarized p+p collisions, offers direct access
to the gluons inside those polarized protons. Measurements using the existing PHENIX
and STAR detectors [40, 37, 18] have already constrained the polarized gluon distribution
to be small in the xg range sampled, much smaller than a number of predictions made in
the 1990s. Figure 4.2 shows several predictions for ∆g(x) from the period in which the
RHIC spin program was being designed.

Through run-9, PHENIX has recorded a total of approximately 25 pb−1 (summed over
run-5, run-6, and run-9) of longitudinally polarized p+p collisions at 200 GeV. The double-
helicity asymmetry in neutral pion production has been the flagship measurement by
PHENIX sensitive to ∆G, given the abundance of pions and the excellent PHENIX capa-
bility to trigger on the π0 decay to two photons. Figure 4.3 shows the current status of
ALL for neutral pion production at

√
s = 200 GeV through run-9.
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Figure 4.2: Historical expectations and predictions for ∆g(x).

As the available luminosity has increased, in particular with the 2009 data set, other
probes have become increasingly interesting. Preliminary results for ALL in η meson pro-
duction at

√
s = 200 GeV are shown in Figure 4.4. The theory curves assuming different

gluon polarizations were made possible by the recent parametrization of the η fragmen-
tation functions for the first time, including PHENIX η cross section data from 2003 and
2006 in addition to world e+e− data. We note that PHENIX neutral pion cross section data
had been used earlier to improve constraints on fragmentation functions for pions [168],
in turn reducing uncertainties on ∆G extracted from pion ALL measurements. In addition
to the neutral pion results, ALL for charged pions has been measured by PHENIX and is
shown for run-5, run-6, and run-9 combined in Figure 4.5. While produced as copiously
as neutral pions, charged pion measurements at PHENIX have more limited statistics due
to triggering capabilities. However, the charged pion asymmetries are of particular inter-
est because the ordering of the three pion species asymmetries provides sensitivity to the
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Figure 4.3: The double spin asymmetry vs pt for inclusive π0 production at
√

s = 200 GeV
compared to the asymmetry using the polarized PDFs from DSSV for (left) each of the years
2005, 2006, and 2009 and (right) the combined 2005–2009 results.

sign of ∆G.

Figure 4.4: The double spin asymmetry for inclusive η production at
√

s = 200 GeV, for the
combined 2005–2009 results.

The results of a recent analysis [169] of the available polarized DIS data from SLAC,
CERN, and DESY and RHIC data from both PHENIX and STAR (as of 2008) are displayed
in Figure 4.6, clearly illustrating how much knowledge of the gluon spin contribution to
the spin of the proton has improved in the recent years. It is important to note that while
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Figure 4.5: The double spin asymmetry for inclusive (left) π+ and (right) π− production at√
s = 200 GeV, for the combined 2005–2009 results.

the RHIC data have placed constraints on the polarized gluon distribution in the region
0.02 < xg < 0.3, the uncertainties in the g(x) parametrization in the DSSV analysis for
xg < 0.02 are still large. Thus, if we assume that ∆G(x) changes sign as a function of x, it is
still possible that the overall integral for ∆G is large. We expect publication of the helicity
asymmetry results from the 200 and 500 GeV data sets taken in 2009 and the anticipated
2011 data set at 500 GeV and their subsequent incorporation into global analyses to fulfill
DOE milestone HP12.

The helicity distributions for charged partons, the quarks in the nucleon, can be extracted
directly from inclusive deep inelastic lepton scattering (DIS) experiments (in which only
the scattered lepton is detected) if the Q2 of the virtual photon is sufficiently high. While
the total quark and antiquark spin contribution to the spin of the proton can be measured
in DIS using electrons or muons, deep inelastic neutrino scattering allows one to sepa-
rate quark and antiquark distributions, which the charged lepton scattering cannot dis-
tinguish. One can attempt to isolate the charged partons by flavor using so-called flavor
tagging, where the known valence quark content of hadrons is correlated with the flavor
of the quark which absorbed the virtual photon [65, 80]. Extracting information on flavor
from the detection of a DIS lepton and a produced hadron, known as semi-inclusive DIS
(SIDIS), necessarily depends on modeling of the fragmentation process.

At the highest present center-of-mass energy for protons at RHIC,
√

s = 500 GeV, W
bosons are produced abundantly enough to offer a complementary means of probing the
flavor-separated quark helicity distributions. As charged mediators of the weak force, W
bosons couple directly to flavor, and due to the V-A nature of the interaction, a W boson of
a particular charge corresponds to a particular helicity state. Probing the flavor-separated
quark helicity distributions in single-longitudinal spin asymmetry measurements of W
production at RHIC is complementary to semi-inclusive DIS measurements in that the
distributions are probed at a much higher scale (m2

W) and no reliance on fragmentation
functions is necessary.
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Figure 4.6: The polarized gluon distributions distribution derived from the DSSV NLO-
pQCD analysis [169] of existing DIS and RHIC data.

RHIC had a first exploratory run at
√

s = 500 GeV in 2009, and PHENIX has already
submitted results for both the W± → e± cross sections at this energy, shown in Figure 4.7,
as well as AL at midrapidity, with a clear parity-violating asymmetry observed, as can be
seen in Figure 4.8, submitted for publication [27].

The spin of the proton not carried by parton spin must be due to orbital angular mo-
mentum of the partons, yet there is no unique way to describe the decomposition of the
angular momentum among the interacting partons within a nucleon (see e.g. [145]). There
are two helicity sum rules that have been established for a number of years, one by Jaffe
and Manohar [208] in the infinite momentum frame and the other by Ji [211] in the pro-
ton rest frame. More recently, another decomposition of nucleon spin has been proposed
by Chen et al. [155, 156]. While the relationship among these decompositions has been
unclear, very recent work by Wakamatsu [313, 314] has broken ground in reconciling
these different approaches and clarifying their relationship to experimental observables.
These would allow for the first time ever the unraveling of the different contributions
from quarks and gluons to the spin of the proton with measurements at an electron-ion
collider (EIC).
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Figure 4.7: Background-subtracted spectra of (upper) positron and (lower) electron candi-
dates measured in run-9 [27] compared to the spectrum of W and Z decays from an NLO
calculation [171, 259]. The gray bands reflect the range of background estimates used in the
analysis.

4.2 Nucleon Spin Structure: Transversity

When one explores the polarization of quarks with the nucleon spin perpendicular to the
light cone, our understanding of both transverse momentum and spin is strongly tested.
Ever since the observation of a large asymmetry in high-energy proton scattering [220],
it has been clear that transverse effects play an important role. These effects have been
confirmed in numerous other polarized hadron scattering experiments [97, 23, 22, 84]
and found to persist even at RHIC energies, almost undiminished in size [106, 24, 19].
Recent progress has been spurred by measurements of transverse asymmetries in lep-
ton scattering from transversely polarized protons and deuterons at HERMES and COM-
PASS [66, 82, 59, 69, 77, 70, 78].

The strikingly similar behavior of the pion asymmetries across a wide range of energies,
from

√
s = 19.4 GeV to 200 GeV, can be seen in the lower plot of Figure 4.9; a comparison

of neutral and charged pion asymmetries at
√

s = 62.4 GeV from PHENIX and BRAHMS
can be seen in the upper plot of the same figure. Thanks to significant transversely polar-
ized data sets at

√
s = 200 GeV taken in 2006 and 2008, PHENIX now has AN measure-

ments in forward hadron production that are differential in pT as well as xF, as shown in
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Figure 4.8: Parity-violating asymmetry of positrons from (left) W+ and Z (right) and W−

and Z decay, measured by PHENIX in run-9 [27].

Figure 4.10. All of these forward asymmetries are quite large, contrary to early expecta-
tions based on perturbative QCD [214], and in stark contrast to measurements at midra-
pidity, as can also be seen in Figure 4.10 for comparison. One might question whether
the forward reactions are too soft to apply pQCD, but as shown in Figure 4.11 the cross
sections are well described by NLO pQCD [127] as well as by PYTHIA [288]. The existence
of large single spin asymmetries at RHIC, along with the good theoretical understanding
of the unpolarized cross sections gives hope that transverse spin effects can be used as a
tool to probe parton dynamics within the proton.

One possible origin of these large asymmetries is due the transversity distribution [272],
which describes the correlation of transversely polarized quarks within a transversely
polarized proton, analogous to the quark helicity distributions within a longitudinally
polarized proton. As is the case with the standard unpolarized PDFs and helicity PDFs,
transversity is a leading-twist, collinear distribution function, and it completes the de-
scription of the nucleon wave-function within this framework. While on the same footing
as the unpolarized and helicity parton distributions, transversity has two distinct proper-
ties. One is that there is no transversity distribution for gluons. The other is that it is a
chiral-odd distribution, and thus can only be probed in conjunction with another chiral-
odd object, as QCD processes are chiral-even.

Due to the fact that gluons cannot be transversely polarized, the quark transversity distri-
bution evolves in Q2 as a color nonsinglet, with only the quark-quark splitting function
contributing. The simpler evolution of the transversity PDF compared to the unpolarized
and helicity PDFs offers an opportunity to test the Q2 evolution of polarized distribution
functions that is more straightforward than studying the Q2 dependence of the polarized
structure function g1 or the helicity PDFs.
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Figure 4.9: (upper) Single-spin asymmetry for neutral and charged pions produced in
transversely polarized p+p collisions at

√
s = 62.4 GeV, measured by PHENIX [158] and

BRAHMS [106]. (lower) Single-spin asymmetry for π0 mesons produced in transversely
polarized p+p collisions as a function of Feynman x, measured at three center-of-mass en-
ergies:

√
s = 19.4 GeV [23],

√
s = 62.4 GeV [158], and

√
s = 200 GeV [24].

Two chiral-odd fragmentation functions that can offer sensitivity to transversity are the
interference fragmentation function [162], which is a leading-twist, collinear FF of two
hadrons from the same scattered parton, and the Collins FF [160], which describes the
correlation between the transverse spin of a fragmenting quark and its transverse mo-
mentum. The Collins FF is thus a transverse-momentum-dependent (TMD) rather than
collinear FF. As a fragmentation function, the Collins FF can be measured in e+e− anni-
hilation, free of the complexities of any initial-state hadrons, and was measured several
years ago to be nonzero by the BELLE Collaboration [17]. An extraction of the Collins FF
from global fits to semi-inclusive DIS and BELLE e+e− data is shown in Figure 4.12.

The existence of sizable Collins fragmentation functions has in turn allowed initial ex-
tractions of the transversity distributions for up and down quarks within the nucleon
from SIDIS-data on the proton and deuteron, with one such extraction [93] shown in Fig-
ure 4.13. The distributions for both up and down quarks are relatively large, and carry
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Figure 4.10: (upper) Transverse single-spin asymmetry Aπ
0

N for π0 in the central arm. (lower)
Single spin asymmetries for clusters in the MPC, which are dominated by merged photons
from π0 decays.

opposite signs, analogous to the helicity case.

4.3 Beyond a One-Dimensional Landscape of the Nucleon

Transverse-momentum-dependent distributions (TMDs) The large transverse spin effects
observed in both hadronic collisions and semi-inclusive DIS have prompted intense the-
oretical activity, with a number of possible origins identified. Not only can large asym-
metries be generated by correlations between partonic spin and transverse momentum in
the hadronization process, as in the Collins FF, but also in the partonic distribution func-
tions within the initial-state nucleon. The subfield of transverse-momentum-dependent
distribution functions (TMDs) has made tremendous progress in the last decade, opening
up a new realm in which to explore the partonic momentum structure of the nucleon, one
which is sensitive to parton dynamics. TMDs depend not only on momentum fraction x
and Q2, but as well on transverse parton momentum (kT).

The Sivers function [286] is a TMD distribution function that can generate large trans-
verse single-spin asymmetries. It describes a correlation between the intrinsic transverse
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Figure 4.11: Forward inclusive π0 cross sections measured by the STAR experiment from
transversely polarized p+p collisions at

√
s = 200 GeV [24]; the average pseudorapidity is

〈η〉 = 3.8. Results are compared (left) to predictions using PYTHIA [288] as a function of xF
and (right) to NLO pQCD [127] as a function of the pion energy.

momentum of the partons within a transversely polarized nucleon and the direction of
nucleon spin. Orbital angular momentum of the partons about the spin axis would nat-
urally provide just such a correlation; however, this connection is still not understood
theoretically at the partonic level, and it is unclear whether it would be possible to even-
tually extract model independent orbital angular momentum based on measurements of
the Sivers distribution [143].

In semi-inclusive DIS it is possible to select out separately transverse single-spin asymme-
tries generated by Sivers functions or the transversity distribution convoluted with the
Collins FF. Using results from SIDIS, a first extraction of the quark Sivers distributions
has been performed [94], as shown in Figure 4.14, which indicates finite Sivers functions
for up and down quarks that are of opposite signs.

Very importantly, the study of processes involving TMDs has led to new insight into the
role of gauge links in calculating partonic field operators. The Sivers function, along with
other time-reversal-odd TMDs, is notable for its ”modified” universality property, such
that the sign of the Sivers distribution as measured in a Drell-Yan process will be opposite
the sign of the distribution as measured in SIDIS [161]. The modified universality is an
important test of the QCD gauge-link formalism used to calculate these initial/final state
interactions of the incoming/outgoing parton lines, and experimental verification of this
property has been designated an NSAC milestone. Further theoretical investigation of
the role of gauge links in processes involving TMDs has led to deeper questions regarding
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Figure 4.12: Dependence of the favored and unfavored Collins fragmentation functions on
the hadron momentum fraction z, as extracted from a global fit to SIDIS data and BELLE
e+e− data [93]. Shown are (solid curves) best fit, (gray bands) the corresponding uncertainty,
(dashed and dotted lines) comparison to earlier results, and (solid lines at 1) the positivity
bound.

universality and factorization, and a recent paper [280] states that a factorized description
using TMD PDFs and FFs is not possible in high-pT processes involving more than two
hadrons total.

It is important to note that the large effects that can be described by TMDs can also be de-
scribed within a collinear but higher-twist framework involving multiparton correlation
functions. The TMD and collinear higher-twist approaches have different but overlap-
ping kinematic regions of applicability and have been shown to correspond exactly in
their region of overlap [213]. The process dependence between hadronic and SIDIS in-
teractions embodied in the modified universality of the Sivers function within the TMD
approach remains in the collinear, higher-twist picture. As factorization is believed to
hold in the collinear framework, this should allow us to explore issues of universality
independently of factorization.
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Figure 4.13: The transversity distributions for up and down valence quarks, as extracted
from SIDIS and e+e− data [93]. Shown are (solid red curve) the distributions as determined
by the global best fit to the data, (gray bands) the uncertainty in the extraction, and (solid
blue curves) the Soffer bound [289].

Very little is presently known about gluon TMDs or the corresponding collinear, higher-
twist trigluon correlation functions. An earlier PHENIX measurement of the transverse
single-spin asymmetry in neutral pion production at midrapidity from 2002 data [53]
was used to place initial constraints on the gluon Sivers function [91]. The experimental
uncertainties have been greatly reduced by subsequent data sets, with preliminary re-
sults shown above in Figure 4.10, which should lead to improved constraints. Figure 4.15
shows the very recent PHENIX measurement [28] of the transverse single-spin asymme-
try in J/ψ production. At modestly forward rapidity, a negative asymmetry is measured,
with a significance of 3.3σ from zero. This suggests nonzero trigluon correlation func-
tions in transversely polarized protons, and, if well defined in the reaction, a nonzero
gluon Sivers function. While the J/ψmeasurement may seem to contradict the very small
asymmetries observed in π0 production at midrapidity, the color interactions for pion and
charmonium production differ, and further theoretical work will be needed to understand
the relationship between the measured asymmetries. Single-spin asymmetries in charmo-
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Figure 4.14: The Sivers distributions, as extracted from SIDIS data [94]. The solid red curve
indicates the distributions as determined by the global best fit to the data; the dashed curve
is the result of an earlier extraction by the same group [92]. The gray bands are an indication
of the uncertainty in the present extraction.

nium and open heavy flavor production at PHENIX will play an important role over the
next several years in understanding gluon dynamics in the nucleon.

Effects in forward hadron production from transversely polarized p+p collisions are in-
deed somewhat more complicated than in polarized SIDIS, but the effects are typically
larger and easier to study. The main goal of further measurements in p+p must be to
isolate the individual effects in order to gain a deeper understanding of the fundamental
physics; just measuring a new set of single-spin asymmetries is not sufficient. Measure-
ments that shed light on the nature of the universality and factorization breaking within
the TMD framework will be essential; as we push forward our understanding of QCD
in hadrons, this physics must be confronted and understood. For example, comparing
extractions of the (collinear) transversity distribution via the kT-dependent Collins FF vs.
the collinear interference FF would be a valuable way to investigate this factorization
breaking.

111



The Nucleon Landscape Nucleon Structure Physics: Current Understanding

Fx-0.15 -0.1 -0.05 0 0.05 0.1 0.15

NA

-0.2

-0.15

-0.1

-0.05

-0

0.05

0.1

0.15

0.2
 = 200 GeVs+X  at ψ J/→p+p 

>=1.6GeV/c (side points)
T

<p
>=1.5GeV/c (middle point)

T
<p

2006 + 2008
2006

Figure 4.15: Transverse single-spin asymmetry AJ/ψ
N for J/ψ in the central and muon

arms [28].

Generalized parton distributions (GPDs) The distributions of partons in the nucleon are
usually parametrized in terms of parton distribution functions. These functions depend
on a resolution scale Q2 and on x, which can be interpreted as the fraction of the nucleon
momentum carried by a parton in the nucleon. In particular, the scattering experiments
carried out at DESY led to a very precise determination of the unpolarized proton PDFs,
as discussed above. The lepton (electron or positron) beams of HERA were scattered
off protons, with energies high enough to penetrate the proton and thus probe its quark-
gluon substructure in the direction of motion of the beam. No information about the
transverse distribution of quarks and gluons is encoded in these PDFs. This is in contrast
to so-called generalized parton distributions (GPDs) [256, 211, 213, 271, 270], in which the
usual PDFs have been subsumed. The ability to describe longitudinal momentum distri-
butions as a function of transverse localization is a prerequisite for the so-called Ji relation
[211, 213], which gives the relation between a kinematic limit of a certain combination of
GPDs and the total angular momentum of a given quark species in the nucleon. This is in
fact the only quantitative way known today to access total quark angular momentum.

While p+p collisions at RHIC are not anticipated to make significant contributions to
knowledge of GPDs, an EIC at RHIC would be an excellent facility to explore GPDs in
detail, and they are discussed further in Chapter 8.

In addition to initial experimental steps forward in investigating orbital angular momen-
tum of quarks, lattice calculations from the LHPC Collaboration have made enormous
progress [136] in providing information on the quark contributions to the spin of the
nucleon. The newest results indicate that the orbital angular momenta of both u and d
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quarks are sizable, but of opposite sign, such that their contribution to the total spin of
the nucleon is small. These lattice results, despite the fact that not yet all contributions—
e.g. disconnected diagrams—are included in the calculations, show how highly advanced
these calculations have become.

4.4 Activities Outside of RHIC

There are several facilities around the world, predominantly using deep-inelastic scat-
tering, which have active complementary nucleon structure physics programs. There is
COMPASS at CERN, which will in the next two years run with longitudinally polarized
muon beams and longitudinally and transversely polarized proton targets, to improve on
their measurements of the quark and gluon polarizations in the proton as well as on their
single spin asymmetries sensitive to the Sivers function and transversity. To continue their
program farther in the future COMPASS has submitted a new proposal which focuses on
measurements of exclusive reactions to constrain GPDs and Drell-Yan to measure the
sign change between SIDIS and Drell-Yan for the Sivers function [10]. The kinematic cov-
erage of the Drell-Yan measurements is completely complementary to the measurements
planned at PHENIX. With the 12 GeV program coming online at Jlab in the next 4 years,
the focus of Halls A, B, and C will be on the longitudinal and transverse quark structure
of protons and neutrons at high virtuality Q2 and momentum fraction x. Another focus
will be on exclusive measurements, i.e. Deeply Virtual Compton Scattering (DVCS), to
constrain GPDs. E906 at Fermilab will exploit the Drell-Yan process to probe selectively
the antiquark distributions of target protons, deuterons, and nuclei. As with its precursor
experiment, E866, this technique will be used to determine the ratio of d to u quarks in
the nucleon. E906 will extend the earlier measurement with significantly better statistical
precision to larger values of x. Furthermore it will be possible to extract the Boer-Mulders
function, a TMD which describes the correlation of the transverse momentum distribu-
tion of quarks with the transverse spin of the quarks in a unpolarized nucleon. HERMES
at DESY finished data taking in summer 2007 and will in the next few years finalize their
analysis on observables sensitive to TMDs and GPDs.
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Chapter 5

Nucleon Structure Physics: Midterm
Plan

The next five years of the spin program focuses on:

• Constraining the flavor-separated sea quark helicity distributions via W measure-
ments in longitudinally polarized p+p collisions at

√
s = 500 GeV.

• Probing ∆g(x) down to lower momentum fractions in longitudinally polarized p+p
collisions at

√
s = 500 GeV.

• Explore several transverse spin measurements in transversely polarized p+p colli-
sions at

√
s = 200 GeV and at lower energies.

We discuss each of these in detail in the following sections. The five-year run plan is de-
tailed in Appendix B, and most of the p+p running is at

√
s = 500 GeV and longitudinally

polarized. The transverse or longitudinal p+p running at
√

s = 200 GeV also provides
critical heavy ion baseline measurements.

5.1 Flavor separated helicity distributions via W boson measure-
ments

As W bosons are produced through a pure V− A interaction, a beam of polarized protons
of negative helicity essentially provides a beam of left-handed up quarks. As a manifes-
tation of the maximal parity violation of the W bosons, they precisely couple only to left-
handed particles and right-handed antiparticles. This makes W production in polarized
p+p an ideal process to study the spin-flavor structure of the proton.
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In PHENIX, this is done via the detection of high pT electrons/positrons in the cen-
tral 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
provides a powerful means of determining the quantities ∆u/u, and ∆d/d in the parton
momentum range 0.05 < x < 0.6. Nearly 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 gives access to ∆u/u and ∆d/d. However,
due to the fixed neutrino helicity, the flavor contributions at forward and backward ra-
pidity are mixed. Similarly, the parity-violating asymmetry of W+ production in central
rapidity combines contributions from both u and d polarizations, and from d and u po-
larizations in W− production. In general, the asymmetry is the superposition of the two
cases shown in Figure 5.1:

AW+

L = −∆u(x1)d(x2)− ∆d(x1)u(x2)
u(x1)d(x2) + d(x1)u(x2)

, (5.1)

with the asymmetry for W− production given by exchanging u and d.

Present knowledge of flavor-separated quark helicity distributions comes from combined
information from DIS measurements on polarized proton and neutron targets as well
as polarized semi-inclusive DIS measurements, in which a variety of final-state hadron
species are used to tag different quark flavors [169, 170]. Probing the flavor separation
of the quark helicity distributions at RHIC via W boson production is complementary to
these semi-inclusive DIS measurements in that the distributions are probed at a signifi-
cantly higher energy scale (m2

W), and no reliance on form factors is necessary.

PHENIX has already submitted results for the W± → e± cross sections and AL from the
first RHIC p+p run at

√
s = 500 GeV in 2009 for publication [27], shown in Figure 4.7 and

Figure 4.8 in Chapter 4. While in the 2009 run all experimental subsystems were in place
to measure the W decay to electrons, an upgraded trigger is needed in order to measure
W± → µ±, described below.

Muon trigger Measurements of parity violating spin asymmetries in W-production with
the PHENIX muon arms require a first-level muon trigger that selects high momentum
muons (p > 10 GeV/c) and rejects the abundant muons from hadron decays, cosmic rays,
and beam backgrounds. The existing muon trigger identifies muon candidates based on
their ability to penetrate a sandwich of steel absorber and muon detector planes. Muons
with momenta p > 2 GeV/c are selected. The resulting trigger rejection factors R range
from 200 to 500 at

√
s = 200 GeV operation, depending on the (varying) beam back-

ground levels. The rejection factor gets worse, e.g. R ∼ 100 or even less under the higher
background rate conditions for collisions at

√
s = 500 GeV. The muon trigger upgrade
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Figure 5.1: Leading-order production of a W+ in a single-longitudinally polarized p+p
collision: (a) ∆u is probed. (b) ∆d is probed. ’+’ and ’-’ subscripts on the quarks indicate the
helicity of the parent proton, while superscripts indicate the handedness of the quark.

provides tracking and timing information to a new set of muon trigger processors to com-
plement the current trigger and to improve the overall rejection power. The observed
rejection factors are summarized in Table 5.1 for various options of the new momentum-
sensitive trigger. The rejection factors evaluated so far do not yet include additional tim-
ing and spatial constraints available from the RPCs.

The PHENIX muon trigger upgrade has two components: (I) new front-end electronics
for the muon tracking chambers to send tracking information to new dedicated muon
trigger processors, and (II) two resistive plate chamber trigger detector stations in each
muon arm: RPC-1 at the entrance and RPC-3 at the exit of the muon tracker volume. The
RPC stations provide both tracking and timing and are based on technology developed
for the CMS muon trigger. The timing information adds background rejection power in
the offline analysis, particularly in removing tracks due to cosmic rays, while making the
online trigger much less sensitive to beam-related backgrounds.

The baseline muon trigger upgrade for run-11 includes the new muon tracker trigger
electronics for stations 1-3, and RPC-3 installed both in the south and north muon spec-
trometers. Also required are the first level trigger processors (LL1) that combine muon
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Table 5.1: Rejection factors of the new momentum sensitive muon trigger observed during√
s = 500 GeV operation of run-9. ∆strip = 1 corresponds to about 1 cm sagged of the

trajectory in the MuTr volume. Larger ∆strip accommodates larger curvature of the trajec-
tory, thus the momentum threshold becomes lower and the rejection factor becomes smaller.
The clustering algorithm of hit patterns was introduced to Obediah higher rejection power.
However it may come at the cost of lower trigger efficiency for true high momentum tracks,
and therefore further study is required before this method is implemented.

∆strip 0 1 2
w/o clustering 20 13 9
w/ clustering 86 24 15

tracker hit and RPC hit information and execute the actual muon trigger algorithm.

The muon tracker trigger electronics for all stations have already been installed and suc-
cessfully tested, including complete trigger chain tests with the muon tracker trigger elec-
tronics and the LL1 trigger processors.

The RPC-3 north front end electronics was installed during run-10 using accelerator ac-
cess days, and initial testing has been carried out. Installation of RPC-3 south will be
completed before the beginning of run-11. RPC-1 chamber construction and installation
in both arms will be completed before the start of run-12.

Full suppression of offline backgrounds in the W-physics analysis also requires two new
35 cm thick steel absorbers upstream of the PHENIX muon spectrometer arms. 1-2% of
hadrons with low momentum punch through the central magnet yoke upstream of the
PHENIX muon spectrometers. A small fraction of these hadrons decay into muons in
the spectrometer magnet volume such that the upstream hadron track combined with the
downstream decay muon track mimic a high momentum muon track. We have carried
out detailed Monte Carlo simulations that identify false high pT tracks as the dominant
source of the off-line background. We have shown in simulations and through data taken
with a prototype absorber in run-9 that an absorber with a thickness of two nuclear inter-
action lengths reduces the background to acceptable levels. The new absorbers will be in
place for run-11.

Projections for the next five years We expect the next 500 GeV polarized p+p run to be
in run-11, and have set a goal of recording 50 pb−1, followed by 100 pb−1 in run-12. 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 antici-
pate that this milestone can probably be at least partially satisfied with with the requested
luminosity; the ultimate result will require a total integrated luminosity of 300 pb−1. In
runs 11-14, the beam polarizations should be at least 50%, and it should be increased to
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60% as soon as possible.

Figure 5.2: Expectation for uncertainties in W asymmetry measurements with 150 pb−1

recorded with 50% polarization and S/B=3.0.

