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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) x T,. New
questions about the nature of the sQGDP, 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



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 pr at various colliding energies, is another
key observable for interactions with the sQGP. Precision spectroscopy of [ /1, Y, and the



Y 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
VSnN- 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 20162018 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 ¥ 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 g; and F;, 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 sSPHENIX 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-lon 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).

Vi
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Chapter 1

Heavy lon Physics: Current
Understanding

The tirst 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/1, 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 (dE7/dn) 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 /sy = 19.6, 130, and 200 GeV [54]. The formation time,
T, is the earliest time at which one can regard the system as a collective state of “matter”
and is conventionally thought to be T ~ 1 fm/c. The experimental points are compared
to a relatively narrow range for the critical energy density, €., as generally expected from
lattice calculations. In the most central collisions the achieved energy density sits well

2
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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 pr 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 (7, k, p) up to pr =~ 2.0 — 2.5 GeV /¢, and with elliptic flow v, as measured by the
PHENIX experiment in Au+Au collisions at /syn = 200 GeV.

Despite the impressive agreement of ideal hydrodynamics for the early time stage (i.e.,
with zero shear viscosity 1), there is a conjectured low bound to the ratio of the shear
viscosity to entropy density 1/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

3
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Figure 1.2: The product of energy density, egj and formation time, 7, as a function of central-
ity (as measured by the number of participants N,) for Au+Au collisions at three different
energies. This has been calculated in a Bjorken-like boost invariant scenario, where one con-
ventionally takes T ~ 1fm/c. The band shows the critical energy density, €. ~ 1GeV/fm3,
assuming a formation time of 1fm/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 uKelvin temperatures. Figure 1.4 shows the measurement of /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 v, as a function of pr. These initial results indicate that the quark-
gluon plasma may have a /s ratio near the “perfect fluid” bound of 1/477. However, cal-
culations of viscous hydrodynamics with fluctuating initial geometry and the full hadron
cascade afterburner are needed to obtain systematically reliable values for 11/s. We expect
this to be an area of great theoretical progress in the next couple of years. Additionally, dif-
ferent methods of constraining n/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 pr 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 v, dependencies on pr for multiple
hadronic final states compared with an ideal hydrodynamic calculation. One observes
significant disagreement between data and the calculation for pr > 2 GeV/c. In the right

4
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panel of Figure 1.6 is the same experimental data plotted as v, /1, versus the transverse
kinetic energy KET /1, where n, 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

5
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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 pr = 3GeV/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 v, versus pr in midcentral Au+Au collisions at /SNN =
200 GeV [33] for various hadrons compared with an ideal hydrodynamic calculation. (right)
Elliptic flow v,/n, versus KEr/n; where n; 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 [ /1 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 pr 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 (Nq). Deviations from unity are expected to arise from a
variety of nuclear effects, both in the initial and final state. We have measured R for a
variety of hadrons and have compiled representative results in Figure 1.8. Direct photons
are not suppressed up to about pr ~ 13GeV/c, showing that there is no depletion of
partons in the initial state. At the highest pr 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 7's; they show a strong suppres-
sion up to the highest values of pr. It is particularly interesting that the heavy quarks,

8
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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 pr < 3GeV/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 v, variable as shown in Figure 1.9 [46]. Note that for these high pr values, the
vy 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 v, 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 1.8: Nuclear modification factor for direct photons [260], neutral pions (predomi-
nantly from light quark jet fragmentation), and nonphotonic electrons (n.p.e.) from heavy
flavor meson decay.
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Figure 1.9: (left) The nuclear modification factor Raa, and (right) elliptic flow v, versus
centrality for neutral pions in Au+Au collisions at /sy = 200 GeV. The data are compared
to several different jet quenching calculations.

use a high pr 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 pr between 2 and 3GeV/c. On the near-side (A¢ ~ 0),
there is a strong peak which looks similar to what one sees in p+p collisions. On the
away-side (A¢ ~ ), one sees a bifurcated peak quite unlike the single broad peak seen
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in p+p collisions.
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Figure 1.10: (upper) Two-particle azimuthal angle correlation for (upper left) p+p and (up-
per right) heavy ion collisions. In the heavy ion case, the near-side peak is similar to that
seen in p+p collisions; the away-side distribution is broad and bifurcated. (lower) Theoret-
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 ez 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 v, 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 (Ip) between a 71¥ 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 z7. As informative as these
results are, it is not currently possible to reconcile the full set of results on Raa, Ias, and
vy within any current theoretical model.
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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 (Ix) between a 7° trigger and an opposite side hadron [46].
(right) A similar correlation, but for direct photon triggers correlated with away-side
hadrons [164]. A direct photon trigger provides a calibrated measure of the jet energy (ne-
glecting the contribution of photons stemming from jet-medium interactions), so the yield
can be plotted in terms of the fractional momentum z7.

