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1 Introduction 
 
There are compelling physics questions to be addressed by a new comprehensive detector at a fu-
ture, high-luminosity RHIC II collider. These form the basis for this Expression of Interest.  
 

• What precisely are the properties of the strongly-coupled Quark Gluon Plasma 
(sQGP)? Can a more weakly interacting QGP state be formed and investigated at RHIC?  

 
• How do particles acquire mass and what is the effect of chiral symmetry restoration on 

hadronization in a dense medium? What is the chiral structure of the QCD vacuum and 
its influence on and contributions of different QCD vacuum states to the masses of parti-
cles? 

 
• Is there another phase of matter at low Bjorken-x, i.e. the Color Glass Condensate 

(CGC)? If present, what are its features and how does it evolve into the QGP? If not, are 
parton distribution functions understood at low Bjorken-x and can they describe particle 
production? 

 
• What are the structure and dynamics inside the proton, including parton spin and or-

bital angular momentum?  What are the contributions of gluons and the QCD sea to the 
polarization of the proton. What is the flavor-dependence? Are there tests for new physics 
beyond the Standard Model from spin measurements at RHIC II (such as parity-violating 
interactions)? 

 
The RHIC II complex will be the only QCD facility to have the capability of addressing these ques-
tions.  We propose that a new comprehensive detector system is needed for RHIC II to address 
these questions adequately and in an effective way. The primary focus of the new detector is to 
measure and identify hadrons, electrons and muons, and to identify and measure photon and jet en-
ergy over a large rapidity range and full azimuth in proton-proton (polarized and unpolarized), pro-
ton-nucleus and nucleus-nucleus collisions. This detector utilizes precision tracking and particle 
identification to large transverse momentum (20 GeV/c) in a 1.3 T solenoidal magnetic field with 
electromagnetic and hadronic calorimetry and muon identification over –3.5 < η < 3.5. There is ad-
ditional coverage forward, outside the magnet. An in-depth experimental program utilizing the 
unique features of this detector system and that of RHIC II is necessary to address these compelling 
physics questions in an era with heavy ions in the Large Hadron Collider (LHC) and will be intro-
duced in this document. Furthermore, this physics is complementary to the LHC ion program and 
symbiotic with any future electron-ion collider (eRHIC) program. 
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2 Physics Overview 

2.1 Properties of the Strongly-Coupled Quark Gluon Plasma 
 
There has been considerable recent discussion about the properties of the matter created at RHIC.1  
Whether or not it is deconfined is still debatable. However, measurements show that it is highly 
interacting, that the quark and gluon degrees of freedom are necessary to describe the experimental 
results, and that purely hadronic descriptions have failed. A strongly-coupled Quark Gluon Plasma 
(sQGP) appears to have been formed.1 This was unanticipated in that a weakly-coupled QGP was 
the expectation from theory and lattice calculations. Although lattice calculations show that even at 
LHC energies the Stefan Boltzmann limit for an ideal gas cannot be reached, the coupling at RHIC 
seems surprisingly high and most features of the produced matter can be described with ideal fluid 
dynamics. It is obvious that the properties of this sQGP must be established precisely and unambi-
guously. To do so, we must also understand whether or not a more weakly interacting QGP state 
can be formed at RHIC, under what conditions, and if not, why not. This requires establishing ex-
perimentally the conditions and properties of the high density stage of RHIC collisions. The initial 
temperature, density and entropy are needed, as well as the subsequent evolution of the system 
(also the thermodynamic variables and state of the system), and ultimately the equation(s) of state 
describing the system at various stages. The question of whether the system reaches a deconfined 
state remains to be determined at RHIC. It is anticipated that this will be studied initially in the next 
few years at RHIC. The new comprehensive detector, with its lepton pair and triggering capabilities 
over large acceptance, will address with precision the issue of deconfinement by determining the 
temperatures at which the quarkonium states dissociate2 through measurements of the yields of the 
J/ψ, ψ’, ϒ(1S), ϒ(2S) and ϒ(3S) states. From simple binding arguments the temperature 
dependence of the melting sequence is expected to be T(ψ’) < T(ϒ(3S)) < T(J/ψ) < T(ϒ(2S)) < 
T(ϒ(1S)). Comparing the measured ratios of the quarkonium states with model calculations and in 
the future refined lattice calculations will establish the dissociation temperatures of quarkonium 
states, and the temperatures and conditions where the system becomes deconfined.i 
 
Detailed properties of the high density state will be established using γ−jet3 and jet-jet tomography4 
(utilizing identified leading particles and topological jet identification where possible) as a function 
of collision variables (e.g. nucleus-nucleus impact parameter and geometry, orientation relative to 
the reaction plane, transverse momentum, rapidity, particle type and flavor-dependence of the jet). 
This is depicted in Figure 1. Furthermore, in jet and leading particle measurements, the fragmenta-
tion function of identified particles will be measured and compared to those measured in this device 
in p+p interactions to determine precisely the modification of the fragmentation functions of spe-
cific particles as a function of their constituent quark content.5 This is essential to ascertain the 
properties of the high density state and to understand the interaction of this state with traversing 
partons. Thus, particle identification is essential at high transverse momentum (pT) to accomplish 
these measurements. 

                                                 
i The initial temperature created in RHIC collisions can be determined from γγ or lepton-lepton 
HBT. These measurements are difficult but feasible with the increased luminosities and the appro-
priate detector systems. 
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Propagating heavy quarks are expected to 
lose much less energy than propagating 
light quarks since for heavy quarks gluon 
bremsstrahlung is suppressed at small an-
gles (known as the dead cone effect).7 
Thus, jets with D- or B-mesons as leading 
particles should be less suppressed than 
light quark jets. Measurement of identi-
fied heavy quark jets and comparison with 
light quark jets, in the ratios D/π and B/π 
at high pT, will determine whether gluon 
bremsstrahlung is the dominant energy 
loss mechanism. Likewise, measuring the 
modification of fragmentation functions 
of hadrons with heavy constituent quarks 
will determine the extent and mechanism 
of energy loss from interactions of propa-
gating quarks with the matter. Similarly, 
ratios of leading anti-particles to leading 
particles, such as⎯ pp/  and , at 

high pT can be used to distinguish energy loss effects of gluon versus quark jets.3 Anti-particles are 
more likely to originate from fragmentation of gluons than from quarks, whereas particles come 
both from quark and gluon fragmentation. Measurement of the rapidity and rapidity interval de-
pendence of particle correlations should provide some selection on quark versus gluon jets, since 
the strengths of the gg, qg and 

+− KK /

qq  parton-scattering subprocesses vary with the rapidity of the trig-
ger particle (or jet) and with the rapidity interval (gap) between the trigger and associated particles 
(or jets). Furthermore, a program of jet studies as a function of collision geometry, number of jets 
(2-, 3-jet events) in the final state, and energy for various rapidity combinations of the jets should 
lead to a precise understanding of the propagation of quarks and gluons in the high density state. 

Reaction Plane

γ+jet

jet+jet

Figure 1: High density overlap region as viewed along the di-
rection of the colliding heavy ions. Displayed are contours of 
equal energy density in a non-central impact parameter Au + Au 
event from hydrodynamics. 6 The reaction plane of the collision 
is denoted by the horizontal dashed line. Two examples of hard 
scatterings are shown, resulting in a photon-parton (top) and a 
parton-parton pair (bottom). The partons fragment after propa-
gating through the medium. 

2.2 The Constituent Quark Content of Hadrons and the Influence of QCD 
Vacuum States on Hadron Masses 

 
The Higgs field is responsible for the mass of particles in a chirally symmetric medium. However, 
when chiral symmetry is broken, the quark condensate contributes a significant part of the mass of 
the light and strange hadrons. This is depicted in Figure 2. Specific contributions of the various par-
tons (gluons, sea quarks, valence quarks) to the hadron mass can be determined by measuring the 
fragmentation function of specific hadrons in p+p interactions. Measurement of these fragmentation 
functions requires particle identification of leading particles in jets at high pT. Such measurements 
in A+A collisions establish how fragmentation functions are modified by the propagation of the 
various types of quarks in a dense medium and reflects the contributions of different constituent 
quarks to the hadron masses in the medium. It would be extremely exciting if these fragmentation 
functions were to reflect properties of a chirally restored medium, although this connection has yet 
to be established theoretically. A possible measurement, though, could be the fragmentation of a 
parton into a short-lived resonance inside and outside the medium. In addition to accounting for the 
constituent quark masses, the chiral quark condensate is responsible for inducing transitions be-
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tween left-handed and right-handed quarks, where LRRL qqqqqq += . Therefore, helicities of (lead-
ing) particles in jets (e.g. determined by detecting the polarization of leading Λ particles) may pro-
vide information on parity violation and chiral symmetry restoration.8 
 
It is interesting to determine in heavy ion 
collisions the extent to which hadron for-
mation proceeds via quark coalescence 
and whether effects of a chirally restored 
medium can be identified in the hadron 
yields or resonance yields, masses or 
widths. Recent observations10 of two new 
heavy+light quark hadron states, which 
decay to πsD  and  respectively, 
have led to suggestions of chiral-
doubling11 in heavy-light quark systems. 
Identification of such states at RHIC 
would provide information on chiral 
symmetry restoration in dense matter. 
Measuring D-meson production will ex-
plore these chiral dynamics since the masses of 0+ and 0− states should merge as the chiral quark 
condensate melts. Measuring  ratios would distinguish between production mechanisms such 
as pQCD, thermal and chirally symmetric production models. Measuring the mass and width of the 
ρ in various directions relative to the jet cone, e.g. in the near- and away-side jet cones, may be sen-
sitive to and uncover effects of chiral restoration on the ρ. 

π*
sD

DDs /

u d s c b t

QCD mass

Higgs mass

10

1

102

103

104

105

106

 
Figure 2: The particle mass (in MeV on a logarithmic scale) 
for the various quarks. Contributions of the Higgs mass and the 
chiral quark condensate are shown.9 
 

2.3 Another Phase of Matter – the Color Glass Condensate? 
 
Recent observations of suppression of high pT hadrons at forward rapidities (η = 3.2) in d + Au in-
teractions12 at RHIC are consistent with gluon saturation or formation of a color glass condensate 
(CGC)13 at low Bjorken x (~ 10-3).  If this is a CGC, its features and how this precursor evolves into 
a QGP must be understood. Figure 3 shows possible phases of QCD as a function of parton rapidity 
and transverse momentum. Precise measurements at sufficiently low-x at forward rapidities at 
RHIC can investigate the existence of the CGC. Correlations between forward and mid-rapidity jets 
(Mueller-Navelet di-jets), direct photons at forward rapidities, γγ HBT to measure the coherence of 
the sea-quark source, Drell-Yan at forward rapidities, and measurements and comparisons of heavy 
meson production in A+A collisions relative to binary collision scaling of p+p interactions at for-
ward rapidities will reveal the existence, properties and evolution of a condensed gluonic phase 
(CGC) of matter at low x. These measurements require precision hadron, photon and jet measure-
ments at large momentum at forward rapidities and associated high pT hadron, photon and jet 
measurements near mid-rapidity. The existence of a CGC at low x would require the Large Hadron 
Collider heavy ion program, which is predominantly at low x due to the large collision energy, to 
disentangle effects of the CGC and that of a Quark Gluon Plasma in order to understand these 
states of matter. At RHIC low x (dominant at forward rapidities) and high x (high pT particles at 
mid-rapidity) effects can be distinguished easily. 
 

 7



Another approach14 suggests that conventional 
leading-twist calculations employing nuclear 
parton distribution functions rather than a CGC 
can describe the new data.  There are also ques-
tions15 as to whether the average Bjorken-x 
values are sufficiently small for inclusive for-
ward particle production to probe saturation.  If 
there is no evidence for a CGC at RHIC II, it is 
still important to determine whether the parton 
distribution functions determined from deep 
inelastic scattering quantitatively describe par-
ticle production in p+A collisions.  Particle cor-
relations in p+A collisions, such as di-hadrons 
or di-jets produced at large rapidity (forward 
di-jets or di-hadrons) with small rapidity inter-
vals, test the applicability of leading-twist for-
mulations by probing small x phenomena. If the CGC picture is correct, then the rapidity distribu-
tion of recoil hadrons would differ from those of leading-twist approaches. 

LHC at y=0

R
a

p
id

it
y

1 4
Parton transverse momentum, GeV/c

3

6

Au nucleus

Quantum

Color

Condensate

Glass

Color

RHIC at y=0

RHIC at y=3

Fluid
Parton Gas
(perturbative QCD)

 
Figure 3: Possible phases of QCD as a function of 
parton rapidity and transverse momentum.16 

 
It is essential to measure and understand the parton distributions of the incident nuclei and the ini-
tial stages of collisions at RHIC in general. This is particularly important for a description of hard 
processes and other perturbative QCD aspects of the collision process, and for understanding the 
evolution to a QGP. Although the quark distribution functions have been measured in deep inelastic 
scattering, determination of the gluon distributions in nuclei will only begin soon at RHIC. The 
measurements at large rapidities require that faster partons in one projectile be used to probe soft 
“low-x” partons in the other. Thus, at large rapidities, we probe aspects of the nuclear wave func-
tion where parton densities are sufficiently large that saturation phenomena should occur (“nuclear 
shadowing”). This will require studies of proton-nucleus and nucleus-nucleus collisions, and in-
strumentation and measurements in the forward direction at RHIC II. All of this is necessary to un-
derstand completely the initial conditions, the overall collision process and formation and evolution 
of a QGP. In addition, it is important to understand the process of energy deposition in the collision 
process. Extracting the net baryon density vs. rapidity provides information on the transport of 
quantum numbers from the projectiles to smaller rapidities (“nuclear stopping”).  Thus, both from 
the “global variable” and “parton” perspectives there are compelling reasons to study the forward 
region through particle identification and tracking at very small angles. 

2.4 The Structure and Dynamics inside the Proton 
 
Initial determination of the contribution of gluons to the polarization of the proton will be accom-
plished with the existing RHIC detectors in the current RHIC spin program.17 Important questions 
about the spin structure of the proton are best answered with the performance projected for RHIC II 
and with suitable detectors.  Our knowledge of how the quark contribution to the spin of the proton 
is distributed amongst the different flavors is limited.  Recent results from semi-inclusive deep ine-
lastic scattering18 represent five years of data collection from a state-of-the art experiment.  Despite 
this effort, our knowledge about the separation of valence and sea contributions to the spin of the 
proton is limited by both statistical precision and systematic uncertainties associated with the frag-
mentation process.  For the spin-averaged parton distribution functions, the contributions from dif-
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ferent quark flavors and the separation of valence and sea contributions are largely determined from 
deep inelastic scattering of neutrinos through their charged-current weak interactions.  There are no 
prospects for studying neutrino deep inelastic scattering from polarized targets in the foreseeable 
future. Electroweak probes can still be employed by production of  in polarized proton colli-
sions at √s = 500 GeV.  When the  are produced with sufficient rapidity, the large parity violat-
ing asymmetry AL is directly proportional to the quark or antiquark polarization.  This proportional-
ity is most easy to see in a leading-order calculation.  Full treatments of next-to-leading order cor-
rections have been made19, and it has been found that the sensitivity to contributions from different 
quark (anti-quark) flavors remains. 

±W
±W

 
Determination of the helicity asymmetry distribution for the antiquarks is expected to provide im-
portant insight into the non-perturbative structure of the proton.  The excess of d over u at small 
Bjorken x observed in Drell-Yan experiments20 has been explained by a pion cloud model of the 
proton and by the Chiral Soliton Model21. The latter predicts a difference du ∆−∆  that is even lar-
ger than the difference of the unpolarized quark distributions.  The recent semi-inclusive deep ine-
lastic scattering data18 cannot tell if this asymmetry is present.  Robust measurements of this quan-
tity via parity violation in  can answer this question.  The polarization of strangeness in the sea 
can be probed by charm-tagged  production. A large acceptance detector and the best perform-
ance of RHIC II for polarized proton collisions at √s = 500 GeV is required for such a measure-
ment.  

±W
±W

 
Additional probes of gluon polarization are possible through measurements of double longitudinal 
spin asymmetries (ALL) for heavy quarks produced in p+p collisions.  Heavy quark production is 
dominated by gluon-gluon fusion. The contribution of competing production mechanisms for heavy 
flavors through quark-antiquark annihilation is small at RHIC, since that requires an anti-quark in 
the initial state. Thus, the gluons in the proton can be accessed directly through measurements of 
heavy quarks. Furthermore, charm and bottom production probe the gluon density in the proton at 
different momentum fractions (Bjorken-x) and scales (Q2). Measurements of the production of 
heavy quarkonia also probes gluons in the proton and will only be possible at the higher RHIC II 
luminosities. [Understanding the unpolarized production of heavy quarkonium states is therefore 
also important to the spin physics program as well as the heavy ion program.] Heavy-flavor produc-
tion can be selected through various leptonic decay channels over a large kinematic range in the 
proposed detector. In addition, B → J/ψ + X tagging the J/ψ through displaced electron and muon 
vertices provides a means of identifying open beauty production.  
 