Combining the data from the run-11 and run-12 500 GeV p+p runs is expected to pro-
vide 150 pb−1 integrated luminosity. We expect the error bars shown in Figure 5.2 from
the combined run-11 and run-12 data sets. A signal-to-background ratio of 3.0 has been
assumed, which we hope to be able to achieve. The curves show the results of various
pQCD fits including different inclusive and semi-inclusive DIS data, along with RHIC
polarized p+p data from previous runs. It is clear that the 500 GeV data from PHENIX
will have a substantial impact.

The plots in Figure 5.3 show the current uncertainties obtained by a pQCD fit [169, 170]
to the world data from inclusive and semi-inclusive deep inelastic scattering. Figure 5.3
shows the impact of the W±AL for a total integrated luminosity of 300 pb−1 with a mean
polarization of 60%. The W data reduce the uncertainties on the sea-quark polarizations
for 0.05 < x < 0.6 significantly, furthermore serving as a set of complementary measure-
ments to the ones in semi-inclusive DIS, as discussed above. It should be mentioned that
measuring the AL for W− production for forward rapidity might provide a test of the
different assumptions of the behavior of ∆d/d at high x. The constituent quark model
predicts a value of ∆d/d of -1/3 at x=1, whereas the pQCD based on counting rules pre-
dicts ∆d/d = 1. The current data don’t support any change of sign for ∆d/d for x = 0.6
[113].
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Figure 5.3: Upper plot: Uncertainty band on x∆u and x∆d resulting from the current fit
to the world data from inclusive and semi-inclusive DIS by DSSV[169, 170]. Lower plot:
Improvement in the uncertainties adding constraint from W± AL measured with a total
integrated luminosity of 300 pb−1 at 500 GeV p+p collisions with 60% polarization.

5.1.1 Constraints on the flavor-separated unpolarized sea quark distributions

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 sym-
metry. Figure 5.4 compares calculations for the W cross section ratio R for four different
sets of parton distribution functions with errors projected for an integrated luminosity of
300 pb−1. The PDF set ’MRS S0’ 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 [320].
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Figure 5.4: 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 an 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 S0’ assumes a symmetric quark
sea whereas the other PDF sets are based on asymmetric quark seas.

5.2 Improving constraints on ∆g(x)

In recent years the preferred channel at PHENIX to constrain the gluon polarization
has been through the abundant inclusive π0 production. Through run-9, PHENIX has
recorded a total of approximately 25 pb−1 (summed over run-5, run-6, and run-9) of po-
larized p+p collisions at 200 GeV. Figure 4.3 in Chapter 4 shows the current status of ALL
for π0 production.

Our goal at 200 GeV had been to record approximately 65 pb−1; however, it is clear that
with the currently achievable luminosity (recorded luminosity in 10 weeks: 12 pb−1 with
collisions inside±10 cm) meeting this goal would require 3 to 4 10-week runs. Starting in
run-11 the vertex distribution in the central detector is limited to±10 cm compared to the
current ±30 cm, because with the installation of the new vertex detector in summer 2010,
there will be considerable material thickness due to the vertex detector support structure
beyond the ±10 cm vertex region. The measured double-spin asymmetry in inclusive π0

production, Aπ
0

LL, is consistent with zero in the transverse momentum range 1 < pT < 10
GeV/c, limiting the gluon spin contribution to the proton spin in the parton momentum
range 0.02 < xg < 0.3 to −0.7 < ∆G[0.02,0.3] < 0.5 at 3σ [40]. Even though the mea-
surements have become very precise and have started to constrain the gluon polarization
[170], there remain several open questions, such as what is the gluon polarization at low
x where the gluon density in the proton is largest, and can higher-twist contributions be-
come important while the leading twist contribution is small? PHENIX plans to move
forward with the accumulation of data at 500 GeV over the next several years to extend
the study of gluon polarization to smaller xg, while beginning exploration of the spin po-
larization of u, and d quarks via the parity-violating asymmetry in W boson production.
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Figure 5.5 shows that the lowest value of x reached via midrapidity π0 production at
500 GeV falls below the lowest x in the 200 GeV data, extending our sensitivity down to
x < 0.02. The expected magnitude of the asymmetries at

√
s of 200 GeV and 500 GeV can

be related to good approximation by using xT-scaling (xT = 2pT/
√

s).
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Figure 5.5: x range covered by π0 at different pT in 200, 500, and 62 GeV collisions. Black,
red, and blue curves correspond to 2–2.5, 4–5, and 9–12 GeV/c pT, respectively. The different
x-ranges are multiplied by the factors indicated to allow comparison.

Figure 5.6 shows the expected uncertainties in Aπ
0

LL as a function of pT at 500 GeV assum-
ing we accumulate 350 pb−1 (130 pb−1) in the years 2011–2015 within the current (future)
±30 cm (±10 cm) vertex and with 50% polarization. Since Aπ

0

LL is a double spin asymme-
try, it is important to have the highest polarization achievable: the difference between 50%
(40%) and 60% polarization is the equivalent to recording more than a factor of two (five)
times higher luminosity. This is especially important for the measurement at

√
s=500 GeV

compared to that at 200 GeV, as the unpolarized cross section in the denominator of Aπ
0

LL
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is growing due to the strongly rising gluon and sea quark densities, making the expected
asymmetries at low pT very small.

Figure 5.6: Expected uncertainties in Aπ
0

LL as a function of pT for a recorded luminosity of
130 pb−1 and a polarization of 0.5. Only collisions with vertex inside ±10 cm are included.

It is possible to increase the x-range to even lower values at the same
√

s by going to more
forward rapidity (x = Q/

√
s× ey). In principle, a forward upgrade to the PHENIX exper-

iment as discussed in Chapter 6 will allow us to greatly extend the x-range of the PHENIX
measurements and provide information on the x dependence of ∆G. Even if the gluon po-
larization falls off with decreasing x, the integral, ∆G, is dominated by contributions from
x < 0.1 since this is the region where the gluons are most abundant. It is thus important
to measure ∆G to values of x as far below 0.1 as feasible. Historically it is interesting to
note that the quark spin crisis only arose with the EMC measurement [108] of quark spin
contributions and the extrapolation of PDFs to low x. Extrapolations of the SLAC [121]
data alone led to results for the quark spin contribution consistent with expectations from
naive quark models.

PHENIX already has the capability to constrain ∆G at forward rapidity by utilizing the
Muon Piston Calorimeter (MPC) (3.3 < η < 3.7) to measure the inclusive cluster ALL.
Figure 5.7 shows the projected uncertainties for ACluster

LL requiring pT > 3 GeV and for a
sampled integrated luminosity of 100 pb−1. Also shown are the expected uncertainties
for a gluon polarization measurement based on DSSV and GS-C. We are aware of the
fact that GS-polarized parton distributions are inconsistent with the world data, but as
the low-x behavior for ∆g(x) is unknown, GS-C is an example of a polarized gluon PDF
which has a slow behavior for ∆g(x) → 0 as x goes to zero. But even for this extreme
behavior of GS-C the asymmetries are only on the 10−4 level. The measurement of such
small asymmetries with good precision requires excellent control of all the systematic un-
certainties; especially the relative luminosity uncertainty needs to be controlled to values
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smaller than the magnitude of the asymmetries. Currently the uncertainties on the rela-
tive luminosity are on the level of 7×10−4 in run-6 and 1.4×10−3 in run-9. Reducing this
to a level ≤ 10−4 might require an upgrade of the PHENIX luminosity monitor. Ideas to
use position-sensitive single-arm telescopes as relative luminosity counters were tested
in run-4. To reach the needed statistical precision, an efficient trigger and sufficient DAQ
bandwidth are required to record enough data in the relevant kinematic region. The his-
togram in the right plot of Figure 5.7 shows how the extended x-range reaches down to
x ∼ 10−3. The yellow band indicates the current x-range at

√
s = 200GeV.
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Figure 5.7: Expected uncertainties in ACluster
LL as a function of pT measured with the MPC

for an integrated sampled luminosity of 100 pb−1. Also shown is the x-range covered by
this measurement. The yellow band indicates the x-range covered by measurements in the
present central arm at 200 GeV and the red line indicates the lowest x reachable in the central
arm with 500 GeV collisions.

Another possibility to reach lower x, and also to constrain the correlation between x and
pT, is to measure ALL in two particle correlations at forward rapidity. Figure 5.8 (left)
shows the fractions for the different subprocesses contributing to ACluster

LL requiring 2 back-
to-back clusters ( ∆φ ∼ π) in the MPC with the trigger particle having pT > 3 GeV and
the pT of the associated particle to be bigger than 1.5 GeV. The qg-scattering process dom-
inates. The corresponding x distribution is shown in Figure 5.8 (right). The asymmetries
to be expected are on the level ∼ 10−3.

Decreasing
√

s to 62 GeV allows access the high-x region of ∆g(x) (see Figure 5.5). The
high-x region is currently constrained by inclusive DIS data. Figure 5.9 shows the impact
on the uncertainties of the polarized gluon distribution adding pseudo-data of Aπ

0

LL at√
s = 62 GeV to the datasets used in DSSV. The plot assumes a luminosity of 0.4 pb−1

and a polarization of 60%, which is twice the recorded luminosity foreseen in run-14.
The impact to constrain the gluon polarization (the reduction from the uncertainty band
indicated by the red curves to the uncertainty band indicated by the black lines) is small.
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Figure 5.8: (left) Subprocess fractions contributing to two particle clusters in the MPC.
(right) For the quark-gluon subprocess, we show the x distribution for ACluster

LL requiring
two back-to-back clusters in the MPC.

Extending the x-range is extremely important, but it is equally important to study the
gluon polarization by measuring different final states, i.e neutral hadrons (η, π0), charged
hadrons, heavy flavor mesons and jets. Despite the fact that for some of these final states
the statistical uncertainties might be larger, this will nonetheless allow us to determine
systematic uncertainties due to restrictions in the current theoretical models. For exam-
ple, currently all extractions of the gluon polarization are made at leading twist, but the
leading-twist cross section is very small, and higher-twist contributions could become im-
portant. An example for such an effect is the sizable AN, which is predicted to be small
in pQCD at leading-twist level. Since it is very difficult to calculate such higher-twist con-
tributions, the comparison of different final states allows one to test this experimentally
as higher-twist contributions are process dependent. The higher luminosity at 500 GeV
compared to 200 GeV will finally provide the possibility to measure some of the processes
that depend on such high luminosities. The measurement of the direct photon asymme-
try is thus within reach, offering an independent determination of ∆G. At RHIC, direct
photon production is dominated by quark-gluon Compton scattering (qg → qγ), which
ensures that the double spin asymmetries from direct photon production provide clean
theoretical access to the gluon polarization ∆g/g. An advantage is also that the double
helicity asymmetry will be linear in the gluon polarization; consequently, PHENIX will
be able to constrain both the sign and magnitude of ∆G through this channel.

Figure 5.10 shows the preliminary PHENIX results for AγLL from 2005 and 2006 (left plot)
compared to the expected statistical uncertainties in 2015 (right plot). The plot clearly
shows that a wider acceptance together with a higher integrated luminosity could im-
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Figure 5.9: Impact on the uncertainties of the polarized gluon distribution by adding
pseudo-data of Aπ

0

LL at
√

s = 62 GeV to the datasets used in DSSV, assuming an integrated
luminosity of 0.4 pb−1. The reduction on the gluon polarization uncertainty is indicated by
the reduction of the red band to the black one.

prove the statistical significance.
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Figure 5.10: (left) Preliminary AγLL for run-5 and run-6. (right) Expected uncertainties in
AγLL as a function of pT for a recorded luminosity of 130 pb−1 and a polarization of 0.5. Only
collisions with vertex inside ±10 cm are included. The red curve corresponds to GRSV-std
and the two black curves corresponded to GRSV-max and GRSV-min.

The measurement of a double spin asymmetry by detecting only the direct photon, typi-
cally as a function of pT, necessarily involves a convolution over the momentum fractions
of the colliding partons. In principle, if one could also detect the opposing quark jet, one
may extract the shape of the gluon distribution more directly, as the initial momentum
fractions xA and xB are now known in LO (though the flavors and gluon combinations
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remain unknown and are summed over). This essentially allows a much more direct
determination of the shape of the polarized gluon distribution. Unfortunately, the lim-
ited acceptance, |η| ≤ 0.35, of the current PHENIX detector and the absence of hadronic
calorimetry presently make it challenging for us to reconstruct jets. The availability of
the VTX detector after 2010 may allow reconstruction of a jet axis (via charged particles
alone) in a wider acceptance |η| ≤ 1.0. Detailed studies of this technique are still un-
derway. With the PHENIX central detector upgrade the direct photon channel becomes
much easier to access (see Chapter 6).

With the installation of the vertex and forward vertex silicon detectors in PHENIX another
channel sensitive to the gluon polarization becomes accessible. Open charm production
in p+p collisions at high energies as at RHIC is predominantly produced by gluon-gluon
fusion. Measuring the double spin asymmetry for inclusive single electrons at midrapid-
ity and for muons at forward rapidity, or for the correlation between an electron and a
muon, as well as two muons in the muon arms, allows one to produce another constraint
on the gluon polarization. As the open charm mesons are produced in gluon-gluon fu-
sion, the process scales as the square of the polarized gluon distribution; thus, no access to
the sign of the gluon polarization is possible. The vertex detectors are critical for this mea-
surement, since only the requirement of a displaced vertex for the electron and muons
can ensure that they are decay products from charmed mesons. Figure 5.11 shows the ex-
pected magnitude of Acc

LL for single leptons and for correlations between leptons coming
from charmed mesons based on the current knowledge of the gluon polarization from the
fits to the world data [279].

For all configurations the asymmetries based on the polarized gluon distribution from
DSSV [169], which is constrained by the PHENIX Aπ0

LL and the STAR A jet
LL data, are at the

0.001 level. Therefore a measurement of Acc
LL, which gives a constraint for ∆g in global

pQCD fits like DSSV, is only feasible with very high sampled luminosity or high polariza-
tion.

5.3 Transverse spin and spin-momentum correlations

In addition to the dedicated p+p running at 500 GeV for the nucleon spin program, a sig-
nificant amount of p+p data at 200 GeV (40 pb−1 within±30 cm through 2015) and lower
center-of-mass energies is anticipated over the next several years, driven primarily by the
heavy ion program’s requirements for p+p reference data. This provides a good overlap
with the luminosity needs for the transverse physics program at PHENIX. Currently the
total recorded luminosity with transverse polarization is 8 pb−1 at 200 GeV with a beam
polarization of 0.51 (2006) and 0.45 (2008). If a significantly larger transverse data set with
PHENIX were collected it would give the opportunity to pursue currently marginal mea-
surements with good statistical significance. For the MPC cluster transverse single-spin
asymmetry, dominated by merged photons from π0 decay, it would be extremely interest-
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Figure 5.11: Acc
LL for single electrons/muons (left column) and for correlations between lep-

tons (right column) coming from charmed mesons for
√

s=200 GeV. In the last row the x
coverage for these different asymmetries is shown.

ing to see the behavior at higher pT more clearly as theoretical models based on collinear
pQCD predict a drop of AN at high pT. As can be seen in Figure 5.12, we expect the data
taken over the next several years to be able to clearly differentiate between models for the
behavior of the asymmetry with transverse momentum.

Current results for AJ/ψ
N , plotted versus xF in Figure 4.15 in Chapter 4, suggest a nonzero

gluon Sivers function at moderately forward rapidity at the level of 3.3σ . Figure 5.13
gives the current results as a function of pT and shows projections for future running. It
is very important to confirm the observed asymmetry with higher significance and learn
more about its behavior as a function of pT.

Open heavy flavor SSA measurements offer another means of probing gluon dynamics in
the proton. Similar to the longitudinal case, the availability of the vertex and forward ver-
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Figure 5.12: Current results for the cluster transverse SSA in the MPC as a function of pT
and projected uncertainties for 40 pb−1 and 60% polarization. The two curves shown are for
two different models of the behavior of the asymmetry.
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Figure 5.13: Current results for J/ψ AN as a function of pT measured at forward rapidity in
the muon arms, and projected uncertainties for 40 pb−1 and 65% polarization.

tex silicon detectors make it possible to measure the single spin asymmetries for leptons
coming from charmed mesons, greatly improving upon the current preliminary measure-
ment shown in Figure 5.14. This gives a unique opportunity to measure the currently
unknown Sivers function for gluons as a function of rapidity (-2.4 < η < 2.4) and xF. The
comparison of Acc

N with Aπ
0

N from the central arm, which is dominated by gluon-gluon

interactions at low to moderate pT, and with AJ/ψ
N from the central and muon arms offers

the opportunity to study, for the same observable with the same detector, the magnitude
of the factorization breaking [280] due to the different color interactions for different final
states. For illustration Figure 5.15 shows the expected size of the Acc

N based on calculations
from [90].
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Figure 5.14: Single spin asymmetry Acc
N for heavy flavor decay electrons measured in the

PHENIX central arm spectrometer.

All the measurements described above suffer unfortunately from the problem of factor-
ization/universality breaking as described in [280]. This is different for the dihadron
interference fragmentation function (IFF), suggested first in [162], which describes the
production of unpolarized hadron pairs in a jet from a transversely polarized quark. The
transverse polarization is translated into an azimuthal modulation of the yields of hadron
pairs around the jet axis. In addition the IFF is chiral odd and can therefore act as a part-
ner for the likewise chiral odd quark-transversity function. The resulting amplitude is
chiral even and therefore leads to observable effects in semi-inclusive deep inelastic scat-
tering off a transversely polarized target [69], or in p+p collisions in which one beam is
transversely polarized. The first measurement of the IFF was done by BELLE [311], which
enables the determination of transversity.

There are a number of advantages related to this method, which are connected to the ad-
ditional degree of freedom provided by the second hadron. It allows one to define the
azimuthal angle between the two hadrons as a leading-twist observable in the transverse
plane and at the same time integrate over transverse momenta of the quarks and hadrons
involved. Because transverse momenta are integrated over, known collinear schemes in
factorization and evolution can be used which do not need assumptions of the intrinsic
transverse momenta [152]. Since the IFF is not a transverse momentum dependent func-
tion (TMD) it is universal and therefore directly applicable to SIDIS and p+p data. In
fact, the IFF measurements could be compared with charged hadron AN (as measured
through decay muons in the same acceptance). An interpretation of these data in the
TMD-based approach and a comparison with the IFF measurements would help establish
the size of TMD factorization breaking effects in polarized p+p collisions at RHIC. The
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Figure 5.15: Maximized values of |AN | for inclusive charm meson production as a func-
tion of ED and pT at fixed pseudorapidity (a), and as a function of xF at fixed transverse
momentum, calculated using saturated Sivers functions. The dashed line corresponds to a
maximized quark Sivers function (with the gluon Sivers function set to zero), while the dot-
ted line corresponds to a maximized gluon Sivers function (with the quark Sivers function
set to zero).

currently available PHENIX data and the expected statistical uncertainties after collecting
40 pb−1 with transversely polarized p+p collisions, see Figure 5.16 could be significantly
expanded by having a larger data set and going to much larger xF by exploring correla-
tions between hadrons in the central detector and the MPC and correlations when both
hadrons are in the MPC.

The possibilities for measuring AN for Drell-Yan during a
√

s=200 GeV transverse polar-
ized p+p run are discussed in section 6.1.1.
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Figure 5.16: Single spin asymmetry for different combinations of hadron pairs in the central
arm plotted vs. the mass of the hadron pair for run-6 and 8 combined. Also shown are
the expected statistical uncertainties after collecting 40 pb−1 over the next 5 years. This
observable is sensitive to transversity times the IFF.
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Chapter 6

Nucleon Structure Physics: sPHENIX
Plan

The state of the our knowledge of nucleon structure physics will see major advances over
the five years 2010–2015, as described in the previous Chapter. These measurements will
open the door to a new frontier of spin structure physics that requires increased lumi-
nosities and new detector capabilities, in particular with larger coverage at very forward
angles. We see the quest to understand parton dynamics within hadrons as the new fron-
tier in RHIC spin studies. We also anticipate opportunities to improve our knowledge of
the momentum fraction dependence of ∆g(x), as well as completely new avenues for the
study of both longitudinal and transverse spin effects when polarized 3He beams become
available at RHIC and the possible increase in beam energies. We detail these areas in the
following three sections:

• Dynamical Origins of Spin-Dependent Interactions

• New Probes of Longitudinal Spin Effects

• Measurements with Polarized He3 and Increased Energies

We note that the physics plan presented in this Chapter assumes that the primary goals
in terms of flavor-separated sea quark helicity distributions and ∆g(x) from the Midterm
Plan (as detailed in Chapter 5) are achieved.

6.1 Dynamical Origins of Spin-Dependent Interactions

In order to obtain a deeper understanding of the dynamical origins of partonic interac-
tions in both spin-dependent and spin-independent hadronic and lepton-hadron interac-
tions, one must move beyond the simple collinear perturbative QCD picture. There are
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currently two areas to pursue this dynamical understanding. The first is via the study of
transverse momentum dependent (TMD) parton distribution functions (PDFs) and frag-
mentation functions (FFs), which we specifically address here with measurements with
an upgraded PHENIX detector. The second is via the study of generalized parton distri-
butions (GPDs), which are addressed via exclusive reactions at Jlab and a future Electron-
Ion Collider. The theoretical challenges involving factorization and universality for TMD
PDFs and FFs have been discussed previously in Chapter 4 and Chapter 5. Polarized
p+p collisions in RHIC give the unique opportunity to test the theoretical assumptions in
the underlying formalism for kt-dependent parton distribution functions by testing the
prediction for the sign change for the analyzing power of the Sivers function in Drell-
Yan (DY) and semi-inclusive deep inelastic scattering (SIDIS). Further measurements of
observables sensitive to the factorization and universality breaking in TMDs (i.e. Sivers
function via γ-jet) will allow us to gain a deeper understanding of the partonic dynamics
that leads to the breaking of factorization and universality for these processes.

In this Chapter we identify the key measurements needed to access this exciting physics,
and detail the basic detector and luminosity requirements to make those measurements.
A proposed suite of upgrades to the PHENIX detector to realize this physics is then pre-
sented in Chapter 7.

6.1.1 Drell-Yan in transversely polarized p+p scattering

Current Theoretical Understanding Large transverse single-spin asymmetries (SSAs) have
presented a challenge to theory since 1976, when the first AN was measured at ZGS at
ANL [220], because in collinear pQCD at leading twist a sizable AN is not expected, due
to the chiral properties of the theory [214]. Transverse single-spin asymmetries (SSAs)
for particle production have been measured at RHIC and surprisingly found to also be
large, particularly for meson production in the forward direction [24, 19, 106]. The mea-
sured quantity is the analyzing power, AN, corresponding to a left-right asymmetry of
the produced particles when vertical polarization is used. The observation of a large AN
for inclusive pion production in p↑+p collisions over a broad range of collision energies
[133, 137, 23, 22, 229, 84, 282, 134, 220, 178] together with the observation of single spin
asymmetries in semi-inclusive deep inelastic scattering [70, 67, 66, 63, 62, 61, 82, 59, 77]
have prompted extensions to pQCD that introduce partonic transverse momentum that is
correlated with the spin degree of freedom. For example, AN could be generated by spin-
correlated TMD fragmentation if there is transverse quark polarization in a transversely
polarized proton – the so-called Collins effect [160]. Spin-correlated TMD parton distri-
bution functions (referred to as Sivers functions) can also explain a large AN [286, 287].
These distribution functions describe partonic orbital motion within the proton, and so
are important for understanding the dynamical workings of the proton.

In SIDIS, the mesonic fragments from the bare constituent quark are observed to vary
with azimuthal angle for measurements with a transversely polarized proton target. The
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Collins effect can be separated from the Sivers effect in these measurements, and each
separately has been measured experimentally to be nonzero. The Sivers effect requires
a correlation of the form ~Sp • (~pπ ×~q), where ~Sp refers to the proton spin, ~pπ refers to
the final-state pion momentum, and ~q refers to the quark momentum. A color-charge
interaction between the current quark and the spectators is required by gauge invariance,
and results in the Sivers effect being an allowed leading-twist effect [139]. This color-
charge interaction occurs in the final state in SIDIS, and is necessarily attractive [144], as
expected since the proton is initially color neutral, meaning that the current quark and
the spectators must have equal magnitude, but opposite sign color charges.

Phenomenological fits to extract the Sivers function from SIDIS as well as the Collins
FF from SIDIS and e+e− data have been made [94, 93]. Model calculations [132] that
presume that TMD distribution functions can be included in a factorized calculation were
first found to be consistent with transverse SSAs measured for pion production at RHIC
energies, using the phenomenological fits to SIDIS results. More refined calculations [89]
show that the Sivers effect alone cannot describe the AN measurements.

An alternative approach to describe the underlying subprocesses contributing to AN is
based on collinear pQCD using higher-twist quark-gluon correlators. This method has
a proven factorized form for inclusive meson production [267]. Phenomenological fits
to the quark-gluon correlators give a good description of the xF dependence of inclusive
meson production. However, these fits do not currently account for any Collins effect
contribution. It has been found that moments of the Sivers functions extracted in the
TMD formalism from SIDIS data are related to the quark-gluon correlators in the collinear
twist-3 pQCD approach [213].

The intense interest in the understanding of transverse SSAs has resulted in numerous
theoretical predictions of quantities sensitive to color-charge interactions. However, af-
ter significant theoretical work, it has been recognized [280] that there is no factoriza-
tion of TMD distributions nor fragmentation functions in p+p interactions that produce
hadronic final states. This is in contrast to the case for SIDIS and Drell-Yan production,
where robust factorization theorems exist [85, 163, 212], since the color structure of these
processes is particularly simple.

Furthermore the attractive final-state interaction in SIDIS becomes a repulsive initial-state
interaction in the DY production of a virtual photon. Present theoretical understanding of
transverse SSAs then predicts that the sign of the analyzing power for DY will be opposite
to that observed in SIDIS (see Figure 6.1). This fact is independent of whether the DY
analyzing power is calculated in a TMD or collinear twist-3 pQCD approach. The test
of this theoretical prediction is the primary objective of the most recent update (2008) to
Performance Measures by the Nuclear Science Advisory Committee [9] HP13. This test is
also a major focus of the PHENIX upgraded spin program.

Figure 6.2 shows the calculation for AN of DY based on a TMD approach utilizing the
gauge link formalism from [216] for transversely polarized p+p collisions at RHIC en-
ergies (

√
s = 200 GeV and 500 GeV) as a function of rapidity and Feynman xF (xF =
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Figure 6.1: Feynman diagram for SIDIS (left) and Drell-Yan (right) showing the color struc-
ture and the final- and initial-state interaction via gluon exchange.

Q/
√

s · (ey − e−y)). Similar results have also been obtained by the Torino group [95].
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Figure 6.2: AN as function of Feynman xF (top) and rapidity (bottom) for Drell-Yan for√
s = 500 GeV (left) and 200 GeV (right). Note that only forward xF corresponding to posi-

tive rapidities is shown in the upper panels. The uncertainties shown as yellow bands are a
result of the uncertainties from the Sivers function extraction from the SIDIS data.

A precision measurement of AN for Drell-Yan will lead to an immediate advance in our
understanding. A nonzero AN for DY production would be consistent with the presence
of a correlation between the spin of the proton and the intrinsic transverse momentum of

136



Nucleon Structure Physics: sPHENIX Plan Spin-Dependent Interactions

the quarks inside the proton. A nonzero and negative AN for DY production, as predicted
by theories that include gauge links in their formalism, would suggest that the kT factor-
ization for DY production is indeed robust. A way to view the gauge link impacts on DY
and on semi-inclusive deep inelastic scattering is that unlike colored charges have an at-
tractive interaction and like colored charges have a repulsive interaction. A nonzero and
positive AN for DY production, opposite to theories that include the gauge link, would
challenge kT factorization theorems for the DY process. However, if one finds AN for DY
production to be zero, this would mean that our present description of transverse SSAs
measured in semi-inclusive deep inelastic scattering and for pion production analyzing
powers is incorrect (or at least substantially incomplete).