12



Heavy lon Physics: Current Understanding

Properties of the sQGP

I I I
00 [E + ]
NE - M on Cu :
Y 100 — RO oy =
> = H Radiative =
&) Bethe-Bloch ]
P @ Andersen- ]
r G . -
G s L‘% Ziegler Radiative |
z S5 effects ;
a 10 ?5 n . reach 1% ' Radiative
oYy E Minimum ;
c N L /4 losses 3
o "Nuclear lonization S
9 | losses N0 | A== == ]
V ¢ Without 0
1 \ \ \ \ \ \ LS \ |
01 1 10 100, (1 10 100, (1 10 100, (1 10 100,
[keV] [MeV] [GeV] [TeV]

Muon kinetic energy T

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 0.1keV 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:

e 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)?

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

e 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 Q? 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 x 1073.

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 (Q?) vs momentum
fraction (x) space, showing the gluon saturation region at large In 1/x and small In 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 (~ A'/?)in a
nucleus. Recent saturation models, assert that a novel semiclassical state—the color glass
condensate (CGC)—is formed above a critical saturation scale, Q?, 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 Q. However, the boundary where saturation
physics is dominant in x and Q? 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 /1 over a wide range
of rapidity and for different centrality classes in d+Au reactions at \/syn = 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 x,. There is better scaling of the results with center-of-mass rapidity ycy, 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/1 production for measurements at three different
energies (a) vs the momentum fraction of the gluon in the nucleus, x; and (b) vs the rapidity
(Yem) of the J/1. a is a representation of the nuclear dependence in terms of a power law,
ie. o4 = oNA%

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 || =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 pand B — e or u) including at forward
rapidity n = 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 xr
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 (A¢) in (left) p+p and (right) d+Au colli-
sions for two 7’s at forward rapidity.
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Chapter 2

Heavy lon 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:

o 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.

e 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).

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

o 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
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VTX for low momentum charged hadrons, will improve our direct y-hadron correlations.
The improved momentum vector resolution from the VTX and FVTX we will improve
our | /1p measurements (including the separation of the 1’).

Deconstructing
the sQGP

Fundamental
Cold Nuclear
Matter Studies

Critical Point) / Initial State Physics
Search Gluon Saturation

Chiral Symmetry
Restoration

Charm and Beauty
Interactions in the QGP

Hadron Blind Silicon Upgrades

VTX and FVTX

DAQTrig2010 +
SuperDAQ

Complete Beam FVTX Upgrade

FOCAL Upgrade

Detector Upgrade Energy Scan

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 ug = 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 Agcp 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.
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Figure 2.2: Spectral functions of the light vector mesons p (left) and w and ¢ (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 p, w and ¢ 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/c? are very interesting, specifically for the
p state because of the short lifetime (7 ~ 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
VSN = 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 \/sy\n = 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 p state and contributions from 77t annihilation
shows reasonable agreement with the experimental data, except for masses greater than
0.9GeV/c?. 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 pr,
where the process discussed above is believed to be most prominent, but also for higher
pr 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 pr) indicates a significant enhancement below the vacuum value for the p meson. In-
terestingly, this disagrees with a model of p modified spectral function and 77t annihila-
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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 ete™ 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/c? 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 ¥ 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 y conversions, 71° 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
VvSNN- 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 p modification as a function of both pr 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

PHENIX Au + Au @ 39 GeV
Projected Uncertainties from Run-10 Data Set
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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 /sy 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 Ry4 out to pr ~ 10 GeV/c and ellip-
tic flow v, 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 v, 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 Ry of heavy-flavor electrons in 0-10% central
collisions compared with PHENIX 7” data and various model calculations. The box at
Raa = 1 shows the uncertainty in the number of binary collision estimate. (b) v> of heavy-
flavor electrons in minimum bias collisions compared with PHENIX ¥ 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 pr < 5 GeV/c and bottom hadrons
for pr > 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 — eratio from approximately 0.3 to 0.7 at pr = 5 GeV/c.
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Figure 2.6: Ra 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
DGLYV 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 pr = 5 GeV/c, some calculations of v, range as high as 15%. The data
do not support a monotonic increase of v, with pr, 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 pr.

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 pr
may well provide one of the best constraints on the /s ratio via the diffusion approach.
This method for constraining 17/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 17/s in the quark-gluon plasma is to the conjectured

minimum bound.
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Figure 2.7: Nonphotonic electron (HF) elliptic flow (v7) 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).