The unpolarized aspect of hadron production of heavy flavors has recently attracted significant at-
tention. Although open charm production is fairly well understood, beauty production exhibits large 
discrepancies between theory22 and recent data from HERA23 and LEP.24 This has led to an exten-
sive discussion of physics beyond the Standard Model (SM) as an explanation for this discrepancy. 
In the minimal supersymmetric extension of the SM, gluinos can decay into a standard model bot-
tom quark and a lighter supersymmetric sbottom quark. This would increase the yield in bottom 
production and thus provide a mechanism to explain the apparent discrepancy between data and 
theory. RHIC could play an important role in understanding this discrepancy through its ability to 
investigate energy- and spin-dependent charm and bottom production. 
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Studies of the collisions of transversely polarized protons are of equal importance as those with 
longitudinal polarization.  The transversity densities of quarks and anti-quarks will be accessible at 
RHIC, but can be probed with greater precision at RHIC II. The chiral-odd character of the trans-
versity structure function makes it inaccessible to inclusive deep inelastic scattering, since elec-
troweak (and QCD) vertices preserve quark chirality. But, transversity is a leading-twist parton dis-
tribution function similar in importance to the spin-averaged and helicity asymmetry distributions.  
Lattice QCD is nearly at the point where robust calculations of moments of structure functions are 
within reach.  The indications from the lattice are that the transverse polarization of quarks in a 
transversely polarized nucleon is large.  Measurements of semi-inclusive deep inelastic scattering 
are underway that aim to probe transversity through the use of a spin-dependent, chiral-odd frag-
mentation function (Collins function) to analyze the transverse polarization of the current quark.  
Initial measurements of the azimuthal asymmetry of particle yields correlated with the polarization 
direction for one beam (analyzing power) are also underway with the existing RHIC detectors.  
They may provide sensitivity to transversity through the Collins function, but the contributions 
from other dynamics that can also give rise to non-zero AN must first be disentangled. The in-
creased luminosity of RHIC II and the broad acceptance of the proposed new detector will make 
possible double-transverse spin asymmetry (ATT) measurements for high-pT inclusive jets and the 
Drell-Yan process.  These observables are directly sensitive to the transversity distribution without 
contributions from differing dynamics.  
 
The Sivers function is a correlation of the form ST ⋅ (P × K⊥) between the proton transverse polari-
zation vector (ST), its momentum (P), and the transverse parton momentum relative to the proton 
direction (K⊥). Non-zero values of the Sivers function arise from the orbital motion of partons 
within the proton. In collisions of unpolarized protons with transversely polarized protons the sin-
gle transverse-spin asymmetry in the relative intra-jet azimuthal angle (i.e. non-collinearity) of di-
jets or alternatively the measurement of the relative azimuthal angle between photons and away-
side jets are sensitive to the Sivers function.25  It is also of interest to measure the analyzing power 
for Drell-Yan production. The gluon interactions that permit this time-reversal-odd distribution 
function to be non-zero lead to an expected change in sign in comparison of Sivers-type transverse 
spin effects in semi-inclusive deep inelastic scattering and polarized proton Drell-Yan production. 
Measurements of the analyzing power for Drell-Yan production will be possible with the projected 
luminosities for RHIC II and the large acceptance of the proposed new detector.  
 
There are interesting predictions for physics beyond the Standard Model (SM) whose existence 
may be discovered using spin measurements at RHIC II.26 These include new parity-violating inter-
actions that would lead to significant modifications of SM predictions. Here parity violation arises 
within the SM for quark-quark scattering through the interference of gluon- and Z0-exchange. Ob-
servation of a parity-violating single-spin asymmetry in inclusive single-jet production at RHIC 
would signify quark compositeness27, as depicted by the solid curves labeled εη = ±1 in Figure 4. 
Since the magnitude of deviations from the SM prediction (solid curve labeled SM in Figure 4) is 
extremely small and increases with transverse jet energy, such measurements are very difficult re-
quiring the highest possible luminosities and data rates, and large coverage for jet measurements to 
the highest possible transverse energies.  
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pp→jet X, √s = 500 GeV
|y|<0.5, ∫L dt = 800 pb
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Figure 4: Single spin asymmetry for inclusive jet 
production as a function of jet transverse energy. The 
standard model prediction is shown (labeled SM) 
along with predictions for quark compositeness (solid 
curves labeled εη = ±1) and leptophobic model pre-
dictions for an extra heavy vector boson that couples 
directly to quarks (dashed and dotted curves labeled 
by mass of the new vector boson). 
 

A dedicated comprehensive p+p detector at a high luminosity RHIC II facility is an effective way 
to explore the structure and dynamics of the proton beyond the present RHIC spin program capa-
bilities. This would allow a focus on rare processes, such as polarization of the QCD sea and parity 
violating interaction in the Standard Model, that are complementary to a future dedicated eRHIC 
experiment. RHIC is in a unique position to explore a certain aspect of physics beyond the SM, as it 
can explore a region of phase space that is unconstrained by current and future experimental efforts 
at other collider facilities. The capabilities of the proposed (semi-hermetic) detector system cer-
tainly benefit the study of physics beyond the standard model at RHIC II.  

2.5 Detector Requirements 
 
To be able to accomplish the physics listed above the new detector system will contain full elec-
tromagnetic and hadronic calorimetry coverage (for measurements of jets and photons, triggering 
and correlations), high resolution tracking in a large integral magnetic field times track-length        
(∫ B⋅dl), particle identification up to large transverse momenta (> 20 GeV/c) including flavor de-
pendence of leading particles and detailed fragmentation studies, and high rate data-acquisition and 
triggering capabilities to utilize the high luminosity effectively for low cross section measurements 
and photon-, particle-, and jet-correlations. 
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3 Jet Physics 

3.1 Introduction 
 
The new comprehensive detector will utilize high pT particles and jets to probe the quark-gluon 
plasma (QGP) at RHIC, study its properties and gain a better understanding of high density Quan-
tum Chromodynamics (QCD). Proton-proton and proton-nucleus data will be measured in the same 
detector, as necessary, to distinguish final state effects from nuclear modifications of the parton dis-
tribution functions (PDF). The RHIC energy regime appears to be ideal for these studies. The 
higher energy regime of the Large Hadron Collider (LHC) will provide increased particle and jet 
yields at high pT and low x. However, recent measurements in the forward direction at RHIC show 
indications of possible gluon shadowing in the initial state at such low x. Thus the mid-rapidity re-
gion at the LHC may be dominated by initial state saturation making deconvolution of final state 
effects, such as parton energy loss and jet quenching, difficult. While measurements in the forward 
region at RHIC can provide information on gluon shadowing, and possibly saturation or a color-
glass condensate, the midrapidity region at RHIC can be used to study predominantly final state 
effects. Therefore, at RHIC, measurements can be performed over a specific part of phase space 
(e.g. forward- or mid-rapidities) to select the x region of the dominant process of interest. 
 
Precision studies of jets at RHIC will require identification of all particles in a jet to the highest 
possible pT. The latest reasonable statistics estimates for our new detector show that at RHIC-II this 
corresponds to jet energies of 40-50 GeV and fragmentation products (identified particles) out to 
20-30 GeV/c. The present study aims at identifying photons, jet energy profiles, and leading parti-
cles at high pT to distinguish between jets from light, strange, heavy quark and gluon fragmentation. 
We will attempt to isolate three jet events in order to provide a clean sample of jets from gluon 
fragmentation. Likewise, the associated baryon, meson, particle, and anti-particle content of all jets 
will be measured. Conducting these measurements in pp, dA, and AA collisions will provide a 
wealth of information on jet fragmentation in the vacuum and in the medium in order to understand 
the flavor dependence of hadronization.  

3.2 γ-Tagging of Jets 
 
Photons do not re-interact with the medium, and thus can be used to determine the parton energy of 
the original hard scattering. The efficient reconstruction of high momentum photons, which can be 
employed for jet tagging out to a γ pT of 20 GeV/c with good statistics at RHIC-II, is unique to this 
device. However, the fact that a high pT photon can be measured and correlated to an away side jet 
does not lead to a physics result in itself.  Instead defining the jet energy of the away side based on 
energy conservation between the γ and the jet (i.e. a γ-tag) is in principle a clean jet energy trigger, 
assuming one can apply isolation cuts to diminish the background from fragmentation photons (see 
below) or one applies a sufficiently high γ momentum threshold. The main physics goals of γ-
tagged jets, though, still remains the same as in jet studies without a tag. In other words, in order to 
extract actual physics from a γ-tagged jet the statistics of single particle and pair correlations in the 
away side jet will set the scale for actual measurements. Some numbers are given in the following 
chapter.  
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An additional feature of γ-tagged jets is 
that the production mechanism of the γ 
determines the original parton for the 
away side jet fragmentation. There are 
only two processes that produce γ-jet 
combinations, annihilation (Figure 5a) 
and Compton scattering (Figure 5b). 
The Compton process requires a gluon 
in the initial state, while annihilation 
requires an antiquark in the initial 
state. Thus, neither production diagram 
is readily available in a proton-proton 
interaction. The sea antiquark required 
for the annihilation process has a softer 
parton distribution function (lower pT) 

than the gluon, whereas the gluon for the Compton process is generally harder. Therefore a larger 
percentage of recoil gluon jets will appear at lower pT (from annihilation) whereas higher pT will be 
dominated by recoil quark jets (from Compton), which can be used to distinguish between quark 
and gluon jets on the basis of their overall recoil jet energy on the away-side of a photon in proton-
proton interactions. However, this effect is predicted to be very dependent upon the incident hadron 
reaction, as seen in Figure 6. In the case of a pion-proton reaction the distinction between gluon and 
quark jets as a function of the photon pT is very strong, whereas for a proton-proton reaction, which 
will constitute most of the initial collisions at RHIC, the quark jets (from Compton scattering) will 
always dominate, therefore the pT dependence of the relative contribution of the two processes can-
not easily be explored in order to distinguish between quark jets and gluon jets on the away-side as 
was done by OPAL.  We will try to use the γ-tag to distinguish gluon and quark jets, but the effec-
tiveness of such a tag will have to be determined experimentally and no claims are made here on 
the basis of such a tag. Still, the γ-tag defines the energy of the jet and in that sense is of utmost im-
portance.  

αs⋅αe.m.

α2
s 

αs⋅αe.m.

αe.m.−−−−−αs

α2
s 

αe.m.−−−−−αs

(a) (b)

(c) (d)  
Figure 5: LO examples of direct (a+b) and fragmentation (c+d) 
contributions to the γ+jet cross section. 

 
There is, however, a serious background process, namely fragmentation in which the photon origi-
nates from the fragmentation of a final state parton as depicted in Figure 5c+d. Despite the fact that 
the Compton and annihilation subprocesses are of order αs

2 , the fragmentation contribution is pre-
sent already in LO since the parton-to-photon fragmentation functions are effectively of order α/αs 
in perturbative QCD28, where α denotes the e.m. fine structure constant. This process constitutes a 
considerable background source in which the photon does not carry the full original away side jet 
energy but only z·Eγ where z is determined by the not well known photon fragmentation function. 
This process complicates the interpretation of γ-tagged jets considerably.  So far in γ+jet studies at 
high-energy colliders the photon is experimentally required to be ‘isolated’ in order to suppress this 
background. This is usually achieved by demanding that the amount of hadronic energy allowed in 
the jet cone around the photon direction is limited to a small fraction of the photon energy (usually 
10%). While this isolation procedure works successfully in pp collisions its usefulness in Au+Au 
can be questioned. The fragmentation background can only be successfully removed at large ener-
gies where (a) its contribution is decreasing in NLO and (b) isolation cuts, even in Au+Au, become 
more effective.  The latter requires a hadronic calorimeter, which is unique to our RHIC-II detector 
proposal. In addition the superior detector resolution in the electromagnetic calorimeter and the 
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Figure 6a: Relative contributions of Compton and annihi-
lation sub-processes in direct photon events vs. pT of the 
direct photon. The figure shows that at high values of di-
rect photon pT the annihilation sub-process dominates in 
π− p → γ + X. These results are HERWIG predictions. 

 
Figure 6b: Relative contributions of Compton and annihi-
lation sub-process on direct photon events vs. pT of the 
direct photon. The figure shows that for pp → γ + X the 
Compton diagram dominates. These results are HERWIG 
predictions. 

high rate capability of all of our detector components allow us to extend the γ-jet tagging capabili-
ties out to a γ pT of 20 GeV/c. This means particle composition studies of a jet in the high multiplic-
ity environment are no longer limited to a statistical approach but rather can be measured in detail 
with high statistics as a function of single leading particle flavor or intra-jet identified particle cor-
relations. The whole issue of particle identified fragmentation and its relevance to particle produc-
tion is therefore the main physics thrust of the γ-tagged jet studies as well. Detailed estimates of the 
achievable statistics are given at the end of this section. 
 
It should be emphasized that the flavor dependence in γ-jet, γ-leading hadron, di-hadron, and di-jet 
correlations will be studied as a function of x and orientation relative to the reaction plane (estab-
lished by lower momentum particles in each event). This complex set of correlation data will be 
necessary for detailed determination of the energy loss mechanism and properties of the QGP. 

3.3 Jet Fragmentation Studies in pp, pA, and AA Collisions 
 
A unique capability of the proposed detector is particle identification out to particle momenta ex-
ceeding 20 GeV/c over a pseudo-rapidity range of |η| < 3.5. This enables us to measure the particle 
composition of high energy jets in concert with the jet energy profile measured in the calorimeters. 
The detailed particle composition of jets in elementary collisions has been the study of many high 
energy experiments which led to the parameterization of the hadronization process in parton-parton 
collisions via fragmentation functions. Fragmentation functions are not calculable in QCD but are 
rather an attempt to factorize the probability  of a certain parton (q) leading to a certain 
hadron (B) as a function of the x of the initial parton and the z (ph/pjet) of the final hadron. By ap-
plying a statistical approach to many inclusive cross section measurements of identified hadrons in 
high energy collisions, one can determine the relative contribution of valence quarks, sea quarks, 
and gluons to the formation of specific hadrons. In that sense the fragmentation function is a 
parameterization to answer the question of how particles acquire mass. In general, the gross fea-

),( 2QxD B
q
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tures of fragmentation functions for different single parton to single hadron conversions are similar 
as a function of x and z (for a summary see e.g., Ref. 29), which leads to the notion of a universal  
fragmentation function, in particular for light quarks. Figure 7 shows such a universal function and 
its potential modification due to radiative energy loss (induced gluon bremsstrahlung) in a dense 
medium. However, detailed studies of inclusive cross sections have shown, via a statistical ap-
proach to the fragmentation process, that as a function of x, different partons contribute with differ-
ent weights to specific hadronization processes. For example, Bourelly and Soffer30 have shown 
that for octet baryon production there is a very close relation between the parton distribution func-
tions and the fragmentation functions. In particular strange and heavy quarks have a finite contribu-
tion to the formation of non-strange baryons, especially at smaller x31, which means that simple 
parton-hadron duality pictures must be augmented by exact measurements of the jet content from a 
particular parton fragmentation32. 
 
As an example, Figure 8 shows the relative contributions of quark fragmentation functions to two 
final state baryons (p,Λ) according to the statistical model and based on cross sections measured in 
elementary particle collisions30. Please note the considerable contribution of heavy quarks to the 
proton and Λ fragmentation at low x. If the medium modifications in central heavy ion collisions 
are flavor dependent, varying for different partons, and the relative contribution of partons to the 
fragmentation function differs as a function of x, then the modification of the fragmentation func-
tion cannot be universal as depicted in Figure 7 but rather will have a different shape as a function 
of x and parton species. 
 
The new detector has a unique capacity to measure high pT particles, jets, and correlations over a 
large range of x due to its extended pseudo-rapidity coverage.  An estimate of the dependence of η 
on x is given by the x ~ pT e−η . More detailed calculations show however that the x-coverage de-
pends on the Q2 scale to be probed. An example for x-ranges at fixed RHIC pseudo-rapidities is 
given in Figure 9.  
 
Based on these calculations we expect the new RHIC-II detector to probe the perturbative regime in 
the range of x = 0.1 to 10-4 and thus extend the present knowledge of fragmentation in the un-
quenched regime of pp collisions for various types of partons over a wide range of x-values, includ-

ing heavy quarks and potentially gluons via the 
γ-jet tag. Particle identification in the jet helps 
to understand jet formation mechanisms in pro-
ton-proton collisions and will allow us to in-
vestigate modifications of the fragmentation 
functions in nucleus-nucleus collisions. Nu-
cleus-nucleus data will be compared to proton-
nucleus data taken at the same energy and with 
the same detector configuration and at different 
energies (EMC and HERMES) in order to dis-
tinguish effects of the QGP and of the cold nu-
clear medium.  10
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Figure 7: Universal modification of universal fragmen-
tation function based on the assumption of induced gluon 
bremstrahlung as the main radiative energy loss in the 
medium33. 

 
If differences in parton contributions to the 
hadronization can be further corroborated ex-
perimentally, one would expect the assumption 
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Figure 8: The quark octet baryons fragmentation function DB

q(x, Q2) and DB
q(x, Q2) (B = p, Λ , q = u, d, s and Q = c, 

b, t), as a function of x at Q = 91.2 GeV.  

of a universal modification, due to radiative energy loss, to the universal fragmentation function to 
be an oversimplification. This idea would then have to be modified for each particle as each parton 
species would be expected to suffer different amounts of energy loss in the dense opaque medium.  
In general it is already anticipated that gluons, light and heavy quarks interact differently. This will 
be discussed below. 
 
Gluon quenching: For parton momenta much higher than the constituent quark mass the energy 
loss is expected to be universal for quarks and when scaled by the color (Casimir) factors (CF/CA) 
identical to the gluon energy loss. The color factor, though, will increase the multiplicity in the un-
quenched gluon jet34 and the energy loss of the gluon in the quenching scenario. In proton-proton 
interactions the away-side pT distributions can be used to select quark versus gluon jets to further 
study their particle content, while in nu-
cleus-nucleus interactions the parton en-
ergy loss complicates this selection crite-
rion considerably. However, in nucleus-
nucleus interactions the ratios of leading 
anti-particles to leading particles, such as 

pp/  and , at high pT can be used to 
distinguish energy loss effects of gluon 
versus quark jets, because anti-particles are 
more likely to be produced from fragmen-
tation of hard-scattered gluons than from 
quarks, whereas particles are produced in 
both, quark and gluon fragmentation. At 
high pT perturbative-QCD predicts that 
these antiparticle–to-particle ratios should 
decrease with increasing momentum. Fur-
thermore, a difference in the anti-particle 
to particle ratios as a function of pT pro-

−+ KK /

 
Figure 9: Comparison of x-ranges covered by RHIC as a func-
tion of rapidity and Q2. 
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vides information on the relative energy loss of quark jets relative to gluon jets and can be com-
pared to results from proton-proton and proton-nucleus interactions to determine the energy loss 
difference between fast quarks and gluons traversing the medium in the nucleus-nucleus case. A 
prediction by X.N. Wang is shown in Figure 10. 
 