There are plans by several other laboratories (JPARC, FAIR, Fermilab) to measure the
transverse SSA in DY production. Only one other plan has a time scale comparable to
or shorter than the plan presented here for a PHENIX measurement. The COMPASS
collaboration plans to measure the analyzing power for DY production using high-energy
pion beams incident on a transversely polarized proton target [10] The kinematics covered
by the COMPASS experiment are very complementary to what is proposed here, leading
to a well integrated world program if both measurements are made.

Experimental Measurement of Drell-Yan AN The original RHIC Drell-Yan planning doc-
ument [128] submitted for consideration to the 2007 Long Range Plan by the Nuclear
Science Advisory Committee concluded that a transverse spin DY measurement at RHIC
is optimized by running at

√
s = 200 GeV. New studies indicate that the sensitivity is in-

creased by running at the higher energy
√

s = 500 GeV. Thus, we first update the discus-
sion on the optimum energy as originally detailed in [128]. The hard-scattering, partonic-
level cross section (σ̂) for qq̄ → γ∗ is proportional to 1/ŝ, where ŝ is the squared collision
energy in the partonic center of mass. The DY cross section for p + p → γ∗ + X is a
convolution of σ̂ with quark and antiquark distribution functions. The parton densities,
especially the sea quark densities, have a strong increase with the center of mass energy
and lower x. This increased partonic-level luminosity is the reason for the larger dilepton
yields as the collision energy increases, as shown in Figure 6.3.

Another reason to prefer
√

s = 500 GeV over
√

s = 200 GeV polarized proton collisions is
the growth of the collision luminosity with

√
s, caused by the smaller transverse size of

the beams at higher energy. The current projections from CAD indicated a factor of 3–5
luminosity increase going from 200 GeV to 500 GeV [5].

The existing PHENIX forward muon spectrometers are ready to make a measurement of
the transverse SSA for DY production via dimuons. The muon spectrometers have accep-
tance for DY rapidity 1.2 < yDY < 2.2 in the south arm and 1.2 < yDY < 2.4 in the north
arm. Thus, the xF coverage is primarily below xF < 0.1 where the predicted asymmetry
is decreasing, though nonzero, as shown in Figure 6.2. With a p+p at

√
s = 500 GeV sam-

pled luminosity of 110 pb−1 within the z-vertex acceptance range of |z| < 30 cm, with
a predicted AN ≈ 4− 5% in the muon arm rapidity interval, we project a 3σ statistical
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Figure 6.3: The number of dielectron events from virtual photon production with a mass
greater than 4 GeV/c2 as simulated by PYTHIA 6.222, distributed according to the rapidity
of the virtual photon. The integrated luminosity is 200 pb−1 for all collision energies. As
the collision energy increases, the rapidity distribution broadens, given the increased phase
space, and the dielectron cross section increases, even though the hard scattering DY cross
section decreases. The increase in the dielectron cross section is a consequence of an increase
in the partonic luminosity as the collision energy increases.

significance for a nonzero AN. This projection assumes that backgrounds are suppressed
using additional cuts from the FVTX for DY invariant masses greater than 4 GeV/c2. This
assumption is nontrivial given the larger contribution of correlated dimuons from charm
and beauty in this rapidity and invariant mass range. Such a measurement requires sub-
stantial running time of p+p at

√
s = 500 GeV with transverse polarization—which is

not envisioned during the 2010-2015 time frame as detailed in Section B.2. It is notable
that the PHENIX muon arms will allow for the measurement of the DY cross section in
the rapidity range 1.2 < yDY < 2.4 already during the longitudinal polarized p+p run-
ning at

√
s = 500 GeV. In the current Midterm Plan running, there is 34 pb−1 of p+p at√

s = 200 GeV with transverse polarization (that also serves as heavy ion comparison run-
ning). These results could result in a 2σ measurement of AN away from zero – though this
does not account for the lower Drell-Yan signal to background ratio at the lower colliding
energy. Therefore, the Drell-Yan measurements in the 2010–2015 timeframe should be re-
garded as exploratory. While these measurements will be vital to initiating the PHENIX
Drell-Yan physics program, additional running time beyond 2015 will be required.
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We believe that ultimately it will be crucial to answer these physics questions defini-
tively, which necessitates a larger acceptance extending to the most forward rapidities
2 < yDY < 4. Note that a measurement with a new forward spectrometer of ADY

N for
yDY = 3–4 at

√
s = 500 GeV with an uncertainty corresponding to 6σ from zero requires

a sampled luminosity of 110 pb−1 within the z-vertex range |z| < 30 cm. This indicates
that a definitive measurement is achievable with the right detector. Thus, PHENIX is
considering a proposal to remove one of the muon spectrometers and replace it with a
forward angle spectrometer shown schematically in Figure 6.4. The specific details of the
proposal and the R&D and simulations necessary to formulate a concrete design are given
in Section 7.2. The proposed spectrometer has an open geometry and covers a single par-
ticle pseudorapidity range from 2.0 < η < 4.0 with excellent electron identification. The
decision to pursue the DY measurement via dielectrons (as opposed to dimuons) is in
part driven by our interest to have this forward spectrometer also serve as a detector for
measuring the scattering lepton in e+p and e+A collisions at a future Electron-Ion Col-
lider (EIC) – as detailed in Chapter 8. There are also important measurements related to
transverse physics that require photon and full reconstructed jets that are enabled by this
design – as discussed later in Section 6.1.2. There has been discussion of extending the
rapidity range of the current muon spectrometers with a new detector behind the muon
magnet piston. However, since that would not address the EIC physics and nonmuon
physics channels, we have focused on the electron spectrometer design.

HCal

HCal

Solenoid

EMCal

Tracker

GEM-Tracker

PreShower

(F)VTX

10cm

40cm

80cm

PbSc

PreShower

RICH

Aerogel

2m ! = 1
! = 2

! = 3
! = 4

Figure 6.4: Schematic layout of the new forward spectrometer integrated into the upgraded
sPHENIX detector, as detailed in Chapter 7.

In this early stage of simulations, we have utilized the PYTHIA simulation to understand
the major sources of background to the DY measurement as a function of rapidity. The
major sources of correlation opposite sign dielectrons are:

• Open charm (cc→ e+e− + X)
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• Open beauty (bb→ e+e− + X)

• Hadronic background from QCD 2→ 2

• Photon conversion in the beampipe and other materials

The contribution from open heavy flavor due to the semileptonic decay of both D and D
or B and B for example, is a significant source of background for the Drell-Yan measure-
ment near midrapidity and for invariant masses below the Upsilon states. However, for
rapidities y > 3 studies indicate that the open heavy flavor contributions are below that of
Drell-Yan for invariant masses M > 4 GeV/c2. This result is understood because cc and bb
pairs are predominantly produced in p+p reactions via gluon-gluon fusion. At very for-
ward rapidities, this necessarily involves a very low-x and a very high-x gluon. The low
abundance of such high-x gluons suppresses the heavy flavor production. Additionally,
the open heavy flavor contribution can be even further suppressed by selecting against
leptons with a displaced vertex relative to the interaction point. This anti-displaced vertex
selection will already be possible with the FVTX.

Figure 6.5 shows a PYTHIA simulation result for the invariant mass dependence of the
DY cross section (open symbols) for p+p collisions at

√
s = 500 GeV. The different colors

correspond to different pseudorapidity selections on the two decay electrons. It is notable
that for DY with pT << M, the DY rapidity yDY ≈ 0.5× (ηe+ + ηe−). Thus, the selection
for electrons with η > 3 yields a subset of DY with yDY > 3. Also, the simulation was run
with PYTHIA settings CKIN(1) = 3 GeV (m̂ =

√
ŝmin) and CKIN(3) = 1.5 GeV (p̂Tmin) and

thus the results are only meaningful for invariant masses M > 3 GeV/c2. Also shown are
all charged track pairs, electrons and hadrons, from minimum bias PYTHIA events (closed
symbols). For the most forward rapidity selection a suppression of 10−6 is needed to have
a Drell-Yan signal-to-background of 1:1.

For the most forward rapidity, which is also the most sensitive to the predicted large DY
AN, the background has a large contribution from QCD 2 → 2 processes. Thus, any
detector designed for this measurement requires excellent electron identification to re-
ject hadron and photon backgrounds. In order to study various scenarios for achieving
the required rejection, we have implemented a fast detector simulation consistent with
our proposed forward spectrometer upgrade. The spectrometer consists of a tracking
detector (TRACK) in a magnetic field, a ring imaging Čerenkov counter (RICH), an elec-
tromagnetic calorimeter (EMCal), and an hadronic calorimeter (HCAL). The following
conservative assumptions in terms of parameterized performance have been made.

• TRACK has a momentum resolution of ∆p/p ≈ 2%.

• RICH has an electron efficiency of 94% for p > 10 GeV/c.

• EMCal has the resolution of the current PHENIX PbGl: 5.95%/
√

E + 0.76%

• HCAL has the resolution: 50%/
√

E + 5% (similar to CMS or LHCb)
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Figure 6.5: Invariant mass dependence for the Drell-Yan signal (open symbols) and for
the background from minimum bias QCD processes resulting in dielectron and dihadron
pairs (closed symbols). There are three different forward angle selections for the result-
ing electrons/hadrons. The left (right) panel corresponds to collisions at

√
s = 200 GeV

(
√

s = 500 GeV).

We then run our signal and background PYTHIA events through the fast simulation with
the following selections: minimum EMCal energy> 1 GeV, 0.8 < EEMCal/p < 1.25, RICH
detector hit correlated with TRACK, and a minimum HCAL energy cut.

The resulting invariant mass distributions after cuts are applied are shown in Figure 6.6.
One can see that for the most forward rapidity selection, the background contribution is
dropping very steeply as a function of invariant mass. Though additional statistics in the
simulation are necessary for any final conclusion, it appears that for ηlepton > 3 selection
and Me−e+ > 4 GeV/c2 the Drell-Yan is becoming the dominant process. One wants to
extend the kinematic range of the measurement over lower rapidities as well, and thus we
describe below additional background rejection methods that we are exploring. Also, we
have currently placed separate cuts on a number of individual detector response quanti-
ties, while in the future an optimized electron probability selection will improve the back-
ground rejection while maintaining high electron efficiency. It is clear that full GEANT
based simulations are required for a final design, but the initial fast simulation results are
quite encouraging.

The above background rejections require robust discrimination between neutral and
charged showering particles. This discrimination is achieved with a highly efficient track
pointing to the EMCal or with a coarse position sensitive scintillator array at the front
of the EMCal. Additionally, the EMCal energy and TRACK momentum match selection
reduces the hadron background by more than a factor of 100.

Further hadron-lepton separation is achieved by identifying lepton pair candidates for
which there is no energy deposition in the hadronic calorimeter for at least one of the
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Figure 6.6: Invariant mass dependence for the DY and the minimum bias cross section for
electron pairs for different lepton pseudorapidity selections after applying cuts on detector
responses in the RICH, the EMCal and the HCAL (

√
s = 500 GeV).
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particles in the pair. We expect to have charge sign identification via TRACK, and this
reduces the background by an additional ∼ 20%.

A preshower detector in front of the EMCal can be also used to isolate photon conver-
sions prior to the EMCal. Some photons will be converted to electron-positron pairs
in upstream materials. For high-energy photons, the opening angle of conversion e+e−

pairs is small. Separating the 2-MIP responses from 1-MIP responses in the preshower
detector can identify these pairs. There is a small probability that photons convert in the
preshower detector itself; the impact of these needs to estimated in a detailed MC detec-
tor simulation. A large fraction of the photons come from the decay of π0’s, which can
be suppressed by reconstructing their invariant mass with the EMCal. The preshower
detector provides important discrimination between leptons and hadrons, which is ac-
complished with the passive radiator that initiates electromagnetic showers that deposit
typically much more energy in the scintillator than minimum ionizing particles. No cut
was yet applied on the preshower detector, which should reduce hadron contamination
even further.

There are also important kinematic cuts that can increase the signal to background ratio.
Figure 6.7 shows the energy correlation between the two DY leptons and their opening
angle depending on the pseudorapidity of both leptons, and the invariant mass for min-
imum bias lepton and hadron pairs, both for a series of minimum energy cuts on each
lepton/hadron. The opening angle for different pseudorapidities is also shown. For both
QCD minimum bias unlike-sign pairs and DY lepton pairs the opening angle is reduced
going to more forward pseudorapidity. The energy of each of the DY leptons is above
15 GeV for η > 3 and Mee > 3 GeV; this allows one to apply a minimum energy cut on
the each of the partners in the pairs from minimum bias events, limiting their invariant
mass to below 3 GeV for pairs with η > 3. We are continuing to explore the utilization of
various cuts.

6.1.2 Jet, photonic, and hadronic observables with transversely polarized
p+p collisions

There are other measurement channels for disentangling the underlying subprocesses in
single spin asymmetries, though with different caveats compared with the theoretically
clean Drell-Yan channel previously discussed. These other important channels are mea-
surable with the same forward spectrometer upgrade depicted in Figure 6.4. There are
specific measurements sensitive to the Sivers function and others directly sensitive to the
Collins function.

Measuring the analyzing power for forward inclusive jet production probes the Sivers
effect [322, 226], because a nonzero analyzing power for the produced jets can result only
from initial-state effects. This is because all effects from spin-dependent fragmentation
functions (i.e. the Collins fragmentation function) are unresolved by full jet reconstruc-
tion. The same argument holds for the measurement of direct photon-jet production.
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Figure 6.7: (Upper Left) Energy correlation between the two Drell-Yan decay leptons. (Up-
per Right) Opening angle (∆α) between the two decay leptons for different selections on the
lepton pseudorapidity (η) and Energy (E1,2). (Lower Left) Invariant mass for minimum bias
lepton and hadron pairs for different minimum energy selections on each lepton/hadron.
(Lower Right) Opening angle (∆α) for all hadron pair backgrounds for different selections
on on the lepton pseudorapidity (η) and Energy (E1,2). All plots are for DY produced in
p+p collisions at

√
s = 500 GeV.

Again a nonzero analyzing power only results from the Sivers effect as all spin-dependent
fragmentation effects cancel out. This measurement has the additional advantage that in
leading-order (LO) pQCD, the momentum fractions of the partons involved in the hard
interaction are directly correlated to the rapidity of the observed jet and direct photon, as
shown in Figure 6.8. The proposed forward upgrade with full EMCal and HCAL cover-
age has excellent capabilities in both the inclusive jet and photon-jet channels.

The anticipated asymmetry in the photon-jet channel is shown in Figure 6.9. As noted pre-
viously, this prediction assumes TMD factorization. Therefore, a comparison between the
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Figure 6.8: Rapidity-x correlation for direct photon-jet events. The jet is selected at midra-
pidity (−1.0 < y < 1.0) and the photon at forward rapidity. The calculation is for
pγT > 3 GeV.

asymmetries measured in Drell-Yan and those measured in photon-jet production would
give a direct measure of the size of TMD factorization breaking effects. This informa-
tion would prove extremely valuable in theoretical efforts to develop new approaches to
factorization and universality.

The other key set of measurements address the Collins effect, the combination of transver-
sity distributions folded with the Collins fragmentation function. Transverse polarized
scattering presents the possibility to measure the relation of the transverse spin of a
quark with the azimuthal distribution of a final state hadron around the quark’s axis,
and thus investigates spin-dependent fragmentation functions [257, 209]. This process
is also useful in the study of the quark transversity distribution [273]. The transversity
function is chiral-odd, and therefore not accessible through measurements of inclusive
lepton-hadron scattering. Semi-inclusive DIS or hadron production in p+p scattering, in
which another chiral-odd observable may be involved, provides a valuable tool to probe
transversity. The Collins fragmentation function [160] relates the transverse polarization
of the quark to that of the final hadron. It is chiral-odd and naive T-odd, leading to a char-
acteristic single spin asymmetry in the azimuthal angular distribution of the produced
hadron in the hadron scattering plane. Therefore measuring the azimuthal distribution
of hadrons in a jet will allow access to the Collins effect. With the new forward upgrade
such a measurement in a region of high xF (where the effects are largest) is made possible.

All the measurements described above involve processes for which factorization and uni-
versality are broken [280], as described already in earlier sections. In contrast, the di-
hadron interference fragmentation function (IFF) does not suffer from this problem, and
is therefore an important measurement to extract transversity. The dihadron IFF also al-
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this kinematical regime. In contrast, the generalized parton
model (dashed line in Fig. 5) predicts the opposite sign.

In conclusion, we have examined the azimuthal moment
M!j

N , defined in Eq. (3), for the process p"p ! ! jet X. We
have shown that in the kinematical regime of large and
positive photon pseudorapidities and negative jet pseudor-
apidities, the moment is dominated by the quark Sivers
function combined with the gluon unpolarized distribution
function. The involved partonic subprocess is qg ! !q.
The two functions have to be convoluted with a gluonic-
pole cross section instead of a standard partonic cross
section, to take into account the presence of past-pointing
and future-pointing Wilson lines arising from gluon inter-
actions with the incoming gluon and the outgoing quark,
respectively. The color structure of QCD implies that the
gluonic-pole cross section for qg ! !q is equal to !5=4
times the standard partonic cross section. This leads to the
robust prediction of a negative sign for the azimuthal mo-
ment M!j

N in the considered kinematical regime, opposite
to the expectation of the generalized parton model, ob-
tained using standard partonic cross sections. The experi-
mental measurement of M!j

N , possible at RHIC, will
therefore be of crucial importance to deepen our present
understanding of single-spin asymmetries.
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Figure 6.9: The anticipated azimuthal moment, Mγ j
N , determined via photon-jet measure-

ments in polarized p+p collisions at
√

s = 200 GeV [115]. The red line is for gluonic-pole
cross sections, the green line for standard partonic cross sections, the blue line for maxi-
mum gluon Sivers function contribution, and the dot-dashed line for maximum gluon Boer-
Mulders function contribution.

lows one to study, for the same observable with the same detector, the magnitude of the
factorization breaking between transversity extracted in the TMD formalism and in the
collinear leading twist formalism. The IFF is not a TMD function and therefore the extrac-
tion of transversity convoluted with the IFF is not dependent on a model of the transverse
momentum dependence, which is the case in the measurement of the Collins effect. The
first extraction of the IFF was done by BELLE [311]; combining this measurement with
measurements in polarized p+p scattering with both hadrons identified will allow a fla-
vor separation of transversity. With the new forward upgrade, such a measurement will
be possible for the first time in polarized p+p collisions.

6.2 New Probes of Longitudinal Spin Effects

The question of the individual parton (quark and gluon) contributions to the spin of the
nucleon will remain important until a full decomposition is possible. All measurements
to date in longitudinal polarized p+p collisions have been made in a relatively small
x-range. This results in large uncertainties in the low-x extrapolation of the polarized par-
ton distributions and their integrals. Additionally, the number of channels with statistical
power for constraining ∆G has been limited thus far at RHIC. Significant increases in lu-
minosity for

√
s = 500 GeV combined with increased detector acceptance at midrapidity

as described in Chapter 7, will provide sufficiently large data samples to measure ALL
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for direct photons as shown in Figure 6.10. The dominance of a single leading order pro-
cess at midrapidity (quark-gluon Compton scattering) [45] reduces theoretical questions
about interferences of diagrams and canceling spin contributions, and thus remains a key
check for global constraint fits.
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Figure 6.10: Expected uncertainties in AγLL as a function of pT for |η| < 1 and 2π acceptance
for
√

s = 500 GeV 500 pb−1 and a polarization of 0.6. The red curve corresponds to GRSV-
std and the black curves corresponds to GRSV-max and GRSV-min.

Other future measurements should focus on extending the x-range to lower parton mo-
mentum fractions, as discussed already earlier in this document (see Section 5.2). Addi-
tionally, correlation measurements via dijets or photon-jet allow one to more directly con-
strain the shape of the polarized parton distributions in x. Both of these can be achieved
with the new PHENIX detector, especially with the combination of the much larger accep-
tance of the central detector and the forward upgrade. Forward rapidity measurements
probe a different combination of underlying hard subprocesses as shown in Figure 6.11,
in addition to probing partons at lower x.

For correlation measurements, at leading order in pQCD, the momentum fractions of
the partons involved in the hard interaction are directly correlated to the rapidity of the
observed jets/hadrons (as was discussed in the previous section). Such measurements
provide a much better handle on the parton kinematics and are therefore a very useful tool
for constraining the shape of the polarized parton distributions. It is notable that these
measurements are quite challenging. ALL is given by the ratio of polarized to unpolarized
cross sections

ALL =
∆σ(gg→ gg) + ∆σ(qg→ qg) + ∆σ(qq→ qq)
σ(gg→ gg) +σ(qg→ qg) +σ(qq→ qq)

As x decreases the unpolarized cross section increases because of the fast-rising gluon and
sea quark densities. Even if the polarized quark densities rose as fast as the unpolarized
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Figure 6.11: Decomposition of the NLO cross sections for p + p → π0 + X collisions at√
s = 200 GeV into the contributions from initial gg, qg, and qq states. The left plot is for
|η| < 0.35 and the right plot for η = 3.3.

ones as a function of x, which they do not, the asymmetries would become increasingly
small. This presents a challenge with respect to controlling systematic effects and puts
high demands on luminosity to measure asymmetries on the order of 10−4. If we obtain
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Figure 6.12: ALL as a function of rapidity for π+ and π− for
√

s = 200 GeV for different pT
selections.

the required luminosity and control the systematic uncertainties for asymmetries of iden-
tified inclusive hadrons, and for hadron-hadron and hadron-jet correlations, measured
as a function of rapidity down to rapidity y = 4, as shown in Figure 6.12, it would pro-
vide extremely valuable data to the NLO pQCD fits like the one from DSSV [170]. These
measurements would constrain not only the polarized gluon distribution but also the
polarized quark and antiquark distributions.
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6.3 3He beams and Higher
√

s

In the years beyond 2015 there is the possibility of increasing the beam energies for RHIC
by 30%, by either changing or removing the current DX magnets—which in any case
is a likely requirement for running a simultaneous Electron-Ion Collider and RHIC. For
protons this change results in

√
s = 650 GeV, leading to an increase in the cross section for

W± production by approximately a factor of two. Together with having polarized 3He
beams this will give the possibility to do a full flavor separation for the polarized light
quark distributions [295]. Figure 6.13 shows the longitudinal single spin asymmetries for
W± production in polarized p+p and p+3He collisions. The left panels are for polarized
p+p collisions and the right panels are for p+3He collisions. There is a striking difference
in the AL for W− in the two cases at forward rapidity due to the different valence quark
content of p+p and p+3He.

Figure 6.13: AL for W± in polarized p+p (left) and p+3He (right) collisions at
√

s = 500 GeV
and 432 GeV.

In the years beyond 2015 there is the possibility to increase the beam energies for RHIC
by 30%, by either changing or removing the current DX magnets – which in any case
us a likely requirement for running a simultaneous Electron-Ion Collider and RHIC. For
protons this change results in

√
s = 650 GeV, leading to an increase in the cross section for

W± production by approximately a factor of two. Together with having polarized 3He
beams this will give the possibility to do a full flavor separation for the polarized light
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Figure 6.14: AN for π+ and π− vs xF.

quark distributions [295]. Figure 6.13 shows the longitudinal single spin asymmetries for
W± production in polarized p+p and p+3He collisions.

Figure 6.14 illustrates how having p+3He collisions would allow a flavor separation for
the transverse spin observables. AN is shown for π+ and π− vs xF for a fixed rapidity of
η = 3.7, for scattering of a proton or a neutron calculated in the twist-3 approach [215].
Performing this measurement offers the possibility to test the predictions in the collinear
higher-twist approach.

There are other channels of interest with 3He beams and also other areas of physics that
would benefits from the higher collision energies. We are just starting to explore the
possible physics with these potential new tools.
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Chapter 7

sPHENIX Detector Upgrades

In Chapters 3 and 6, we have outlined an exciting program in heavy ion and spin physics
focused on an investigation of the interplay between perturbative and nonperturbative
physics in QCD and on the relative importance of strong and weak coupling. In those
Chapters, the physics aims were translated into an extensive set of required physics ob-
servables to answer these key scientific questions. In this Chapter, we detail the R&D and
simulation work required to converge on a full detector upgrade proposal (referred to as
sPHENIX).

As reviewed in the Executive Summary, the sPHENIX upgrade plan involves replacing
the PHENIX central magnet with a new compact solenoid. The limited aperture pro-
vided by the outer central arm detectors would be replaced with a compact EMCal and
a Hadronic Calorimeter covering two units in pseudorapidity and full azimuth, comple-
mented by the existing VTX and FVTX inner silicon tracking. Two additional tracking
layers would be added. We highlight that the large acceptance and excellent detector
capability is combined with high rate and bandwidth, allowing the accumulation of 25
billion Au+Au collisions recorded and 50 billion Au+Au collisions sampled with spec-
trometer triggers in a single 20-week run period—an increase by an order of magnitude
over current data samples. The limited forward coverage of the current PHENIX detector
does not allow us to adequately address the questions driving the nucleon structure and
cold nuclear matter community, nor does it provide any capabilities for e+p or e+A colli-
sions. Hence, we are considering an upgrade where one muon arm would be replaced by
a new large-acceptance forward spectrometer with excellent PID for hadrons, electrons,
and photons and full jet reconstruction capability. The modified detector layout is shown
schematically in Figure 7.1. The increase in overall acceptance is shown in Figure 7.2. The
new compact barrel component at midrapidity is designed for excellent jet reconstruction
and PID for photons, electrons, and π0 in p+p, proton-nucleus, through central nucleus-
nucleus collisions. The forward upgrade design is driven by nucleon structure physics,
cold nuclear matter physics, and the capability to study first collisions at the EIC (as de-
tailed in Chapter 8).
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Figure 7.1: Schematic diagram of strawman PHENIX upgrade—referred to as sPHENIX.

The collaboration is in the early stages of a full detector design, so we will emphasize the
detector requirements for the physics measurements of interest and present the current
state of the design. As a second-generation RHIC detector with a more focused physics
program, building upon and extending the results obtained by the current detectors, we
emphasize new capabilities in this concept. We believe that this design has many advan-
tages, notably large acceptance and high-rate capability, and through its compact design
and the open geometry of its solenoidal magnet, there is room for hadronic calorimetry
and the potential for an extended forward physics program.

Most of the discussion of the midrapidity upgrade in this Chapter focuses on heavy-ion
physics topics; likewise most of the discussion for the forward upgrade focuses on spin
physics topics. However, this factorization is only a convenience for the discussion and
there are compelling topics, such as the study of cold nuclear matter, particle production
in heavy-ion collisions at forward rapidity, and the use of particle correlation measure-
ments for ALL to constrain the x-shape of ∆g(x) that cross those lines and tie the central
barrel and the forward detector concepts together.

Upgrades in the forward and central regions are also coupled for the simple reason that
for PHENIX to have the capability to measure electrons in the forward direction will
require opening the geometry of the existing PHENIX main magnet. So, although this
chapter is divided into sections describing a midrapidity upgrade and a forward upgrade,
one should keep in mind that there are good reasons for considering them together.
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Figure 7.2: Acceptance of strawman sPHENIX design (below) compared to current PHENIX
acceptance (above). The central barrel detector covers |η| < 1.0; the forward detector has
tracking coverage for 1 < η < 4, with full EMCal and HCAL coverage for 1.5–2.0 < η < 4.0,
with the exact range dependent on the final design configuration
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7.1 Midrapidity Upgrades

The current PHENIX central arm spectrometers were designed in the mid-1990’s to have
excellent electron, photon, and hadron identification, but in order to balance cost and
construction considerations they were designed with a limited acceptance. The spectrom-
eters cover pseudorapidity |η| < 0.35 and two sections in azimuth ∆φ = 90 degrees. A
significant increase in this acceptance is needed to make major advances in answering
the key physics questions outlined earlier, but this increase must come without sacrific-
ing electron and photon identification and the high rate and trigger capabilities that are
the strengths of the current PHENIX detector. This is now achievable at a much lower
cost scale than when the original RHIC experiments were designed due to technology
advances over the last 15 years.