28



Heavy lon Physics: Midterm Plan Heavy Flavor Lepton Physics

1.4 HQ Diffusion (van Hees et al.)
C c—>e(2xTD=4,6,30)
120 b—e(2xTD=4,6,30)
e ctb > e(2aTD=4,86,30)
3 -
c —
o~ 1
o -
= L
< 08—
S FE .
050.6_—
14 -
04—
0.2— +
_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
]

2 3 4 5 9

6 7
P; [GeVic]

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~! 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~! or equivalently 29 (24) billion recorded Au-+Au inter-
actions for the VIX (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 15pb~! 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 pr 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 v, 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 VIX 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 /¥ suppression seen in the same kinematic range. Shown in Figure 2.10 are the projected
measurement uncertainties on Ry 5 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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momentum pr, compared with three different theoretical expectations.
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2.3 Beam Energy Scan and Search for the Critical Point
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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 ug,T) for the critical point and the range of up 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 pup. Whether such a
point exists and at which value of up it is located is currently unknown. Lattice calcu-
lations at finite up 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 up = 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.

e 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 (pr) 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, (pr) and (Et) fluctuations for
collision energies above /syn = 10 GeV. Additional fluctuation measurements of
correlation functions at low pr and longitudinal density fluctuations should be pos-
sible. For event-by-event measurements of the K/ ratio, we will be near the statis-
tical limit for energies below 39 GeV.

e Density fluctuations at the critical point may inhibit momentum transport over large
distances, thereby effectively decreasing the shear viscosity (and hence the /s ra-
tio). Data from a variety of substances near the critical point suggest that the mini-
mum of the 7n/s ratio may be reached [165]. An excitation function of flow observ-
ables (including elliptic flow v;) 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.

e The measurement of identified particle ratios, including K/ 7, 7/p and p/p are im-
portant for determining the degree of chemical equilibration and the location at
freeze-out in the ugp — T plane. These measurements are a strength of the PHENIX
spectrometer with its excellent collision start time and particle time-of-flight detec-
tors.

e 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 pr 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.

e 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 \/syn = 7.7 (1.6M events), 39 (250M events), and
62.4 GeV (700M events). We are proposing to run at \/syy = 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 VIX detector increases
our overall acceptance, but at the same time only has optimal acceptance for collisions
with |z| < 10cm. 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 (x10°) of Au+Au minimum bias data that can be
recorded as a function of beam energy /syn. 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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Beam Energy Scan

Physics Topic Collision Energy , /5,
7.7 18 27 39
(n) fluctuations  0.01 0.01 0.01 0.01
(pr) fluctuations  0.03 0.03 0.03 0.03
PID spectra, ratios 0.02 0.01 0.01 0.01
longitudinal density correlations
iy 2 2 2 2
critical exponent 7
1D imaging of pions source
Lévy exponent
pion 3D Gaussian HBT R;(mr) 33 19 16 14
HBT intercept parameter A(mr)
dielectron spectra
(K /) fluctuations >0 >0 >0 >0
dihadron correlations 246 109 68 48
nuclear mod1f1cat19n factor R AA 157 24 6.3
optical opacity «
heavy flavor electrons 700
1D imaging of kaon source
3D imaging of pion source 586 340 276 239

kaon 3D Gaussian HBT R;(mr7)

Table 2.1: Table of physics topics versus colliding Au+Au energy. The numbers represent
the number of events (x10°) 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.

35



Cold Nuclear Matter Physics Heavy lon Physics: Midterm Plan
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 < n < 3.0 and thus be sensitive to gluons with x ~ 3 x 1073-1072,
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/1¢ over a broad
range of colliding energies (/syny = 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 /¥ 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 oy, 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 oy,) 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 a (where 0,4 = opp X A%) as a
function of center-of-mass rapidity for J/1 and open charm from the E866 and E789 ex-
periment at /sy = 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 oy, 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 («) vs rapidity (y....) for open charm
production (closed black circles, and open blue boxes) and for [/ (open red circles) from
FNAL E866/NuSea and E789.

J/¢ will have different effects from open charm. There are also data from E866 for the
Y’ [235] that show a similar suppression to the ]/ at forward rapidity indicating that the
modification occurs before the physical state is manifest, in contrast to backward rapidity
where the 1Y’ 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:

e Open charm and beauty tagged via D — uX, B — pX, and B — J/¢X.
e ]/ and 1’ separation and nuclear modification.