Another possibility to study gluon jets is to trigger on three jet events, in which case the lowest en-
ergy jet, which is emitted transversely to the remaining di-jet axis has to be a gluon jet. Simulations 
to investigate whether this relatively low energy jet can be identified in heavy ion collisions at 
RHIC and whether the production cross section of such three-jet events is sufficiently high at 
RHIC-II are underway. 
 
Light quark quenching: Although the s-quark quenching is not expected to show large deviations 
from that of the u- and d-quark, one might be able to measure detailed differences in the intermedi-
ate pT range where the constituent quark mass cannot be neglected. These detailed measurements 
will certainly help to establish a more complete picture of hadronization of the abundantly pro-
duced particles, although the intermediate pT range is likely to be also populated by other produc-
tion mechanisms, such as thermal parton recombination.  
 
One additional light quark effect that is not easily quantifiable is the apparent contribution of non-
valence quarks to the universal fragmentation function. Certainly the parton distribution function of 

sea-quarks is significantly softer than the va-
lence quark distribution, but for the radiative 
energy loss the color factor scaling cannot be 
applied. In any case, the sea-quark contribution 
to the fragmentation process is of different 
weight at different values of x, and it contrib-
utes more strongly to the low z part of the 
fragmentation function. Therefore the modifi-
cation of this contribution to the fragmentation 
in an opaque medium cannot be generalized 
and has to be measured for each particle as a 
function of z and x. Certainly studies of the nu-
clear modification factor RAA for identified 
leading particles and as a function of the multi-
plicity of the jet will provide more detailed in-
formation on how the fragmentation functions 
are modified in nucleus-nucleus. In the context 
of identified leading particles, it is interesting 
to note that the production rate of strange bary-
ons per jet in elementary reactions is nearly in-
dependent of jet energy in contrast to the strong 
dependence measured for the total charged 
multiplicity, as shown by OPAL31 in Figure 11. 
OPAL also finds that in simulations the relative 
abundance of strange mesons and baryons is 
dependent on the flavor of the jet (see Figure 
11b). It will be important to measure how or 
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Figure 10: The ratio of ⎯p to p (upper panel) and ⎯Λ to Λ 
(lower panel) spectra as a function of pT in pp (dashed) 
and central Au+Au collisions at √s = 200 GeV without 
energy loss (dot-dashed) and with an energy loss dEq/dx = 
1 GeV/fm (solid). The mean free-path λq=1 fm. Gluons 
are assumed to lose twice as much energy as quarks. 
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indeed if medium modifications in relativistic nucleus-nucleus collisions affect these results.  
 
Heavy quark quenching: For the heavy quarks (c and b) the dead-cone effect, described by Dok-
shitzer and Kharzeev35, predicts that heavy quarks suffer considerably less energy loss in the me-
dium than light quarks since for heavy quarks gluon bremsstrahlung at small angles is suppressed. 
Hence, jets with a D or B-meson as leading particles should be less suppressed than light quark jets. 
If the magnitude of the quenching effect were found to be similar for light and heavy quark jets, 
then gluon bremsstrahlung could not be the dominant mechanism. Thus, measurements of identi-
fied heavy quark jets and comparison with light quark jets, e.g. via ratios of D/π and B/π, will help 
identify the energy loss mechanism primarily responsible for jet quenching. In order to study heavy 
flavor jet quenching, displaced vertices will be used to identify and trigger on heavy flavor decays. 
High pT electrons in coincidence with a leading hadron, both emanating from a vertex that is dis-
placed from the primary nucleus-nucleus reaction vertex, will provide a trigger for heavy flavor 
decays. Examples of other specific decay modes of interest for a displaced vertex, heavy flavor 
trigger are B0 → J/ψ + K0

s, and D and D* → Kπ and Kππ.  
 
Alternatives to gluon bremsstrahlung: There are indications already in proton-nucleus (i.e. cold 
nuclear matter) measurements that the flavor composition and the overall multiplicity in a jet is 
changed from proton-proton to proton-nucleus interactions due to the coalescence of partons with 
quarks in the medium36,37. This leads to a modification of the fragmentation function already in pro-
ton-nucleus interactions. The effect can be explained in the context of rescaling models, which im-
plement partial deconfinement inside nuclei by modifying the fragmentation function perturbat-
ively38. This model is an alternative to the gluon bremsstrahlung models39,40. It is interesting to note 
that in a rescaling model the level of deconfinement can be adjusted8, and therefore the RAA meas-
urements in nucleus-nucleus collisions at RHIC II should be compared to a total deconfinement 
calculation. A recent paper41 also pointed out that the photon contribution to the radiative energy 
loss might not be negligible, which will lead to important γ-measurements that can only be fully 
achieved with the new detector capabilities. 

 
Figure 11a: Production rates per jet of charged parti-
cles, K0

s mesons and Λ baryons, nch/10, nK, and nΛ as a 
function of the jet energy compared with predictions of 
the models JETSET 7.4 and HERWIG 5.9. The charged 
particle rates are scaled down by a factor of 10.  

 

 
Figure 11b: Relative production rates of (a) K0

s and (b) Λ 
in JETSET 7.4 events for pure quark and gluons jets as a 
function of the jet energy. Straight lines are fitted to the 
points. The statistical errors are smaller then the size of the 
symbols. The zeros of the vertical axes have been sup-
pressed. 
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Energy loss azimuthal distribution: Early jet measurements showed that jet production in hadron-
nucleus reactions is enhanced beyond a simple linear A scaling factor for moderate √s42, whereas 
for higher incident energies the scaling approaches a linear A dependence43,44. The enhanced A de-
pendence of the jet and di-jet cross sections at √s comparable to RHIC energies is largely attributed 
to jet-like contributions from the underlying background which do not scale linearly with A. These 
jet-like contributions can be measured in a direction perpendicular to the jet cone and then com-
pared to the jet content itself12, first in pp collisions to determine a reference and then in AA colli-
sions, as this dependence might change in the opaque medium if the gluon radiation is not collinear. 
In other words, does the gluon radiation stay confined in the cone or does it also affect the particle 
production pedestal outside of the cone? Furthermore, does it change the flavor composition of the 
particle production outside the jet cone? A first detailed theoretical study of jet fragmentation sof-
tening versus jet suppression was recently performed by Lokhtin and Snigirev for the case of nu-
cleus-nucleus collisions at RHIC and LHC45. The softening of the fragmentation function with no 
substantial jet rate suppression would indicate that small angle gluon radiation (i.e. in the jet cone) 
dominates the medium-induced partonic energy loss, whereas an increasing contribution of wide-
angle gluon radiation or collisional loss would lead to jet rate suppression. Again, this question can 
only be addressed experimentally by measuring the complete jet and the ‘out-of-cone’ energy loss 
via the particle identified momentum spectrum of the underlying event and the jet itself. In order to 
distinguish the effect of gluon radiation outside of the jet from other particle production mecha-
nisms the jet energy profile must be measured together with the jet particle composition, which can 
only be accomplished in the new detector.  
  
String fragmentation versus recombination in jets: Previous jet experiments using elementary 
collisions attempted to distinguish the different particle production mechanisms in a jet cone: the 
standard quark-diquark picture (direct production through string fragmentation) and the so-called 
popcorn mechanism (quark coalescence or recombination of independently produced quarks). 
DELPHI46 has shown in rapidity correlation studies for baryons that the baryon-antibaryon pair 
generated in a simple fragmentation process always stays within the rapidity window of the jet if 
produced through the direct process of string fragmentation. However, if one applies a recom-
bination or quark coalescence scenario to independent quarks in the QGP, the rapidity correlation 
of the baryon-antibaryon pair should be weaker.  
 
Differences in the rapidity correlations between , , , ΞΞΛΛpp  and ΩΩ  and mixed pairs could be 
used to better understand the various contributions in the jet cone. Also the relative contribution of 
baryons to mesons in a jet is expected to be different depending on the production mechanism. 
Furthermore, asymmetries in the production rates between D+ and D− mesons in proton-proton 
reactions (the so-called leading particle effect47,48) can only be understood in the context of a quark 
recombination of two partons in the initial hadron49,50 or independently produced partons51.  
 
By extending these types of measurements from elementary pp-collisions to complex AA-
collisions, we can first measure baseline correlations and yields of identified particles in order to 
sort out the relative production mechanism contributions in pp and then distinguish partonic energy 
loss effects, which should, for example, affect the baryon-antibaryon correlations. The picture of 
hard parton recombination can then be further extended to include thermal partons as well which 
has lately been investigated by some theorists (e.g. Ref. 52).   
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Measurements unique to the new RHIC-II detector: The main advantage of the new detector 
over any existing or upgraded RHIC device is that it combines the relevant features of a large and 
symmetric coverage for tracking, PID, and calorimetry over a large momentum range with ex-
tremely high data acquisition rates and superior triggering capabilities. The PID coverage in terms 
of coordinate and momentum space is unparalleled, and the inclusion of hadronic calorimetry al-
lows, for the first time at RHIC, unambiguous jet energy and particle profile, high pT particle corre-
lation, and γ-jet measurements over a large range in (x,Q2). 
 
The key measurements in the context of jet studies at RHIC-II will remain those of jet suppression 
in the opaque medium via single particle yield, flow comparisons between pp and AA, and many 
particle correlations to distinguish between jet structures and bulk matter. It is a feature of this de-
tector, that these measurements are no longer limited to the leading jet particle but rather include 
the full jet profile in terms of energy, particle multiplicities and species. The capability to break 
down the jet content particle by particle from the pion to the B-meson over a pT range from 500 
MeV/c to above 20 GeV/c will enable for the first time one to address the fundamental issues of 
hadronization and particle production in pp and AA collisions on a highly detailed level. As an ex-
ample of the wealth of particle species fragmenting from a parton, Figure 12 shows the fragment 
particle yields per event in the new detector as a function of the fragment transverse momentum for 
jets with an incident parton pT > 10 GeV/c in √s = 200 GeV proton-proton collisions at RHIC-II. In 
more forward directions this distribution is limited by the kinematics, therefore we also show the 
momentum distributions of various fragmentation particles at mid- and forward-rapidities in Figure 
13. 
 
The unparalleled ability of the comprehensive new detector design in particle and energy identified 
jet studies in pp and AA will allow our field to bridge the gap between high energy and nuclear 
physics in a way that enables us to answer the core question of elementary particle production in 

nature. The rather awkward attempts to describe 
hadronization through factorization via fragmen-
tation functions in the vacuum will be comple-
mented by measurements in different phases of 
matter with different coupling constants. This 
will put serious constraints on the validity of the 
factorization approach and our ideas of hadroni-
zation mechanisms and it will therefore help to 
answer the fundamental question of hadron pro-
duction and chiral symmetry breaking. In particu-
lar the measurement of the particle-identified 
content of jets from relatively moderate pT out to 
high pT is unique to this detector. For example, γ-
jet measurements are possible starting from a 
γ momentum of 7 GeV/c out to 20 GeV/c with 
sufficient statistics. The upgraded RHIC detec-
tors can neither match the low pT cutoff due to 
resolution constraints nor the high pT cutoff due 
to statistics limitations. Table 1 shows our statis-
tics for γ-jets assuming a 30 nb-1 run (14 weeks at 
RHIC-II design luminosity with 50% dead time). 
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Figure 12: Fragmentation particle spectra per proton-
proton collision from an incoming parton with pT > 10 
GeV/c in |η| < 3 as a function of the transverse momen-
tum. 

 20 



frag particles p [GeV/c]

0 5 10 15 20 25 30 35

e
v
e

n
t

1
 

d
p

d
N

-11
10

-10
10

-9
10

-8
10

-7
10

-6
10

-5
10

-4
10

-3
10

frag particles p [GeV/c]

0 5 10 15 20 25 30 35

e
v
e
n
t

1
 

d
p

d
N

-11
10

-10
10

-9
10

-8
10

-7
10

-6
10

-5
10

-4
10

-3
10

 
Transverse energy of γ Number of events 

20 GeV 33,000 
30 GeV 1,500 

Table 1: γ-jet rates in Au-Au collisions. 

 
One unique measurement of the RHIC era was the determination of jet properties in the medium 
via azimuthal jet particle correlations. Early measurements by STAR indicated that the correlations 
inside the jet cone and between same-side and away-side jets in a di-jet event can be measured 
through two particle correlations. The dramatic disappearance of the away-side jet in the opaque 
medium produced in central Au-Au collisions is widely seen as proof for partonic jet quenching in 
a QGP-like medium. These measurements still lack the pT reach that is required to distinguish 
modification of the fragmentation process from other production mechanisms at more moderate pT , 
such as recombination of thermal and shower partons. It is very important to (i) extend the pT reach 
of two-particle correlations to a pT-range where fragmentation can be safely tested, and (ii) extend 
the measurements to high pT correlations of more than just charged hadrons (i.e. identified had-
rons). The differences in correlations between different particle species (e.g. baryons vs. mesons, 
particles vs. anti-particles, and light quarks vs. heavy quark particles) will add to the understanding 
of the fragmentation process and its modification in the QGP phase. As an example Table 2 shows 
the anticipated numbers for certain single particle yields and two-particle correlations in a specific 
pT window achievable with our detector. Neither of the upgraded RHIC detectors will be able to 
achieve these measurements, since the increase in PID coverage from PHENIX and STAR to this 
detector is a factor 72 and a factor 3, respectively. Furthermore, the STAR PID coverage does not 
extend beyond 5 GeV/c, PHENIX cuts off at around 10 GeV/c, while the coverage of the new de-
tector extends to beyond 20 GeV/c, as shown in Figure 14. 
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Figure 13: Fragmentation particle multiplicities per proton-proton collision from an incoming parton with pT > 10 
GeV/c in central and forward rapidities as a function of  the total momentum of the fragmentation particle. 
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di-jet leading particle yields pT-cutoff and PID number of particles 
 > 10 GeV/c protons 15,000,000 
 > 20 GeV/c protons 30,000 

γ-jet leading particle yields pT-cutoff and PID number of particles 
 > 10 GeV/c protons 5,000 
 > 15 GeV/c protons 100 

two-particle jet correlations pT-cutoff and PID number of pairs 
 > 4 GeV/c Lambda pairs 50,000 
 > 10 GeV/c proton pairs 5,000 

Table 2: Leading particle yields and correlation pair yields in di-jets and γ-jets in Au-Au. 

 
An interesting extension of the PID capabilities and superior tracking resolution to high pT is to dis-
tinguish jet and bulk matter contributions in the intermediate pT range by measuring the 〈pT〉 and 
multiplicity fluctuations in the event. It is expected that the thermal bulk matter will fluctuate with 
a significant difference to that expected from the explicitly non-thermal unquenched jet contribu-
tion. The quenched jet contribution might partially thermalize but the directivity of the jet could be 
preserved in parton recombination22. 
 
In summary: Measuring particle identified fragmentation functions as a function of the hadron 
momentum fraction z at different x scales in pp and AA collisions, i.e. in the vacuum and in an 
opaque medium that behaves like an ideal fluid, will enable us to determine not only the exact par-
ton contribution to each produced hadron, but also the energy and x dependence of the process that 
leads to massive hadrons. In that sense these measurements address one of the fundamental, unan-
swered questions of physics, namely how particles acquire their mass. These detailed studies are 
seriously limited in the LHC detectors and the upgraded RHIC detectors, due to the lack of the 
combined detector capabilities necessary for these measurements, namely PID for particle momenta 
up to 20 GeV/c and calorimetry continuously from central to forward rapidities. 
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Figure 14: Comparison of particle identification capabilities in the new detector and the upgraded RHIC-I detectors as 
a function of pseudorapidity coverage and φ. The boxes show STAR and PHENIX, the blue shaded area shows the new 
detector coverage. The maximum transverse momentum for which particle identification is possible is indicated by the 
values in the boxes.  
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3.4 Chiral Symmetry Restoration via Resonances in and out of Jet Cones 
 
In the QCD vacuum chiral symmetry is spontaneously broken by the formation of the quark con-
densate, thereby generating the major part of the mass of most hadrons and inducing a large mass 
splitting of chiral partner states in the hadronic spectrum, e.g. π-σ, ρ(770)-a1(1260) or N(940)-
N(1535). The (approximate) restoration of chiral symmetry at high temperatures, as predicted by 
lattice QCD53, implies that, at the phase transition, chiral partners become degenerate. Therefore, 
medium modifications of hadron masses and widths are generally considered as valuable signals 
for chiral restoration, especially for short-lived resonances decaying at least partially in the pro-
duced hot and dense medium. So far, the most promising observable for medium modified hadron 
properties are dilepton spectra which directly probe the spectral functions of vector mesons, most 
notably the ρ(770) due to its large electromagnetic decay rate54,55.  Thus, it is of prime importance 
to gain information on medium effects on the chiral partner of the ρ, the a1(1260), e.g., through its 
π−γ decay channel56. RHIC measurements were not yet able to gather evidence for chiral symmetry 
restoration either due to a decoupling of the chiral and the deconfinement transition or a lack of vi-
able candidate measurements. The new detector offers a unique expansion of these studies by po-
tentially allowing the simultaneous reconstruction of the ρ and the a1(1260). Besides the standard 
π−ρ decay channel of the a1, the detector’s unique capability in low momentum γ detection enables 
us to explore the π−γ channel for the a1. The γ capabilities are expanded via the inclusion of addi-
tional γ converters also needed for the γ−γ HBT. Whether the very broad unquenched a1 resonance 
can be detected in central AA events with a high combinatorial background is under investigation, 
but studies indicate that in pp and peripheral events RHIC-II offers the unique opportunity to meas-
ure in medium and out of medium masses of the ρ and the a1 in the same event through the simul-
taneous measurement of quenched and unquenched jets. An unquenched jet in central Au-Au colli-
sions is likely to be emitted from the surface of the medium and therefore any resonance contained 
in an unquenched jet will be produced out of medium, whereas the quenched away side jet will lose 
most of its energy to the medium and likely thermalize within the matter. Therefore thermal ρ’s and 
a1’s, either from the thermalized bulk or a quenched jet, will exhibit medium modifications possibly 
indicative of chiral restoration. A measurement of the ρ/a1 ratio based on two particle azimuthal 
correlations in dijets in central Au-Au collisions will be another good candidate for measuring 
chiral symmetry restoration, due to the approximate degeneracy of the ρ and a1 mass distributions 
at/close to the critical temperature. As it is essential to scrutinize theoretical models, measurements 
of medium modifications of the other light vector mesons, φ and ω, will also be conducted. To as-
sess the relative yields of in-medium and free decays, as well as additional medium effects on the 
hadronic decay products of a resonance, the new detector will allow for a comparative study of di-
lepton and di-hadron decay channels for the ρ and the φ, which will also enable investigation of 
changes in the pertinent branching ratios. In order to ensure likely decay of the resonance in the 
medium and simultaneously sufficient transverse momenta to detect the leptonic or hadronic decay 
products  in the detector’s high field environment we plan to trigger on resonances that are emitted 
transverse to the di-jet thrust axis. 
 