We believe the following are critical detector requirements for carrying out the physics
program of the next decade.

• Uniform acceptance over two units of pseudorapidity and full azimuth

• High rate capabilities, fast readout, deadtimeless data acquisition

• Precision inner and outer tracking with excellent momentum resolution

• Full coverage hadronic calorimetry

• Highly segmented electromagnetic calorimetry

• Excellent γ/π0 separation out to pT > 40 GeV

• Electron identification over a broad momentum range

• Displaced vertex tagging of heavy flavor decays

We have calculated the simple geometric acceptance ratio for a detector with coverage of
|η| < 1.0 and full azimuth compared with the current PHENIX configuration. Figure 7.3
shows the results for heavy quarkonia J/ψ and Υ states, open charm mesons (D → πK),
single jets, dijets, and direct photon-jet events. This large acceptance does not just increase
our statistics and kinematic reach in an arbitrary way, but instead allows fundamental
advances in our measurement capabilities.

It is important to increase the acceptance of the detector, but it is just as crucial to retain
the current high rate capability of the PHENIX detector. “High rate capability” means be-
ing able to sample the probes of interest efficiently and with minimal trigger bias, record
large unbiased data samples, and avoid significant pile-up effects in the detector readout.
All of these are important capabilities, as the projected increase in RHIC luminosities (see
Appendix B) will enable more precise measurements while challenging the detector per-
formances and analysis methods. The acceptance described above is similar to the current
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acceptance of the STAR central barrel detector, but the combination of fast detectors cou-
pled with an extremely high rate data acquisition system will provide the ability to sam-
ple the full projected RHIC luminosity and to acquire large data samples with minimal
trigger bias—capabilities which are needed to carry out the physics program described
earlier in this document.
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Figure 7.3: Acceptance factor increase with |η| < 1.0 and ∆φ = 2π compared with the
current PHENIX configuration. Shown are the results for D → πK, J/ψ, and Υ(1s, 2s, 3s)
decays and for jets and dijets for different requirements on the jet energy containment in
terms of R =

√
∆η2 + ∆φ2 being less than the values shown.

The measurement of fully reconstructed jets in heavy ion reactions and the structure and
correlations within and between these jets is key to answering many of our physics ques-
tions. These are extremely challenging measurements that will require multiple, well-
developed tools to allow us to cross-check results. Having uniform and nearly hermetic
electromagnetic and hadronic calorimetry is a crucial prerequisite for being able to pur-
sue such jet measurements. This methodology has been well tested over two decades
in particle physics—in particular by CDF and D0 [183]. STAR has had recent success re-
constructing jets in p+p collisions using a combination of charged particle tracking and
coarse granularity electromagnetic calorimetry [18]. The ALICE, ATLAS, and CMS exper-
iments have been developing “hybrid” jet reconstruction (utilizing full EMCal, HCAL,
and charged tracking). We believe that all of these tools will be required in order to have
robust results for jet reconstruction yields, fragmentation functions and measurements of
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modified radiation angular distributions. We demonstrate some of these advantages and
disadvantages that make the cross comparison of these methods so important.

In addition to the larger coverage for the EMCal, one needs fine enough transverse seg-
mentation that it is possible to match individual charged tracks within a jet to individual
showers in the EMCal. For the measurement of charm and beauty jets tagged with a dis-
placed vertex electron, it is important in the hybrid method to avoid any double counting
of the electron energies obtained by charged particle tracking and the EMCal. The same
is true for the charged hadrons, where one needs to avoid double counting of energy in
the EMCal (not just for the average minimum ionizing dE/dx assumption). Having fine
transverse segmentation is in keeping with our interest in cleanly separating single direct
photons over the full kinematic pT range at RHIC from the two nearby decay photons
from high pT π

0s. The full understanding of jet physics will require both the measure-
ment of dijets as well as direct photon-jet measurements. Figure 3.4 in Chapter 3 shows
that with data samples of 50 billion Au+Au events into the large acceptance of the straw-
man design, one will have a significant sample of direct photons to pT > 50 GeV and π0s
to pT > 40 GeV.

The matching of electron and charged tracks requires an EMCal segmentation of roughly
∆η = 0.0125 and ∆φ = 0.0125 and a detector with a small Molière radius to keep the
showers tightly contained. Even a detector with these characteristics only has clean two
cluster separation for π0s to up pT ≈ 10–15 GeV. A preshower or shower maximum de-
tector is required to select π0 candidates at even higher pT. This is also important for the
ability to measure the jet fragmentation function for π0.

Figure 7.4: Track reconstruction efficiency and percentage of fake tracks, as a function of the
reconstructed pT from the ATLAS HI LoI (left). Purity and efficiency of jet reconstruction
versus generated jet energy at CMS (right).
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In order to measure fragmentation functions with charged hadrons, one needs excellent
fake high pT track rejection. Here “fake” is defined as a low pT track or a track origi-
nating from a noncollision vertex decay that is incorrectly reconstructed as a track with
much higher pT. Because the fragmentation function is steeply falling as a function of the
momentum fraction of the hadron relative to the jet (z = ph/pjet), any fake track which
is also added to the reconstructed jet energy (in a Track+EMCal approach) immediately
contaminates the high z measurement. To be explicit, imagine reconstructing a 19 GeV
fake track that coincides with 1 GeV of EMCal and other track energy. In this case, one
would get a not only a fake track at 19 GeV, but a fake jet at 20 GeV with a fragmentation
fraction z = 19/20 = 0.95. One needs to ensure that such track contributions are not just
sub-dominant, but that they are only a very small fraction of the total tracks. For example,
in the current ATLAS tracking configuration at the LHC, they have studied the inclusive
charge tracking capability in Pb+Pb and find that even with 13 layers of silicon tracking,
the fake track contribution becomes appreciable for pT > 10 GeV/c [110], see the left
panel of Figure 7.4. Shown in the right panel of Figure 7.4 is the efficiency and purity
for jet reconstruction in CMS [242]. In this case the purity for jets with ET is quite good,
and the CMS study was done on a jet-triggered sample, where the jet trigger requires
a large EMCal and hadronic calorimeter summed energy. This indirectly demonstrates
the power of the hadronic calorimeter to reject fake tracks. There are preliminary studies
from STAR, with the large number of three-dimensional space points from the Time Pro-
jection Chamber, that include charged tracks up to pT < 15 GeV [265]. It is possible this
can be pushed to higher pT, though they do not currently have an evaluation of the fake
fraction and its impact on the future fragmentation function measurements. Again, this
highlights the utility of being able to compare different jet methodologies with different
systematics.

Full coverage hadronic calorimetry removes this source of background by separating the
jet energy measurement from the charged track measurement. For example, if one is
interested in charged tracks with momentum 20 GeV/c in reconstructed jets of energy
20–40 GeV, in the charged track plus EMCal scenario, one has to reject fake 20 GeV/c
tracks at the level of a single fake track in hundreds of millions of Au+Au central events.
However, in the case of a jet measurement done with an EMCal together with an HCAL,
one only has to account for fake tracks in the small subset of those events where there
is a reconstructed 20–40 GeV jet, and then only within the η and φ region around the
jet axis. Our studies to date indicate that the hadronic calorimeter only needs a modest
segmentation of ∆η×∆φ = 0.1× 0.1 since one does not require a direct individual track
to HCAL shower match within the jet.

Figure 7.5 shows the results of a fast simulation, with parameterized but realistic detector
response, for the jet response matrix (with full anti-kT jet reconstruction) for PYTHIA sim-
ulated events with and without hadronic calorimetry. In the simulation without hadronic
calorimetry, there are fake contributions for tracks with pT > 10 GeV, and these jet events
are eliminated from the sample, resulting in a substantial inefficiency for jet reconstruc-
tion. One can also see a much broader low energy reconstruction band due to lost con-
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tributions from neutral particles including neutrons, Λ’s, and KL in the case without
hadronic calorimetry.
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Figure 7.5: Fast simulation response matrices demonstrating the improved correlation be-
tween measured and true pT of jets when tracking (left) is replaced by hadronic calorimetry
with σE/E = 45% (right).

Without hadronic calorimetry, the situation is even more challenging for the case of mea-
suring the fragmentation function. Figure 7.6 shows QPYTHIA simulations with quench-
ing parameter q̂ = 0 and 10 GeV2/fm for the fragmentation function of light quark and
gluon jets as a function of z (the fraction of the momentum of the reconstructed jet car-
ried by the leading hadron) in the upper plot and as a function of ξ = log(1/z) in the
lower plot. Without hadronic calorimetry if one removes jets containing tracks with
pT > 10 GeV/c, one only measures the range for z < 0.25 for these 40 GeV jets, and
thus one loses most of the important physics information.

We have also begun simulations in full HIJING Au+Au central events to understand the
impact of the underlying event on the jet reconstruction, resolution, and fake jet rates.
Figure 7.7 shows the jet response matrix with hadronic calorimetry with and without the
Au+Au underlying event overlaid. These results are encouraging, and more detailed
simulations are a high priority.

The current PHENIX detector has excellent electromagnetic calorimetry (75% Lead Scin-
tillator and 25% Lead-Glass), located at a radius of approximately 5 m. PHENIX has been
well served by these detectors, and the single photon to π0 separation in our current pub-
lished analyses extends up to just pT = 18 GeV. It is also not practical to imagine extend-
ing these types of calorimeter modules to cover |η| < 1.0 and full azimuth, nor is there
space available in any of the RHIC interaction regions (including the current PHENIX
1008 hall) for hadronic calorimetry outside that envelope. Over the last six months, we
have studied a new concept for addressing all of the issues presented above.
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Figure 7.6: QPYTHIA simulation with quenching parameter q̂ = 0 and 10 GeV2/ f m for the
fragmentation function of light quark and gluon jets as a function of z in the upper plot and
as a function ofξ = log(1/z) in the lower plot. Without hadronic calorimetry if one removes
jets containing tracks with pT > 10 GeV/c, one only measures the range for z < 0.25 for
these 40 GeV jets. The white regions in the figures are enabled by hadronic calorimetry.

The concept is to have a very compact electromagnetic calorimetry (CEMCal), for exam-
ple starting at a radius of 60 cm from the beam line and utilizing a silicon-tungsten (Si-W)
electromagnetic calorimeter. A key feature is to have at least one preshower layer with
1–2 radiation lengths of tungsten and silicon strip layers (possibly with two spatial projec-
tions) to allow for single photon - π0 separation to up pT ≈ 50 GeV, as well as enhanced
electron-identification. The strawman design has silicon strips with ∆η = 0.0005 and
∆φ = 0.1. The back sections for full electromagnetic energy capture could also be Si-W
design, although it may be more cost effective and allow for better uniformity to have an
accordion Lead-Scintillator Design (or other options see Section 7.1.3). One major advan-
tage to the silicon technology would be the gain in uniformity and the ability to calibrate
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Figure 7.7: Plots which show the effect of the underlying event on jet reconstruction in the
strawman detector. The plot on the left corresponds to a pure p+p event (i.e., no underly-
ing event), while the plot on the right shows the effect of adding in a underlying HIJING
Au+Au central event multiplicity.

the device. In Section 7.1.3, we show some initial GEANT4 performance studies for sin-
gle particles with a fully Si-W design. If the entire CEMCal were a tungsten radiator, the
entire detector could be 7.8 cm thick for a total radiation length of X0 = 22.3.

The compact design has many advantages, but it also presents challenges. For example,
the EMCal, situated 60 cm radially from the beampipe, has to be able to handle shower
overlaps in central Au+Au collisions. The CMS EMCal also has a compact design, and
we are in the fortunate position of being able to benefit from the experience that will be
gained by CMS over the next year as they use their EMCal to study heavy-ion collisions.
The midrapidity particle density in full-energy central Pb+Pb collisions at the LHC is
expected to be roughly three times that seen in central Au+Au collisions at RHIC [98],
and the front face of the CMS EMCal sits at a radius of 1.29 m—about a factor of four
more detector area per unit rapidity than the sPHENIX design. The net result is a particle
density at the face of the sPHENIX EMCal similar to the density CMS expects to be able
to handle. We note that the strawman design has the EMCal at 60 cm, though we believe
the benefits of a compact design for sPHENIX are still realized for EMCal radii up to
about 1.5 m. Thus, further simulations, R&D, and the experience gained by CMS with
triggering, the impact of the underlying event, and the effect on energy resolution of such
an environment will certainly inform the design of our EMCal. The final values of the key
parameters of the sPHENIX EMCal will be a trade-off between physics needs, technology
and cost—all of which is a focus of current work.

The existing PHENIX axial field magnet is not an ideal match for a compact detector with
an emphasis on jet measurements. The existing magnet also presents a severe conflict for
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our proposed forward physics upgrade (see Chapter 7.2). We imagine replacing the cur-
rent magnet with a small magnetic solenoid similar to—though possibly smaller in radius
than—the current D0 solenoid [14]. Our momentum resolution requirements are driven
by the need to separate the various Υ states (Section 7.1.2) and to have adequate mo-
mentum resolution for charged hadrons at high pT in measuring fragmentation functions.
From these we determine that a field strength of 2 Tesla is required. We are currently hav-
ing detailed discussion with the Brookhaven Magnet Division about the design and cost
for such a magnet. The current specifications are for an inner radius = 60 cm magnet with
the B-field z-extent of ±80 cm, a 2 Tesla field strength, and a radiation length for particles
traversing the magnet of roughly 1.0–1.5 radiation lengths. The last requirement would
allow having only the inner preshower layers of the CEMCal inside the magnet, and the
remainder outside (which simplifies the design requirements and allows more possible
technology and readout options). There are potentially additional requirements on the
field configuration at the ends for the forward physics upgrade discussed in Section 7.1.3.

The hadronic calorimeter design has not yet been investigated in great detail. The de-
fault in our GEANT4 simulations is a simple iron-scintillator design starting at a radius
of 80 cm and extending to 142 cm (i.e., 60 cm, or 3.5 interaction lengths, deep). Of
course, we are investigating various calorimeter technologies—e.g., the dual-readout
Čerenkov/scintillator “DREAM” calorimeter [317]. However, the resolution require-
ments we envision are not particularly demanding, given that one is also competing with
the jet event-by-event resolution from the underlying event subtraction (or order RMS
≈ 5 GeV for a anti-kT jet size = 0.3), and we anticipate that a fairly conventional iron-
scintillator calorimeter will be able to meet these requirements.

7.1.1 GEANT4 Implementation

We present results of a GEANT4 simulation put together to start answering some of the
performance and acceptance questions with a strawman design. This section details those
results. Next we explore the different technology options and what research and devel-
opment work (and what performance trade-offs) need to be investigated to converge on
a full design proposal.

Through a series of two week-long workshops, a team from PHENIX put together a com-
plete GEANT4 detector package all within the framework of the PHENIX offline analysis
software. This allows for a flexible and modular detector implementation and is an in-
vestment in the long term future of PHENIX. We now have a team familiar with GEANT4
as we consider moving our entire PHENIX simulations to this new package. Addition-
ally, this makes relatively fast simulation changes for testing different configurations and
technologies much easier than in the previous PHENIX GEANT3 implementation.

A schematic drawing of the GEANT4 implementation is shown in Figure 7.8 and a
QPYTHIA dijet event-display visualization is shown in Figure 7.9. The detector config-
uration details as implemented in GEANT4 are given in Table 7.1.
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Figure 7.8: An elevation view of the strawman detector as implemented in GEANT4. Nearest
the beampipe are the several layers of silicon of the current PHENIX VTX upgrade. Proceed-
ing outward in radius one encounters two additional layers of tracking, the compact EMCal,
the coils of the superconducting solenoid, and the HCAL.

The silicon vertex tracker (VTX) upgrade currently being installed in PHENIX (2010) is
the centerpiece for the future charged particle tracking and heavy flavor displaced vertex
tagging. The two inner layers (pixels) are at a radius of 2.5 and 5.0 cm from the beam line,
and the outer two layers (strips) are at a radius of 10 and 14 cm. In the default upgrade,
we have two additional silicon tracking planes at a radius of 40 and 60 cm. We require the
material thickness of the intermediate layer at 40 cm to be thin (0.03 radiation lengths) to
reduce multiple scattering and have good momentum resolution.

For the default compact electromagnetic calorimeter (CEMCal), we have used a design
based entirely on silicon-tungsten. We have chosen this default for two reasons. First,
there is significant simulation experience within the collaboration for this technology and
configuration in the forward calorimeter (FOCAL) proposal and related R&D. Also, the
uniformity of the detector layout results in a straightforward GEANT4 implementation.
The GEANT4 layout includes an initial preshower tungsten layer 2.3 radiation lengths
thick at a radius of 60 cm, backed by a silicon layer with strips 300µm × 6 cm as a pre-
sampler. This segmentation corresponds to ∆η = 0.0005 by ∆φ = 0.1. We are still in-
vestigating whether two views are necessary for the physics performance in all channels
(particularly the efficiency for tagging two photons from a very high pT π

0 decay). The
back compartments of the detector then consist of alternating layers of tungsten 0.4 cm
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Dave grab this one too!

Figure 7.9: A GEANT4 visualization of a single dijet event in the strawman detector.

thick (0.065 radiation lengths) and active silicon readout layers. The first seven active lay-
ers have the silicon segmented into 0.75 cm × 0.75 cm pads with the readout between the
seven pads grouped together. The next eight active layers have the silicon segmented into
1.50 cm × 1.50 cm pads with the readout between the seven pads grouped together. This
segmentation is based on the transverse size development of the electromagnetic shower.
The entire thickness of the CEMCal stack is 6.8 cm. In the current GEANT4 geometry, the
magnet structure is outside the CEMCal just for convenience of implementation. As we
discuss in Section 7.1.3, for a magnet (i.e. cryostat plus coils) 1.0–1.5 radiation lengths
thick, the magnet would most likely be placed just after the preshower and presampler
layers, with the remainder of the CEMCal outside of the magnetic field.

Maintaining a modest outer radius for the CEMCal, allows for the space and budget con-
straints to be met with a modestly sized hadronic calorimeter. We have only begun to
explore design options, but the default GEANT4 implementation is an Iron-Scintillator
calorimeter with segmentation of ∆η = 0.1 by ∆φ = 0.1. The entire thickness in Iron of
the stack is 50 cm, with 25 evenly spaced interleaved scintillator.
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Table 7.1: Technology options and possible parameters of a strawman central barrel
charged tracking system.

Detector Technology Segmentation R (cm) Nchan (×106)

Inner Tracking VTX Pixels 50µm× 425µm
2.5 1.5

5 3

Inner Tracking II VTX Strip Pixels 80µm×0.1 cm
10 1.6

14 2.2

Outer Tracking New Strips 80µm×3 cm
40 1

60 2.2

Compact EMCal PS Si-W 300µm×6 cm 61 0.3

Compact EMCal
Si-W E1 0.75 cm×0.75 cm 61–64 0.110

Si-W E2 1.50 cm×1.50 cm 64–68 0.03

Hadronic Cal Fe-Sc 0.1η× 0.1φ 80–142 0.0012

7.1.2 Performance Plots

Here, we assess the tracking performance of the strawman detector design. We have
implemented an initial pattern recognition and track reconstruction model based largely
on software development for the VTX upgrade, and have used that software to track
single muons generated and thrown over a broad range of momenta. The momentum
resolution performance has an RMS ∆p/p = 0.007 + 0.0015× p for momentum |pT| >
1 GeV, as shown in Figure 7.10. Also shown is the momentum averaged resolution as
a function of the polar angle θ. In order to have good separation of the three Υ states
(Υ(1s), Υ(2s), Υ(3s))—crucial to the physics of the screening length—we need the term
linear in the momentum be less than 0.002.

We do not have muon identifier detectors outside the hadronic calorimeter in the straw-
man detector design. This is largely due to our focus on the performance in the electron
channel, but this may reconsidered in the future giving a factor of two increase in accep-
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Figure 7.10: GEANT4 and track model evaluation for single particle momentum resolution.
From a fit to the data in the upper panel, shown as the red line, we determine the momen-
tum resolution to be ∆p/p = 0.007 + 0.0015× p. The lower panel shows the momentum
resolution as a function of the polar angle of the track.

tance in some channels. However, we show first in Figure 7.11 (left) the invariant mass
resolution for the three Υ states as reconstructed via the dimuon decay channel. Note
that we have not included any background contributions at this simulation stage. One
observes a clean separation of the states, where the relative ratio between the states is
determined by previous p+p and antip+p measurements [21]. The width of the peaks is
determined by the momentum resolution of the proposed compact spectrometer. For the
electron channel, also shown in Figure 7.11 (right), there is a significant bremsstrahlung
low mass tail due to the material budget of the tracking detectors. Although the tail is
important to account for in the final signal extraction, the separation between the states
remains good.

First studies of γ to π0 separation and electron identification with the GEANT4 simulation
are underway. Shown in Figure 7.12 is an event display of the energy deposition from a
42.8 GeV π0 in the preshower and back two compartments of the EMCal. A clear sepa-
ration of the two photons is seen in the preshower layer. Shown in Figure 7.13 (left) is
the response of the EMCal total energy versus the preshower energy for electrons and
charged pions. The combination of information provides a powerful discriminator for
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Figure 7.11: GEANT4 and track model evaluation for the Υ state mass resolution in the
dimuon decay channel (left) and the dielectron decay channel (right).

electron identification. Full occupancy Au+Au studies are underway. Shown in Fig-
ure 7.13 (right) is the energy resolution for single photons.

7.1.3 Technology options for the midrapidity upgrade

Our strawman design calls for two additional layers of silicon tracking at radii of 40
and 60 cm to augment the tracking capabilities of the central silicon vertex tracker (VTX).
These two additional tracking planes will improve our momentum resolution for higher
momentum tracks, and improve our ability to reject background tracks and identify de-
cays. The concept for an upgraded PHENIX detector would use the VTX as the central
part of the vertex finding and tracking system; the addition of two more silicon tracking
detectors is a natural extension of the present design. It also provides a basis for specify-
ing a number of important parameters, such as position resolution, segmentation, and so
forth for simulation studies of the physics requirements of the overall detector. However,
when actually implementing such a device, one must not only consider the required spa-
tial resolution and segmentation needed at the larger radii, but also other factors, such
as the material budget, electronic readout requirements and cost. We are therefore also
considering other tracking detector technologies that could meet our requirements.

One such technology is that of micropattern detectors, which includes Gas Electron Mul-
tipliers (GEMs), Micromegas and other types of gas detectors. These devices have been
used in many particle physics experiments [86, 234, 83], can provide excellent spatial
resolution (∼50–100µm), and have very high rate capabilities. In addition, they consist
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Figure 7.12: GEANT4 example compact EMCal shower profile for a single π0 event.

mainly of low mass materials and add relatively little radiation length, which is crucial
for preserving good momentum resolution for measuring the upsilon. For example, the
radiation length of a single layer of GEM tracker would be ∼0.8%, including the readout
board and electronics. They also offer the possibility of reducing the number of readout
channels by the use of various types of charge sharing techniques to interpolate between
larger size readout pads in order to obtain good position resolution with fewer readout
channels [321]. The same type of readout electronics could be used for either GEMs or
silicon, so the total cost would therefore be less due to the lower channel count. The cost
of the GEM foils, which are currently produced mainly at CERN at a cost of ∼$5K/m2, is
expected to come down considerably as the technology for producing them is transferred
to industry [297, 159].

The PHENIX group has considerable experience with GEMs—they were used in the
Hadron Blind Detector (HBD) that just completed its final data taking during run-10 at
RHIC [319]. The use of GEMs in this particular detector was much more challenging than
in a straightforward tracking detector, as it involved the use of a cesium iodide photo-
cathode to detect single photoelectrons, a very high purity CF4 gas radiator that was also
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Figure 7.13: GEANT4 simulation examining the electron to π− separation for momentum =
5 GeV particles (left). GEANT4 simulation for single photon response in the compact elec-
tromagnetic calorimeter. With the default sampling in this configuration, the resolution is
approximately 20%/

√
E (right).

used for the operating gas for the GEMs, and the requirement that it be essentially blind
to hadrons. The requirements for building and operating a GEM tracking detector for
PHENIX would be much less demanding, and would be similar to the design of other
GEM trackers that have now been successfully operated for many years [86]. Figure 7.14
shows a three-stage GEM detector providing a gas gain ∼ 103–104 with simple readout
strips that could be used as a tracking detector. More complex readout structures are pos-
sible that could provide two dimensional information with a minimal number of readout
channels.

The STAR Collaboration is constructing their Forward GEM Tracker using GEM detectors
in a very similar application at RHIC [296]. They plan to acquire GEM foils from an indus-
trial manufacturer (Tech Etch [297]) and have adapted the COMPASS readout electronics
to work with the STAR data acquisition system. The experience gained in the design,
construction and operation of this detector will be of benefit for the future development
of a GEM tracker for PHENIX, and we identify this as one specific area of R&D that we
would like to pursue. This would involve studying various two dimensional readout
structures in order to optimize the spatial resolution with minimal channel count, con-
structing larger scale prototype detectors, and developing readout electronics that would
be compatible with an upgraded PHENIX data acquisition system.

One other possibility offered by a low cost gas tracking detector would be to increase the
radius of the solenoid magnet (e.g., to ∼1.0–1.5 m) and placing the tracking detectors at
a larger radius. This could not only improve our momentum resolution, but might also
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Figure 7.14: Three-stage GEM detector configured as a tracking detector using simple read-
out strips.

provide room for some form of particle identification (e.g., a Čerenkov counter or high
resolution time-of-flight) inside the magnet, as discussed below. However, the implica-
tion of a larger magnet needs to be studied in terms of its impact on the magnet cost, as
well as the cost and design of the EM and hadronic calorimeters and other components
of the detector.

Compact EMCal

The design of the compact electromagnetic calorimeter is driven by the relatively small
solenoidal magnet that forms the basis of the magnetic spectrometer and the desire to
keep the overall detector small in order to minimize costs. The requirement on the energy
resolution is rather modest (∼15%/

√
E), but with an inner radius of 60 cm, the particle

density on the face of the calorimeter will be quite high in heavy ion collisions, and it is
therefore important to have a calorimeter with high segmentation and a small Molière
radius in order to resolve individual showers. In addition, since we are interested in
measuring jets, it is important to achieve a high level of hermiticity, which means that the
calorimeter should be free of cracks or large uninstrumented regions. This implies that
the calorimeter should have a pointing geometry which places some constraints on the
choice of detector materials and readout devices.

The strawman detector which uses tungsten as the primary absorber and silicon sensors
would have a Molière radius of∼2 cm, which should provide adequate transverse shower
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containment for measuring total energy. The spatial resolution requirements are highest
for the preshower detector, and it is most likely that silicon strips will be required to
achieve good two-shower separation up to∼50 GeV. For the remainder of the calorimeter,
the spatial resolution requirements are less demanding, and other sensor materials could
be considered. For a sampling calorimeter, tungsten would still be the best choice for
the absorber material due to its short radiation length and Molière radius. However, one
could use plastic scintillator as the sensor material with an optical readout, which would
still preserve the small Molière radius, but would reduce the cost and complexity of the
silicon sensors in the rear portion of the calorimeter. This would mean having to combine
two different technologies for different parts of the detector. One possibility would be a
scintillator accordion design, similar to the liquid argon accordion used in ATLAS [11],
but with plastic scintillator used in place of liquid argon. A prototype design constructed
of lead is shown in Figure 7.1.3. In this configuration, layers of plastic scintillator are
interspersed between tungsten plates and read out at the back with wavelength shifting
fibers. One potential challenge with this design would be forming the tungsten plates into
an accordion shape, which may require special machining or joining of multiple plates.
However, a new technology that uses a tungsten composite with a density very similar
to pure tungsten (ρ = 17.5 g/cm3) would allow forming accordion shaped plates and is
also being considered [301]. These shaped plates of tungsten and scintillator would be
arrayed cylindrically around the beam to form the EMCal as shown in Figure 7.16.

Figure 7.15: Prototype design of a scintillator accordion calorimeter with layers of plastic
scintillator read out with wavelength shifting fibers interspersed between heavy metal ab-
sorber plates.