e 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 < |n| < 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 x; 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 {x;) ~ 5 x 10~3 while for beauty the minimum x, is higher, at about 4 x 10~2.
The small x; values make these measurements quite sensitive to gluon saturation effects,
and the large x; 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 x; and x; 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. 7°, n, 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 1" peak in the mass spectra even though it is next to a much
larger [/1 peak. This will provide the first measurements of the cold nuclear matter
effects on the 1’ 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 Y’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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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 /1. Only for invariant masses above
the Y 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 (9 +g — 9+ ),
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 Ry, sea quarks Rs and
gluons R 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 ~ 104, 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 pr 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-pr particles in the central rapidity region (|| < 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 pr 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 102
and 1073 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 x 1073102 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 77 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.
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Figure 2.17: (left) The nuclear modification factors for gluons R¢ as a function of x from
EPS09 with the uncertainty bands from variations in the global analysis. (right) Calculation
of the nuclear modification factor R;y4, 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 y-+jet axis measurements, the FOCAL also provides measurements of sin-
gle and dihadrons (i.e. 7 and 7). 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 lon 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:

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

e 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?

o Are there quasi-particles in the medium? What are their masses (1) and widths (I")?
e Is there a relevant color screening length in the quark-gluon plasma?
e How is rapid equilibration and entropy production achieved?

e 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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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.

e 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, 4, to better than a factor of
four [36, 119]. A comprehensive approach to a full suite of jet measurements (includ-
ing dijet and y-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 pr parton
interacts with the medium over a full range of Q2 scales with a maximum Qpax set by the
p# of the parton. For the very highest values of Q?, 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 Q? 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 1071 at the
bottom of the y-axis range. We would be able to measure light quark jets with 10° counts
above 40 GeV and 10% 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 y events also contain the away-side jet. Therefore
the y-jet count rates can be determined from Figure 3.4 by dividing the direct y 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 101? central events. Through
a combination of single jet, dijet, and y-jet measurements we will be able to extend the
jet measurements down to 15GeV, 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 7¥ rates within || < 1.0 from NLO pQCD [309] calculations
scaled to Au+Au central collisions. Ten billion Au+Au central collisions corresponds to
one count at 10710 at the bottom of the y-axis range. With that data sample, we would
measure light quark jets with 10° counts above 40 GeV and 10° 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-pr 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 kr 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
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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.

Figure 3.6: Distributions of radiated gluon transverse momentum (k7) 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: = 0.25 GeV (green), u = 0.5 GeV (blue) and p = 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:

e Single jet spectrum and jet R 4 4 for different jet sizes and different jet algorithms.
e Single jet fragment z, /7, and angular distribution for different jet sizes.

e Statistical measurement of hadron A¢ and An
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e Diqjet [44, AE, and A¢ distribution
e Y-jet energy balance, and A¢ distribution, y-tagged fragment z distribution
e Jet fragmentation/bremsstrahlung photon spectrum

e Centrality, A, and reaction plane angle (¢ — ¥) 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 (R44)
in Au+Au collisions at /syy = 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
R 44 depends strongly on the cone radius, varying from a value similar to that of the 7°
(Raa ~ 0.2) for a narrow cone (R ~ 0.2), up to R44 ~ 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, Y (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 Er. 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 R44 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 R 44 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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Figure 3.8: Plot of jet R 44 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 R4 4 for different
jet cone radii.

A statistical measurement of the angular distributions and kr 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 (AE/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 § = 0 (i.e. no quenching) and
for § = 10 GeV?/fm and average path length L = 3 fm. The modified fragmentation
function (top) and the modified ] 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
Y(r/R). Results are shown for § = 0 (i.e. PYTHIA with no quenching) and 4§ = 10 GeV?/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. Atleading order the direct photon
and opposing quark have balanced transverse energy, giving an event-by-event calibra-
tion of the quark E7. Shown in Figure 3.11 are the results of a QPYTHIA simulation for
direct photons with pr > 20 GeV/c and the reconstructed jet energy on the opposing
side (|A¢,,— jet| < 0.2 radians). The results are shown for jet reconstruction with the anti-
kr 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 pr photons
is relevant. As shown in Figure 3.4, a large acceptance, high rate detector can measure of
order 10* direct photons with pr > 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 (7%, K*, p and p) produced in
light and heavy flavor jets. Results are shown on the left for § = 0 (i.e. PYTHIA) and § =
10 GeV?/fm with L = 3 fm. The ratios of the distributions obtained from § = 10 GeV?/fm
to § = 0 are shown on the right. The longitudinal momentum distributions are expressed in
terms of fraction of the jet energy, z = p;/pjer. The jets were reconstructed from the QPYTHIA-
generated hadrons using the anti-kr algorithm with R = 0.4 and results are shown here for
jets with energy 20 GeV.
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Figure 3.11: QPYTHIA simulations of the £ distribution (i.e. the ratio of reconstructed jet
transverse momentum to the direct photon transverse momentum) for three different jet
algorithms—all anti-kr with R = 1.0 (top), R = 0.4 (middle), and R = 0.2 (bottom)—and
two different jet quenching parameters § = 0,10 GeV?/fm.
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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.

s 2 — .
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Figure 3.12: (left) Preliminary PHENIX reconstructed jet R 4 4 in Cu+Cu collisions utilizing
a Gaussian Filter algorithm with o = 0.3 [233]. (right) Preliminary STAR reconstructed jet
R4 in central Au+-Au collisions with the kT and anti-kr 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 pr from the PYTHIA jet Monte Carlo truth information at the particle level
(i.e. no detector response is included) compared with the reconstructed jet pr when the
PYTHIA jet is embedded in a central HIJING event. The (left) right panel shows the results
for the anti-k7 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 pr > 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 pr > 5 GeV/c, where
processes below that pr are not possible to include accurately in the unfolding matrix.