3.5 Parity and CP Violation Studies 
 
It has been proposed that heavy-ion collisions may create meta-stable regions of space in which 
parity and CP symmetries are spontaneously violated in strong interactions57. These CP-odd meta-
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stable regions may exist in hot QCD despite the fact that the parameter for the effective strength of 
the CP-violating term in the QCD Lagrangian is zero to very high precision in nature. The regions 
should create observable effects in the produced hadrons, a unique measurement as parity and CP 
violation have never been seen in the strong interaction. Their measurement would thus have impli-
cations not only in the understanding of the 'Strong CP problem' (why do strong interactions respect 
parity and CP invariances?), but also because it is closely related to a core issue of symmetry resto-
ration (in this case, the axial U(1) symmetry) in the excited, high temperature state possibly created 
in heavy-ion collisions. Since the effect is relatively small and changes sign every event, event-by-
event correlation methods must be employed to search for a signal.  Several such methods have 
been suggested, of which many involve looking for certain asymmetries in charged particle produc-
tion. The most recently suggested methods along these lines58 is practicable with current RHIC de-
tectors, but it is our current understanding that this method will have a difficult time distinguishing 
true CP violation from other non-CP violating effects that lead to similar charge correlations. Such 
methods will of course continue to be explored. 
 
A much less ambiguous signal could be seen by observing longitudinal helicity correlations of pro-
duced hyperons. CP violating regions affect the net helicity of quarks and anti-quarks. Such helicity 
flips are as likely to affect the strange quark as the light u and d quarks. The spin of the Λ is domi-
nated by its strange quark and hence there should exist correlations in the helicities of Λs (here Λ 
means⎯Λ + Λ) produced in these domains. Since Λs decay through the parity violating weak decay 
this effect should be observable by measuring the Λ helicity correlations event-by-event.  The Λ 
helicity may be determined, to a good approximation, as up or down by measuring the decay pro-
ton’s direction in the decay center of mass frame relative to the Λ line of flight in the collision 
frame. For each event the ratio R = Nup/(Nup + Ndown) is determined; if CP-odd domains exist,  non-
statistical fluctuations in R should be observed.  While not background free, it is believed that 
backgrounds can be controlled sufficiently such that should non-statistical deviations be observed, 
CP violation could be determined with very high confidence. The main physics source of back-
ground is from Ξ feed-down which creates longitudinally polarized Λs in the Ξ rest frame. Fluctua-
tions in the event-to-event Ξ yield could create a fake CP violation signal as described above. How-
ever, taking a pessimistic view that the Ξ decay asymmetry, α = 1 (not the observed value of 0.45) 
and that all Λs are from Ξ decays, no measurable signal was observed in 200 million simulated 
events. This is so because the Λ is polarized in the Ξ rest frame and the effect is washed out when 
boosted into the Λ rest frame. Another possibility is to only look for Λ helicity correlations of pairs 
of Λs identified as resulting from a “jet”. By triggering on a high pT particle and looking at the 
asymmetry ratio R for Λ on the away side you can hope to enhance the signal by increasing the 
probability that both Λs were created in the CP violating bubble. However, while this increases the 
probability of the Λs being created close to each other, our initial estimates show that the event sta-
tistics needed are greatly increased due to the need to create, and identify, high pT trigger particles. 
 
Whether these metastable states actually have observable effects depends on the probability of for-
mation, their size, number density and lifetime. There currently exists only rough theoretical guid-
ance as to what signal strength can be expected from this method59.  Initial (and likely optimistic) 
simulations, assuming that 1/10th of the produced strange quarks result in a primordial Λ, that the 
topological charge (Q) distribution is a Gaussian of width 10, that each unit of Q produces a helic-
ity flip of one quark, and that 30% of these flips affects strange quarks, show that even with 50% 
efficiency for identifying produced Λs, a meaningful 3σ measurement will take a minimum of 100 
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million central events. The number of events cannot be reduced by triggering; thus high luminosity 
and data rates are clearly essential (as is excellent vertexing capability for hyperonic lifetimes) for 
such a measurement to be performed. These high rate and reconstruction efficiencies are only pos-
sible at RHIC II. 
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4 Quarkonium Program 

4.1 Theoretical Motivation 
 
In 1986 Matsui and Satz proposed in a landmark paper60 the study of J/Ψ production in AA colli-
sions as a signature of a QGP. They predicted a suppression of J/Ψ due to the color screening of the 
static potential between heavy quarks. This idea was later (2000) refined by Kharzeev and Satz 61 
after the octet model for quarkonium production was established. In this approach, the color octet 
state ( gcc ) can be broken up by hard gluons that are not available in a hadron gas but are abundant 
in a QGP.  
 
With the prospect of a possible measurement of bottonium at RHIC and LHC theoretical efforts 
began also to include the ϒ states62,63. Earlier, most studies focused on the measurements of char-
monium states, mainly because of their relatively large production cross-section when compared to 
bottonium states. However, bottonium spectroscopy in nucleus-nucleus collisions has various ad-
vantages compared to charmonium spectroscopy. Bottonium mesons are massive (~10 GeV/c2) and 
their decay leptons have relatively large momenta and are thus easy to distinguish from electrons 
originating from most background sources. The combinatorial background in this mass range is ex-
tremely small and multiple scattering is of little concern. While the interpretation of charmonium 
suppression is made more difficult by the rather large cross-section for absorption by co-moving 
matter, the situation for bottonium is considerably easier. Calculations of the absorption of directly 
produced ϒ by hadronic co-movers show that this effect is essentially negligible62.  
 
As early as 2001, studies of the heavy quark potential on the lattice became available that quantita-
tively predicted a sequential suppression of the various quarkonium states64,65. They indicated that 
the ϒ(2S) state dissolves at temperatures and conditions almost identical to those for the J/Ψ, while 
the ϒ(1S) state stays unsuppressed up to temperatures of more than twice the critical temperature 
TC. Such high temperatures are not likely to be achieved at RHIC energies, making the ϒ(1S) state 
a possible standard candle with which to compare.  On the other hand, because of its low binding 
energy the ϒ(3S) is predicted to dissolve at temperatures below TC. Therefore, a measurement of 
the various bottonium states can shed light on the production (via ϒ(1S)) and suppression mecha-
nisms (ϒ(2S) and ϒ(3S)) of heavy quark bound states, avoiding many difficulties inherent in char-
monium measurements. Only recently66 new lattice calculations have revealed the importance of 
the entropy term in the calculation of the free energy F, which is commonly interpreted as the 
heavy quark potential at finite T. The conclusion from these results is that the charmonium ground 
state (J/Ψ) persists in the QGP as a well defined resonance with no significant change in its “zero 
temperature” masses at least up to T ~ 1.5 TC. The J/Ψ gradually disappears for T > 1.5 TC and is 
gone at 3 TC (see Figure 15). These results, however, must be treated with caution.  So far the cal-
culations67,68 performed by several groups are inconsistent, and all ignore the width of the quark-
onium states but predict only position and yield. It is still rather likely that future calculations, once 
the treatment of resonance widths are properly taken into account, will show that the J/Ψ will dis-
solve also at RHIC69. The current expectation, based on the different binding energies and masses 
of the various quarkonium states, predicts a systematic suppression pattern, and thus allows meas-
urements to “bracket” the temperature in the initial stage. As for now the expectations at RHIC are: 
Tdiss(Ψ') < Tdiss(ϒ(3S)) < Tdiss(J/Ψ) ≈ Tdiss(ϒ(2S)) ≤ TC (RHIC) < Tdiss(ϒ(1S)). While this might be 
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modified somewhat by future theoretical refinements, what will remain true from these new lattice 
results is the importance of a comprehensive study of all experimentally accessible quarkonium 
states rather than focusing on one, the J/Ψ, alone. A systematic study of heavy quarkonium spec-
troscopy, with a full determination of the suppression pattern across the various states, remains the 
most direct probe of deconfinement. It is also a signature that most closely acts as a thermometer of 
the hot initial state, which, with future improved lattice calculations, can be directly compared to 
QCD. 
 
At RHIC, the initial nucleon-nucleon collisions may not be the only source of charmonium produc-
tion. Regeneration of quarkonium, either in the plasma phase70,71 or in the hadron phase72, could 
counter the effects of suppression, ultimately leading to enhanced quarkonium production. In the 
plasma phase there are two basic approaches: statistical and dynamical coalescence. Both ap-
proaches depend on being able to measure quarkonium relative to the total QQ production. The 
first calculation in the statistical approach assumed an equilibrated fireball in a grand canonical en-
semble70. This effect, however, is considered to be small at RHIC because of the still moderate 
abundance of heavy QQ pairs. Dynamical coalescence assumes that some of the produced 

QQ pairs can also form quarkonia which would not be produced otherwise. These models predict 
enhancements of up to a factor of 2-3 at RHIC73. Quarkonium production in the hadron gas is ex-
pected to be negligible at RHIC for the J/Ψ while larger enhancements are predicted for the Ψ’ 
which depends strongly on the cross-section of J/Ψ with π and ρ. It is important to note that any 
secondary production will be at lower center-of-mass energies than the initial production from nu-
cleus-nucleus interactions. Thus the production kinematics will be different, leading to narrower 
rapidity and pT distributions. Secondary quarkonia could be separated from primary quarkonia, sub-
ject to suppression, by appropriate kinematical cuts. Such cuts will also be useful to identify (rare) 
J/Ψ’s from B-meson decays. Most striking is the dependence on √s of the ratio of produced J/Ψ 
relative to the number of cc pairs, depicted in Figure 16. A measurement of an excitation function 
of this ratio over a range of √s = 30-200 GeV could help to disentangle the suppression from a pos-
sible enhancing mechanism such as recombination/coalescence. Such a measurement, however, is 
extremely demanding in terms of statistics since heavy quarks and quarkonia will need to be meas-
ured with good statistics over a wide range of beam energies.  
 
In general the production of quarkonia is to a large extent not understood. The ability to extract in-
formation about the plasma from the features in AA collisions relies on our understanding of pro-
duction in pp and pA interactions. The suggested importance of the color-octet mechanism, initially 
widely accepted, is now under scrutiny in light of recent measurements at CDF, BaBar and Belle 
(e.g. double cc  production). A polarization measurement, i.e., the analysis of the angular distribu-
tion of the quarkonium decay products dσ/dcosθ* ~ 1 + α cos2θ* in its rest frame, is a crucial test 
for the color-octet mechanism. Since the octet production matrix elements of Non-Relativistic 
QCD74 (NRQCD) lead to a polarization pattern different from the color singlet model, a polariza-
tion measurement can provide us with significant information on quarkonium production. For ex-
ample, quarkonia at large pT are predicted to be almost fully transversely polarized, i.e., α ~ 1, as a 
result of production via gluon fragmentation while at smaller pT < 5 GeV/c, the quarkonia are pre-
dicted to be produced essentially unpolarized. The observation of this polarization pattern would 
test the underlying theory. Recently the measurement of quarkonium polarization was also sug-
gested as a possible signature for QGP formation75. These measurements require a large acceptance 
detector and good statistics. 
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Figure 15: Thermal vector spectral functions (J/Ψ) from 
Maximum Entropy Method (MEM) analyses of meson 
correlation functions calculated in quenched QCD on ani-
sotropic lattices66. The “melting” of the J/Ψ occurs gradu-
ally with increasing T. Early temperatures at RHIC are 
expected to be around T = 2 TC. 
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Figure 16: Excitation function of the ratio of produced 
J/Ψ to the number of cc pairs in central heavy-ion colli-
sions. Calculations by R. Rapp76. 
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Figure 17: Invariant muon pair mass spectrum from 160 
AGeV Pb+Pb collisions from NA5083. 
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Figure 18: NA50 measurements of J/Ψ and Ψ’ absorption 
in cold nuclear matter using 450 AGeV pA collisions. The 
respective absorption cross-sections are σabs(J/Ψ) = 
4.2±0.5 mb and σabs(Ψ’) = 9.6±1.6 mb. These measure-
ments are performed at mid-rapidity only (xF ≈ 0).  
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At relatively large transverse momentum, typical quarkonium suppression effects, such as color 
screening, become negligible. Instead, the qq  pair can be seen as a hard probe that interacts with 
the medium. In particular, any color octet qq  can suffer jet quenching. The relative abundance of 
charmonium resonances can provide an experimental handle on studying such phenomena as each 
resonance may have a different octet contribution. We must exercise caution, however, as a variety 
of competing charmonium production models exist. In parallel with any nucleus-nucleus studies, it 
is therefore important to investigate and compare production mechanisms in proton-proton and pro-
ton-nucleus interactions, all at low (central region) and high xF (forward region)77,78. Dead cone or 
other effects can be important for heavy quark systems79. A measurement of the quarkonium nu-
clear modification factor at high-pT can provide a unique experimental probe for studying energy 
loss and color diffusion80. 

4.2 Experimental Status 
 
The prospects of a “clean” QGP signature triggered an extensive experimental program at the 
CERN/SPS. HELIOS-III81, NA3882 (which became NA5083 and then NA6084) conducted detailed 
measurements of the dimuon invariant mass spectrum at mid-rapidity. Despite early enthusiasm 
and enormous statistics (see Figure 17) the picture that evolved is still rather ambiguous. The 
measurements at SPS must also be understood in light of the many results on quarkonium produc-
tion in pA collisions from fixed target experiments at Fermilab’s Tevatron (e.g. E866). The status at 
the SPS can be summarized as follows: 

• The J/Ψ and Ψ’ have a substantial absorption cross-section (4.2 and 9.6 mb at xF ~ 0) in 
normal nuclear matter as derived from pA studies85 (see Figure 18). Studies of the A de-
pendence (Cronin exponent) were conducted in pA collisions at Fermilab86 over a large 
range of xF but at larger energies. A very strong xF dependence was observed for xF  > 0.2 as 
depicted in Figure 18. 

• The J/Ψ is substantially suppressed in semi-central and central Pb+Pb collisions83 beyond 
that expected from absorption in cold nuclear matter as depicted in Figure 20. The suppres-
sion is centrality dependent. 

•  Feed-down contributions from higher χc states (χc → J/Ψ + γ) are considered to be large 
(20-40%)87 but so far have not been measured at SPS energies. See decay scheme in Figure 
21. 

• Alternate models88 are able to describe the observed J/Ψ suppression by assuming absorp-
tion of the bound state by the co-moving matter as depicted in Figure 22. Charm production 
is still unknown at the SPS and leads to uncertainty in any statement of suppression (a dedi-
cated experiment, NA60, has just completed its first ion run). 

• There are no measurements at forward rapidities at SPS energies to complement the existing 
measurements. 

 
The picture emerging from SPS studies is inconclusive, and the many missing pieces of vital in-
formation have resulted in quarkonium suppression being regarded as an interesting study, but not a 
conclusive one. On the other hand, the vast experience gained at the SPS can be used to improve 
the measurement. The main lesson learned is that a simple measurement of J/Ψ in AA collisions as 
a function of centrality is insufficient to draw substantial conclusions. Rather, a systematic and de-
tailed study of all related aspects, i.e., a comprehensive quarkonium program, is necessary. 
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The experimental situation in pp interactions is considerably better89, especially with the beginning 
of Run II at the Tevatron. There is a tremendous flow of new results and excellent measurements 
on quarkonia from CDF and D0. This includes J/Ψ, Ψ’, ϒ(1S), ϒ(2S), and ϒ(3S) cross-sections 
from pT = 0 up to 18 GeV/c for |y| < 1.8 as well as the χc feed-down contributions (see for example 
Figure 23 and Figure 24). Polarization measurements of all quarkonium states, including the botto-
nium states, are expected soon. This, however, does not necessarily contribute to the interpretation 
of future measurements at RHIC since the production mechanisms at Tevatron energies are differ-
ent from those at the lower RHIC energies (flavor creation vs. flavor excitation and shower/frag-
mentation)90. 
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Figure 19: Measurement of J/Ψ and Ψ’ absorption in 800 
GeV pA collisions over a large range of xF by 
E866/NuSea86. 
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Figure 23: Preliminary pT spectra of J/Ψ at √s = 1.96 
TeV from CDF89 for pT = 0 up to 18 GeV/c. 