Another possibility would be to have a projective shashlik type design using tungsten
plates to form trapezoidal shaped modules with interspersed layers of plastic scintillator
and wavelength shifting fibers passing through which are read out at the back as shown
in Figure 7.17. One other possibility would be to use high density scintillating crystals,
such as lead tungstate, which also has a Moliere radius of∼2 cm, but this would probably
be a more expensive than any of the tungsten scintillator designs.
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60cm

Figure 7.16: Schematic diagram of a one-quarter azimuth portion of a possible W-Sc accor-
dion EM calorimeter. The front face of the EMCal sits at a radius of 60 cm from the beam.

If the entire calorimeter sits in the magnet field, one would have to use a readout device
that could work in that environment. The likely choices would be either avalanche photo-
diodes or silicon photomultipliers. These are small, compact devices that are well suited
to fiber readout detectors, as well as crystals. It is likely that such devices would also be
used even if the back portion of the calorimeter was outside the magnetic field simply
because of their compact size relative to photo-tubes.

We have not estimated the cost of using tungsten and scintillator for the back portion of
the calorimeter, but we expect that it would result in a considerable cost savings com-
pared to tungsten plus silicon. This is due to the lower cost of the scintillator relative to
silicon, and also because the readout system could in principle be much simpler, having
fewer readout channels only at the back. However, the design of a tungsten scintillator
calorimeter would have to be studied in more detail, and a realistic cost estimate would
have to be developed. We identify this as another R&D area that we would like to pur-
sue. In particular, we would like to study both the scintillator accordion and projective
shashlik designs in order to determine their performance, energy resolution, and to study
the various mechanical issues involved in their construction. This would involve a pro-
gram of simulation, design, fabrication and testing of various prototypes of both types of
detectors.

171



Midrapidity Upgrades sPHENIX Detector Upgrades

Figure 7.17: Projective shashlik type calorimeter using scintillator plates and wavelength
shifting fibers read out with silicon photomultipliers.

Hadronic Calorimetry

The conceptual design of the hadron calorimeter is at an early stage, but we can nonethe-
less identify certain key design requirements. We need a high degree of hermiticity. This
is particularly important for jet measurements. We also need a compact design, implying
a calorimeter with high density and a short hadronic absorption length. Our require-
ments for energy resolution (∼ 50%/

√
E) and segmentation (∆η = ∆φ = 0.1) are not

particularly demanding. We feel that all of these requirements can be met with calorime-
ter designs that are available today.

One promising design uses scintillating tiles with wavelength shifting fibers and is sim-
ilar to both the ATLAS barrel and CMS hadron calorimeters [11] [153]. These detectors
are both hermetic and have been constructed on a very large scale, and a calorimeter of
the size needed for the PHENIX upgrade would not require any significant new devel-
opment. Another option is a design using scintillating fibers—this has been used in pre-
vious experiments [100, 186]. Finally, one could consider a combination of scintillating
and Čerenkov fibers [317], which would provide excellent energy resolution and a very
uniform electron-hadron response. The enhanced performance of a dual fiber calorimeter
may not be required, and the overall hermiticity of such a design would have to be stud-
ied. We therefore plan to investigate these options as we move forward on the hadronic
calorimeter design.
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Magnet

The D0 solenoid magnet is an existence proof of a small, thin, superconducting solenoid
magnet. The cryostat of the D0 magnet has an inner bore of diameter 1.067 m, a length of
2.729 m, a central field of 2.0 T, and a thickness of 0.9 X0 at 90◦ [14]. The D0 solenoid was
built by Toshiba and delivered to the D0 experiment in 1997. The D0 solenoid provides a
useful baseline for discussion of a solenoid designed specifically for PHENIX.

We have had preliminary discussions with the Superconducting Magnet Division at BNL
about possible designs of a suitable solenoid. It would most likely be based on conven-
tional low temperature superconducting cable, although a high temperature supercon-
ducting (HTS) magnet may become cost effective in the next few years. The D0 solenoid
was constructed in about two years, and a similar construction period could be antici-
pated for a similar solenoid for PHENIX.

Table 7.2: A schematic of a solenoidal magnet with the dimensions being considered in the
strawman design. The table shows the field integral along lines of constant η.

η θ (degrees)
∫

B dl (T-m)
r

z

1.0

1.0

0.0 90.0 1.506

1.0 40.4 1.322

2.0 15.4 0.387

3.0 5.7 0.140

4.0 2.1 0.052

Particle Identification

The strawman design has excellent particle identification for γ, π0, η, and electrons with
the Compact Electromagnetic Calorimeter. Lessons from RHIC have shown that identifi-
cation and differentiation of suppression, flow, and in the future fragmentation patterns
for baryons (in contrast to mesons) contain key information. In the compact configura-
tion this presents a major challenge. We have π , K, p identification via dE/dx in the sili-
con detectors, but with a range limited to hundreds of MeV. One can also identify Λ and
KS, though this is limited in pT reach due to the quickly decreasing probability to decay
within the range of the tracking detectors (particularly if the inner radius of the CEMCal
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is of order 50–60 cm). We are exploring novel technology options that might be feasible,
and may influence design decisions including moving the inner radius of the CEMCal to
a somewhat larger distance.

A key question is in the future, how interesting is baryon versus meson identification for
pT < 5 GeV, as PHENIX has had over the past decade. This might be achievable within
the compact design if one moved the radius out to 1 meters with 10 ps TOF. However, if
one is measuring jets with pT = 40 GeV, does the physics interest lead one to want to
measure leading meson and baryons in which case one needs some baryon (e.g. (anti)
proton or (anti) Λ) identification for pT > 20 GeV or more. This measurement challenge
is one we are pursuing, but without a clear current solution. Below, we present a possible
technological path forward for performing charged particle identification in the former
case.

High Resolution Time of Flight The field of high resolution timing for PID has recently
seen progress after a long period during which typical resolutions hovered around
100 ps. One significant advance is the development of multigap Resistive Plate Cham-
bers (mRPC) which have made it possible to build large area, high performance timing
detectors. This technology is being used successfully in the PHENIX, STAR and ALICE
experiments. Research is underway to improve the timing performance of these detectors
by increasing the number of gaps and making the gaps smaller, so that it might be possi-
ble in a few years to achieve 30 ps timing resolution. An mRPC placed at a radius of ∼1.5
m would then be able to perform π , K separation out to a momentum of ∼2.5 GeV/c and
K, p separation out to ∼4 GeV/c.

Another trend in fast timing has been the development of photodetectors with transit time
spreads of less than 50 ps, such as Multi-Channel Plate PMTs (MCP-PMT) and Hybrid
Photodetectors (HPD). These new photodetectors enable one to build TOF detectors that
could achieve better than 10 ps resolution. A detector configuration would consist of a
Čerenkov radiator to generate from a charged particle many prompt photons which are
then detected with the very fast photodetector. With 10 ps resolution, one would be able
to build a TOF wall at a radius of 60 cm, consistent with the compact requirements of the
current strawman design, and still have the desired PID performance. The high cost of
these photodetectors currently prohibits covering the large area required in the PHENIX
upgrade, but research in the field is underway aimed at reducing the cost of MCP-PMTs,
and in two years time one might be able to consider using the MCP-PMTs for large area
coverage if these development efforts are successful.

The current strawman design does not include a detector for PID based on fast timing,
but we are tracking the technology and are engaged in some related R&D. In fact, a pro-
posal for a small area, large solid angle acceptance TOF wall using MCP-PMTs is being
developed, which would provide much of the expertise and concepts needed to build the
large acceptance central barrel TOF wall.
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7.2 Forward Upgrades

In the second half of the decade the focus of the spin physics program will be on physics
observables in polarized p+p collisions, which will require a detector with high accep-
tance at forward rapidity 1 < η < 4.0 (see Chapter 6). Such a forward spectrometer
added to PHENIX would not only allow measurements of ADY

N at forward rapidity to
test the QCD prediction that the analyzing power for the Sivers function in Drell-Yan and
SIDIS is opposite, but would also allow the unique possibility to detect the scattered lep-
ton in e+p/e+A collisions in the era of an eRHIC to virtualities Q2 ∼ 0.1 GeV2, opening
a whole new physics frontier (see Chapter 8). To realize these physics goals it is neces-
sary to upgrade significantly the current PHENIX detector. The strawman design for the
central barrel has already been described; in this section we describe a concept for the
forward detectors.

Figure 7.18 shows the forward detectors of the strawman design, which consist of a RICH,
a preshower, an EMCal, and a HCal, and additional tracking detectors to provide good
momentum definition of the particles going forward. This combination of detectors is
motivated in Section 6.1.1. For both Drell-Yan and the e+p/e+A physics the emphasis is
on detecting electrons with high efficiency and purity.
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Figure 7.18: Schematic drawing of the new PHENIX detector.

The detector designed for these measurement requires excellent electron identification to
reject hadron and photon backgrounds. In order to study various scenarios for achieving
the required rejection, we have implemented a fast detector simulation consistent with
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our proposed forward spectrometer upgrade. The spectrometer consists of a tracking
detector (TRACK) in a magnetic field, a ring imaging Čerenkov counter (RICH), an elec-
tromagnetic calorimeter (EMCal), and an hadronic calorimeter (HCAL). The following
conservative assumptions in terms of parameterized performance have been made.

• TRACK has a momentum resolution of ∆p/p ≈ 2%.

• RICH has an electron efficiency of 94% for p > 10 GeV/c.

• EMCal has the resolution of the current PHENIX PbGl: 5.95%/
√

E + 0.76%

• HCAL has the resolution: 50%/
√

E + 5% (similar to CMS or LHCb)

We have shown PYTHIA studies through a fast simulator in Chapter 6. We are currently
pursuing a full GEANT4 implementation. Below we discuss the various technology op-
tions and R&D required to arrive at a full detector design.

7.2.1 Technology Options

Tracking Detectors

There are important tracking requirements for the p+p spin program as detailed in Chap-
ter 6, but also for detecting electrons and carry out a precision DIS physics program. It is
important to keep the integrated radiation length at a minimum to keep bremsstrahlung
as low as possible. As many of the tracks will be at small angles (> 2◦) the tracking sys-
tem should also provide good position resolution as the bending in a solenoid close to the
axis is minimal.

A modern collider detector should include a vertex detector that can track over a wide
range of pseudorapidity, down to the lowest pT allowed by the detector geometry, and
be capable of reconstructing displaced vertexes from heavy flavor decays. Such detectors
are typically implemented in two separate parts: a ”barrel” layer that detects tracks out
to |η| ∼ 2 and an end cap composed of disks that extend the acceptance down to smaller
polar angles (larger η). To achieve the performance needed to resolve displaced vertices
from the primary vertex down to a separation of less than 100 µm, the barrel and end cap
will need at least three sensitive layers providing two-dimensional measurement of parti-
cle positions with resolutions better than 10µm in both directions. The usual technology
choice for vertex detectors designed to measure heavy flavor decays is silicon hybrid pixel
detectors. Such detectors have been used successfully at the Tevatron and are an integral
part of the tracking systems for the ATLAS and CMS detectors. However, these detectors
typically contain 100–300 µm of silicon and significantly more material in the separate
readout chips resulting in typically 3–10% radiation length of material per layer, and this
renders them unsuitable for applications like Drell-Yan and e+p/e+A physics, at least
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in the forward (electron direction) end cap detectors where the constraints on material
budget necessary to limit electron bremsstrahlung are the most severe.

In the last decade there has been significant progress in the development of Monolithic
Active Pixel Sensors (MAPS) in which the active detector, analog signal shaping, and
digital conversion take place in a single silicon chip (i.e. on a single substrate) (see [190]
and references therein). These devices built using CMOS technology use an epitaxial layer
as the active sensing element. Ionization deposited in the epitaxial layer is collected by
N+ wells embedded in the epitaxial layer. The “pixel” pitch is determined by the location
of the N wells so there is no need for actual segmentation of the detector as is done with
traditional hybrid pixel detectors. As a result, CMOS pixel detectors can be built with
high segmentation, limited primarily by the space required for additional shaping and
digital conversion elements.

The key advantage of CMOS MAPS detectors is the reduced material required for the de-
tector and the (on substrate) on-detector electronics. Such detectors have been fabricated
and extensively tested (see e.g. [207]) with thicknesses of about 50 µm corresponding to
0.05% of a radiation length. The charge collection N+ wells are coupled to transistors that
provide a first amplification stage and the incorporation of additional amplification and
discrimination stages in the same substrate has been successfully demonstrated [173]. As
a result, the MAPS pixel chips can directly drive digital signals to off-detector data col-
lection electronics. The lack of separate read-out chips and associated bonding reduces
both the material budget of the detector and the complexity of detector assembly. The
reduced ionization electron yield of CMOS detectors compared to thicker hybrid detec-
tors is offset by the on-board amplification of the signal and the reduction in noise due
to the thin, low-depletion active layer. As a result, the detectors can be operated with a
signal-to-noise ratio of 20–30 at temperatures as high as 40◦C [190]. The CMOS MAPS
detectors operate with low power dissipation.

There has been extensive development of the CMOS MAPS detector technology by Win-
ter’s group at Strasbourg (see [2] for an overview of the Strasbourg group’s efforts), and
ladders fabricated with sensors of similar geometry and functionality that might be re-
quired for the barrel part of a vertex detector are already being produced by that group.

For the endcap detector, nontrivial R&D may need to be done on fabrication of large
sensors satisfying both geometric and material constraints. The most natural way to seg-
ment the disks in the end caps in would be to divide them up intoφ-segments with each
segment consisting of a single sensor. By not dividing the wedges radially, the need for de-
tector overlap and the corresponding increase in material would be obviated. Assuming
that the extent of the disks in the radial direction would be at least 10 cm, sensors capa-
ble of covering a complete φ-segment would be larger than the typical reticule (photo
mask) used at foundries. However, through a process called stitching it is possible to
join reticules to fabricate larger devices. Such a procedure was developed by industry
for CMOS light imagers, in particular for space applications, but has never been used
for CMOS charged particle detectors, and demonstrating the use of the technology for
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CMOS MAPS sensors would help in the design of a vertex endcap detector capable of
meeting the severe material constraints as in electron-ion/proton collisions. There is a
proposed R&D project between BNL-Columbia and Strasbourg, which proposes for the
forward disk-shape detectors to demonstrate a proof of principle of the stitching process,
assuming a forward disk inner radius of 8 cm and an outer radius between 16 and 24 cm.
The disk surface needs to be subdivided in as few as possible separate sensors in order
to keep the material budget as low as possible. A rather natural set of dimensions of the
sensitive area would be typically 2 cm width in its inner part and 4 to 6 cm width at its
outer edge. Its radial extension would be in the range 8–16 cm. Such a surface is much
larger than a typical reticule surface (about 2× 2 cm2) and thus would require stitching
to produce. CMOS sensors are fabricated within standard mass production chip manu-
facturing processes, where the chip photolithography is realized over an exposure field
(reticule) of about 2× 2 cm2. A stepper allows replication of these reticules over the full
wafer surface. By default, the chip die is therefore limited to the reticule size. The limi-
tation imposed by the exposure field of lithography steppers may be overcome with the
stitching technology, which allows the physical merger of multiple design structures onto
a wafer during the photolithography process. This opens the door to fabricating sensors
composed of millions or tens of millions of pixels and featuring dimensions similar to
those of a complete 8” wafer. As it was never tried for charged particle pixel sensors, it is
crucial to achieve the proof of principle of stitching within the proposed project. The plan
is to extend the area of an existing chip from 1 × 2 cm2 to a surface of about 5 × 5 cm2

(10M pixels with 16 µm pitch). Their binary, zero-suppressed, read-out translates into a
spatial resolution of about 3–3.5 µm. The expected read-out time is of the order of 300 µs.
There are some challenges related to the stitching prototyping:

• the precision of the stitching technique, which manifests itself at the reticule bound-
aries, should match the accuracy of the pixel and read-out circuitry design without
introducing design discontinuities;

• the sensor performance should be uniform over the complete sensitive area;

• the fabrication process and the stitching technique should allow for a high yield;

• capacitive and resistive effects consecutive to several-centimeter-long traces imple-
mented in the sensor should not dilute its noise and read-out speed performances;

• the read-out architecture adapted to a sensor of 10M pixels needs to be validated.

If this project is successful it will be an option for the forward tracking of PHENIX in
the next half of the decade. For the larger-angle tracking in the forward direction GEM
detectors as described in Section 7.1.3 are the perfect solution. They provide good position
resolution (∼ 100µm) and low material density.
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Calorimetry

This section describes first ideas on technical solutions based on existing technology for
the EMCal, HCal and Preshower in the forward spectrometer.

Electromagnetic Calorimetry The current plan is to re-use the lead glass and lead scin-
tillator electromagnetic calorimeters from the present central detector and re-stack the
modules so they fit in the geometrical requirements. As the particles have very high lon-
gitudinal momentum in the forward direction it is important to choose a material with
a very small Molière radius. The goal should be to resolve the clusters of the photons
from π0 decays as high as possible—60 GeV is required and up to 80 GeV would be de-
sirable for measurements of AN at high xF. The PbSc has a Molière radius of 3 cm with a
tower size of 5.5×5.5 cm2; the lead-glass has a Molière radius of 3.7 cm with a tower size
of 4×4 cm2 [114]. We are working to understand the relative advantages of reusing one
type of module or the other as a forward EM calorimeter. An alternative would be an
electromagnetic calorimeter made of PbWO4 crystals. The advantages of such a calorime-
ter would be a significantly smaller Molière radius of 2 cm and a factor of two better
energy resolution and higher radiation hardness than lead-glass. As it is planned to have
calorimetry down to a rapidity of 4, it might be important to increase the lifetime of the
PbSc-calorimeter to construct it in a way that it can be opened to the left and right dur-
ing beam set up and injections. The experience from the forward meson spectrometer at
STAR shows that this is a efficient method to protect the calorimeter from radiation dam-
age. Before taking a decision on the EMCal detector material more studies on potential
radiation damage need to be done.

Hadronic Calorimetry As the requirements for jet reconstruction in the forward direction
are the same as for jets in the central detector, the same technology can be chosen (com-
pare Section 7.1.3). After more detailed simulations it might turn out that keeping muon
identification in the south arm in addition to the North Muon Arm might be beneficial. If
this becomes an requirement it might turn out that following design ideas as presented
for the CALICE HCAL and TCMT design [1] might provide a good technical solution
combining hadronic calorimetry and muon identification.

Preshower If the final solution is to re-use the PbSc for the electromagnetic calorimeter
it is essential to have a high resolution preshower, similar to the one discussed for the
central detector in Section 7.1.3. There is one difference in the requirements for the for-
ward one. For single spin asymmetries AN in the forward direction it would be desirable
to resolve photons from π0 and η decays up to 80 GeV to ensure that the highest xF are
covered. A preshower based on the FOCAL technology (Section C.2.5) would be good
solution. As in the case for the HCal, R&D and design of the forward and central detector
preshower can be done together.
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Ring Imaging Čerenkov Detectors

The latest information about the developments on RICH detectors can be found at [6, 7].
For our application we need a RICH detector which can identify particles over a wide
range of momenta, preferably up to 60–80 GeV/c. This can normally not be reached
by single-radiator RICH; the solution is to go for a dual-radiator RICH, the same way
HERMES [?] and LHCb [3] did successfully.

The two radiators should have different refractive indices, such that one radiator distin-
guishes responses to particles at low momentum and the other at higher momentum. For
the last several years aerogel has been the chosen radiator for RICH detectors, which
cover lower momentum particles (1–10 GeV/c). LHCb chose aerogel from the Budker In-
stitute of Nuclear Physics in Novosibirsk with a refractive index of n = 1.03. Matsushita
together with university institutes in Japan is also producing high quality aerogel. They
have tiles with refractive indices up to 1.22, and for the standard tiles with n = 1.03 the
light output has more than doubled for a 50 mm thick tile between 2001 and new produc-
tion as of 2005.

The aerogel radiator in combination with a gas radiator like C4F10 (n = 1.00137) will
allow separation of particles up to 60 GeV/c, which would be a nice solution for the
forward RICH for PHENIX. LHCb has chosen exactly this design and added another
RICH based on CF4 to identify particles up to 100 GeV/c. Figure 7.19 (left) shows the
detection thresholds for the different particle species in the three Čerenkov media, and
the right plot shows the estimated performance of the particle identification based on
simulation studies including effects from the quantum efficiency of the photo-detectors.

Figure 7.19: Left: Detection thresholds for the different particle species in the three
Čerenkov media. Right: Estimated performance of the particle identification based on sim-
ulation studies including effects from the quantum efficiency of the photo-detectors
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Another critical part of a RICH detector is the mirrors, which need to be lightweight as
they are in the path of particles and yield to photon conversions and straggling. There
are several solutions. LHCb uses glass-coated beryllium and carbon-fiber lightweight
spherical mirrors, which have less than 2% of a radiation length. This would not cause
any problems for PHENIX as the RICH would be situated behind all tracking detectors.

Lastly, we address the question of what technology to choose for the photon detector. The
technology depends strongly on the wavelength spectrum of the radiators, the angular
resolution needed to separate multiple rings and the anticipated rates and backgrounds
in the detector. Experience shows that photon detectors based on conventional PMT tech-
nologies work best, but they have the disadvantage of being expensive and do not always
have the pixel size needed for the angular resolution. Many other technologies have been
used, LHCb uses custom-built pixel Hybrid Photon Detectors [253]. The latest trend is
moving toward GEMs as photon detectors. PHENIX already has experience from the
HBD with GEM detectors as part of a Čerenkov detector. It will require some R&D to
understand what the best and most cost effective solution for a PHENIX RICH is.

The performance of the new PHENIX detector with respect to acceptance for e+p/e+A
collisions is discussed in Chapter 8.
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Chapter 8

ePHENIX Physics Plan for the
Electron Ion Collider

The PHENIX detector upgrades referred to as sPHENIX and discussed in Chapter 7 are
driven by p+p, p+A, A+A physics. This detector upgrade also provides an excellent
opportunity to carry out an e+p and e+A physics program, referred to as ePHENIX. In
this Chapter, we show that the upgraded PHENIX is well suited for:

• Inclusive e+p physics to measure polarized and unpolarized structure functions.
For the polarized case, these measurements will significantly advance our knowl-
edge of the contributions of quarks and gluons to the proton spin.

• Inclusive e+A physics to measure unpolarized structure functions and derive nu-
clear parton distribution functions nPDFs. These measurements are particularly
relevant to studies of gluon saturation effects.

• Elastic diffractive physics, i.e. elastic vector meson production and deeply virtual
Compton scattering (DVCS). In e+p a tomographic picture of the proton will be-
come possible, while diffractive e+A pins down the initial state for heavy ion colli-
sions. Most of the measurements require the addition of “Roman pot” detectors.

With completion of sPHENIX prior to turn on of eRHIC, these measurements will be
available at the start of the eRHIC program. It is important to stress that during the eRHIC
era, the capabilities for running p+p, p+A, A+A are kept fully intact—which is why we
refer to this time period as the SuperQCD Era in Figure 1 of the Executive Summary.
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8.1 eRHIC Machine Design

The future ”QCD factory” eRHIC would provide for the first time ever collisions between
polarized electrons and: longitudinally and transversely polarized protons in a beam en-
ergy range of 50-250 GeV (up to 325 GeV if the DX magnets are replaced); light ions
(d,Si,Cu); heavy ions (Au, U) with beam energies of 50-100 GeV/u (and up to 130 GeV/u
if the DX magnets are replaced); and longitudinally and transversely polarized He3 at
215 GeV/u. In the current eRHIC design the electrons undergo multiple passes through
recirculating linacs (energy recovery linacs, ERLs) sited within the existing RHIC tunnel.
Figure 8.1 shows the recirculating linacs and lattice of the multipass arcs in the RHIC tun-
nel. The current eRHIC staging will sequentially increase the electron energy from 5 to 20
(or possibly 30) GeV as the superconducting cavities are built and installed. There is also
the possibility of having a positron beam at the top energy.
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Figure 8.1: New eRHIC layout with two linacs inside of the RHIC tunnel. Inserts show the
magnets and recirculating arcs.

As already indicated, the staging of eRHIC is not expected to require additional civil-
engineering construction. The recirculating linacs and arcs will be placed inside the ex-
isting RHIC tunnel. The noncolliding electron beams will bypass the two existing large
detectors four to six times, although the technical details of the bypass still need to be
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determined. It is assumed that the present large detectors can be changed to accommo-
date electron-ion collisions. Another dedicated eRHIC detector will be placed at the large
RHIC interaction region at the 12 o’clock position. Two recirculating linear accelerators
(RLAs) will be installed in the straight sections of the IRs at 10 and 2 o’clock.

The details and constraints of the eRHIC IR design for electron-ion collisions as imple-
mented for the PHENIX IR still needs to be worked out, and will require more details on
the upgraded PHENIX detector design. One of the major changes compared to what is
discussed above might be the distance between the IP and the first focusing quadrupoles.
This distance is currently 4.5 m; increasing it at a specific IR leads to a lower luminosity.
The current plan foresees the electron beam going in the same direction as the yellow
hadron beam, while using the blue ring for the hadron beam only. We stress here that
none of the changes discussed above will compromise RHIC’s capabilities for hadron-
hadron collisions.
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8.2 Deep-Inelastic Scattering and ePHENIX

Deep-inelastic scattering (DIS) and hadron-hadron scattering have advantages and disad-
vantages in studying QCD and nuclear structure. Figure 8.2 shows the neutral-current
(NC) and charged-current (CC) cross sections measured by ZEUS and H1 over a wide
range in Q2. The figure shows that the NC DIS process is dominated by electromagnetic
interactions up to Q2 ∼ M2

W .

Figure 8.2: Cross sections for (blue) neutral and (red) charged currents measured by ZEUS
and H1. Electroweak unification is easily observed at Q2 ∼ M2

W .

In contrast to hadron-hadron interactions, DIS is governed by a probe with a simple struc-
ture, which does not disturb or interfere with the partons in the nucleons. Having a pho-
ton as the dominant exchange boson leads to one of the major differences between DIS
and hadron-hadron scattering: access to the gluonic structure of nuclei is indirect, via the
Q2 scaling violation of the structure functions [13] unless processes such as photon-gluon
fusion (PGF) or QCD-Compton (QCDC) are tagged. The Feynman diagrams for both of
these processes are shown together with the one for DIS in Figure 8.3.

The biggest difference between DIS and hadron-hadron interactions is that for processes
in which the scattered lepton is detected, the parton kinematics can be accessed by mea-
suring the scaling variable Bjorken-x (xB), which in LO is directly related to the momen-
tum fraction x of partons on the light cone [291]. Diffractive processes constitute another
important class of processes in lepton-nucleon scattering [104]. The Feynman diagrams
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Figure 8.3: Feynman diagrams for leading order (left) deep inelastic scattering, (middle)
photon-gluon fusion and (right) QCD-Compton.

for elastic, single, and double diffraction are shown in Figure 8.4. To tag these processes it
is either necessary to detect the complete final state including the scattered beam proton
or to use the so-called rapidity gap method, which requires an absence of activity in the
detector between the outgoing proton beam and the final state coming from the virtual
photon.

Figure 8.4: Feynman diagrams for (left) elastic, (middle) single, and (right) double diffrac-
tion.

Figure 8.5 shows that eRHIC will extend the current kinematic coverage in lepton-nucleus
scattering significantly, since all prior e+A experiments having used fixed targets. A sim-
ilar increase in kinematic reach will be provided in polarized lepton-nucleon scattering.

Figure 8.6 shows the pseudorapidity coverage of the current and strawman sPHENIX de-
tectors. With the upgraded central detector and, more importantly, with the new forward
spectrometer, PHENIX will have electromagnetic and tracking coverage from 1< η < −4;
therefore, PHENIX will have a large acceptance for the scattered lepton at all stages (5×50
GeV2 to 30×325 GeV2) of eRHIC.