We run the standard anti-kr 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-kr 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 pr > 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 pr ~ 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 pr 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 Rp 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 VIX and FVTX upgrades.

e Full reconstruction of D and B mesons.

e 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 (50-100um) 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 — K and D — Kmrr decays. The VIX covers a large
acceptance (|| < 1), but its stand-alone tracking momentum resolution is approximately
0p/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
tully 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
/SN =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 /sy =200 GeV, the number of cc pairs per event is approximately 0.7 per unit of

rapidity. Since about half of the ¢ quarks fragment to D°, the number of D% plus D%
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 — Km. Thus the number of
D — K7 accepted by such a tracking system is 2.7 x 1072 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 pr, 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 — Km 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 D°, D* and Dj
mesons. A measurement of A, should also be possible although the yield after the vertex
cut should be modest due to its small ¢t of 59um.

A high statistics measurement of D mesons will allow the extension of Rys measure-
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ments to a very high pr. Figure 3.15 shows the expected Rap 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 pr—at least up to 20 GeV/c.
Thus it is important to measure Rap of D at very high pr. It is interesting to see out
to what pr the strong suppression persists. If Ry measurements of charm and bottom
quarks begin to rise at some pr, the measurements of D and B mesons via tagging will be
more sensitive to the effect than measurements of their decay electrons.

High pr D° mesons can be reconstructed from D° — K~z with a relatively high vertex
cut efficiency. For a DY with momentum of 15 GeV/¢, 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 um. For such
a high pr, the combinatorial background is also much smaller than in the low pr region.
A 0.5mm cut would eliminate virtually all the background while keeping approximately
60% of the signal. A similar argument can be made for the D° — K~ 7" 7¥ channel, where
the 710 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 pr > 20 GeV/c, the yield of charm hadrons is approximately
2 x 107 per event, and the yield of D° — K 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 D® — K for pr > 20 GeV/c is approximately
2 x 10~ per event or 20 per 10 billion central Au+Au collisions.

High statistics measurements of charm hadrons will also enable a detailed study of v,
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 v, of the D? 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 pr 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 /syy = 200 GeV with the assumed nuclear suppression factors

(Raa) shown in the legend. These are the counts per Au+Au event with pr > pr(cut)
and within pseudorapidity |n| < 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 ¥ (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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Figure 3.17: ¥(r/R) as a function of r, the radius of the sub-cone, for R = 1 jets reconstructed
with the anti-k7 algorithm. The jets are from PYTHIA and QPYTHIA with jet pr >20 GeV/c.
In all cases the jets are broadened in QPYTHIA compared to PYTHIA however the degree of
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 R a 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 pr electron. In the current PHENIX setup, for pr >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 pr 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
tunction is shifted from z ~ 0.7 to z ~ 0.5. Thus for a given pr, 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 DO 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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Figure 3.19: D meson fragmentation function in PYTHIA (open points) and QPYTHIA (solid
points) for anti-kr jets with R = 0.4 with pr je; >20 GeV/c.

68



Heavy lon Physics: sPHENIX Plan RHIC and LHC Jet Physics
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 (e — 3p)/T* 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 x T¢, the initial temperatures achieved at the LHC may be 4 — 5 x T [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 (e — 3p)/T* 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.

o 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.

e 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 /Syn-

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

e 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.

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

e 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 Q? 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 Er between RHIC and the LHC. As shown in Figure 3.22, for
Er > 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 ¢ — 44
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 E, 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-
ticiency 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 E7 ~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 E7 ~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 pr > 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 E, particularly for processes producing jets with large rapidity
separation. In contrast to the situation at the LHC, at RHIC for high pr 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 Er ~30-40GeV so
that theoretical calculations of jet rates in Au+Au collisions have initial-state effects fully
constrained within the next few years.