Figure 24: Invariant J/Ψ γ mass spectrum as measured by 
D089 at √s = 1.96 TeV. The peaks correspond to the two 
states χc1 and χc2. Both are a large source of feed-down into 
J/Ψ but are extremely difficult to reconstruct. 

Measurements at RHIC have so far been inconclusive and lack considerable statistics. This situa-
tion will improve once the processing and analysis of data taken during Run 4 is completed al-
though it should be noted that the statistics accumulated at Fermilab and SPS in similar measure-
ments are far larger than that achievable at RHIC prior to RHIC-II. The situation at RHIC does not 
appear to be very favorable for a detailed spectroscopic study: 

• PHENIX 
o Small acceptance for −+→ eeQQ  in central arms 
o Moderate acceptance for −+→ µµQQ  in muon arms 
o Insufficient momentum resolution to resolve the ϒ states in the muon arms 
o Acceptance too small for polarization measurements 
o Acceptance too small for measurements of χc states  
o Direct measurement of charm mesons difficult to impossible 

• STAR 
o Moderate acceptance for −+→ eeQQ  in central barrel 
o Lack of trigger capabilities for  −+→Ψ eeJ /
o Moderate DAQ rate 
o Acceptance too small for measurements of χc states  
o Acceptance too small for polarization measurements 
o Momentum resolution insufficient to resolve Ψ and ϒ states. 

• PHOBOS/BRAHMS 
o No measurement possible 

While RHIC-II will provide ample luminosity to perform, in principle, all required measurements, 
STAR and PHENIX will require substantial upgrades to overcome some of the shortcomings listed 
above. Even with the proposed upgrades only a fraction of what is required to fully understand pro-
duction, possible enhancement, and suppression mechanisms will be exploitable. 
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4.3 Requirements for a Quarkonium Program 
 
Charmonium physics in heavy ion collisions is as compelling as it was in ’86 when first proposed 
by Matsui and Satz60. In order to fully study and understand all aspects of quarkonium physics in 
heavy collisions and thus exploit its features in probing the QGP a new detector is required that 
must fulfill diverse requirements. The following table relates physics motivations, probes and the 
subsequent detector requirements:  
 

Topic Probes and Studies Requirements 
Baseline measurement J/Ψ, Ψ’, ϒ(1S), ϒ(2S), ϒ(3S) 

in AA, pA, and pp as a func-
tion of: 
• centrality 
• pT 
• rapidity y 
• xF 
• √s 
• beam mass A 

High rates and large accep-
tance to record sufficient 
statistics in available (lim-
ited) beam-time.  
High momentum resolution 
to resolve the ϒ states. 

Nuclear effects (shad-
owing, absorption) 

Study pp and pA collisions: 
• Measure x1, x2, xF depend-

ence, measure A depend-
ence (Cronin) 

Large acceptance (incl. for-
ward coverage) extending to 
large xF and low xBJ. 

Distinguish suppression 
vs. recombination 

• Charm production: σ(pT, y) 
• v2 of J/Ψ 
• pT dependence of suppres-

sion 

High resolution vertex de-
tectors (charm). 
Azimuthally symmetric de-
tectors (∆φ = 2π) for corre-
lation and elliptic flow 
measurements. 

Contribution from feed-
down 

• Measure χc (challenge: soft 
γ at large η) at least in pA 

Photon detection capabili-
ties at mid- and forward- 
rapidities (see Figure 28). 
High rates, good energy and 
momentum resolution to 
enhance S/B ratio for the χc .

Quarkonium production • Quarkonium polarization at 
least in pp and pA 

Large acceptance to reach 
large cos θ* (see Figure 27) 

 
From this simple table alone it becomes evident that a comprehensive picture can only emerge from 
an extensive program of RHIC-II running over several years. Certain measurements need to be re-
peated for various beam energies and beam species. Only RHIC-II luminosities will allow an ex-
ploitation of the full spectrum of physics possibilities.  For systematic quarkonium spectroscopy, a 
detector with substantially larger coverage than presently available with excellent resolution to re-
solve the various Ψ and ϒ states, good electron and muon identification, reasonable photon ID for 
the χc states in the forward direction, and triggering and data recording capabilities at the highest 
possible rates will allow these measurements to be completed with sufficient precision and statis-
tics. 
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4.4 Quarkonium Measurements with a New Comprehensive Detector  
 
The “golden” quarkonium decay modes for the proposed new detector are −+→ eeQQ and 

−+→ µµQQ . In what follows we assume the detector layout as discussed in section 7 but with a 
reduced acceptance to account for edge effects. The following parameters are relevant for a quark-
onium measurement: 
 

• High precision tracking in |η| < 3, ∆φ = 2π 
o resolution sufficient to resolve the ϒ(1S), ϒ(2S), and ϒ(3S) states (see Figure 50) 

• µ identification in |η| < 3, ∆φ = 2π via muon detectors after the tracking devices 
• Electron ID using electromagnetic calorimetry and PID in |η| < 3, ∆φ = 2π 
• Photon detection via electromagnetic calorimetry in |η| < 3 (4) , ∆φ = 2π 
 

The J/Ψ production cross-section in pp collisions at √s = 200 GeV can only be approximated due to 
the lack of constraining data above √s = 60 GeV. However, the predictions depend only weakly on 
the choice of the underlying parton distribution functions91. The cross-section for the Ψ’ can then 
be estimated in the color evaporation91 model using the J/Ψ cross section. In our estimates we have 
excluded the feed-down contribution from the χc states.  The cross-section of the ϒ states in pp col-
lisions is rather well constrained by available data above and below RHIC energies. There is little 
information on the radiative decays of the χb available yet so the measured cross-sections are not 
corrected for these feed-down effects. Table 3 lists the PDG values for mass and branching ratio 
into  ( ) of the various quarkonium states and summarizes our cross-section estimates at 
mid-rapidity (y = 0) for pp at √s = 200 GeV. In order to scale from pp to minimum bias A+B colli-
sions we use σAB = σpp (AB)α where A and B are the mass numbers of the two colliding nuclei and 
α is an exponent that reflects effects in (cold) nuclear matter which must be determined experimen-
tally. We use α = 0.96 for the J/Ψ and 0.94 for the Ψ’ as measured by E86692 and α = 0.9 for the ϒ 
states as observed by E77293. Since the yield is dominated by the region xF = 0 we did not take the 
xF dependence of α into account. This scaling method neglects all (unknown) effects in the hot and 
dense matter such as suppression and/or recombination.  

−+ee −+µµ

 
As mentioned above these factors strictly apply only for minimum bias collisions.  For centrality 
selected events the detailed geometry of the collision must be taken into account. We, however, do 
not intend to use any centrality trigger but instead use dedicated quarkonia triggers in minimum 
bias collisions in order to collect data from a wide range of centralities.  
 

 State Mass (GeV/c2) BR(e+e−) dσ/dy|y=0 BR·dσ/dy|y=0 
J/Ψ 1S 3.097 6.0% 0.63 µb 38 nb 
Ψ’ 2S 3.686 0.9% 0.15 µb 1.4 nb 
ϒ 1S 9.460 2.5% 2.5 nb 63 pb 
ϒ’ 2S 10.023 1.2% 0.9 nb 11 pb 
ϒ’’ 3S 10.355 1.8% 0.6 nb 12 pb 

Table 3: Quarkonia mass, measured branching ratio into e+e− (close or identical to µ+µ−), and estimated cross-section in 
pp at √s = 200 GeV. 
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We used PYTHIA 6.22 to generate J/Ψ and ϒ in 200 GeV pp in order to study the acceptance of 
the new comprehensive detector. Since the geometric acceptance and decay kinematics for decays 
into e+e− and µ+µ−  are identical, in what follows we depict only the results for the e+e− channel.  
 
Figure 25 shows the geometric acceptance for J/Ψ (left) and ϒ (right) as a function of pseudo-
rapidity η. Full azimuthal coverage (∆φ = 2π) is assumed. The various curves correspond to differ-
ent momentum cuts on the decay leptons. The upper horizontal double-arrow depicts the accep-
tance of the new detector. The upper limit of the acceptance of the PHENIX central arm (∆φ = π/2), 
|η| < 0.35) for lepton momenta p > 200 MeV/c is indicated by the vertical line at η=0.35. Note that 
the central arm only detects electrons and covers half the full azimuth. The acceptance correspond-
ing to the two PHENIX muon arms (1.2 < η < 2.4. and −2.2 < η < −1.2, p > 2 GeV/c) is indicated 
by the arrow in both plots. The overall geometric acceptance for J/Ψ is ~50% for decay leptons 
with p > 1.5 GeV/c and ~80% for the ϒ even for lower momenta cuts of 3 GeV/c. As seen in the 
plots the coverage |η| < 3 is ideally suited to capture almost all of the quarkonia decays.  
 
A very important variable for the study of quarkonia production and absorption in nuclear matter is 
xF. Figure 26 shows the geometric acceptance for J/Ψ (left) and ϒ (right) as a function of xF. The 
various curves correspond to different momentum cuts on the decay leptons. Solid curves are for |η| 
< 3, dashed curves are for |η| < 4 assuming that the barrel acceptance is augmented by forward de-
tectors. As one can clearly see the reach in xF can be considerably expanded by electron identifica-
tion and tracking capabilities. Measurements at large xF (low x) open a new window to study quark-
onium production and suppression, a region with maximum nuclear absorption and significant 
shadowing.  The green curves depict the acceptance of the two PHENIX muon arms.  
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Figure 25: Geometric acceptance for J/Ψ (left) and ϒ (right) as a function of pseudo-rapidity η. Full azimuthal cover-
age (∆φ = 2π) is assumed. The various curves correspond to different momentum cuts on the decay leptons. The accep-
tance of the new comprehensive detector (|η| < 3, ∆φ = 2π) is indicated by the upper double-arrow. The upper limit of 
the acceptance of the PHENIX central arm (|η| < 0.35) for lepton momenta p > 200 MeV/c is indicated by the vertical 
line at η=0.35. Note that the central arm only detects electrons and covers half the full azimuth. The acceptance corre-
sponding to the 2 PHENIX muon arms (1.2 < η < 2.4. and -2.2 < η < -1.2, p > 2 GeV/c) is indicated by the horizontal 
double-arrow in both plots. PYTHIA 6.22 was used to generate the J/Ψ and ϒ distributions. 
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Figure 26: Geometric acceptance for J/Ψ (left) and ϒ (right) as a function of xF. Full azimuthal coverage (∆φ = 2π) is 
assumed. The various curves correspond to different momentum cuts on the decay leptons. Solid curves are for |η| < 3, 
dashed curves are for |η| < 4 assuming that the barrel acceptance is augmented by forward detectors (see text). The 
green curves depict the acceptance of the two PHENIX muon arms. PYTHIA 6.22 was used to generate the J/Ψ and ϒ 
distributions. 
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Figure 27: Geometric acceptance for J/Ψ as a function of cos θ*. The various curves correspond to different momen-
tum cuts on the decay leptons. The vertical dashed lines depict the cos θ* coverage of  E866 which is one of the few 
experiments that have conducted a successful quarkonium polarization measurement94. 

As discussed earlier a polarization measurement of the J/Ψ could yield valuable information on the 
quarkonium production mechanism. The key observable is the differential cross-section dσ/dcosθ* 
~ 1 + α cos2θ*. It is obvious that a precise determination of α is best conducted at large cos θ*. 
Figure 27 shows the geometric acceptance for J/Ψ as a function of cos θ*. The various curves cor-
respond to different momentum cuts on the decay leptons. The vertical dashed lines depict the cos 
θ* coverage of E866 which is one of the few experiments that conducted a successful quarkonium 
polarization measurement94. As can be seen the coverage of the proposed detector design is well 
suited to conduct a world-class polarization measurement. 
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It is crucial for the interpretation of the quarkonia yields to account for the feed-down contributions 
from the χc states. They are bound loosely and dissolve at considerably lower temperatures than, 
for example, the J/Ψ. This results in a distortion of the suppression measurement. The measurement 
of χc is therefore mandatory. Unfortunately this is one of the hardest measurements to conduct as 
demonstrated in Figure 28. The χc decays into J/Ψ and a photon. The latter has a rather low mo-
mentum but can only be cleanly detected at energies above 2 GeV; an even higher cut is likely re-
quired in central Au+Au collisions. However, by applying this cut the decay kinematics pushes the 
photons out to forward rapidities as depicted in the right-hand plot of Figure 28. Still, with the new 
detector design a considerable fraction can be detected within the barrel |η| < 3 while electromag-
netic calorimetry in the forward region 3 < η < 4 will expand the acceptance sufficiently to capture 
the full decay phase space. This is a measurement that to-date cannot be conducted at RHIC; in fact 
it has so far not been performed in any heavy-ion experiment. Since few measurements on χc pro-
duction are available we used PYTHIA 6.22 to estimate the inclusive cross-section in pp collisions. 
The χc A-dependence is unknown since no measurement has been conducted so far. It is expected95 
that the α value used to scale from pp to AA collisions is close to that of the J/Ψ and Ψ’. Current 
model calculations95 predict that the higher absorption cross-section of the χc is compensated by its 
larger formation time. In our estimates we assume α = 0.93 independent of xF. 
 
Due to the lack of detailed detector simulation and reconstruction code we estimated the recon-
struction and trigger efficiencies for quarkonia measurements based on experiences and tests con-
ducted in STAR and known SLD performances that were scaled to RHIC Au+Au conditions (cen-
tral HIJING events). In the proposed new detector the hadron rejection is additionally enhanced by 
an overall particle ID performance out to high momenta.  Muon detection is limited to pµ > 2 GeV/c 
and we use an overall trigger and reconstruction efficiency for muon pairs of 0.6 independent of pT. 
The electron pair efficiency is assumed to vary between 0.4−0.6 dependent on the electron mo-
menta. For the χc states we fold in an additional γ reconstruction efficiency of 0.5-0.9 dependent on 
the energy. As always, efficiency and background rejection are strongly correlated. Stricter track 
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Figure 28: Left plot: energy spectrum of the decay photon in χc → J/Ψ γ for the case where the J/Ψ is detected in |η| < 
3. Right plot: Rapidity distribution of the decay photons. The various lines depict the spectra for different Eγ cuts. 
Simulations were done using PYTHIA 6.22. 



quality and PID cuts decrease the yield while improving the signal-to-background ratio. 
 
The yields for quarkonia in Table 4 and Table 5 are based on an integrated luminosity of 30 nb-1. 
This corresponds to a 14 weeks RHIC-II runtime with a combined detector and machine efficiency 
of 50%. The assumed average luminosity per fill is 7·1026 cm-2 s-1 (7 mb-1 s-1).  
 

 −+ee  channel −+µµ  channel 
 pe > 1.5 GeV/c 2 GeV/c 3 GeV/c pµ > 2 GeV/c 3 GeV/c 
J/Ψ 21·106 18·106  18·106  
Ψ’  0.6·106 0.5·106  0.5·106  
ϒ   32·103  32·103 
ϒ’   6·103  6·103 
ϒ’’   6·103  6·103 

Table 4: Estimated quarkonia yields for a 14 weeks Au+Au run at RHIC-II assuming an integrated luminosity of 30 
nb-1. Numbers for various cuts on the lepton momenta are listed for each decay channel. For details see text. 

 
 Eγ > 2 GeV Eγ > 4 GeV 
 |ηγ| < 3 |ηγ| < 4 |ηγ| < 3 |ηγ| < 4 
χc 68·104 90·104 11·104 28·104 

Table 5: Estimated yields for the sum of all χc states (χc0, χc1, χc2) for different lower cuts on the γ energy and accep-
tance. The numbers refer to a detection of the J/Ψ in both the e+e− and µ+µ− channels. The cut on the lepton momentum 
is plepton > 2 GeV/c for muons and electrons. For details see text. 

 
All quarkonia yields presented in the table are sufficient to perform a detailed study of the pT, y, xF, 
and cos θ* dependences of quarkonia production with abundant statistics. Even a reduction of a 
factor of 10 (~10 days running) will yield enough statistics to study pT and y charmonium spectra, 
thus improving the efficiency of energy and species scans dramatically. Polarization (cos θ*), ab-
sorption (xF), and χc measurements are more demanding and, according to these studies, only feasi-
ble with a new large acceptance high rate detector.  The combined measurement in the dielectron 
and dimuon channel and the large acceptance of the proposed detector allows for a “world-class” 
study of quarkonium production and medium-induced effects that are not possible with the pro-
posed upgrades of the current RHIC detectors. 
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5 Forward Physics in a New RHIC II Detector 
 
So far, much of the physics studied at RHIC has focused on the production of particles at mid-
rapidity. These are particles with far less longitudinal energy than transverse, presumably produced 
via parton-parton scatterings, which traverse the produced medium.  These are the particles which 
act as “probes” of the system, since presumably little of their energy is bound up with the overall 
collision dynamics.  Thus, they are the most sensitive to QCD- and QGP-related dynamical effects 
relevant to the dynamics after the liberation of partons from the incoming nucleon wave functions. 
 