Figures 8.7–8.10 show kinematic plots for the different stages of eRHIC. The kinematic
definitions follow the conventions used at HERA. Positive z is defined by the hadron
beam direction, with positive pseudorapidity and a θ of 0◦. The lepton beam goes in the
opposite direction, with negative z and pseudorapidity and a θ of 180◦. All plots require
a minimum Q2 of 0.1 GeV2 and the inelasticity y between 0.05 and 0.93.
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Figure 8.5: The x−Q2 coverage of eRHIC for two beam-energy combinations compared to
different fixed-target experiments.

Figure 8.7 shows the pseudorapidity of the scattered lepton as a function of Q2 for varying
lepton and hadron beam energies. The two black lines give the bounds of the acceptance
in pseudorapidity of the current PHENIX central detector. It is evident that with the
current PHENIX detector the detection of the scattered lepton is only possible at very
high Q2 for the low electron beam energy stage of eRHIC.

Figure 8.8 shows z (=Eπ/ν) for pions for DIS as a function of rapidity. Even for the newly
upgraded PHENIX it will be difficult to make significant measurements that require the
detection of at least one identified hadron in coincidence with the scattered lepton. The
majority of hadrons have a rapidity > 1, and therefore miss the central detector and go
into the muon arm (see Figure 8.6). This measurement is complicated by the fact that
currently no PID is foreseen in the central detector. (The acceptance of the new central
and forward sPHENIX detector is indicated by the black lines.)

As pointed out above there is another important class of processes in lepton-nucleon scat-
tering, diffractive processes, such as elastic vector meson production or deeply virtual
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Figure 8.6: Rapidity coverage of the current PHENIX detector compared to the strawman
sPHENIX detector. The central barrel detector covers |η| < 1.0; the forward detector has
tracking coverage for 1 < η < 4, with full EMCal and HCAL coverage for 1.5–2.0 < η < 4.0,
with the exact range dependent on the final design configuration

Compton scattering (DVCS). Figure 8.9 shows the rapidity distribution of pions coming
from exclusively produced vector mesons like the ρ0. The same distribution is obtained
for the decay products of the J/ψ. The new PHENIX detector will be perfectly designed
to measure the decay products of exclusively produced ρ0’s and J/ψ’s. There is only one
caveat to this statement: to ensure that the final state is exclusive it is important to mea-
sure the scattered beam proton. Figure 8.10 shows the scattering angle for the proton as
a function of the Mandelstam variable t, the momentum transfer to the proton. It is obvi-
ous from these plots that the proton can only be detected in ”Roman Pot” detectors very
near the beam line. It might be highly desirable for PHENIX, especially because of the
importance of these reactions for e+A collisions, to install “Roman Pot” detectors for the
eRHIC era.
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Figure 8.7: Scattered lepton pseudorapidity as a function of Q2 for different beam energy
combinations.
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Figure 8.8: Pion z (=Eπ/ν) as a function of pseudorapidity for different beam energy com-
binations for nonexclusive processes. For these plots the Q2 cut was raised to 1 GeV2. The
black lines bound the acceptance for hadrons in the new PHENIX detector.
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Figure 8.9: Rapidity distribution for pions coming from exclusively produced vector
mesons such as the ρ0 for different beam energy combinations. The decay products of the
J/ψ have the same distributions.

Figure 8.10: The angle of the scattered beam proton as a function of the variable t for elastic
diffractive processes with different beam energy combinations.
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8.3 e+A Physics with ePHENIX

Electron-nucleus (e+A) collisions at RHIC will provide essential data for and/or insight
on physics problems critical to the understanding of RHIC nuclear collision results. An
extensive analysis of the physics opportunities presented by e+A measurements at a col-
lider such as eRHIC is presented in [60]. Here we highlight the key points and demon-
strate where e+A measurements using the upgraded PHENIX detector can significantly
advance the program described in [60]. In particular PHENIX can contribute critical mea-
surements addressing the following topics:

• Improving knowledge of nuclear parton distributions (nPDFs).

• Testing the hypothesis that nuclear parton distributions are saturated at low x.

• Investigating nuclear generalized parton distributions.

Measurements corresponding to these items will both provide valuable “baseline” data
for the RHIC program including the precision hard physics program discussed in Sec-
tion. 3.1 and will advance the understanding of the partonic structure of nuclei.

8.3.1 Nuclear parton distributions

The current status of uncertainties in nuclear parton distributions has been discussed
previously in Section 1.2. To further elucidate those uncertainties we show in Figure 8.11
results from a recent NLO extraction of parton distribution functions in Pb nuclei [184].
The bands in the figure indicate the uncertainties in the Pb PDFs resulting from errors
in the input experimental data. Even in the context of this pQCD calculation relying on
DGLAP evolution, there are large uncertainties at low x due to the limited range in both
x and Q2 of existing nuclear DIS data shown in Figure 8.5.

Inclusive measurements of deep inelastic scattering at eRHIC will provide new data that
will improve the knowledge of nuclear parton distributions in heavy nuclei at both inter-
mediate and low x. The neutral current deep inelastic e± + p scattering cross section is
given by a linear combination of generalized structure functions. For unpolarized beams
it can be expressed as

σ±r,NC =
d2σ

e±p
NC

dxdQ2 ·
Q4x

2πα2Y+
= F̃2 ∓

Y−
Y+

˜xF3 −
y2

Y+
F̃L , (8.1)

where the electromagnetic coupling constantα, the photon propagator and a helicity fac-
tor are absorbed in the definition of the reduced cross sectionσ±r,NC, and Y± = 1± (1− y)2.
At the Q2 values probed at an eRHIC, the contribution of Z exchange can be neglected,
therefore σr,NC simplifies to F2 − y2FL/Y+. The contribution of the term containing the
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Figure 8.11: Results of EPS09 [184] extraction of parton distribution functions in Pb nuclei
for valence quarks (left), sea quarks (middle), and gluons (right) for two different Q2 values,
top: Q2 = 1.69 GeV2, bottom: Q2 = 100 GeV2. Results are expressed in terms of the
ratio with respect to parton distributions in the nucleon. Bands indicate the uncertainties in
extraction of the Pb PDFs.

structure function FL is significant for large values of y. The structure function F2 probes
the momentum distribution of quarks and anti-quarks in the nucleon and through its scal-
ing violation it gives access to the gluonic structure [13]. FL on the other hand is directly
sensitive to the gluon distribution in the nucleon [148].

Figure 8.12 shows the Q2 vs. x coverage of the proposed PHENIX upgrade detector for
different combinations of nuclear and electron beam energies that will be available as the
electron beam energy is increased. With such a combination of energies PHENIX will be
able to substantially extend the Q2 range of existing nuclear DIS measurements for x >
10−3 and provide totally new measurements down to x ∼ 10−5. The extension of the Q2

range of the nuclear F2 measurements will improve constraints on the gluon distribution
obtained from scaling violations, especially for x < 10−2 where data are currently only
available for Q2 <∼3 GeV2(see Figure 8.5). For x = 10−3, PHENIX could extend the Q2

range of data from 1 GeV2to 20 GeV2thereby providing a qualitative improvement in the
extraction of the nuclear gluon distribution at such low x values.

Inclusive measurements of nuclear F2(x, Q2) will be complementary to d+Au measure-
ments that also provide constraints on the nuclear parton distributions, but with poorer
control over the parton kinematics. For example, as discussed in Section 3.1, there are
predictions for significant initial-state energy loss effects in hadron-nucleus and nucleus-
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Figure 8.12: Q2 vs. x coverage of the PHENIX detector for e+A measurements using the
successive stages of the eRHIC electron beam. This plot includes cuts on inelasticity, y < 0.9
and y > 0.05. The kinematic coverage is determined by the requirement that the electron
be detected in the PHENIX central detector or the new forward detector, i.e. −4 ≤ ye ≤1.

nucleus collisions at high pT (xT) that will not be easily separable from reductions in
hard-scattering rates due to EMC suppression of the quark distributions at large x. DIS
processes do not suffer initial-state effects and probe only the EMC suppression at large x.
In principle, existing data constrain the valence quark EMC suppression, but as shown in
Figure 8.11, the EMC modification of the gluon and sea distributions at large x is poorly
constrained by existing nuclear DIS data. Precision measurements with extended Q2

range at moderate to large x will be helpful in reducing those uncertainties from initial-
state effects. Also, measurements with Au nuclei will reduce hidden systematic errors
resulting from the extrapolation of data from other nuclei to Au. d+Au measurements
provide sensitivity to the impact parameter dependence of nuclear modifications – some-
thing that is not accessible in inclusive DIS measurements. The combination of precise
d+Au measurements with precise constraints on the b-integrated nuclear modifications
from e+A DIS measurements provides the best opportunity for separating initial-state
energy loss effects in d+Au from nuclear modifications and then providing direct exper-
imental constraints on the impact parameter dependence of nuclear modifications. The
results of this program will directly feed into the precision jet measurement program de-
scribed in this document by reducing theoretical uncertainties in initial-state effects.
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One of the most important consequences of measurements with the kinematic coverage
indicated in Figure 8.12 is the coverage in the low-x range. This coverage will directly
constrain the nuclear gluon distribution in a range where it is almost completely undeter-
mined, and it will resolve the uncertainty in the extent of the shadowing in heavy nuclei
at very low x. Not only will the measurements thereby resolve a fundamental problem in
nuclear physics, but they will also substantially reduce theoretical uncertainties in pQCD
calculations of hard scattering rates involving low-x partons. Examples where that im-
provement is relevant to the heavy ion physics program include

• Calculations of the rate of quarkonia production, particularly the rapidity depen-
dence.

• Calculations of hard scattering rates in nuclear collisions at the LHC.

• Calculations of forward hadron production in d+Au collisions at RHIC and the LHC,
important for testing the role of saturation effects.

• Improved calculations of the rate of mini-jet production in heavy ion collisions at
RHIC in hard + soft models such as HIJING.

The flexibility in beam energies at eRHIC will give a unique opportunity to measure FL in
nuclei (FA

L ) via the y-dependence of the reduced cross section. This measurement requires
high momentum and angular resolution for the detection of the scattered lepton, as FA

L is
extracted from fitting the slope of the reduced cross section as function of y2/Y+.

Another direct probe of the gluon distribution in the nucleus would be provided by mea-
suring the nuclear charm structure function [Fc

2(x, Q2)]. With the electron measurement
capabilities of the envisioned forward and central upgrades, PHENIX should be able to
measure Fc

2(x, Q2) over a wide range of x and Q2 with a semileptonic tag of the outgoing
charm quark with little background from bottom. Because the charm content of the nu-
cleus (nucleon) is primarily due to gluon splitting (except possibly at large x [138, 310]),
Fc

2 may provide a more direct probe than F2(x, Q2) of the nuclear gluon distribution. Fig-
ure 8.13 shows the rapidity of semileptonic decay electrons from DIS processes involving
charm production for different beam energies, requiring Q2 > 1 GeV2. The pT of the
leptons is for all cases below 1 GeV. More work will be required to demonstrate that the
requirement of (e.g.) a displaced vertex in addition to the observation of a lepton will
allow measurement of Fc

2 with acceptably low background.

8.3.2 Saturation in nuclei at low x

The problem of unitarity and the role of nonlinear evolution of parton distributions at
low x, generally referred to as gluon saturation, is one of the key outstanding problems
in QCD. A full discussion of saturation physics is beyond the scope of this document.
A recent review of saturation physics and references to a large body of other work can
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Figure 8.13: Rapidity distribution of leptons coming from charmed mesons in nuclear DIS
processes at different beam energies, requiring Q2 >1GeV2.

be found in [192]. The most direct experimental support for the presence of nonlin-
ear evolution in the scattering of hadrons at very high energies is provided by HERA
electron/positron-proton DIS measurements. The observed geometric scaling in the in-
clusive DIS measurements at HERA [294] and similar behavior in diffractive data [247]
are naturally described in the context of saturation models [294].

The resolution scale at which saturation effects in DIS are expected to become dominant
is referred to as the saturation scale, Qs. When Q2 ∼ Q2

s , linear leading-twist evolution
of structure functions is expected to break down. In fact, geometric scaling in saturation
models is explicitly tied to the presence of a dimensionful scale such as Qs whose x de-
pendence controls the x dependence of the physics.

We note that there are alternative explanations for geometric scaling [149] that do not
require the nonlinear effects of saturation, although they do not exclude it at low x. In-
deed, recent attempts to understand the evolution of HERA F2 data to low Q2 and low
x indicate deviations from DGLAP evolution [150] that may either indicate the need for
resummation of large logarithms at low x or indicate the presence of nonlinear evolution
[151]. Thus, while potentially more sensitive probes of the gluon density and saturation
exist, a detailed study of the evolution of DIS to Q2 values large enough compared to
Λ2

QCD for the physics to be perturbative but small enough to be at or below Q2
s provides

sensitivity to saturation physics.

Nevertheless, it can be argued that the best way to test for the presence of nonlinear
evolution in DIS is to fix the kinematics and increase the gluon density being probed by
(e.g.) a virtual photon. The simplest way to to achieve such an increase is to use a nu-
clear “target”where at high energies the virtual photon (e.g.) interacts coherently with
the entire thickness of the nucleus, and thus, “sees” an increased gluon density. Ideally,
departure from proportional growth of nuclear structure functions with A might, then,
indicate the presence of saturation effects. Unfortunately, even at leading twist, “nuclear
shadowing,” seen in Figure 8.11, will modify the nuclear parton distributions producing
an effect similar to that expected from saturation, namely a reduction in the nuclear pdf
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at low x compared to A times the proton pdf. However, a study similar to that described
above for the HERA data evaluating possible deviations from DGLAP evolution with de-
creasing Q may provide a way to observe the transition from leading-twist shadowing
to saturation. There is currently no nuclear DIS data set that allows such a study in an x
range relevant for saturation physics. With the x and Q acceptance shown in Figure 8.12,
PHENIX would be able to provide the first such data set. While nuclear FA

2 measurements
alone will not provide the ultimate test of saturation in nuclei, such measurements will
likely provide the first glimpses of saturation and will certainly constrain or test satura-
tion models. Other observables directly sensitive to the gluon distribution in the nuclei
are FA

L and Fc
2 ; they will be more sensitive to gluon saturation effects.

Figure 8.14: The x-Q2 plot showing lines at y = 1 for different
√

s with lines of the saturation
scale Q2

s vs. x.

8.3.3 Gluon tomography in nuclei - The initial state

As discussed in Chapter 1 and Chapter 2, uncertainties in the eccentricity of the initial
state of a Au+Au collision can lead to a factor of two uncertainty in the value of η/s
extracted from v2 measurements at RHIC. That factor of two can, for example, be the
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difference between concluding that the QGP has an η/s consistent with the AdS/CFT
bound or a value twice as large which might (e.g.) imply that for part of its evolution
the QGP is not strongly coupled. Uncertainties in the initial eccentricity also influence
negatively the interpretation of differential quenching measurements (RAA(∆φ)) which
ostensibly provide direct sensitivity to the path length dependence of medium-induced
energy loss. Systematic errors in the relative lengths of the medium in the in-plane and
out-of-plane direction will limit the physics conclusions that can be drawn from measured
differences in the RAA in the two directions. We note that uncertainties in the geometry of
the initial state in Pb + Pb collisions at the LHC may be even greater than at RHIC due to
an expected greater impact of saturation on initial particle production at the higher LHC
energy.

Measuring the initial state of the sQGP

Knowledge of the initial conditions at RHIC is crucial to interpretation of the experimen-
tal data from heavy ion collisions. The density distribution in nuclear matter at rest is
well understood from diffraction experiments (see, e.g., [130]), but particle production
in heavy ion collisions depends on the distribution of quarks and gluons in the nuclear
wave function. Below some value of x, nonlinear QCD evolution effects become impor-
tant. The (mostly) gluonic initial-state medium at midrapidity at RHIC consists of par-
ticles of x ∼ pT/

√
sNN ∼ 10−3; in this range the small x phenomena are likely to be

relevant, but they are not yet fully understood. Furthermore, theoretical calculations of
v2 are very sensitive to the shape of the edge of the initial nuclear overlap in heavy ion
collisions. However, it is just in this region that many of the theoretical tools developed
to study small x physics break down. Through diffractive measurements at an electron-
ion collider, these fundamental limitations can be addressed. Of key interest are coherent
vector meson production and deeply-virtual Compton scattering. Measured diffraction
patterns may be inverted to determine the initial gluon and quark densities of the highly
boosted nuclei. It turns out that the most sensitive density determination is at the edge
of the nucleus, so these measurements will provide key information about the overlap
region to which hydrodynamics and energy loss calculations are most sensitive.

The relevant Feynman diagram contributing to coherent vector meson production, in
which an electron emits a virtual photon that splits into a qq pair that subsequently in-
teracts coherently with the nucleus and forms the vector meson, is shown in Fig. 8.15. To
lowest order, the diffraction pattern given a known nuclear thickness function TA(b) is

dσqq
A0→A0

dt
∝ e−Bp·∆2 ·

∣∣∣∣∫ d2bTA(b)e−i~b·~∆
∣∣∣∣2

, (8.2)

where Bp is the diffractive slope of the proton and t = −~∆2 [258, 147]. Assuming that the
gluonic density is proportional to the Woods-Saxon [318] distribution

ρWS(r) ∝ [1 + exp ((r− R)/w)]−1 (8.3)
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Figure 8.15: Relevant Feynman diagram for vector meson production (in this case the pro-
duction of a J/ψ). Note that the qq dipole probes the gluon density in the nucleus A with
two gluons: not only can vector meson production probe the mean gluon density in A but
also gluon density correlations.

the predicted diffraction pattern is shown in Fig. 8.16 when using 1) the usual parameters
for 197Au, R = R0 = 6.38 fm and w = w0 = 0.535 fm, 2) for a density with a slightly
smaller radius R = 0.9R0 = 5.742 fm but the same width, w = w0, and 3) for a density
with the same radius but a slightly sharper nuclear edge, R = R0 and w = 0.8w0 =
0.428 fm. Also shown in the figure is the dominant contribution to the cross section
coming from incoherent scatterings, in which the outgoing nucleus is either broken up
or in an excited state. One can readily see from the figure that the measured coherent
diffraction pattern is very sensitive to the details of the gluon density. Figure 8.16 also
demonstrates, however, that this is a difficult measurement to make: the rejection rate
of incoherent vector meson production must be extremely good. While Figure 8.16 does
not take into account the finite resolution of a realistic eRHIC detector nor the influence of
higher-order effects on the theoretical calculation, the ability to directly measure the gluon
density and its fluctuations in an ultra-relativistic nucleus is extremely encouraging and
its importance for heavy ion physics, irrespective of small-x physics, is hard to overstate.

eRHIC gives another completely unique possibility to study the gluon distribution im-
pact parameter dependence through DVCS. A more complex t dependence arises in the
process e + A → e + Aγ, due to the interference between Compton scattering and the
Bethe-Heitler process. The interference term, which can e.g. be isolated by changing the
lepton beam charge or its helicity, is proportional to the product Fem(t)A(t) of an electro-
magnetic form factor and the Compton scattering amplitude. If these two functions have
their zeroes at slightly different values of t, then the interference term will change sign
with increasing t.

The challenge for both of these measurements is to ensure exclusivity, meaning the heavy
ion nucleus should not break up. This can be ensured by checking for the neutrons from
the breakup in the ZDC and protons in forward detectors like “Roman Pots”. The other
challenge is to have momentum and energy resolutions for the decay products of the
vector mesons and the DVCS γ sufficient to resolve the minima in the diffractive pattern
and to see the sign change in the interference term as a function of t. The acceptance for
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Figure 8.16: Vector meson diffraction patterns for 197Au. (blue curves) Differential cross sec-
tion when the gluon density is assumed to scale with the Woods-Saxon charge distribution
with the usual parameters taken for the radius and width. Shown are comparisons for a
Woods-Saxon distribution with a (left) 10% smaller radius and (right) 20% smaller width.
As discussed in the text, both plots also show the dominant contribution to the cross section
due to incoherent vector meson production.

the vector mesons (e.g. J/ψ) is extremely good for the upgraded PHENIX (see Figure 8.9);
while for the DVCS photon the acceptance is limited to −4 < η < 1.
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8.4 Polarized e+p Physics with ePHENIX

Polarized e + p physics with eRHIC is the natural continuation of the RHIC polarized p+p
program. eRHIC will advance the study of spin nucleon structure, as HERA did for in-
creased understanding of unpolarized nucleon structure. The high luminosity, kinematic
coverage, and flexibility in polarized beams from eRHIC will give us the opportunity to
answer some of the overarching questions discussed in Chapter 4. Currently all polarized
DIS experiments are fixed-target experiments, which severely limits their x-Q2 coverage.
The anticipated luminosity is 2× 1034 s−1cm−2, which is a factor 1000 more than the col-
lider luminosity at HERA and a factor 500 more than the luminosity of the HERMES and
COMPASS polarized programs. One of the first measurements possible with eRHIC will
be the measurement of the inclusive polarized structure function g1. It will be possible
to extend its kinematic coverage with an unprecedented statistical precision. Figure 8.17
shows g1 plotted as a function of Q2 for different xB bins for one combination of beam
energies (7 GeV on 150 GeV) and an integrated luminosity of 5 fb−1, compared to the
current world data from HERMES, SMC and E155 at SLAC.

Figure 8.17: The polarized structure function g1 as a function of Q2 for different xB bins
indicated. Shown are (black points) the expected coverage for eRHIC with

√
s=65 GeV and

an integrated luminosity of 5 fb−1 and (colored points) the world data from fixed-target
facilities.
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An integrated luminosity of 5 fb−1 corresponds to 1.5 weeks running time assuming a
50% efficency of the detector and the facility. Repeating the same measurement at higher
beam energies, e.g. 20 GeV on 325 GeV, will extend the kinematic coverage in x further to
10−5. Figure 8.18 shows g1 plotted for individual Q2-bins as a function of xB compared to
the prediction using different assumptions for the polarized gluon distribution. This plot
shows that a measurement of g1 at eRHIC will allow extraction of the gluon polarization
at low x through the scaling violation of g1 via global pQCD fits such as DSSV [169] and
BB-09 [131]. The two figures show capabilities with a ZEUS or H1-type detector, and the
upgraded PHENIX detector is qualitatively different. However the ePHENIX acceptance
for low x and low Q2, which provide the heart of the physics program, would be very
similar. Furthermore it will be possible to determine the contribution from the quark
spins to the spin of the nucleon with even higher precision and two decades more in x
than currently done by HERMES and COMPASS [68, 79]. eRHIC will provide not only

Figure 8.18: The polarized structure function g1 as a function of xB for different Q2 bins.
Also plotted are different predictions for g1 using various assumptions for the polarized
gluon distribution [181].

the possibility to run with polarized protons but also with a polarized 3He beams. If
it is possible to tag that the scattering occurred on the neutron by detecting the proton
remnants from the 3He nucleus, g1 could be measured for the neutron. As for studies
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of elastic diffraction, this measurement would require Roman pots around the detector.
With precision measurements of g1(x, Q2) on the proton and neutron to low x, a scientific
highlight at eRHIC would be a precision test of the Bjorken sum rule [126],

∫ 1

0
dx〈gp

1 − gn
1〉(x, Q2) = 1/6gA〈1 +O(αs) +O(1/Q2)〉

, where gA is the neutron β-decay constant, and where the schematic terms on the right-
hand-side indicate perturbative corrections in the strong coupling αs and higher-twist
contributions, respectively. The Bjorken sum rule is a rare example of a fundamental rela-
tionship that is theoretically very well understood within QCD. The perturbative correc-
tions are known through order α3

s , and we even have a relatively clear picture about the
first higher-twist contributions. Thus, apart from being a remarkable relation between
DIS structure functions and a low-energy hadronic quantity, the sum rule also offers
unique tests of QCD dynamics, and of our ability to quantitatively describe these. This
by itself warrants an experimental study, and it is anticipated that a 2% measurement of
the sum rule would be possible at eRHIC. At this level, one might actually start to see
deviations from the sum rule due to isospin and charge symmetry violations. Relatively
little is known about such effects so far, however, so that precision studies of the Bjorken
integral also have the potential to provide genuinely new insights.

Running eRHIC with polarized proton and polarized 3He beams with a detector which is
able to measure not only the scattered lepton but also one or more identified hadrons over
a wide range will allow determination of the quark polarizations and polarized quark dis-
tributions for the different quark flavors. As in the case for the inclusive structure function
g1, the x-Q2-coverage will be significantly extended. This will give the opportunity to test
whether the polarized light quark sea is flavor symmetric or asymmetric as in the unpolar-
ized case. It will also provide the opportunity to measure the ∆s and ∆s polarized quark
distributions and resolve the current puzzle between pQCD fits to g1 favoring a negative
strange quark polarization and to the SIDIS data giving a strange quark polarization con-
sistent with zero. It is additionally interesting to note that the strange quark polarization
is one of the biggest uncertainties of the neutralino interaction cross section with matter
[182].

eRHIC also offers a unique opportunity to go beyond collinear pQCD at leading twist,
because the high luminosity, the wide kinematic coverage and polarized beams make it
possible to measure the SIDIS cross section for the first time fully differential in x, Q2, z, pT
and Φ depending on the spin orientation. Assuming the TMD and the collinear twist-3
formalism have been verified by the planned DY measurements (see Section 6.1.1), eRHIC
will be the machine to study unintegrated parton distribution functions and will allow the
3-dimensional momentum structure of the partons in the nucleon to be unraveled. DIS
is extremely valuable for this program because contrary to most inclusive measurements
of AN in polarized p+p collisions, SIDIS allows separation of the different underlying
subprocesses leading to the single spin asymmetries. This separation is achieved by mea-
suring single spin asymmetries as a function of different modulations of the angle Φ, the
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angle between the lepton scattering plane and the hadron production plane, depending
for certain measurements on the spin direction of the nucleon. Unfortunately the design
of the current and the upgraded PHENIX detector will only allow very restricted kine-
matic access to semi-inclusive measurements (see Section 8.2).

Similar unique opportunities will exist at eRHIC for exclusive diffractive reactions to
constrain GPDs, introduced in Chapter 4. While PDFs are measured in inclusive deep-
inelastic scattering, where the proton does not stay intact, GPDs can be accessed in exclu-
sive reactions, in which the proton usually stays intact after the lepton-parton interaction.
The difference in the momentum of the proton before and after the scattering took place is
the Mandelstam variable t, known from simple two-body kinematics. It accounts for the
momentum difference both in the direction of the beam as well as transverse to it. GPDs
depend on this variable t and encode the proton substructure in longitudinal momentum
space as well as in transverse position space. The Ji relation [211, 213] connects the low
−t limit of a certain combination of GPDs and the total angular momentum of a given
quark species in the nucleon and is the only quantitative way known today to access total
quark angular momentum.

There are multiple ways to access GPDs experimentally. DVCS is currently the theoret-
ically cleanest and simplest way to access information on GPDs. The angular distribu-
tions and cross sections of the real photons can be used to retrieve information on GPDs.
In Jlab [261, 312] and HERMES [71, 244, 72] kinematic conditions, hard exclusive lepto-
production of real photons is dominated by the Bethe-Heitler (BH) process, the elastic
scattering of the incident lepton with the target nucleon, where a photon is produced as
bremsstrahlung from the incident or scattered lepton. The DVCS and BH processes in-
terfere, meaning that the scattering amplitude has three separate contributions: one from
DVCS, one from BH and one from their interference. In Jlab and HERMES kinematics, the
interference is the largest contribution and measurement of it can be used to access infor-
mation on GPDs most easily. For H1 and ZEUS at HERA the access to GPDs is through the
cross section and the angular distributions of the DVCS process directly [12, 154]. There is
an enormous amount of data from both experiments on exclusive reactions with different
final states (ρ,ω,φ, J/ψ), which can constrain different features of GPDs and allow access
to either quark or gluon GPDs. The first global fit to the world DVCS data has placed ini-
tial constraints on the functional shape and magnitude of GPDs [230, 231], but we remain
far from the point of being able to extract orbital angular momenta of quarks and gluons.
eRHIC will be able to provide the precision differential data for different final states and
observables (cross sections, single spin asymmetries for beam charge, beam polarizations
and longitudinal and transverse target polarizations) to finally get a 2+1-dimensional pic-
ture of protons and nuclei and to constrain the orbital angular momentum of quarks and
gluons.