> F F
o 2
@ 1.1; 0.0
©  pQCD + Factorization + EPS09 (1002.2537 F
o 4P A v (1002.2537 ) £ os  \Sw=55TeV Q@21 Gov?
| EPPPPPPETTLLLL 1 E
e P E ; )
S09 e o0 0.7 A QZ =0.8 GeV
~ oo E y =0, 4 90
208 08F"
© = =
o r 0.5
0.7 E
& [ 0.4F-
0.6— E
C 0.3 e meeeeeeeeaeiiiiiooaaasaaaascaaaaaiasieasoeod
0.5 ook =
04; Gluon Saturation (1001.1378) E -2
T T T T T T B N T T T P T e T
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
P, (GeV/c) pT (Gev)

Figure 3.23: (left) The calculated nuclear modification factor R,p, (for p+Pb collisions)
at the LHC at /sy = 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 N, 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 Rpyp, 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 ,/syy= 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 \/syy = 17GeV at the CERN SPS fixed
target program gave tantalizing hints of such effects [81]. Multiple theoretical calcula-
tions predicted significant further /1 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/1p channel in ,/5yy=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 | /1 nuclear modification factor (R4 4) at midrapidity was
in fact in agreement with that measured at the lower energies /syy=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/1 states. Additionally, once the heavy c¢ 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 0preakup)- Recently, new data from the
CERN SPS at lower energies [103] and precision d+Au data from PHENIX [166] indicate
that this opreakyp 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 opeaxup—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 /¢ nuclear modification factor R44 as a function of collision centrality
(characterized via Npart) from the PHENIX experiment in Au+Au and the NA50 experiment
in Pb+4-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 ¢ and ¢ 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 ct 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 /1 enhancement effects at the LHC in Pb+Pb collisions. A comparison of the
RHIC and LHC ] /1 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 ] /1p
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at forward rapidity at RHIC, due to the lower density of cc pairs in that rapidity region.

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 Y(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) 4+ A reactions) over a broad kinematic reach. We need to:

e Vary the temperature and lifetime of the QGP medium by changing the collision en-
ergy between /syy=062 GeV to 200 GeV (at RHIC) and 5.5 TeV (at the LHC), which
changes the initial temperature from about 1.5T; to about 4T and increases the life-
time by a factor of two to three.

e Vary the size of the quarkonia states by observing the three bound VY states at LHC
and RHIC, as well as the 1’ and possibly the ..

e Vary the underlying heavy quark production cross sections by observing charmo-
nium and bottomonium produced at /syy=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 Y 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 Y(1S) (and possibly even the
Y(2S)) may remain bound at RHIC, but not at the LHC. The Y(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 Y(2s) and the ] /1 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, Ty;s/ Te.

Quarkonia state

J/b xe ¥ Y(s) xp(1p) Y(25) xp(2p) Y(3s)

1.10 0.74 0.20 231 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/1, 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:

e High-pr ]/ over a range from pr=0-20GeV/c.
e |/ elliptic flow (v;) over a range of pr=0-10GeV/c.

e |/ polarization in multiple frames, encoding information on the production mech-
anisms.

e Feed-down contribution to the J /1 from the ¢’ and ..

e J/1{-hadron and J/1-jet correlations.

To elucidate the last item, the high-pr 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 |17| < 1.0 and full azimuth
A¢ = 2m 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 pr reach of such mea-
surements for the [ /1p and Y 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 |n| < 1.0 and full azimuth.

Au+Au collisions at 200 GeV of order 5000-10,000 Y'(1s), 1300-2600 Y'(2s), and 700-1400
Y(3s). The relative ratios as produced in hadron-hadron collisions are Y'(2s) /Y'(1s) ~ 0.3
and Y'(3s)/Y(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 Y states is the ability to measure all contributions directly, as
opposed to current measurements of the J/1p which has significant (of order 40%) con-
tributions from the x, and v, and also possibly large contributions from B — ]/ at
higher pr. The substantial increase in acceptance and rate will allow measurements of
the 1’, and with displaced vertex tagging, the beauty decay contribution. The y, remains
challenging since the decay to ]/ + v results in a rather soft photon. We are studying
the ability to measure this channel even in heavy ion collisions for higher pr x. 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 pr ~ 17 — 20 GeV/c for the ] /. Figure 3.29 shows the published
PHENIX J/¢ Raa versus pr with four theoretical predictions for the trends at higher
pr- One sees dramatic predictions for large suppression at high pr 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 pr broadening [225, 275]. Note that the AdS/CFT calculations
predict a larger suppression at higher pr, 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 pr 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 /1 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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Figure 3.28: Calculated PYTHIA production rates for J/1 and Y(1s) in p+p and Au+Au
collisions at /syy = 200 GeV. Note that the Y total cross section has been scaled to measure-