When one moves away from midrapidity (for example, full dN/dη distributions are shown in 
Figure 29) new dynamical regimes are opened up as partons take progressively less of the initial 
momentum, i.e., low-x physics becomes more relevant. These ultra-soft partons have interactions 
which are coherent over a larger space-time range, making them sensitive to collective effects in 
the initial-state wave function. These effects are usually discussed in terms of several important 
physics effects: 
 
Color glass condensate: The initial state parton distributions may be dominated by semi-classical 
parton saturation effects, which lead to long-range rapidity correlations, even among the produced 
particles. 
 
Hydrodynamics: Hydrodynamic evolution translates pressure gradients into expansion and asym-
metries in the final state hadrons. It is an open question whether the hydro limit is reached away 
from the regions of highest particle density. 
 
Baryon density: The stopping of the initial-state baryons, for which the precise mechanism is un-
known but data at various energies is now available, leads to a non-uniform baryon density stretch-
ing across the full rapidity range. This is also the domain of “leading particles” for which experi-
mental data do not tell a unique story across various systems. 
These various physics effects are probably in competition for several interesting classes of observ-
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Figure 29: Pseudorapidity distributions of inclusive charged particles in Au+Au collisions for three energies (from 
PHOBOS). 
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ables which are only just starting to be explored at RHIC. 
 
Particle yields at forward rapidities and large pT:  Interesting single-particle observables in the 
forward region include “limiting fragmentation” in the yields of inclusive charged particles and the 
suppression of high-pT particles in the forward direction.  The precise nature of this effect requires 
detailed studies of identified particles out to kinematic regions (high pT and high rapidity) so-far 
unavailable in the far-forward region at RHIC. 
 
Dynamical correlations: Most of the forward physics covered so far by detectors at RHIC have 
been single-particle observables. However, it has become clear that multi-particle correlations are 
crucial for extracting the dynamical properties of the system. Jet-like correlations and their disap-
pearance have been fundamental for the current understanding of energy loss in the produced me-
dium.  The study of Mueller-Navelet dijets106 is a useful tool to study the transition from perturbat-
ive dynamics to the onset of Color Glass dynamics. Finally, hydrodynamics by itself is a compre-
hensive approach to mapping space-time correlations into momentum-energy correlations, which 
also have a characteristic phase-space structure. However, the rapidity dependence of v2 has proven 
to be a challenge for hydrodynamic calculations so far. Thus it is clear that these physics topics re-
quire a large-acceptance multiparticle spectrometer. 

5.1 Color Glass Condensate 
 
One of the more intriguing theoretical concepts to arise in the wake of the RHIC results has been 
the “Color Glass Condensate”. Similar to a “state of matter” consisting of the interactions of real 
particles, it is a state of matter characterized by a many-particle wave function of interacting virtual 
quarks and gluons. The density of partons is so high that a description in terms of classical fields 
appears to make more sense and such a description is now being implemented in phenomenological 
models and applied to RHIC data.  The dominant feature is the presence of a momentum scale gen-
erated by the transverse parton density, and quantum effects in particular momentum regimes that 
lead to breakdowns in the factorization theorems of pQCD. Many inclusive observables have been 
modeled, with varying degrees of success, using the CGC approach: ranging from particle multi-
plicities96 to spectra at high pT

97. There have even been attempts to elucidate shadowing behavior in 
p+A collisions using the CGC methodology. 
 
CGC phenomena are expected to dominate the low-x region, which in the case of hadron-hadron 
collisions is at large rapidity, where a parton from one projectile with momentum fraction x1 scat-
ters off a parton in the other projectile with momentum fraction x2. The kinematics of 2→1 scatter-
ing processes (e.g. used in studies of Drell-Yan or J/Ψ production98) suggests that x1 ~ mTey while 
x2~mTe-y, where mT and y refer to the transverse mass and rapidity of the produced gluon. In other 
words, these are scattering processes with large asymmetries, e.g. a large-x valence quark scattering 
off an ultra-low-x gluon. The CGC methodology offers a systematic way of addressing the coherent 
initial-state wave function of the proton and nucleus at low-x, where the density is so high that it 
generates a dimensionful scale Qs

2, which reflects the transverse parton density of the wave func-
tion (xGA(x)/A). 
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Figure 30: Pseudorapidity density of inclusive 
charged particles compared with a CGC calculation.

Figure 31: "Phase Diagram" of nuclear matter in y-qT space 
showing the range where color glass condensate is thought to 
exist. 

Nuclei enhance this scale typically by factors of A1/3 (i.e. Q2
s(A) ~ A1/3 Q2

s), almost like a multiple 
scattering scenario. The appeal of the CGC approach is that because this typical scale may be in the 
perturbative regime (i.e. Q2

s(A) > ΛQCD), it can be handled semi-perturbatively. Thus the CGC may 
well provide an explanation of “nuclear shadowing,” where the nucleons in a nucleus appear to 
have fewer low-x partons than in free-space.  This is an appealing alternative to traditional discus-
sions of shadowing, which to date are typically just parameterizations of DIS data on nuclei99.   
 
The canonical demonstration of the CGC approach applied to “soft” physics, e.g. the inclusive par-
ticle multiplicities measured over 4π, is shown in Figure 30. This suggests that the final state parti-
cle production is dominated by the initial-state gluon distribution, with only minimal modification 
from hadronization – an effect known as “local parton-hadron duality”100 (LPHD) and well used in 
jet physics from e+e− to Tevatron data. However, these studies are dominated by a limited region in 
Q2, requiring more differential studies out to higher pT. 
 
Higher-pT particle production at forward rapidities in d+Au and Au+Au may fall into a region 
called the “Color Quantum Fluid”97 shown in the “phase diagram” in Figure 31.  In this region, 
non-trivial correlations may persist into a region normally dominated by pQCD evolution, due to 
the generation of a larger scale Qs

2/ΛQCD. While such correlations were not seen at mid-rapidity in 
d+Au collisions, recent BRAHMS data, shown in Figure 32, points to this effect being active at 
forward rapidities12. They have measured the ratio of hadron spectra in the forward direction, nor-
malized by proton-proton data scaled up by the number of binary collisions. These ratios already 
show a strong suppression of particle production in the forward region, which becomes stronger 
with increasing rapidity and centrality101. This is a natural expectation of the CGC approach; these 
are so far the most compelling data that point to its relevance in nuclear collisions. 
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Figure 32: BRAHMS data12 on the nuclear suppression factor RdAu as a function of pseudorapidity. 

Since the CGC wave function is ultimately a coherent superposition of gluon states, it implies non-
trivial quantum-mechanical correlations between partons even at different rapidities. Provided 
LPHD holds, they should also be visible in the final state. All of this points to the need for multi-
particle measures to assess the CGC description of the proton and nuclear wave functions. To date, 
only a few multiparticle measurements have been suggested, but they are starting to increase with 
the availability of the newer single-particle data and the interest they have generated.  
 
Since the CGC is formed on very short time scales (τ~η/Qs~0.2 fm/c at RHIC), one might expect 
substantial long-range correlations in particle production, as was proposed by Kovchegov and 
McLerran102. One might also expect a weakening of the HBT correlation if the final state pions 
trivially reflect the initial wave function, although it is not known whether the conversion from 
gluon to pion scrambles the phases, such that the correlation ultimately becomes maximal. Another 
recent suggestion has been to use the photons coherently radiated off the saturated quark states to 
study the disappearance of HBT correlations in the forward direction103. Two-photon HBT correla-
tions have been measured by the WA98 experiment, and have found a system of abundant pions 
and yields of thermal direct photons in excess of what one would expect using pQCD calcula-
tions104. Such studies may ultimately require a large acceptance forward detector, using both con-
version dielectron pairs as well as direct tagging of photons in an electromagnetic calorimeter, and 
perhaps in combination105.  
 
There is also some recent progress in experimental data pertaining to correlations in the forward 
direction, due to a preliminary study of forward-midrapidity (Mueller-Navelet106) correlations by 
STAR. Azimuthal correlations between tagged π0’s from far-forward rapidities (η ~ 3.8) and 
charged hadrons near midrapidity (η ~0) have been found both in p+p and d+A collisions, and are 
shown in Figure 33. The size and strength of the p+p correlations match well with PYTHIA calcu-
lations tuned on earlier p+p data and using standard PDFs. The d+A data however is somewhat dif-
ferent, finding a substantial weakening of the two-particle correlation at moderate pT. This is a po-
tential signature of classical coherence induced by the CGC disturbing almost-trivial kinematic cor-
relations that would have been naively predicted by PYTHIA. This clearly deserves additional 
study over larger acceptance with a wider variety of particle species. 
 
At this point, it is only fair to point out that while parton saturation calculations have achieved con-
sistency with experimental data, they have not made any unique predictions which have been borne 
out by measurements.  The particle multiplicities in A+A might have been estimated by compari-
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Figure 33: Correlation of charged particles at midrapidity 
with π0s emitted in the forward direction (STAR prelimi-
nary). 

Figure 34: Elliptic flow (ν2) measured vs. pT for a se-
lection of identified particle species.  The characteristic  
“splitting” for different particles is reproduced by hy-
drodynamic-inspired “blast wave” fits. 

sons with more elementary systems (pp, e+e−).  Furthermore, the predicted high-pT suppression in 
d+A collisions due to the Color Quantum Fluid phase was not observed107. Moreover, traditional 
pQCD calculations have been able to reproduce the low-x structure functions at HERA and 
PYTHIA has made successful predictions of the correlations between forward and mid-rapidity 
particle described below.  Still, it is undeniable that the low multiplicities measured in the final 
state must reflect some coherence present in the initial state as the multiple collisions of baryons are 
taking place (something which should also affect the baryon dynamics108). Moreover, one of the 
shortcomings of the RHIC experimental program to date has been precisely the lack of a broad ac-
ceptance multiparticle spectrometer in the forward region that would be sensitive to the global fea-
tures and dynamical correlations induced by the presence of a CGC in the low-x sector of the initial 
state parton distributions.  To address this issue once and for all truly requires a capable new detec-
tor with broad forward coverage. 

5.2 Hydrodynamic Evolution 
 
One of the dramatic changes in the understanding of particle production going from the moderate 
SPS energies to the high-energy of the RHIC collider is the success of relativistic hydrodynamics in 
capturing several important quantitative and qualitative features of soft particle production109. Hy-
drodynamic behavior is seen inclusively by the evident hardening of identified particle spectra at 
low-pT due to “radial flow” as well as dramatic opposite-side correlations of the bulk of produced 
particles, known as “elliptic flow”. 
 
Elliptic flow has been measured extensively by the RHIC experiments in limited regions of phase 
space, mainly at midrapidity110. Already here, several qualitative features, like the splitting of the 
trends in v2(pT) for particles of different mass111 (shown in Figure 34), the saturation of v2 for large 
pT, and the dramatic scaling of baryon and meson v2 when dividing v2 and pT by the number of con-
stituent quarks112, have been measured and confirmed by several RHIC experiments.  The large ac-
ceptance central detector, with PID out to 20 GeV/c, will be an important extension to this existing 
experimental program. 
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However, while hydrodynamics makes impressive predictions at moderate pT for v2 as a function of 
centrality (collision geometry) and pT (up to 2 GeV/c) several important deviations make it impera-
tive to have a large acceptance spectrometer for exploration of the limits of the hydrodynamic de-
scription.  It is generally thought that RHIC collisions are sufficiently dense that they saturate the 
so-called “hydro-limit”, which should hold true in the limit of zero mean-free path such that the 
only scale that enters the dynamics is the geometrical asymmetry itself113.  However, measurements 
from STAR and PHOBOS of v2 away from mid-rapidity show that there is a dramatic decrease of 
the pT-integrated v2 as a function of pseudorapidity114.  To date, it is not known whether or not this 
change is driven by any change in hadrochemistry or simply by the monotonically changing parti-
cle density.  It is also not known whether this change is accompanied by a major change in the 
trend of v2(pT), which is approximately energy independent at mid-rapidity for RHIC energies (pre-
liminary 62.4 GeV through 200 GeV)115.  However, the limiting fragmentation observed in the 
forward direction128 may already be providing some hint, which only further detailed studies at 
least out to moderate pT (4 GeV) can elucidate completely. 
 
Another important deviation of data from hydrodynamics is in the realm of HBT correlations.  A 
large range of theoretical calculations predicted that Rout/Rside at midrapidity would rise to 1.5, 
mainly due to the assumption that there will be a substantial “QGP stall” during the mixed phase116. 
The current data suggests that this ratio is approximately unity, with no significant rapidity depend-
ence observed to date117.  This is a surprising feature of the particle source measurement which de-
serves to be extended over full phase space, to understand how the source geometry is expressed by 
the faster particles. 
 
One major theoretical concern is the lack of fully-fledged 3D hydrodynamics, which make no as-
sumptions about the boost-invariance of the dynamics.  This should be addressed in the next several 
years118. There is also the crucial issue of the proper initial conditions needed to initialize hydrody-
namic calculations.  To date, hydrodynamical models take the dynamical evolution before a time of 
0.6 fm/c as a given, tuning the initial state entropy and energy density to match the final state spec-
tra109. It is possible that Color Glass Condensate calculations, which predict the gluon density over 
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Figure 35: Rapidity distribution of produced pions in 
200 GeV Au+Au collisions from BRAHMS.  A fit to a 
single Gaussian is shown and the width compared to the 
Landau predictions. 

Figure 36: Pseudorapidity dependence of v2 compared with 
hydrodynamic calculations by T. Hirano. 
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the full phase space using existing structure functions and the principle of parton saturation, may be 
useful in describing the existing RHIC data119. It is also possible that a suitably initialized Landau 
initial condition (full stopping of incoming energy, possibly partial stopping of the initial baryon 
number120) may also be able to predict the entropy and rapidity distribution from even earlier times 
(~0.1 fm/c)121 as shown in Figure 35. These questions can only be answered definitively by precise 
measurements with particle identification at forward rapidities. 

5.3 Dynamical Correlations 
 
In the grand-canonical ensemble, a fully equilibrated system of fermions or bosons should experi-
ence fluctuations that are predictable using standard statistical methods.  However, while such pat-
terns would be an excellent signal to characterize the degree of thermalization achieved by the sys-
tem, additional dynamical fluctuations may also be seen, due to non-trivial effects like Bose-
condensation, hydrodynamic flow, and hard-scatterings of partons in the initial state.  However, 
due to the high-multiplicities in a typical heavy ion collision, it is generally found that a systematic 
study of multiparticle (2-particle, 3-particle, etc.) correlations provides the cleanest means to dis-
cover and quantify dynamical correlations in the full system, rather than, e.g., attempting to isolate 
entire jets. 
 
Multiple sources of correlation have been discussed in the context of proton-proton collisions and 
A+A collisions. Studies have shown that hydrodynamic evolution generates a strong correlation 
between low-momentum particles in the transverse direction which experience a common flow ve-
locity field. This manifests itself as a significant v2 signal even when considering two-particle cor-
relations but is especially clear for higher-order (4-particle) effects. In the context of forward phys-
ics, one might also expect some correlation between separated rapidities due to longitudinal hydro-
dynamic expansion.  This may be particularly strong in the case of a Landau initial condition, 
where the initial state was a region compressed to a fraction of a hadron radius, or due to asymmet-
ric parton-parton collisions, as discussed 
above in the context of forward-midrapidity 
azimuthal correlations. 
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Figure 37: Two particle number correlations measured by 
STAR in 200 GeV Au+Au collisions.  A disappearance of 
the away side correlation is observed along with a broad-
ening in pseudorapidty of the near-side correlations. 

 
The QCD fragmentation process, by which a 
fast parton radiates soft gluons, also should 
generate correlations stretching from the x of 
the parent parton to the lowest x reachable by 
the system.  This can be considered in the 
context of DGLAP evolution or in the CGC 
by coherent gluon emission.  Clearly correla-
tions are seen as jets, which can be sampled 
by two-particle correlation measures, or fully 
measured by cone algorithms.  STAR and 
PHENIX have both established strong corre-
lations of high-pT particles close in azimuth, 
and used these correlations to establish the 
presence of jet-like structures in p+p, d+A 
and Au+Au collisions122. These studies have 
been challenging due to the additional pres-
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ence of a strong elliptic flow signal, which grows with increasing pT up to 2 GeV/c, where it satu-
rates.  This indicates that moderate pT particles are sensitive to multiple effects. Going out to larger 
η, where the elliptic flow signal gets substantially weaker, may be a crucial means for disentangling 
the factors which determine the strength of these correlations.  Already, preliminary STAR data 
taken in a relatively small range in η (η < 1) indicates that central events lead not just to a suppres-
sion of away-side correlations, but to a noticeable broadening of the jet-like correlations in pseu-
dorapidity on the near-side123, as shown in Figure 37. This is for particles below 2 GeV/c – studies 
out to higher pT already promise greater insight.  This is a relatively new field in heavy ion physics, 
which would substantially benefit from a forward detector, in order to study these correlations 
throughout the particle source, as well as to completely avoid spurious effects due to detector bi-
ases. 
 
It should be noted that even the thermal approach provides for additional fluctuations given the 
presence of a phase transition.  This has been studied by NA49 by looking at dynamical momentum 
fluctuations as a function of beam energy, which can be mapped into varying the initial state 
baryon density124. They find a sharp maximum in strangeness production, but also find increased 
fluctuations in the K/π ratio at lower-energies, although a peak is not seen there125. As discussed 
above, looking in the forward direction may well be comparable to studying this beam energy de-
pendence, through the phenomenon of limiting fragmentation.  Thus, the study of dynamical fluc-
tuations of particle number, momentum and flavor in the forward rapidities at RHIC will provide 
insight into the general interplay between particle number and baryon density. 