Making measurements of exclusive diffractive vector meson production and DVCS over
a wide range of kinematics and for spin dependent observables will be the golden tool to
constrain GPDs. As in the case for heavy nuclei (Section 8.3) measuring the t-distribution
of the exclusive diffractive cross section offers the possibility to measure parton distri-
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bution functions in impact parameter space depending on their momentum fraction x,
enabling us to do parton tomography in the nucleon. Equally exciting is that the second
moments of GPDs H and E give the possibility to get a handle on the total angular mo-
mentum of quarks Jq and gluons Jg. Combining this with the precise determination of
the contribution of quark spin to the spin of the nucleon will give the first chance to de-
termine via the Ji sum rule the orbital angular momentum of quarks in the nucleon [211].
Assuming that by the time eRHIC comes on line the issue with the different helicity sum
rules for the proton [208, 211, 155, 156, 313, 314] is resolved, the same should be possible
for the angular momentum of gluons. This would finally give a chance to solve the holy
grail of nucleon spin physics, the helicity sum rule of quarks and gluons.

As shown in Section 8.2, with the addition of “Roman Pots” in the forward direction, the
new PHENIX detector is well suited to make measurements of exclusive diffraction for
different final states in e + p collisions. The capabilities for vector meson final states are
very good. Studies are underway to determine the feasibility of measuring diffractive
processes off of nuclei in a collider geometry. This will require acceptance for the final
states of interest, the scattered electron, and the nearly-intact nucleus at very forward
angle. We look forward to demonstrating this, as the upgraded PHENIX detector with
“Roman Pots” added will have good capability for such measurements.

In order to summarize the physics reach of ePHENIX, we note that the eRHIC goals are
broadly distributed along four thrusts. The first is improved determination of the longi-
tudinal nucleon spin structure via inclusive and semi-inclusive deep inelastic scattering
in polarized e + p. Another pillar of eRHIC is examination of the gluon distribution in nu-
clei at very low x using inclusive and also diffractive DIS off of nuclei. The third thrust is
mapping the three-dimensional landscape of the nucleon through measurement of GPDs,
while the fourth is possible electroweak physics, e.g parity violating effects in e + p scat-
tering at high luminosity. The initial eRHIC physics program will focus predominantly
upon inclusive measurements accessing low x and relatively low Q2, as well as some
semi-inclusive physics extending to moderate Q2 (approximately 50-100 GeV2). These
could begin at ePHENIX for both e + p and e + A collisions, providing information of
unprecedented range and precision on the nucleon spin and partonic structure of nuclei
at low x. The third eRHIC physics goal would be a challenge for the presently planned
PHENIX upgrade, due to the absence of extensive particle identification at midrapidity.
Electroweak physics at eRHIC will require measurements at large x and large Q2, which
implies a capability to measure the backward scattered electron with high precision. The
envisioned PHENIX upgrade does presently not include a path toward such event ge-
ometries.
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Charge Letter

From: Vigdor, Steven <vigdor@bnl.gov>
Date: Wed, Dec 16, 2009 at 6:44 PM
Subject: Charge for new decadal plans for STAR and PHENIX
To: Barbara Jacak <jacak@skipper.physics.sunysb.edu>, Nu Xu <nxu@lbl.gov>

Dear Barbara and Nu,

As we have discussed in Spokesperson’s Meetings, I am herein charging the PHENIX and STAR
Collaborations with generating new decadal plans that lay out your proposed science goals and
detector upgrade paths for the period 2011-2020. The decadal plans generated in 2003 have been
extremely useful for RHIC and both experiments. Now that we have received (or are on the verge
of receiving) funding to carry out most of the upgrades described in those earlier reports, it is
timely to develop a clear roadmap for what comes next. With current funding profile guidance
from DOE, it appears that the STAR Heavy Flavor Tracker may be completed in FY2015, and
the suite of significant PHENIX upgrades are likely to be completed sooner. We also anticipate
that the various RHIC machine luminosity upgrades under way (six planes of stochastic cooling,
56 MHz SRF rebunching, electron lenses) or contemplated (low-energy electron cooling) will be
completed by 2015. Not unexpectedly, then, we are being asked by DOE what plans we have for
RHIC beyond 2015.

I am therefore asking you to generate a document for each Collaboration, to be delivered to me by
August 1 [October 1], 2010, that provides the following information:

1) A brief summary of the detector upgrades already (or soon to be) in progress, the timelines
for completing them, the new science capabilities each adds in combination with upgraded RHIC
luminosity, and your best current estimates (informed by the current strawman 5-year run plan for
RHIC) of when you will be able to acquire the data that addresses the relevant science goals. This
can even be summarized in tabular form, and should be consistent with the latest RHIC Midterm
Plan.

2) The compelling science goals you foresee for RHIC A+A, p+p, and d+A collisions that can only
be carried out with additional upgrades (or replacements) of detector subsystems or machine ca-

207



Charge Letter Appendix A

pabilities (e.g., further luminosity or diamond size improvements). For each such goal, provide
some explanation of why RHIC is the appropriate facility (e.g., in competition with LHC or FAIR)
to pursue that science, and preferably some simulations that demonstrate the need for new de-
tector or machine capabilities to address the compelling questions. If the pursuit of some science
goals is conditional on results to be obtained over the next several years, try to outline the decision
points you foresee for deciding future paths.

3) Prioritized, or at least time-ordered, lists of the major (above $2M total project cost) and more
modest (below $2M total project cost) new detector upgrades your Collaboration foresees, to-
gether with R&D milestones that may have to be passed to demonstrate their technical feasibil-
ity. Also provide whatever information you have on the indicated timescale concerning probable
costs of each upgrade. I understand these will likely be very preliminary in most cases.

4) Any plans or interest your Collaboration has in adapting your detector or detector subsystems
(or detector R&D) to study electron-nucleon and electron-ion collisions with an eventual eRHIC
upgrade. This is relevant only near the end of the decade addressed here, but will be important for
planning purposes. (We may well be forced by financial or environmental considerations, even
for a first MeRHIC stage, to consider options in which acceleration of the electron beam is carried
out around the RHIC tunnel, requiring some scheme for getting an electron beamline through or
around PHENIX and STAR. So it is worth considering if there is some way you could make use of
the e-p and e-A collisions if we provided them.)

5) The envisioned evolution of your Collaboration through the decade: institutions that may leave,
others that might join, any plans to keep your Collaboration healthy and vibrant as RHIC becomes
a .mature. facility.

Having been involved heavily myself in the preparation of the previous decadal plan for STAR, I
understand how much work is involved in this exercise. But we also now have an existence proof
of how important it can be in providing a future program. Please let me know if you foresee diffi-
culty in meeting the above timeline. I imagine convening a special PAC (or perhaps overlapping
“red team”) review of the decadal plans after they are prepared, to help advise me on priorities.
It continues to be made clear to us by DOE that they want higher standards applied in the inter-
nal vetting of the compelling science goals that are actually technically achievable with proposed
upgrades.

I know that both of you have already launched the intensive discussions within your Collabora-
tions that are necessary to inform these plans. I will need an update (not necessarily written) from
each of you before our annual ONP budget briefing (scheduled for February 10, 2010) of the up-
grades and new science goals you already foresee, so that we can intelligently answer questions
that we are likely to get regarding the RHIC science program beyond 2015.

Please let me know if you have questions about this charge.
Cheers, Steve

Steve Vigdor
Associate Laboratory Director
Nuclear and Particle Physics
Brookhaven National Laboratory
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RHIC Beam Projections & PHENIX
Run Plans

A critical component of planning for future physics at RHIC is the projection of avail-
able luminosities and polarizations from the Collider Accelerator Division (CA-D). CA-D
has provided detailed projections for 2011–2015 that include the full commissioning and
utilization of stochastic cooling, electron lenses, and critical RF upgrades. The “RHIC Col-
lider Projections” document is available online [5]. We note that the version used for the
calculations included in this document is dated July 20, 2010.

Our current planning uses these projections for the PHENIX 2010–2015 run plans, and
then assumes the maximum delivered luminosities with no further improvements be-
yond 2015. We fully anticipate a “Decadal Plan” from CA-D that may include new ideas
and improvements that are not presently available in our planning.

B.1 PHENIX Data-Taking Rate Projections

Using the information in [5], the PHENIX projected luminosities are calculated incorpo-
rating a realistic ramp-up time, as detailed in [5], and the mean value of the maximum
and minimum luminosity projections for each year’s running period. Figure B.1 shows
the Au+Au interaction rate at PHENIX within the z-vertex range |z| < 10 cm as a func-
tion of time in store for the different stages of integrating full stochastic cooling and RF
upgrades.

With the 2010 installation of the silicon vertex detector (VTX), for physics topics utiliz-
ing the VTX, the usable z-vertex collision range is reduced to |z| < 10 cm. However,
for topics such as W → µ and π , K, p particle identified tracks in lower energy heavy
ion reactions, the larger z-vertex range of |z| < 30 cm is usable for physics. Thus, we
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Figure B.1: Projected Au+Au at
√

sNN = 200 GeV interaction rates within |z| < 10 cm as
a function of time-in-store. The results are measured by PHENIX in run-7 and run-10, and
projected by CA-D for future runs with the implementation of stochastic cooling and other
accelerator improvements.

quote the integrated luminosity within both z-vertex ranges where relevant. For the p+p
and d+Au cases the integrated luminosity is that sampled by our selective physics signal
based Level-1 triggers. For the Au+Au case we quote the integrated luminosity as the
number of minimum bias events actually recorded. For run-11 and run-12, PHENIX will
be commissioning the new silicon detectors (VTX and FVTX), as well as the upgraded
data acquisition (DAQTRIG2010), and thus we assume a Au+Au minimum bias archiv-
ing bandwidth of 2.5 kHz increasing to the full specified performance of 5 kHz. Ahead
of the Au+Au running in run-15, we project a full implementation of the SuperDAQ up-
grade which allows an 8 kHz bandwidth. In all these cases, the luminosity sampled by the
subset of Level-1 triggers that remain selective in the high multiplicity environment, may
allow an increased sampled luminosity of a factor of approximately 1.5–2.0 (relative to
the number quoted below). This additional sampling would apply to high pT > 4–5 GeV
photons, electrons and jets, as well as for dimuon pairs.
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B.2 PHENIX Run Plans

Table B.1 shows the projected run plan for the next five years. For reference, Table B.2
shows the last ten years of PHENIX data taking (2000–2010).

For the next five year run plan we assume 26–30 cryo weeks in each running period. If
the available running time is less, priority decisions will be necessary and the overall run
plan will be extended in time. We have included the number of physics weeks for each
species, and have accounted for cryogenic cool-down and warm-up and RHIC ramp-up
periods—though these are not shown in Table B.1. We assume 65% PHENIX uptime while
beam is available.

We do not provide a detailed year-by-year run plan beyond these five years, and assume
the full implementation and full functionality of the complete suite of CAD proposed
accelerator upgrades for that running period. Additional upgrades and innovations in the
accelerator performance beyond that are not included (though we expect and encourage
a continued and active accelerator development program).

For the heavy ion case, on the time frame where the large scale upgraded detector
(sPHENIX) is available for physics data taking, we project being able to record 25 bil-
lion Au+Au minimum bias collisions and sample 50 billion Au+Au collisions with rare
event triggers in a twenty week running period. This nearly order of magnitude increase
in data samples is an important component of the physics program.
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Table B.1: PHENIX run plan for the years 2010–2015. Longitudinal polarization is indicated
by (L), transverse by (T).

run Species
√

sNN Wks
∫

L dt Pol. Comments

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

11

p+p 500 10 50 pb−1 20 pb−1 50% (L) W program + ∆G

Au+Au 200 8 0.7 nb−1 heavy flavor (VTX)

Au+Au 18 1.5 5.5µb−1 energy scan

U+U 192 1.5 0.03 nb−1 explore geometry

12

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

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

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

Au+Au 27 1 5.2µb−1 energy scan

13

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

U+U 200 5 0.57 nb−1 }
geometry

Cu+Au 200 5 2.4 nb−1

14

p+p 200 10 34 pb−1 12 pb−1 65% (T) }
HI comp., transv.

p+p 62 3 0.6 pb−1 0.2 pb−1 60% (T/L)

d+Au 200 8 260 nb−1 150 nb−1 }
CNM/FOCAL

d+Au 62 2 6.5 nb−1 3.8 nb−1

15

Au+Au 200 10 2.8 nb−1 High Bandwidth

Au+Au 62 4 0.13 nb−1 HF vs
√

sNN

p+3He 132 5 (T) Test Run
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Table B.2: Table of PHENIX Past 10 Years of running (2000-2010) for |z| <30 cm.

run Species
√

sNN

∫
L dt Pol. Comments

1 Au+Au 130 1.0µb−1 — first heavy-ion run

2
Au+Au 200 24µb−1 — first jet quenching + flow results

p+p 200 0.15 pb−1 (T) first p+p spin run

3
d+Au 200 2.7 nb−1 — first CNM run

p+p 200 0.35 pb−1 (L) first π0 ∆G and J/ψ

4
Au+Au 200 241µb−1 — HI high statistics

Au+Au 62.4 9µb−1 — HI energy dependence

5

Cu+Cu 200 3 nb−1 — HI geometry dependence

Cu+Cu 62.4 0.2 nb−1 — }
HI geom. + energy dep.

Cu+Cu 22.5 2.7µb−1 —

p+p 200 3.8 pb−1 (L) spin running

6
p+p 200 10.7 pb−1 (T&L) high statistics spin run

p+p 62.4 0.1 pb−1 (L) HI comparison, spin lower E

7 Au+Au 200 0.8 nb−1 — HI high statistics II, RXPN detector

8
d+Au 200 80 nb−1 — high statistics CNM–MPC

correlation, J/ψ suppression

p+p 200 5.2 pb−1 (T) spin run

9
p+p 500 14 pb−1 (L) 39% first W spin run

p+p 200 16 pb−1 (L) 55% spin run

10

Au+Au 200 1.3 nb−1 — }
HI dilepton HBD runs

Au+Au 62.4 0.11 nb−1 —

Au+Au 39 40µb−1 — HI lower energy + dileptons

Au+Au 7.7 0.26µb−1 — HI lowest energy
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Detector Evolution

This Appendix describes the essential configuration of the PHENIX detector over the first
decade of running (2000–2010) followed by a summary of the design and status of each
of the currently funded PHENIX upgrade projects:

• Hadron Blind Detector (HBD) [Operations 2007–2010]

• Silicon Vertex Tracking Detector (VTX) [Operations start 2011]

• Forward Silicon Vertex Detector (FVTX) [Operations start 2012]

• Muon Trigger Upgrades (MuTrg and RPC) [Operations start 2011]

• Data Acquisition Upgrade (DAQTRIG2010) [Operations start 2011]

An overview is included of two modest scale upgrade proposals that PHENIX is consid-
ering for official submission in the next year and a plan for existing detector maintenance
and improvements:

• Forward Calorimeter Upgrade (FOCAL) [Projected Operations start 2014]

• Super Data Acquisition Upgrade (SuperDAQ) [Projected Operations start 2013-14]

• Existing Detector Maintenance and Improvements

The projects are tied to specific physics performance enhancements described earlier in
the document. The cost scale is < $2M for the FOCAL and < $1M for the SuperDAQ,
with a goal of implementation by 2014 and 2013–2014, respectively. These upgrades, in
addition to critical detector maintenance, are a key part of the next five year physics pro-
gram and a step towards the larger scale upgrade described in Chapter 7.
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C.1 From 1999 to 2010

The baseline PHENIX detector was completed in 2002 coincident with the commissioning
and initial operation of the PHENIX Muon spectrometer arms. Figure C.1 shows that the
the PHENIX detector evolved from a partial implementation of the central arms in run-1
to a completed installation of the baseline + AEE (Additional Experimental Equipment)
systems in run-3.
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Figure C.1: Installed and active detectors for 2000 (left) and 2003 (right) configurations of
the PHENIX experiment.

The collaboration then initiated both a short term detector upgrade program to cover
the next 3–5 years and a longer term program that required substantial funding-agency
contributions and an implementation plan covering the first decade of RHIC and PHENIX
operation. Each of the configurations was capable of using the delivered luminosity from
RHIC to explore heavy ion, deuteron + Au, and polarized proton collisions.

The short term upgrade program involved fabrication of new subsystems that could be
completed in 1–2 years and generally focused on either one or two physics topics, or en-
hanced detector capabilities. The short term upgrades included the High-pT detector, a
combined Aerogel Čerenkov counter and mRPC-based Time of Flight wall that extended
the PHENIX particle identification capability, especially π/K/p, from 3.5 GeV/c to ap-
proximately 8 GeV/c in pT. The Reaction Plane Detector (RxNP) consisted of two ar-
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rays of phi-segmented scintillation counters that enabled a factor of two improvement in
the measurement accuracy of the collision geometry in HI collisions. The Muon Piston
Calorimeter (MPC) was a pair of arrays of Pb-tungstate crystals (PbWO4) that measured
π0’s and jets in a pseudorapidity range previously inaccessible to PHENIX, 3.0 ≤ η ≤ 4.0.

Figure C.2 shows the configurations for (left) run-5 with the Aerogel and (right) run-9
with the MPC and RxNP installed.

West

South Side View

Beam View

PHENIX Detector2007

North

East

MuTr

MuID MuID
HBD
RxNP

MPC HBD
RxNP

PbSc PbSc

PbSc PbSc

PbSc PbGl

PbSc PbGl

TOF

PC1 PC1

PC3
PC2

Central Magnet

Central
Magnet

North
 M

uon M
agnetSouth Muon Magnet

TEC
PC3

BB
MPC

BB

RICH RICH

DC DC

ZDC NorthZDC South

aerogel

TOF

West

South Side View

Beam View

PHENIX Detector2008

North

East

MuTr

MuID MuID
RxNP

MPC RxNP

PbSc PbSc

PbSc PbSc

PbSc PbGl

PbSc PbGl

TOF-E

PC1 PC1

PC3
PC2

Central Magnet

Central
Magnet

North Muon MagnetSouth Muon Magnet

TEC
PC3

BBC
MPC

BB
RICH RICH

DC DC

ZDC NorthZDC South

Aerogel

TOF-W 7.9 m
 =  26 ft

10.9 m
 =  36 ft

18.5 m =  60 ft

Figure C.2: RHIC run-8 (left) and run-9 (right) configurations of the PHENIX experiment.

The upgrades included in the long term plan were associated with broad physics pro-
grams that involved dedicated RHIC physics runs over multiple years. The first of these
projects, the Hadron Blind Detector had its first successful data run in 2009, which was
RHIC run-9.

C.1.1 HBD

The Hadron Blind Detector is a proximity-focused Čerenkov counter filled with pure
CF4 gas and readout with CsI-doped Gas Electron Multipliers (GEMs). The HBD allows
PHENIX to do precise measurements of the electron-pair continuum in both the low mass
region from approximately 300 MeV up to theφ mass, and also in the Intermediate Mass
Region in the range between the φ and J/ψ masses. The HBD is located in the PHENIX
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central spectrometer covering a radius of 5 cm to 60 cm. The device is configured to
be sensitive to electrons and insensitive to other charged particles. Its main purpose is
to tag all electrons, enabling the identification of electrons from conversions and Dalitz
pairs which allows an offline background subtraction that improves the S/B for the e-pair
continuum by a factor of 7–10.

Two fundamental characteristics expected of the dense partonic plasma created in RHIC
HI collisions are deconfinement and chiral symmetry restoration. A likely signature of
these effects would be a modification to the dielectron continuum at masses below the φ
meson. Additionally, the thermal radiation emitted by the hot plasma should result in an
enhancement of dilepton pairs in the mass range 1–3 GeV. Measurement of the dielectron
spectrum in HI collisions is particularly challenging due to the large background from
photon conversion and Dalitz decay of π0’s. The HBD is specifically designed to identify
and reject these backgrounds.

Benji Lewis   APS April Meeting 2010 7

The Degree of Hadron Blindness

! At slightly negative Ed, photoelectron detection efficiency is 

preserved while charge collection is largely suppressed.

Figure C.3: Configuration of the GEM detectors and CsI photocathodes in the HBD. In
forward bias mode a larger negative voltage is collected and amplified by the GEM stack. In
reverse bias mode a lower negative voltage is applied to the mesh and ionization in the gap
is collected by the mesh, making the detector essentially hadron blind.

The HBD had to satisfy a number of stringent design parameters in order to serve as an ef-
fective rejecter of the electron conversion and Dalitz pair background from both p+p and
Au+Au collisions at RHIC. The detector had to fit within a relatively small space, main-
tain a high efficiency for detecting electrons while being blind to all hadrons, be very low
mass, able to resolve electron singles from pairs and be insensitive to the high charged
particle multiplicities at RHIC. These criteria determined the detector design. The HBD
is built as a windowless, mirrorless Čerenkov counter filled with CF4 gas which serves
both as the radiator gas and the operating gas for the GEM readout. Pure CF4 is well
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Pulse Height

Figure C.4: HBD distribution of the charged hadron signal operating in both forward bias
and reverse bias mode.

matched to the electron efficiency requirement of the detector as it has a large bandwidth
of UV sensitivity (∼6.0–11.5 eV) which results in a very large number of Čerenkov pho-
tons available for detection, N0 = 800 cm−1. The HBD is able to obtain a single electron
efficiency of over 90%. An additional benefit of the CF4 is its relatively low emission
rate of scintillation light when transversed by charged particles, which is a critical feature
when operating in the high multiplicity environment of HI collisions. Figure C.3 shows
the configuration of the HBD GEM modules.

The HBD converts the Čerenkov light generated by the electrons to a signal input to its
electronics chain through an array of photosensitive GEMs. The top GEM layer of each
triple stack was coated with a 300 nm layer of CsI which acts as a photocathode converting
the Čerenkov light to photoelectrons. A cathode mesh above each GEM stack allows
the ionization produced in the top GEM to be transported either into the GEM stack,
forward bias mode, or away from the GEM stack and toward the mesh, reverse bias mode.
Operating the GEMs in forward bias mode makes them sensitive to all charged particles,
whereas operation in reverse bias mode makes the GEMs essentially hadron-blind. When
operating in the hadron-blind configuration the photoelectrons produced in the top GEM
layer by the Čerenkov light get drawn into the GEM stack, avalanche in the GEM triplet
and produce a signal in the cathode readout pads located immediately behind the GEM
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Figure C.5: Photoelectron yield for both single electrons and pairs.

stack.

The HBD was operated in PHENIX for an engineering run in RHIC run-7. After run-7
the detector was removed, refurbished to improve its voltage holding capability and re-
installed for run-9. The HBD took a large set of p+p data in run-9 and Au+Au data in
run-10. Figure C.4 shows the HBD performance as a hadron-blind device. Figure C.5
shows that the photoelectron yield for both single electrons and pairs met the perfor-
mance specifications. The measured photo-electron yield is at the theoretical limit from
what we expect given the know efficiencies of the detector. Figure C.6 shows the HBD
installed in the PHENIX central spectrometer. After RHIC run-10 the HBD was removed,
to be replaced by the VTX.

C.2 From 2011 to 2015

RHIC run-11 (2011) is the first physics run for both the silicon vertex barrel (VTX) and
one arm of the Muon Trigger (MuTrg). RHIC run-12 (2012) is the first run for the forward
silicon detector (FVTX) and the MuTrg operating in both north and south muon arms.
Associated with these projects are upgrades to many of the Data Acquisition/Trigger
components of PHENIX including the development of the second generation of the Data
Collection Module (DCM II), the upgrade of the Event Builder from 1 GBit to 10 GBit
Ethernet technology, the revision of the LVL-1 trigger to include new capabilities in muon
and vertex triggering and the expansion of data archiving capacity through the upgrade
of our data buffer boxes. Figure C.7 shows the configurations for run-10 and run-11.
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Figure C.6: HBD location in PHENIX central region.

C.2.1 VTX

The Silicon Vertex Tracking Detector (VTX) is a four-layer silicon barrel covering ap-
proximately 2π in azimuth and −1.2 ≤ η ≤ 1.2 in pseudorapidity located around the
beampipe in the PHENIX central spectrometer. In the 2010 RHIC shutdown the HBD was
removed from its position near the PHENIX beampipe and the VTX was installed. The
inner two silicon layers use pixel sensors based on the design developed for the silicon
pixel detector of the LHC’s ALICE experiment. The outer silicon layers consist of stripixel
sensors developed by the BNL Instrumentation Division which use a serpentine charge-
sharing design to enable single-sided silicon to be readout with 2-dimension resolution
comparable to that of pixel sensors.

The VTX contributes to the PHENIX physics program in two important ways. The detec-
tor has the ability to identify tracks from displaced vertices with an accuracy better than
100 microns. The VTX also significantly increases the solid angle coverage of the PHENIX
Central spectrometer. Precise measurements of displaced vertices enable the VTX to iden-
tify and separate tracks from decay particles such as charm and bottom mesons. This
in turn allows for measurement of charm and bottom RAA(pT) and v2(pT) in Heavy Ion
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Figure C.7: RHIC run-10 (left) and run-11 (right) configurations of the PHENIX experiment.

collisions. The tagging of c and b decays will also enable the study of charm-hadron cor-
relations in HI collisions and the measurement of ALL through the heavy flavor mesons
produced in polarized proton collisions. The significant increase in solid angle cover-
age that the VTX brings to PHENIX will greatly improve the experiment’s capabilities in
HI jet tomography through dihadron and γ-hadron correlations. Polarized proton mea-
surements of ALL through the γ-jet channel will also benefit from the larger solid angle
coverage.

The VTX pixel sensors are mounted in 30 ladders arranged in two cylindrical layers lo-
cated at radii of 2.5 and 5 cm from the PHENIX IP. The approximately 4M pixel channels
have a pixel size of 50x425 µm2. The stripixel sensors are fabricated into 40 ladders, also
arranged in two cylindrical layers located at radii of 10 and 14 cm. Figure C.9 shows the
pixel and a stripixel ladders mounted in the half-barrel structure of the VTX. Each of the
400k stripixel sensor channels has a dimension of 80 µm x 3 cm with a charge-sharing
configuration that results in an effective channel size of 80x1000 µm2. The pixel readout
is based on the ALICE1LHCb chip developed at CERN for the ALICE experiment at the
LHC. The stripixel readout is based on the SVX4 developed at Fermilab for the CDF and
D0 silicon detectors. Both the pixel and stripixel electronics have custom Readout Cards,
Front End Electronics modules and various interface cards developed specifically to opti-
mize VTX performance and to interface with the PHENIX Data Acquisition system. The
VTX fabrication completes in the fall of 2010 prior to commissioning and first data-taking
in RHIC run-11. Figure C.8 shows a cut-away view of the VTX installed in the PHENIX
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Figure C.8: Engineering drawing for installation of the VTX into the PHENIX central spec-
trometer.

Central spectrometer

C.2.2 FVTX

The Forward Silicon Vertex Detector (FVTX) is composed of two, four-layer endcaps of
silicon mini-strip sensors located on either end of the VTX barrel in the PHENIX central
spectrometer. The FVTX covers 2π in azimuth and 1.2 ≤ η ≤ 2.2 in pseudorapidity. The
FVTX endcaps are positioned so as to have an acceptance that almost completely overlaps
the PHENIX Muon spectrometer arms.

The FVTX makes a number of significant contributions to the PHENIX physics program.
The FVTX will allow for the identification and separation of muons coming from charm
and bottom decays. It also improves the momentum resolution of the muon arms. The
FVTX can identify tracks from displaced vertices with an accuracy of 200 microns. This
enables the separation decay muons from long-lived light mesons (π ’s and K’s) from the
muons of charm and bottom decay. Tagging muons from heavy quark decays will allow
for the measurement of charm and bottom RAA(pT) and v2(pT) at forward pseudorapidity

223



From 2011 to 2015 Appendix C

VTX Pixel Layer 2 VTX Stripixel Layer 4

Figure C.9: VTX half barrel prior to final assembly showing the Layer 2 pixel ladders and
the Layer 4 stripixel ladders.