ments at RHIC.
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Figure 3.29: PHENIX published ]/ Ra4 versus pr at mid and forward rapidity Au+Au
0-20% central collisions. Also shown are various theoretical calculations that have divergent
predictions for trends at high pr.
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Figure 3.30: Projected ] /1) polarization uncertainties in the helicity frame for Au+Au 0-20%
central collisions. The red dashed curve is a prediction for p+p reactions in the S-Channel
cut formalism and the blue dashed curve is a prediction in the Color Octet Model.
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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 v, 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 pr > 2 GeV/c [120]. To deter-
mine whether the spectrum at high pr is dominated by such radiation or from photons
emitted in the later phase after equilibration and development of collective flow, we will
measure v; 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 v, expected from a three-dimensional
ideal hydrodynamical calculation [239]. A substantial value is reached for photon pr of
approximately 2 GeV/c. Pre-equilibrium photons should contribute substantially also at
lower pr, 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 v, at higher
pr, illustrating the sensitivity to energy loss in measurements of direct photon v, [302].
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Figure 3.31: (Left) Calculation of thermal photon v, [239] as a function of pr. (Right) Cal-
culation of direct photon v, [302] as a function of pr for Au+Au collisions at 200 GeV. The
dotted lines show v, 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 v, 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 pr > 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 pr 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 pr 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 pr 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 27 in azimuth and a range of An ~1-2 units of pseudorapidity —
to a forward rapidity range (1 ~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

86



Heavy lon Physics: sPHENIX Plan Early Time Dynamics

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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Figure 3.33: (left) Illustration from [51] of the “twisted” initial distribution of partons as
drawn in the x-1 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-
tied hadrons over full azimuth and simultaneously over a substantial range in rapid-
ity (An ~1-2 units) at forward angles (1 ~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 x 1073, Additional measurements from the STAR experiment at RHIC, fixed
target experiment E906 at Fermilab [278], and e+4-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 Q? 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, 7°,1) 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 F; in deep inelastic scattering
off of nuclear targets reveal a substantial shadowing effect (suppression of F,(A)/F,(D))
that increases for lower x and appears to level off for x < 5 x 1073 [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 < 1073 the average Q%> < 1 GeV?
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 ~ 1073
but with a Q? scale set by heavy flavor pair production, for example, would be very
elucidating.
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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]:

2 (b, E) = Ap%(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 pr broadening is a direct measure of the saturation phe-
nomenon. The value of Ap% 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 Ap? in terms of parton broadening Ak2 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 Ak% ~ 0.02 GeV? for the lightest nuclei at the
lowest energies to AkZ. ~ 0.5 GeV? for the heaviest nuclei at the highest energies, see
Figure 3.35. The authors of [124] suggested to measure the suppression of dilepton pairs
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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 /1 [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 pr 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/¢ 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 xr coverage that is
obtained through an upgrade that extends the 8 range of our acceptance. For projected
future deuteron(proton)-nucleus luminosities, the largest xr values can be increased from
0.3 (the current coverage of the PHENIX muon spectrometers) up to values as high as
xr = 0.75. These large xr 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 [ /1 production in p+p reac-
tions for contributions from g + ¢ — ]/ + c that indicate large effects at forward rapidity
(where ] /4 rapidity y = 3.5 corresponds to xr = 0.5). The authors note that a dedicated
study of J /¢ +cin p(d) + A collisions provides a unique way to study shadowing effects
as well as heavy-quark energy loss.

For the ] /1) the corresponding x; and x; coverage for different ranges in xr are shown in
Figure 3.38. If one compares the x, 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 x; 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 x; 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 /syx = 200 GeV have not been con-
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Figure 3.36: Coverage in xr for J /¢ — [ ] 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 |n| < 1.0 and full
azimuthal coverage, with projected luminosities we can measure hundreds of W — e*/~
with an electron(positron) pr > 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 x; 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 Q*> 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 Rya, for W — et/~ 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 Rya, < 0.5) since the x
distribution is falling steeply in this range. These measurements are complementary to
similar measurements at midrapidity via high pr 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 /1 produced in association with a single c-quark relative to the
direct yield (NLO*) as a function of rapidity for three models of ¢(x): within Intrinsic Charm
(No IC), sea-like and BHPS [140].
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Figure 3.38: (left) Coverage in x, (the gluon momentum fraction in the nucleon of the nu-
cleus) for J /¢ — 11 for different xr ranges. The average x, for each is given in parenthesis
in the legend box. (right) Similarly for x; (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 xr, 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.