5.4 Identified Particle Yields out to the Kinematic Limit 
 
The current state of forward physics at RHIC mainly involves the measurement of inclusive quanti-
ties.  For instance, the PHOBOS detector has measured inclusive charged particle production as a 
function of pseudorapidity (η) over the range |η| < 5.4 in p+p, d+Au, and Au+Au126 reactions, e.g. 
as shown in Figure 29. The BRAHMS experiment has measured identified hadrons out to pseu-
dorapidity η = 3.5127.  These have facilitated a series of interesting observations about global fea-
tures of particle production in heavy ion collisions, especially pertaining to the shape of the overall 
rapidity distributions. One striking phenomenon, which speaks strongly for the need for a forward 
physics program, is that of “limiting fragmentation” shown by the PHOBOS experiment in Figure 
38. This is the independence of many quantities on the beam energy when observed at fixed rapid-
ity interval from the beam rapidity. These quantities include both inclusive particle yields and even 
the elliptic flow vs. pseudorapidity128 (shown in Figure 39, and to be discussed below). This phe-
nomenon suggests that midrapidity physics at low energy is effectively forward physics at higher 
energy.  Testing and deepening our understanding of this apparent universality of particle produc-
tion is a major goal of a new RHIC detector. 
 
A full acceptance forward spectrometer with particle ID would be an excellent means to collect a 
full data set of identified yields out to high-pT, essentially augmenting the existing BRAHMS pro-
gram. This would provide an enormous amount of high-statistics information about the detailed 
modification of particle spectra at large rapidities out to the kinematic bounds observed in p+p col-
lisions (where the maximum pT ~ 1/sinh y) – and perhaps beyond, due to the multiple collisions ex-
perienced by nucleons in the context of a nuclear collision. 
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Figure 38: Limiting fragmentation of inclusive charged 
particles in RHIC Au-Au collisions. 

Figure 39: “Limiting fragmentation” of elliptic flow in 
Au-Au collisions for 4 RHIC energies. 

This high precision data over a large rapidity range may also be able to provide insight into the 
production of strangeness in a system with large baryon density. By varying the rapidity of the 
measured particles, BRAHMS129 has already shown that various particle ratios appear to be con-
nected by the baryochemical potential inferred by the antiproton/proton ratio.  This has led to some 
discussion that the various rapidity ranges are causally “separated” from others, suggesting that 
measurements in limited rapidity ranges are sufficient to extract the properties of the “relevant” 
source (e.g. at y = 0) while 4π yields measure an inappropriately-averaged source.  This may ex-
plain why 4π integrated yields consistently point to an overall 20-25% strangeness suppression 
while mid-rapidity yields give essentially none130. 
 
Better understanding of this “factorization” of freeze-out properties may help us understand the 
time scales in which strangeness and baryon number information is transferred to the final state 
system at freeze-out.  It may also shed some light on the sharp maximum seen by NA49 at moder-
ate SPS energies131, shown in Figure 40, which may well correspond to large rapidities at RHIC 
both with respect to particle density and approximately to baryon density. 

5.5 Baryon Dynamics 
 
One of the more mysterious aspects of strong interactions, in both p+p and A+A collisions, is ex-
actly how energy gets transferred from the incoming projectiles into the final state particles. This is 
clearly related to the energy available for particle production, and thus in some sense may be con-
sidered to be the process which sets up the subsequent dynamical evolution, presumably by the 
ideal relativistic hydrodynamics described above. 
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Figure 40: K+/π+ and K−/π− ratios shown as a function of CMS energy (left) and rapidity at 200 GeV. 

Baryon number is conserved in all experimentally known interactions.  Proton decay experiments 
have limited any possible decay channel to have a half-life of 1033 years132. Experiments using p+p 
and p+A interactions have tried for years to elucidate the mechanism of inelastic processes, which 
degrade the proton energy and “pionize” the released kinetic energy133. Interesting phenomena that 
have been measured here are the “leading protons” in p+p collisions, which appear to be distributed 
uniformly in the xF variable (2pz/√s) and directly correlate with the particle multiplicity134, as well 
as moderately high-pT baryon and meson production even at 90-degrees. Proton-nucleus collisions 
showed a dramatic slowing of the proton, which seemed to saturate at about 2 units of rapidity for a 
wide range of centralities135, despite the tendency for the total multiplicity to scale linearly with the 
number of participants. This makes the direct connection between the proton energy and the multi-
plicity somewhat non-trivial. 
 
Nucleus-nucleus collisions are even more difficult to understand since despite the large increase in 
particle density, the net baryon number only seems to stop by only about 2 units of rapidity, as sug-
gested by recent BRAHMS data136, shown in 
Figure 41. And yet, despite the large amount 
of energy in these “leading baryons”, heavy 
ion collisions seem to saturate the limit of the 
multiplicity found in e+e− reactions137.  Of 
course, it is well-known that jets in e+e− and 
p+p reactions also have “leading particles” 
which carry information about the initial state 
quantum numbers.  These also take substantial 
fractions of the initial energy (typically 
25%138) so we may be dealing with a possibly 
generic phenomenology, even if they arise 
from different physical mechanisms. 1 2 3 4 5
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Clearly, only a dedicated study of baryon dy-
namics in p+p, p+A and A+A reactions with 
full phase space coverage and meson/baryon 
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separation at large rapidities could hope to fully elucidate this mechanism, which is so crucial for 
understanding the very initial state of the collision.  One fascinating possibility would be to study 
the correlation of leading baryons with multiplicity, and especially direct correlations with slower 
particles, perhaps going as far back as mid-rapidity and possibly even particles in the opposite 
hemisphere. The Landau initial condition provides a scenario with a system in full thermal contact 
in the very initial state, while Bjorken initial conditions envision dynamics where only short range 
correlations persist due to the extreme longitudinal expansion and finite particle formation time. 
Systematic studies such as these may offer insight relevant to very old puzzles in the strong interac-
tion. 

5.6 Observables for a New RHIC II Detector 

5.6.1 Everything counts: identified particle spectra in full azimuth over a wide rapid-
ity range. 

 
Crucial to elucidating the baryon dynamics of the early stage and the details of the system evolution 
until freeze-out, a full acceptance detector at RHIC should have the following features: 

 
• Full tracking out to the highest rapidities, with reasonable resolution out to 100 GeV/c. 
• Reasonable particle identification, at least to separate mesons from baryons, up to 50 

GeV/c. 
• Electromagnetic and charged-particle detectors, to contain as much of the emitted energy 

and particle number as possible.  
• Full-acceptance forward calorimetry for the study of Mueller-Navelet jets in p+p and p+A. 
 

The BRAHMS experiment at RHIC is currently the only one that can do particle identification over 
a broad range of rapidity and pT. However, this functionality has come at the cost of several crucial 
features needed for disentangling the dynamics of RHIC collisions. Building a limited-aperture 
spectrometer has necessitated extremely long running times, since only one track per event makes it 
through the spectrometer.  Moreover reaching the full rapidity coverage requires several positions 
for the spectrometer relative to the beam pipe. Finally, the spectrometer covers only the forward 
hemisphere of asymmetric reactions, e.g. requiring double the running time to explore the full 
phase space for d+A collisions. 
 
Having a full-acceptance multiparticle spectrometer will allow a wealth of measurements not pos-
sible with the current RHIC detectors: 

• Total yields to study the initial state entropy. Local and global fluctuations as a probe of 
phase transition dynamics 

• Chemical equilibrium: local or global in rapidity? Flavor fluctuations as a probe of ther-
malization 

• Validity of the hydrodynamic description away from midrapidity 
• Centrality and species dependence of limiting fragmentation 
• Leading particles in p+p, p+A and A+A 
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5.6.2 Pushing into the saturation regime: large acceptance in x and Q2 
 
One of the limitations of the current large RHIC detectors is the limited acceptance in x and Q2 of 
the partonic subprocesses.  In the saturation picture, one makes the approximation x = (2pT/√s)e−y. 
Assuming Q ~ pT, this leads to the simple formula y = log(1/x)+log(Q) such that contours of con-
stant y cut diagonally through the log(1/x) and log(Q) plane (see Figure 9). The effect of changing 
the beam energy is to move the contours up and down by log(√s/m).  Overlaying these contours of 
equal y on the parton saturation “phase diagram” shown in Figure 31, one sees two important fea-
tures: 

 
• At mid-rapidity, DGLAP evolution becomes relevant at a substantially lower-pT than at 

larger rapidities 
• At forward rapidities, most of the accessible particle production is confined both to the 

CGC region (low-x) and the “Color Quantum Fluid” (low-x, high-pT). 
 

This points to the need for much larger forward coverage than typically assumed at RHIC.  In fact, 
far-forward coverage can reach physics relevant to lower-x than most measurements at HERA.  
This is essential for minimizing ambiguities between physics relevant to DGLAP evolution and 
those relevant to CGC evolution.  Thus, it is also crucial to have sufficient acceptance and rates to 
reach the highest-pT possible at these forward rapidities to push as far into the perturbative regime 
as possible even at forward rapidities.  This will require the high luminosities at RHIC II and the 
large azimuthal acceptance of a new RHIC II detector. 

5.6.3 Multiparticle azimuthal correlations: directed and elliptic flow 
 
Provided that nearly-full azimuthal acceptance can be achieved, this detector will be the ultimate 
tool for exploring angular asymmetries in the produced particles over the full rapidity range avail-
able at RHIC. 
 
Individual tracking of particles will allow various methods, already employed at RHIC, like reac-
tion plane estimation and 2-, 3-, 4-, and 6-particle cumulants to study the effect of non-flow corre-
lations over a wide range of rapidity and pT. This will offer the opportunity to dial in various 
amounts of net baryon density as a function of rapidity, which should allow interesting tests of 
quark recombination. Also, the limiting fragmentation of v2 can now be tested as a function of par-
ticle species and pT, to see exactly which components contribute.  The particle ID will also allow a 
study of the fine structure at higher rapidities, providing stringent tests of hydrodynamic models. 

5.6.4 Return of pQCD dynamics: high-pT physics in the forward direction 
 
One of the more striking results at RHIC has been the phenomenon of high-pT suppression in heavy 
ion collisions over a wide range of energies. This phenomenon has been very striking at RHIC, but 
less so at CERN, and yet limiting fragmentation suggests that forward physics at RHIC may be 
quite similar to that at midrapidity at lower energies. This clearly points to achieving high-statistics 
particle spectra (ideally identified) in the forward direction to see which factors control the behav-
ior of the suppression phenomena. Although saturation models have tried to predict more novel 
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forms of high-pT suppression, studies made so far at midrapidity have not revealed any measurables 
particularly suggestive of CGC dynamics. 
 
Beyond the inclusive spectra measured out to the highest-possible pT values, correlations of high-pT 
particles have provided deeper insight into the nature of the suppression phenomena, strongly sug-
gesting that the partons lose energy directly in the medium. CGC models would predict that mono-
jets would be created in the forward regions, as collisions of two gluons in the dense “color liquid” 
phase would fuse to create a single jet at the xF value determined by the two colliding partons (x1 
and x2).  This could be studied by the back-to-back correlations of high-momentum particles in the 
forward direction within ranges of rapidities comparable to STAR. As discussed above, diphoton 
correlations may be used to study HBT correlations pertaining to the earliest times, being direct ra-
diation from the primordial quarks and antiquarks in the source. 

5.6.5 Direct probes of the CGC: Drell-Yan and heavy flavor  
 
The transition from DGLAP to CGC evolution should have some observable effects on probes sen-
sitive to low-x partons intrinsic to the nucleon or nucleus. Both Drell-Yan dileptons, an electro-
magnetic probe sensitive to the quark and antiquark distributions, and heavy flavor, which is typi-
cally sensitive to the gluon distribution, should provide direct access to this physics via leptonic 
channels. 
 
With precise tracking in the forward direction, it may well be possible to identify charmed parti-
cles, both open and closed. Charmonia may be detectable if one can identify the forward-going 
muons, which should be straightforward out to η~3, but more difficult in the far-forward arm.  
PHENIX data already shows non-trivial effects in the rapidity dependence of α, which character-
izes the scaling with nuclear geometry. In 4π, these measurements should be able to address the 
issues of shadowing vs. anti-shadowing in d+Au data and thus determine the level to which satura-
tion models can be used to understand the very initial state gluon distributions.  Open charm may 
be detectable by displaced vertices (provided sufficient tracking is available close to the interaction 
point).  This can be used to test kT factorization results that lead to harder charm spectra than one 
might expect by NLO pQCD139. 
 
Drell-Yan has no topological structure in its decay, nor does it evince any resonance peaks. Fur-
thermore, the dilepton continuum at high CMS energies has substantial contribution from corre-
lated leptons from charm and bottom decays.  Still, by careful subtraction of known sources (onia, 
open heavy flavor) and high luminosities to push out in pair pT, it may be possible to extract for-
ward dileptons to look for modifications of pQCD expectations. 
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6 The Structure and Dynamics inside the Proton 
 
The spin physics program at RHIC II will focus on rare processes and its success is predicated on 
attaining good beam polarization (70%) and high luminosity 2·1032 (8·1032) cm-2s-1 at √s = 200 GeV 
(500 GeV) in polarized proton-proton interactions. In order to measure the requisite, extremely 
small asymmetries (~10−3) further improvements in the RHIC II collider performance are required 
to control bunch-to-bunch variations and limit false asymmetries. These include the use of simulta-
neous polarization reversals of the beams stored in both RHIC rings using AC-dipole magnets and 
beam re-cogging, and precise luminosity monitoring at high rate at the experiment.  
 
There is exciting physics in polarized proton-proton collisions that forms the basis of a world class 
spin physics program in a new comprehensive detector at RHIC II. This physics can be divided into 
four areas: the flavor decomposition of the contributions from the QCD sea to the polarization in a 
proton, probes of gluon polarization through the spin-dependent production of heavy quarks, trans-
versity densities of quarks and anti-quarks in the proton and physics beyond the Standard Model. 
Furthermore, the large acceptance electromagnetic and hadronic calorimetry of the new compre-
hensive detector coupled with the increased luminosities at RHIC II make available detailed study 
of the gluon polarization in the proton through jet measurements at large transverse energy. All of 
these physics topics have been discussed previously and form the basis of a RHIC II spin pro-
gram17. 
 
Determination of the contribution of gluons to the polarization of the proton is already underway 
with the existing RHIC detectors. Determination of the sea polarization, a part of the original RHIC 
spin program, requires optimal operation of RHIC at √s = 500 GeV for p+p and further upgrades of 
the existing RHIC detectors. Further probes of gluon polarization in the proton can be made by 
measurements of charm and bottom production, production of heavy quarkonia, and an understand-
ing of the unpolarized production of heavy quarkonium states. This can be accomplished by meas-
uring various leptonic decay channels over a large kinematic range in the new RHIC II detector. 
Initial measurements of the transversity densities of quarks and anti-quarks are already underway 
with the existing detectors at RHIC. The increased luminosities at RHIC II and the range and capa-
bilities of the new RHIC II detector will allow measurements of the transversity in the proton at 
larger transverse momenta. The existence of physics beyond the Standard Model (SM) is generally 
exciting and will be investigated using spin measurements at RHIC II. These include new parity-
violating interactions, to investigate possible quark compositeness, where small deviations from the 
SM are predicted with increased jet transverse energy. Such measurements are extremely difficult 
and require the highest possible luminosities and data rates, and large coverage for jet measure-
ments. There are other interesting measurements, but these have been selected to provide a flavor 
for the range of exciting spin physics made available with a new comprehensive detector at a high 
luminosity RHIC II. The strength of a new RHIC II polarized proton-proton program will rely to a 
large extent on the design of an optimized comprehensive proton-proton collider detector similar to 
the dedicated collider detectors CDF and D0 programs at the Tevatron. This will be discussed in 
more detail in the following sections.  
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6.1 Polarization of Quarks and Anti-quarks in the Proton 
 
Initial determination of the contribution of gluons to the polarization of the proton will be accom-
plished with the existing RHIC detectors in the current RHIC spin program. Although determina-
tion of the sea polarization is part of the original RHIC spin program, this measurement is still sig-
nificantly far away. It requires √s = 500 GeV p+p operation of RHIC with optimal polarization 
(~70%) and luminosity, plus further upgrades of the existing RHIC detectors. The measurement of 
the parity-violating longitudinal single-spin asymmetry AL in W production will determine the un-
derlying polarized quark and anti-quark distributions19 and further the understanding of the QCD 
sea. A Feynman graph of the underlying process is shown in Figure 42.  
 
The measurement of )()( −+→++ Wuddu  through the electron/muon decay channels at high pT 
provides a clean separation of the underlying quark distributions if one can observe the final-state 
leptons in the forward direction, i.e. in a kinematic region where one samples asymmetric colli-
sions. Results obtained in polarized deep inelastic scattering (DIS) experiments suggest that the 
QCD sea is significantly polarized.140 It is crucial for our understanding of the nature of the QCD 
sea to explore W production in polarized proton-proton collisions to determine if the polarization of 
the QCD sea is flavor-dependent. The difference of ud −  unpolarized anti-quark distributions has 
been found to be significantly different from zero in particular in the region of small Bjorken-x val-
ues.141 This strong breaking of SU(2) symmetry has an explanation among several non-perturbative 
QCD mechanisms. An approach by Dressler et al.21 based on the Chiral Soliton Model provides a 
prediction of the difference du ∆−∆  that is larger than the difference of the unpolarized quark dis-
tributions. The large acceptance of a new comprehensive RHIC II detector for muon and hadron 
identification in a large magnetic field and full calorimetry coverage will enable high quality meas-
urements of W+(-) decays with large statistics. Such a detector system similar to CDF and D0 in 
coverage would allow measurement of the missing energy in the unobserved final-state neutrino 
and aid in the reconstruction of the underlying kinematics. This program clearly requires running 
RHIC II at the highest possible center-of-mass energy at high luminosity and maximum polariza-
tion.  
 