Figure C.10: One half of one FVTX endcap.

in HI collisions. Direct measurements of bottom can be made via the B→ J/ψ + X channel
by tagging J/ψ’s coming from displayed vertices. Improvements from the FVTX to the
mass resolution of the muon spectrometers will enable the separation of the J/ψ from the
ψ’ and extraction of Drell-Yan from the dimuon continuum. The FVTX is also expected
to improve rejection of the fake high pT muon background for the polarized proton W
measurement.

Each layer of the FVTX is composed of 48 wedges of mini-strips arranged in disks per-
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Figure C.11: Fully assembled FVTX wedge.

pendicular to the beampipe. Each sensor channel has a 75 µm pitch in the radial direction
and a 3.750 segmentation in phi. The FVTX has approximately 1M channels and uses a
readout based on an ASIC customized by FNAL engineers for this detector. The FPHX
chip is derived from the FPIX2.1 which was originally developed for the BTeV project.
In addition the detector has Readout Cards, Front End Electronics modules and various
interface cards developed specifically to optimize the FVTX performance and to interface
with the PHENIX Data Acquisition system.

The FVTX fabrication is complete in the summer of 2011 prior to commissioning and ini-
tial data-taking in RHIC run-12 (2012). Figure C.10 shows a schematic of the components
of half of one FVTX endcap.

Figure C.11 shows a fully assembled wedge that includes the silicon sensor, high density
interface board and carbon-fiber support structure.

C.2.3 Muon Trigger

The Muon Trigger (MuTrg) is a key element of the 500 GeV polarized p+p program of
PHENIX. The MuTrg is composed of a set a detectors plus trigger electronics used to in-
crease the Level-1 trigger rejection for backgrounds to single muons from W decay into
the PHENIX Muon spectrometer arms (see Figure C.12). Each of the two Muon spectrom-
eter arms consist of a piston-lampshade magnet instrumented with three muon tracking
stations based on cathode-strip chamber (CSC) technology, followed by a Muon Identi-
fier consisting of five planes of Iarocci-tubes interleaved with five layers of steel absorber
with thicknesses of 30 cm, 10 cm, 10 cm, 20 cm and 20 cm. The Level-1 trigger rejection for
single high pT muons using only the Muon Identifier is approximately a factor of 200. The
MuTrg combines trigger signals from the Muon Identifier with new Level-1 trigger elec-
tronics installed on every Muon Tracking station and two new layers of Resistive Plate
Chambers (RPCs) in each arm. With the addition of the MuTrg the background rejection
for high pT single muon events increases to 10–20k, an improvement of approximately
two orders of magnitude.
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Figure C.12: Schematic of the PHENIX Muon Arms

By measuring the single spin asymmetries, AL, in W± boson production in polarized
proton collisions at RHIC it is possible to determine the flavor-identified spin contribution
of the sea and valence quarks. The small cross section for W production at RHIC energies
requires maximizing statistics for this measurement. The identification and recording of
events containing a W in the muon arms must be made as efficient as possible. The MuTrg
is necessary to reduce the single muon trigger rate so that all potential W events fit into
the available bandwidth of the PHENIX Data Acquisition while also maintaining a high
efficiency for recording single muons from W decays.

Each station of Resistive Plate Chambers provides position and timing information for
the Level-1 trigger. In the muon arms one RPC Station is located immediately in front
of MuTracker St1 on the front face of the muon spectrometer magnet and the other RPC
Station is located immediately behind the final layer of the Muon Identifier. The RPCs
are built from high rate Bakelite arranged in a configuration nearly identical to the muon
trigger RPCs used in the Muon Endcaps of the CMS experiment at CERN. The Bakelite
RPC technology was chosen because of its reasonable cost, high rate capability and avail-
ability of a significant amount of the production infrastructure that CMS used to produce
their trigger RPCs. The RPCs obtain a timing resolution of σt < 2 ns which is needed to
reject out of time backgrounds from both beam gas events and cosmic rays.

The MuTrg Level-1 front end electronics (FEE) installed on the Muon Tracker CSCs take
a fraction of the signal generated by the CSC cathode readout and uses it generate primi-
tives that are input into the MuTrg local LVL-1 processors. Since the MuTrg FEE directly
ties into the Muon Tracker readout electronics chain great care has been taken to minimize
any introduction of noise to the Muon Tracker system.

Signals from the RPCs, MuTrg Fee and Muon Identifier are combined in the MuTrg local
LVL-1 processor boards to form the high pT single muon trigger. Information from the
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Figure C.13: RPC3 location in the RHIC tunnel.

Muon Identifier tags the muon, position information from the RPCs and MuTrg Fee is
used to determine an approximate track momentum and timing information from the
RPCs cut out of time background.

The MuTrg FEE installation was completed in 2010 and commissioned during RHIC run-
10. The RPC installation started in 2009 and continues into the RHIC 2011 shutdown. The
initial physics run for one arm of the MuTrg takes place in RHIC run-11. The MuTrg is
completed before the start of RHIC run-12.

Figure C.13 shows the Station-3 RPC installed in the RHIC tunnel behind the north Muon
Identifier.

C.2.4 DAQTRIG2010

A major factor in the success of the PHENIX physics program over the past decade is the
performance of the data acquisition and trigger system. The system includes a multievent
front end electronics buffering that allows for a nearly dead-timeless running up to very
near the maximum throughput rates. Figure C.14 shows the data acquisition live time as a
function of the Au+Au minimum bias interaction rate recorded with the PHENIX Beam-
Beam Counters. As a result of improvements to code run in the Data Collection Modules
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(DCM), optimization of the readout timing of the Front End Modules (FEM), use of multi-
event buffering in the front end modules, a faster network switch,improvements resulting
in faster data logging, and careful attention to zero suppression, the data acquisition sys-
tem is capable of acquiring minimum bias Au+Au events with greater than 90% livetime
at 6 kHz.
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Figure C.14: DAQ Performance—showing livetime up to Au+Au 200 GeV raw rates of
greater than 5 kHz.

The readout speed of the detector is ultimately limited by the conversion and readout
times of the FEMs, which are presently 40 and 80 µs. The objective is to maintain this
high bandwidth, dead-timeless design with the new large data volume silicon detectors
(VTX and FVTX) being added to the detector configuration. Thus, a comprehensive set
of data acquisition upgrades, called DAQTRIG2010, are being constructed to match this
bandwidth goal. These include a new generation of Data Collection Modules II (DCM II),
a custom digital electronics board with ALTERA STRATIX FPGAs for data zero suppres-
sion, formatting, and transfer. Additional, a set of 10 Gigabit custom electronics (the JSEB
II) are designed for high speed transfer from the DCM II crate to a set of commercial com-
puters that serve at the Sub-Event Buffers of the Event Builder. A higher bandwidth (10
Gigabit) commercial network switch for the Event Builder has been purchased to handle
the higher total data throughput, in addition to upgrades to the PHENIX Buffer Box array
for temporary data writing and storage before final archiving at the RHIC Computing Fa-
cility (RCF). These upgrades are partially implemented in the fall of 2010 for reading out
the VTX and a full implemented in 2011 with the incorporation of the FVTX readout.
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C.2.5 The FOCAL Design: A Tracking Calorimeter

The prime physics motivation of this new detector is to provide precision measurements
of direct photons, π0s and jets over an extended range of rapidity in d+Au collisions. In
general terms this upgrade will provide capabilities for the measurement of physics ob-
servables that are not currently accessible to PHENIX or that are now available only indi-
rectly and with very limited accuracy. Details of the current FOCAL design, development
and R&D is provided in this appendix.

The FOCAL is a highly segmented tracking calorimeter designed to reconstruct and iden-
tify electromagnetic signals at intermediate rapidity in close proximity to the production
vertex. This detector takes full advantage of the large body of existing data on particle
showering in matter to design a total absorption calorimeter that is able to measure the
energy and direction of impinging particles and to discriminate between electromagnetic
and hadronic showers. FOCAL is composed of an active preshower segment (E0) and two
identically structured high density energy sampling segments (E1 and E2). All three seg-
ments have an identical number of energy sampling cells: an absorber layer of tungsten
followed by pad-structured silicon sensors. Sampling cells 2–5 of the preshower segment
also include two strip structured (pitch 500µm) position sensing sensors (at a depths of
∼ 2X0 (L0),∼ 3X0 (L1),∼ 4X0 (L2) and∼ 5X0 (L3)). These strip layers will serve to count
hits, measure hit-to-hit separation, and estimate the energy sharing between possible con-
tributors to the high energy tracks constructed from clusters seen in the (pad) calorimeter
segments. The longitudinal structure of the calorimeter tower is sketched in Figure C.15.

Figure C.15: Longitudinal structure of a single calorimeter supertower (one sensor wide)
showing the locations of the three calorimetric segments, S0, S1, and S2, and the high-
resolution position sensitive layers.

The FOCAL will be located 44 cm from the nominal collision point, on the poles of the
PHENIX central magnet, and limited to a depth of 16 cm. It will be built of tungsten
plates (each 4 mm thick) interleaved with silicon readout layers. The readout layers are
structured into pads of 15.5 × 15.5 mm2 in the calorimetric and strips of 0.5 × 62 mm2

in the position sensitive layers. Each segment is ∼8 Lrad deep. FOCAL adds 24 Lrad

229



From 2011 to 2015 Appendix C

or 0.9 Labs to the total absorber depth in the muon spectrometer (the currently installed
copper absorber has a depth of ∼1.3 Labs). The Molière radius of FOCAL is ∼14 mm.
The acceptance region covered by the current PHENIX nosecone will be replaced with a
support structure and tungsten plates. This, in principle, allows the FOCAL acceptance
to fully match the acceptance of the PHENIX muon arms. However, at the present time it
is our plan to only instrument a portion of the FOCAL with Si sensors.

Figure C.16 shows a beams-eye view of the FOCAL detector. As described more thor-
oughly in this section, the detector is comprised of a set of ∼6×6 cm detector elements
(called “supertowers”). Figure C.16 shows the full mechanical structure of FOCAL with
the instrumented towers highlighted in gray. The two rectangular regions on either side
of the are beam line made of four 1×4 “bricks” (a collection of towers) and two 1×5 bricks.
The inner red line corresponds to η = 1.6. Between η = 1.6–2.5 the FOCAL will cover a
full 2π in azimuthal angle.

62.00cm.

37.20cm.

6.20cm.

y=1.2

y=1.6

y=2.5

Existing Copper Nosecone

Figure C.16: A beam-view of the FOCAL acceptance superimposed on the existing PHENIX
Cu nosecone. The instrumented region of the detector is shown in gray. See text for a
complete description.

The acceptance of the FOCAL was optimized to give as wide a rapidity coverage as pos-
sible as the rapidity of a direct photon correlates with the x of the gluon in the partonic
process. At the highest rapidities, the smallest reachable x, the FOCAL will have 2π az-
imuthal coverage to allow for γ+jet correlation measurements within its acceptance.
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By design, the FOCAL segments are structured into mechanically nonprojective towers.
This design feature was prompted by the experience with the PHENIX central calorime-
ters. There we have particles hitting at angles up to 20◦ without any noticeable effect on
the calorimeter’s performance. The sub-towers in the FOCAL (readout towers in indi-
vidual segments) have an aspect ratio of ∼2 (ratio of the sub-tower depth to its lateral
size measured in the diagonal direction) which helps to keep occupancy in the individual
segments low—even at the periphery of the detector. The tower cluster multiplicity per
track rises by less than 50 % between minimum and maximum impact angles (compared
to two-fold increase in the central arm calorimeter). The density of particles hitting the
detector decreases towards larger impact angles (smaller rapidities), which minimizes the
effect of increased cluster multiplicities on the calorimeter occupancy.

Projectivity together with longitudinal segmentation have a dramatic effect on the FO-
CAL performance as a particle identification detector, allowing it to effectively reject
hadronic showers by comparing the measured longitudinal shower development to the
parametrized electromagnetic shower shape.

FOCAL Mechanical Design

A modular design has been developed for the FOCAL to allow for ease of construc-
tion and minimization of custom parts. The calorimeter is built of “bricks”, three bricks
(preshower brick and two energy sampler bricks) are stacked together form a “superbrick”
(see Figure C.17). All bricks are a double 6.2×6.2 cm2 silicon sensor wide. Each brick has
a tungsten plate facing upstream and a copper skin enclosing it on all other sides, save
one for connections to external electronics.

Figure C.17: FOCAL building brick.

When the FOCAL is assembled, the bricks form three segments: one made of preshower
bricks, the other two of energy sampling bricks. Small locking pins are used to maintain
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the geometry. For mechanical reasons all three segments have identical lateral dimen-
sions. Projective readout on the periphery of detector will be maintained, depopulating
detector edges. The nominal design of the external calorimeter support includes two
shelves above and below the FOCAL, with front supports of thin, pretensioned braces
(strips of stainless steel or Kevlar) that keep the segments from buckling outward.

FOCAL Sensors and Readout

FOCAL active layers (pads and strips) are built following the same modular principle dis-
cussed above. The basic element in the readout chain is the micromodule which consists
of a silicon sensor (pad or strip structured), an interconnect board hosting passive and/or
active readout components, connections to a grounding plane, and ceramic backing tiles
which protect sensors and insure micromodule rigidity.

Two kinds of silicon sensors (and two different micromodules) are used in the FOCAL
readout: pad structured and strips. The pad size chosen for FOCAL is ∼1.55×1.55 cm2.
The strip size for the preshower section is ∼0.5×62 mm2. All silicon detectors in the FO-
CAL are 6.2×6.2 cm2 diced either from 4” or from 6” wafers 525µm thick. The FOCAL
must reliably maintain its performance specifications while operating in a high radiation
environment. The estimates based upon ionization losses of collision related particles pro-
duced in p+pinteractions at

√
s = 500 GeV at a luminosity of 1032cm−2s−1 result in radia-

tion dose of ∼10 Krad/year close to the beampipe. Albedo neutrons from the calorimeter
absorber will constitute 3 to 10% of the value of the MIP fluence but will induce ×10
higher damage effectively doubling the radiation dose to ∼ 20 Krad/year of operation.
In 10 years of running at RHIC luminosity (assuming full stochastic cooling) the sensors
in the central region of FOCAL will begin showing signs of radiation damage. To alle-
viate the possible consequences of exposure all sensors in the FOCAL are used in AC
coupled mode (external RC decoupling network) thus allowing the sensors to maintain
performance with at least a ×10 increase in the leakage current. In addition, the mechan-
ical design of the readout units allows for replacement of problematic sensors without
collateral losses. The design of sensors and the selection of raw material were guided
by the experience and work done within the scope of the D0 (FNAL) and ALICE (LHC)
projects and recent published data from the R&D in radiation hard silicon technology. In
particular, the following simple rules were followed:

• The FOCAL will use single sided sensors from established vendors to ensure high
yields and less trouble due to the simplicity of the design. In addition, double-sided
sensors suffer more radiation damage,

• A minimal number of different sensor designs (only two in the FOCAL case). Design
to successful completion of the project using a single vendor. The design can be
transferred to additional vendors when ready to speed up production,
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• Use short strips to reduce the number of ghosts hits to avoid creating pattern recog-
nition problems. We use 4” wafers only,

• Specially designed guard ring structures. Such guard rings are important in order to
keep breakdown voltages before and after irradiation as high as possible.

Table C.1: FOCAL silicon sensor parameters.

Specification Pad-structured sensors Strip sensors

Wafer thickness 525µm 300µm

Depletion voltage 100–120 V 80–100 V

Diode capacitance 25 pF 5 pF

Bias voltage Full dep. V + 20 V Full dep. V + 20 V

Leakage current < 300 nA total,
< 20 nA/pad

< 1 nA per strip

Junction breakdown > 300 V > 300 V

Implant area 15×15 mm2

Al area 15.02×15.02 mm2 0.45×61 mm2.

Interpad (strip) capacitance < 2 pF (pad-pad) or <8 pF
(pad-all neighbors)

< 1 pF (strip-strip)

Maximum heat dissipation
from the bulk material

< 50 mW/sensor < 50 mW/sensor

Heat dissipation from
on-the-sensor electronics

no major heat sources 0.5 W/sensor

Following these recommendations, the silicon sensors for FOCAL are built using single-
sided single-metal p+ on n− bulk silicon devices. A short summary of sensor parameters
is given in Table C.1.

Both pad and strip sensors have first been prototyped at ELMA (Russia), ON Semicon-
ductor’s (Czech Republic) then at ETRI (South Korea). The pad structured silicon layers
(21 in total) are built of 6.2×6.2 cm2 silicon detectors subdivided into 16 identical square
cross section pads (diodes). The individual pad-structured sensors are assembled into mi-
cromodules consisting of the silicon sensor, a single layer interconnect board, a ceramic
spacer and ceramic backing tile all glued together using silicon-based adhesive. An as-
sembled and exploded (for clarity) micromodule is shown in Figure C.18. The strip layers
will also be assembled in a similar micromodule format.
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Figure C.18: Pad-sensor micromodule sandwich components. From bottom to top: backing
ceramic tile, silicon sensor, interconnect board, and ceramic spacer.

The sensors are first glued to the dielectric side of the laminate of the interconnect board
and the ceramic spacer. A silicon based glue is used everywhere so any thermal expansion
mismatch effects are alleviated. The bonding pads on the interconnect board are further
wire bonded to the aluminized pad centers through 3 mm diameter vias. Low-profile
RC-network components are placed on the interconnect board close to the bonding point
locations—hidden inside large diameter vias in the ceramic spacer separating the inter-
connect and carrier boards. Gold plated copper foil is bonded and glued to the aluminum
plating on the sensor common side and soldered to the ground pad on the interconnect
for the ground connection. Two 20 pin low profile (0.9 mm total height) connectors are
installed close to the edges of the interconnect board to connect the sensor stack to traces
on the carrier board which is conductively glued (grounded) to the tungsten plate.

The interplate gap reserved for the carrier board with installed micromodules is 2.5 mm
wide. 0.5 mm of this space is silicon, ∼0.2 mm is FR4 (motherboard), and 0.2 mm is the
FR4 interconnect board. 0.9 mm, partially filled with ceramic spacer, is used to accommo-
date connectors and RC-network distributing bias voltage to individual diodes. 0.4 mm is
used by ceramic backing which provides additional protection to the ground side of the
silicon sensor. The remaining ∼0.3 mm gap is to ensure that no pressure is applied to the
surface of the sensors. Such pressure may result in increased noise due to the piezoelectric
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effect.

This particular design is developed to ensure an easy repair of the assembled sampling
cell. If the sensor fails, the sensor micromodule can be removed from the carrier board
and a new micromodule installed. The same approach can be used if repair will ever
be needed due to, for example, unplanned beam losses in the area close to the detector
location.

A fully assembled prototype superbrick (2x4 sensors) is shown in Figure C.17 In this pic-
ture the top skin plate was removed to allow access to the gaps reserved for installation
of the strip layers. In June of 2009 the fully assembled and bench tested superbrick was
exposed to beams of electrons and hadrons at the CERN PS and SPS. The energy resolu-
tion of the device was found to be 21%/

√
E, with a negligible constant term, consistent

with simulation results.

Figure C.19: A fully assembled prototype superbrick.
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C.2.6 SuperDAQ

The total bandwidth of the PHENIX data acquisition in Au+Au collisions will remain at
approximately 5 kHz after the implementation of the DAQTRIG2010 upgrades. However,
those upgrades will allow for a higher bandwidth (approximately 8 kHz) readout of the
new larger data volume detectors (i.e. the VTX and FVTX). The bandwidth limitation
will be the data size from the existing detector system front-end electronics to the existing
original Data Collection Modules (DCM). The DCM modules were designed in the late
1990’s using Analog Devices SHARC 40 MHZ (CPU and IO) digital signal processors
DSPs.

48V in
(Isolated)

5V in

Download
(readback) 

L1

data

JTAG

8(4 )  FE
M

 fiber inputs

( 480 MB/sec)

( 160 MB/sec)
JTAG

clock480MB/sec

1.1V2.5V3.3V

Figure C.20: DCM2 diagram and picture.

A conversion of all the original DCM electronics to the new DCM II boards, as shown in
Figure C.20, will bring all systems to the higher bandwidth capability. We are currently
implementing DCM II modules for the VTX readout, and once the system is fully working,
expect to submit a proposal for the production of additional modules for this SuperDAQ
upgrade. Additional engineering for firmware modifications will be needed and also a
conversion of fiber transmission encoding. We are also exploring the requirements for
the back end of the data acquisition, though the Event Builder switch purchased as part
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of DAQTRIG2010 should already have sufficient capacity for this additional increase in
bandwidth.

C.2.7 Existing Detector Maintenance and Improvements

In addition to the currently funded mid-term upgrades and the two additional propos-
als (FOCAL and SuperDAQ), a number of relatively small upgrades to the detector will
likely be desirable before 2015 to address the aging of core PHENIX subsystems. These
upgrades are briefly detailed for completeness.

Tracking

The PHENIX tracking system is now more than 10 years old, and, as with all systems
involving proportional wire chambers, requires a regular program of maintenance and
repair in order to keep operating at optimal efficiency. Recent enhanced maintenance of
the PHENIX central tracking system includes the replacement of one of the sixteen Pad
Chamber 1 (PC1) modules during 2009 shutdown and major servicing to the West Drift
Chamber during the 2010 shutdown. Though as of 2010 the central arm tracking system
is in good condition for future running, various options are being considered to both
maintain a high level of operating efficiency and improve overall tracking performance.

Options involving the utilization of GEM detectors as replacements for existing wire
chambers or as possible additions to the PHENIX central tracking system are being stud-
ied. Possibilities include building GEMs detector as a replacement for the aging inner pad
chambers (PC1 East and West) or adding additional GEM-based tracking layers located at
radii between the VTX and the Drift Chamber. The GEMs would provide the same track
position information as the present proportional wire chambers, but would be more ro-
bust in terms of rates, aging and wire breakage. The actual cathode pad readout structure
for the GEMs could be the same as the existing PCs which would allow for little change to
existing track finding and reconstruction algorithms, and compatibility with and possible
reuse of existing PC readout electronics.

One or two additional GEM-based tracking layers located in the space between the VTX
and Drift Chamber could be designed to provide expanded azimuthal coverage (up to
2π) to the PHENIX Central arms, improve momentum resolution by making additional
track measurements at larger radii, and help to reject background from nonvertex sources
such as albedo, conversions and decays. GEM detectors would be able to provide good
spatial resolution (≤ 100 µm) over a large area for a relatively low cost.

An R&D program would need to begin in the near future in order to design, build and
install GEM-based tracking detectors into PHENIX within the next five years. An R&D
program would build on the experience within the PHENIX collaboration with GEM de-
tectors that was acquired in the construction and operation of the Hadron Blind Detector.
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GEMs trackers have far less demanding performance requirements then those of the HBD.
Any such intermediate upgrade would be coordinated with the larger scale upgrades and
technology choices.

Electromagnetic Calorimeter

Maintenance of calorimeter electronics has been an ongoing effort. Recently, additional
tubes and bases have become available for the lead-glass sectors, and it may be necessary
to develop and produce new tube bases in the future.

EMCAL Trigger

The present EMCAL-RICH Trigger(ERT) uses signals generated in the EM Calorimeter
Front End Module by 12x12 EMCAL super-modules, inputs them to readout cards (ROCs)
designed for the PHENIX Muon Identifier (MuID) which then transmit Local Level 1
(LL1) data on every beam-clock to slightly modified versions of the Muon Identifier trig-
ger (LL1) boards. The intermediary MUID ROCs are a suboptimal feature of the ERT
because their location in the PHENIX IR makes maintenance and debugging of the trig-
ger difficult, while introducing noise and synchronization problems of their own. Addi-
tionally only four signals from each FEM are transmitted to the ROC, which reduces the
flexibility of the trigger.

Development of a second generation trigger board has begun which could alleviate some
of the problems with the present trigger and enable more sophisticated EMCAL triggers.
If the development and testing is successful, eventual deployment of an upgraded trigger
will likely require a staged installation to provide adequate testing and comparison with
the present trigger.

Muon Tracking

One of the largest sources of data in PHENIX is the muon tracker system. The possibility
of relieving the data bottleneck in the Data Collection Modules (DCM) has been discussed
elsewhere, but the muon tracker presents a more difficult problem by virtue of the large
number (218) of data fibers. Data is translated from a different serial protocol (CLINK)
transmitted from the FEM to cards which send data to DCMs on GLINK fibers. These
GLINK-CLINK cards could be improved mechanically and electrically to be more reliable,
and at the same time could be redesigned to directly transit data to the DCM II, which
uses a different and more modern serial protocol and fiber optic technology. Design of an
improved card could begin in the very near future.
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Collaboration Status 2010

Figure D.1: PHENIX Management Structure as of October 2010

Figure D.1 illustrates the current governance of PHENIX. The six positions in PHENIX
Management (PM) are responsible for planning and executing the research, operations,
and upgrades of PHENIX, and for managing the collaboration. PM is assisted by the
indicated Coordinators who report directly to PM. The Executive Council sets scientific
priorities for PHENIX and advises PM on all the scientific issues of the experiment. The
Detector Council advises PM on all PHENIX technical, operational, and upgrades issues.
The Institutional Board decides issues concerning collaboration governance and elects the
Spokesperson and members of the Executive Council. Conveners are appointed by PM to
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oversee topical analysis efforts and to conduct weekly Physics Working Group meetings
and a weekly joint meeting with PM to assist in managing and coordinating the PHENIX
physics analysis and approval of preliminary data for presentation in conferences and the
release of final data for publication.

D.1 Growth of the Collaboration

PHENIX is currently a collaboration of over 560 scientists and engineers from 74 institu-
tions in 14 countries. Figure D.2 and Table D.1 show the growth of the collaboration since
1993.

Figure D.2: PHENIX Collaboration Growth in (a) Scientists and Engineers, (b) Participating
Institutions, and (c) Participating Countries

Table D.1: Growth of the PHENIX Collaboration from 1993 to present.

Year

’93 ’97 ’98 ’01 ’02 ’03 ’04 ’05 ’06 ’07 ’08 ’09 ’10

Sci. & Engr. 320 441 459 486 485 457 484 539 554 563 547 546 563

Institutions 43 41 43 48 54 58 61 63 67 72 70 72 74

Countries 10 9 11 11 11 11 11 13 13 14 14 14 14
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D.2 Institutional Responsibilities and Sources of Funding

The design and construction of PHENIX was administered by PHENIX governing boards,
particularly PHENIX Management, Executive Council, Detector Council, and Institu-
tional Board. The roles and responsibilities of these units are specified in the PHENIX
Bylaws[8]. In addition, institutional responsibilities are specified through Memoranda of
Understanding (MoU) between PHENIX, BNL, and the individual collaborating institu-
tions.

The collaboration is responsible for operating and maintaining the PHENIX experiment
and carrying out its physics research program. In addition, the PHENIX collaboration
initiates, designs, builds and operates all upgrades to the detector. The collaboration is
assisted in these tasks by a dedicated technical support group located at Brookhaven Na-
tional Laboratory. PHENIX institutions contribute additional technical and engineering
support to the experiment, especially in areas directly related to an institution’s subsys-
tem or upgrade project responsibilities.

The PHENIX baseline detector and major upgrades were built primarily with funds from
the US Office of Nuclear Physics in the Office of Science of the Department of Energy. Sig-
nificant additional funds are provided from the Japanese Ministry of Education, Culture,
Sports, Science, and Technology and the Japan Society for the Promotion of Science. In
addition, there are many in-kind contributions of manpower and equipment from numer-
ous PHENIX institutions and their national and international funding agencies.

Institutions that built a PHENIX detector subsystem are responsible for operating and
maintaining it. New groups that join PHENIX are strongly encouraged to join service
groups that are responsible for subdetectors, DAQ and trigger components, software
functions, or upgrade efforts. The outside institutions fill a large pool of experts who
are needed to operate PHENIX during both data-taking and data production at the RHIC
Computing Facility.
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