94



Heavy lon Physics: sPHENIX Plan

1.0<n<1.25
2.0<n<2.25

4.0<n<4.25

Normalized Counts

0.8

0.6

0.4

0.2

R S ¥ S R ¥ S Ry
lOgm(Xz)

P RN AN RN RN BRI PR R

Normalized Counts

Cold Nuclear Matter Physics

A A A nae
E 1.0<n<l2s -
F 2.0<nm<225 E

3 -
F 4.0<n<4.25 B

2F =

- =

0: il Tl 3
2 -1.8-16-14-12 -1 -08-06-04-02 0

lOgm(Xl)
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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:

e What is the nature of the spin of the proton?
e How can we describe the multidimensional landscape of nucleons?

e 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 (Q?) [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 Q? 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-pr 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 Q?, while in hadron-hadron interactions it is the square
of the transverse momentum (p7) of the produced jet or particle, and while both Q% and x
are known in DIS, in hadron-hadron measurements the pr of the produced particle is cor-
related with x, but a given pr 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 Ag(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 ¥ 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 Q? 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 Q? 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 x, range sampled, much smaller than a number of predictions made in
the 1990s. Figure 4.2 shows several predictions for Ag(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~! (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 AG, given the abundance of pions and the excellent PHENIX capa-
bility to trigger on the 71° decay to two photons. Figure 4.3 shows the current status of
Ay for neutral pion production at /s = 200 GeV through run-9.
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Figure 4.2: Historical expectations and predictions for Ag(x).

As the available luminosity has increased, in particular with the 2009 data set, other
probes have become increasingly interesting. Preliminary results for Ay in 17 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 1 fragmen-
tation functions for the first time, including PHENIX 7 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 AG extracted from pion Ay; measurements. In addition
to the neutral pion results, Ay, 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 p; for inclusive 7° production at /s = 200 GeV
compared to the asymmetry using the polarized PDFs from DSSV for (left) each of the years
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Figure 4.4: The double spin asymmetry for inclusive n production at v/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) 7 and (right) 7~ production at
v/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 < x4 < 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 AG(x) changes sign as a function of x, it is
still possible that the overall integral for AG 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 Q? 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 = 500GeV, 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,) 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 = 500GeV 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 Ay 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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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 Ay measure-
ments in forward hadron production that are differential in pr as well as xr, 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 Q? 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 Q% evolution of polarized distribution
functions that is more straightforward than studying the Q? dependence of the polarized
structure function g; 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 71° mesons produced in transversely
polarized p-+p collisions as a function of Feynman x, measured at three center-of-mass en-
ergies: /s = 19.4GeV [23], \/s = 62.4GeV [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 ete™ 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 A%{,O for 71 in the central arm. (lower)
Single spin asymmetries for clusters in the MPC, which are dominated by merged photons
from 71¥ 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 (k7).

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 70 cross sections measured by the STAR experiment from

transversely polarized p+p collisions at v/s = 200 GeV [24]; the average pseudorapidity is
(n) = 3.8. Results are compared (left) to predictions using PYTHIA [288] as a function of xr
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 FE. 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
eTe~ 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-pr 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 /1 production. At modestly forward rapidity, a negative asymmetry is measured,
with a significance of 3.30 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 ] /1 measurement may seem to contradict the very small
asymmetries observed in 71¥ 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 k7-dependent Collins FF vs.
the collinear interference FF would be a valuable way to investigate this factorization
breaking.
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Figure 4.15: Transverse single-spin asymmetry A%lp for J/1¢ 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 4
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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 Q> 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 # 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.

113



Activities Outside of RHIC Nucleon Structure Physics: Current Understanding

114



Chapter 5

Nucleon Structure Physics: Midterm
Plan

The next five years of the spin program focuses on:

e Constraining the flavor-separated sea quark helicity distributions via W measure-
ments in longitudinally polarized p+p collisions at /s = 500 GeV.

e Probing Ag(x) down to lower momentum fractions in longitudinally polarized p+p
collisions at /s = 500 GeV.

e 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 pr electrons/positrons in the cen-
tral arms from the decay W= — ¢*v, and of high pr muons in the muon arms from
W* — u®v. Our simultaneous coverage in forward, backward, and central rapidity
provides a powerful means of determining the quantities A%/, and Ad/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, Ar(forward W~ — p~) ~ Ad/d. Similarly, Ap(backward W~ — u~) ~ Au/u.
Additionally, measurement of W+ production gives access to Au/u and Ad/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 % po-
larizations in W~ production. In general, the asymmetry is the superposition of the two
cases shown in Figure 5.1:

wt _
Al = —

Au(x1)d(xp) — Ad(x1)u(x) (5.1)
uixq E , |

(x1)d(x2) + d(x1)u(x2)
with the asymmetry for W~ production given by exchanging u and 4.

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 (m%,), and no reliance on form factors is necessary.

PHENIX has already submitted results for the W* — e cross sections and A; 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* — u*, 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 v/s = 500 GeV. The muon trigger upgrade
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(a)

Proton helicity ="+" Proton helicity ="—"

Figure 5.1: Leading-order production of a W* in a single-longitudinally polarized p+p
collision: (a) Au is probed. (b) Ad 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<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>