A long-standing question in spin physics is the 
contribution of strange quarks and anti-quarks 
to the QCD sea in the proton.  The polarization 
of strange quarks cannot be accessed via parity 
violation for inclusive W production at RHIC 
because u,d quarks provide the dominant con-
tribution to the cross section.  But, it should be 
possible at RHIC II to access the strange quark 
polarization by looking at parity violation in 
charm-tagged W production.  Polarized intrin-
sic s quarks in the polarized proton can couple 
to ⎯c from the second proton (produced by the 
splitting of a gluon from that proton into⎯c + c) 
and result in a final state W. The c quark from 

the gluon splitting can fragment into a D-meson and then be used as a tag that the W production 
resulted from polarized strange quarks.  This experiment is ambitious and requires the highest pos-
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Figure 42: Feynman graph of )()( −+→++ Wuddu  
production in polarized proton-proton collisions. 
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sible luminosity at RHIC II and also a very large acceptance detector to detect the charged lepton 
from W-decay in coincidence with an identified D-meson.  To date, the only other method to di-
rectly access strange quark polarization is through flavor-tagged semi-inclusive deep inelastic scat-
tering.18 

6.2 Gluon Polarization Accessed via Heavy-Flavor Production 
 

The production of heavy quarks in p+p collisions is dominated by gluon-gluon fusion. The underly-
ing leading-order Feynman graph is shown in Figure 43. The contribution of competing production 
mechanisms for heavy flavors through quark-antiquark annihilation is small at RHIC, since that 
requires an anti-quark in the initial state. It has been shown142 in a leading order approximation that 
heavy-quark production in polarized proton-proton collisions provides a means to constrain the un-
derlying gluon polarization. Complete next-to-leading-order (NLO) QCD corrections to the polar-
ized hadron-production of heavy flavors are now available.143 The importance of next-to-leading 
order (NLO) corrections to provide reliable quantitative predictions has been pointed out.144  
 
Furthermore, charm and bottom production probe the gluon density in the proton at different mo-
mentum fractions (Bjorken-x) and scales (Q2). Measurements of the production of heavy quarkonia 
also probes gluons in the proton and will only be possible at the higher RHIC II luminosities. [Un-
derstanding the unpolarized production of heavy quarkonium states is therefore also important to 
the spin physics program as well as the heavy ion program.] Heavy-flavor production can be se-
lected through various leptonic decay channels over a large kinematic range in the proposed detec-
tor. In addition, B → J/ψ + X tagging the J/ψ through displaced electron and muon vertices pro-
vides a means of identifying open beauty production.  
 

It was shown in Ref. 8 that NLO calculations have considerably 
less uncertainty in terms of the unphysical renormalization and 
factorization scales. It was demonstrated based on the current 
PHENIX acceptance that the gluon polarization can be con-
strained by heavy flavor production. Charm and bottom produc-
tion will access different regions of Bjorken-x.  
 
Heavy-flavor production can be selected through various lep-
tonic decay channels. Examples are pp → e± + X,  pp → µ± + X, 
pp → e+e− + X, pp → µ+µ− + X and pp → e+(−) µ−(+) + X. In addi-
tion, B → J/ψ + X tagging J/ψ through displaced electron verti-
ces provides a means of identifying open beauty production and 

thus a probe to access the gluon polarization. 

 
 

Figure 43: Leading order Feynman 
graph for heavy quark production in 
gluon-gluon fusion. 

 
Besides the potential of constraining the gluon polarization in heavy flavor production, the unpolar-
ized aspect of hadron production of heavy flavors has attracted considerable attention in recent 
years. This is related to the fact that open charm production is reasonably well understood, however 
beauty production has exhibited large differences between data and theory22. Discrepancies be-
tween data and theory have been reported in ep collisions at HERA23 and even in γγ collisions at 
LEP24. This has led to an extensive discussion of physics beyond the Standard Model (SM) which 
could provide an explanation for this discrepancy. In fact, in the minimal supersymmetric extension 
of the SM, gluinos can decay into a standard model bottom quark and a lighter supersymmetric 
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sbottom quark. This would increase the yield in bottom production and thus would provide a 
mechanism to explain the apparent discrepancy between data and theory. RHIC could play an im-
portant role in understanding this discrepancy through its ability to investigate energy- and spin-
dependent charm and bottom production. 

6.3 Transversity of Quarks and Anti-Quarks in the Proton and other Trans-
verse Spin Effects 

 
The transversity density of quarks and anti-quarks will be accessible at RHIC, but can be most 
cleanly studied at RHIC II. Although transversity is a leading twist distribution function, equally 
important to our understanding of the spin structure of the proton as the helicity asymmetry distri-
bution, it cannot be probed in inclusive deep-inelastic scattering because the chiral-odd character of 
the distribution function is incompatible with the fact that electroweak (and QCD) vertices preserve 
quark chirality.  Measurements of semi-inclusive deep inelastic scattering that probe transversity 
through the use of a spin-dependent, chiral-odd fragmentation function (the Collins function) are 
underway by the HERMES and COMPASS collaborations, and are proposed at Jefferson Labora-
tory.  Similarly, initial measurements of transverse spin asymmetries through the Collins mecha-
nism are also possible with the existing RHIC detectors.  Single spin asymmetries in polarized pro-
ton collisions can probe transversity through a spin- and transverse momentum dependent fragmen-
tation function (Collins function), but these spin effects are expected to decrease with increasing pT. 
Furthermore, effects from transversity have to be distinguished from other possible dynamics that 
can also give rise to non-zero single-spin effects.  The increased luminosities at RHIC II and the 
range and capabilities of the proposed detector will allow measurements of the transversity densi-
ties of quarks and anti-quarks in the proton with increased sensitivities at larger transverse mo-
menta. Double transverse-spin asymmetry (ATT) measurements in Drell-Yan production145 provide 
direct sensitivity to the transversity distribution function, but require non-zero transverse polariza-
tion of antiquarks within a transversely polarized proton.  Another method is to measure ATT for jet 
production146at very high pT (>40 GeV/c) to minimize the contributions from gluons in the initial 
state that serve to dilute the two-spin asymmetry.  Alternatively, di-jet production can be studied, 
and the two-spin asymmetry can be measured for the linear combination of the charge sign of pions 
that suppress contributions from gluon fragmentation. 
 

k

T

δφ

ST

 
Figure 44: A “beams-eye” view, along the direc-
tion of the colliding beams, of the di-jet final state 
with finite relative azimuthal angle (δφ). ST is the 
original proton transverse polarization vector and 
K⊥  the transverse parton momentum relative to 
the proton direction147.  

The first results from the RHIC spin program have re-
vealed that large transverse single spin asymmetries, 
first observed in lower energy polarized proton colli-
sions, persist to RHIC energies.  One of the proposed 
mechanisms for the large analyzing power in polarized 
proton collisions is the Sivers effect.  The Sivers func-
tion is a correlation of the form ST ⋅ (P × K⊥) between 
the original proton transverse polarization vector (ST), 
its momentum (P), and the transverse parton momen-
tum relative to the proton direction (K⊥). In collisions 
of unpolarized protons with transversely polarized pro-
tons the single transverse-spin asymmetry in the rela-
tive intra-jet azimuthal angle (i.e. non-collinearity de-
picted by δφ in Figure 44) of di-jets or alternatively 
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the measurement of the relative azimuthal angle between photons and away-side jets are sensitive 
to the Sivers function.147  
 
Recently it was realized that the time-reversal odd Sivers function can be non-zero because of sub-
tleties of gluon exchange between the quark, involved in either Drell-Yan production or that ab-
sorbs the virtual photon in semi-inclusive DIS, and target spectator system.148  Because of these 
subtle interactions, transverse spin effects associated with the Sivers function in semi-inclusive 
deep inelastic scattering and the analyzing power for Drell-Yan production in polarized proton col-
lisions are expected to be opposite in sign. It is important to quantify the role played by the Sivers 
function in single semi-inclusive deep inelastic scattering and polarized proton collisions because it 
is non-zero from orbital motion of the partons within the proton. 

6.4 Physics Beyond the Standard Model (SM) 
 
There are predictions for physics beyond the Standard Model (SM) whose existence may be dis-
covered using spin measurements at RHIC II26. These include new parity-violating interactions that 
would lead to significant modifications of SM predictions. Here parity violation arises within the 
SM for quark-quark scattering through the interference of gluon- and Z0-exchange. Figure 45 dis-
plays the single spin asymmetry for inclusive jet production as a function of jet transverse energy. 
The standard model prediction27 is shown (labeled SM) along with predictions for quark compo-
siteness (solid curves labeled εη= ±1) and leptophobic model predictions for an extra heavy vector 
boson that couples directly to quarks (dashed and dotted curves labeled by mass of the new vector 
boson). Observation of a parity-violating single-spin asymmetry in inclusive single-jet production 
at RHIC would signify quark compositeness, as depicted by the solid curves labeled εη = ±1 in 
Figure 45. Since the magnitude of deviations from the SM prediction (solid curve labeled SM in 
Figure 45) is extremely small and increases with transverse jet energy, such measurements are very 
difficult requiring the highest possible luminosities and data rates, and large coverage for jet meas-
urements to the highest possible transverse energies.  
 
Adding polarization information to W production should lead to interesting tests of the Standard 
Model. This is particularly accessible with large detector acceptance. A search for parity violation 
in di-jet or di-hadron events separated by a large rapidity interval should open the possibility of 
searches for new physics.  This was pointed out initially by Bjorken.149 
 
It has been pointed out that a polarized RHIC program would allow one to place constraints on sev-
eral models by selection of a specific region in phase space which is unconstrained by current and 
future experimental efforts at other collider facilities such as the Tevatron. RHIC would therefore 
be in a unique position to explore a certain aspect of physics beyond the SM. This program clearly 
requires running RHIC at high luminosity and at the highest possible center-of-mass energy. This 
requirement was already raised in the previous section. The capabilities of a new comprehensive 
(hermetic) detector system certainly benefit the study of physics beyond the standard model at 
RHIC II. 
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Figure 45: AL for one-jet inclusive jet production 
in polarized proton-proton collisions27. The solid 
line refers to the Standard Model prediction. The 
dashed and dotted curves are predictions from dif-
ferent leptophobic models. The lower solid curve 
refers to a prediction involving contact interactions. 

6.5 Gluon Polarization in the Proton from Jet Measurements at Large Trans-
verse Energy 

 
Initial determination of the contribution of gluons to the polarization of the proton will be accom-
plished with the existing RHIC detectors in the current RHIC spin program. The production of jets 
in polarized proton-proton interactions has been widely recognized as a means to probe the gluon 
polarization. The underlying partonic reactions are shown in Figure 46 for the quark-gluon Comp-
ton process (“prompt photon production”), gluon-gluon scattering and for gluon-quark scattering 
leading to the production of jets. Jet measurements are a central part of the spin program in STAR 
and are reconstructed within STAR using a combination of TPC tracking and EMC cluster informa-
tion. The addition of hadronic energy information, increased magnetic field strength and fast trig-
gering and data-acquisition in a new RHIC II detector would improve jet measurements signifi-
cantly. A polarized proton-proton program with increased luminosity at RHIC II extends the trans-
verse energy range for jet measurements to ~ 50 GeV. 

 
Figure 46: Leading order Feynman graphs for gluon-initiated process in proton-proton collisions resulting in various 
final states involving jets. 
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6.6 Detector Requirements Based on Spin Physics Program 
 
The above spin physics topics – in summary - require the following detector capabilities: 
 

• Heavy Quark Production: electron and muon detection 
• QCD (especially jet physics): jet reconstruction, single-photon detection (γ/π0 separation), 

b/c-tagging  
• Electroweak Physics: electron and muon detection and missing energy measurement 
• Physics beyond the Standard Model (SM): electron and muon detection, jet reconstruction, 

b/c-tagging and missing energy measurement 
 
This translates into the following basic detector requirements, which must still be refined and 
strengthened by detailed detector simulations: 
 
Full acceptance in the barrel and forward/backward region is required up to at least |η| = 3.5 with 
specialized calorimeter and tracking system beyond |η|~4 to extend acceptance in the very forward 
acceptance region to probe the kinematic region of small Bjorken-x values and to provide missing 
energy information.  
 
Electromagnetic and hadronic energy measurements in the barrel and forward/backward region are 
essential, as are transverse and longitudinal tower segmentation (for jet reconstruction and elec-
tron/hadron separation).  
 
Full tracking coverage is required in the barrel and forward/backward region. Also necessary are a 
precision inner vertex detector system based on inner barrel layers and forward wheels with a com-
bination of pixel, silicon and GEM-type tracking detectors to provide reliable secondary vertex re-
construction, momentum resolution and at the limits of resolution a charge-sign determination in 
the forward/backward region. A muon detection system in the barrel and forward/backward region 
would aid the reconstruction of heavy quarks and heavy-bosons.  
 
An axial magnetic field of at least 1−2 T is preferred. A precise relative luminosity measurement in 
a high-rate environment is essential, as are local polarimeter information to tune spin rotator mag-
nets and track the local beam polarization, and an absolute luminosity measurement. 

 
Required are a high rate DAQ system, and a system of several layers of triggering to provide trig-
gers on rare processes and a secondary-vertex trigger as is now employed at CDF.  
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7 Detector Concepts 
 
The requirements for a new RHIC II detector are well defined by the previous chapters. The pri-
mary requirements are: 
 
• Excellent momentum resolution out to pT = 40 GeV/c for charged particles in the central rapid-

ity region. 
• Complete hadronic and electromagnetic calorimetry over a large phase space (~4π). 
• Particle identification out to very high pT (p ~ 20−30 GeV/c) including hadron (π, K, p) and lep-

ton (e/h, µ/h) separation in the central and forward region. 
• High rate detectors, data acquisition, and trigger capabilities. 
 
These requirements are quite stringent. Because of the focus on hard probes the requirement on 
multiple scattering in material for low-pT particles is only a minor concern. 
 
It is our intention to utilize, where possible, detector components from other collider experiments 
that are decommissioned, or will be in the near future.  In particular, it should be possible to iden-
tify and procure an existing high field magnet and a large amount of electromagnetic and/or had-
ronic calorimetry depending upon the eventual geometry. As a proof of principle, we will use the 
SLD magnet.  It was originally planned as a superconducting magnet but due to funding limitations 
was constructed with warm coils resulting in a field strength B = 0.6 T. However, the iron is suffi-
ciently thick to contain considerably larger flux. After discussion with SLD experts it was con-
cluded that the magnet iron as constructed would allow replacement of the warm coils with super-
conducting coils yielding a field strength B = 1.3 T. The inner radius of the magnet is 2.8 m, with 
an inside length of 6 m (overall outer length of 7 m). This would provide a bending power of 2.2 T-
m over the tracking volume of radius 1.7 m [this is more than 2.5 times that of STAR]. SLD man-
agement is very interested in the re-use of the SLD magnet, support structure, and other compo-
nents. A possible layout for a RHIC II detector using the SLD magnet is shown in Figure 47. 
 
Large components of other high energy experiments such as CDF, D0, HERA-B and CLEO are 
expected to become available before the end of the decade to join a growing number of already de-
commissioned experiments such as SLD, DELPHI, ALEPH, etc. In particular, D0 is of interest 
with its novel thin magnetic coil design with calorimetry plus muon chambers. CLEO has a high 
field magnet plus crystal calorimetry that could be utilized. 
  
Figure 47 shows a detector layout based on the SLD magnet. The proposed layout is very similar to 
a classical high energy experiment, but, in addition, it retains particular features necessary for 
heavy ion physics, such as extensive particle identification and very fine granularity calorimetry in 
the forward direction. From the inside out the central (|η| < 1.2) detector consists of a small radius, 
very thin Beryllium beam pipe, a Silicon microvertex tracker, a solid-state or gas main tracker, a 
RICH, a ToF/Aerogel combination, an electromagnetic calorimeter (EMCal), and the SLD magnet 
with its embedded hadronic calorimeter (HCal) and muon chamber sections. The SLD magnetic is 
hermetic out to |η| < 3.5 and the detector layout in the magnet endcap direction (1.2 < |η| < 3.5) will 
mimic the central layout, i.e. a forward disk tracker, followed by the PID components and the calo-
rimetry and muon chambers. Beyond the ‘doors’ of the SLD magnet (at |η| >3.5) we propose to 
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Figure 47: Conceptual design of the SLD magnet instrumented for a RHIC II detector. 

build a dedicated forward spectrometer consisting of a silicon disk tracker in its own magnetic 
field, followed by a RICH, an EMCal and HCal. The forward spectrometer is limited in the forward 
direction by the RHIC DX magnets, which means the maximum achievable spectrometer range will 
be η = 4.8. Details are given in section 7.7. Beyond the DX magnet we are considering a Roman 
pot configuration with Silicon readout. 
 
In the following we will briefly discuss the various detector components: 

7.1 Magnet 
 
Good momentum resolution at high pT requires a large bending power ∫ B⋅dl. A large diameter so-
lenoid with a high field also provides sufficient volume to add detectors for optimal tracking, parti-
cle identification (PID) and calorimetry. As discussed above, the SLD magnet would be an excel-
lent choice that combines all these necessary features. The SLD magnet and support structure con-
sists of four basic elements: the superconducting coil, the exoskeleton support frame, the barrel iron 
(flux return yoke), and the Fe endcaps (or doors). 
 
The superconducting coil, to be constructed, will have a 5.8 m diameter and will be 6.2 m long. It 
will provide a solenoidal magnetic field of 1.3 T in a volume of 162 m³. The existing iron structure 
(in the barrel and endcaps) consists of 15 layers of 5 cm thick plates, separated by 3.2 cm gaps in-
strumented with plastic limited streamer tube chambers. The iron serves as a flux return system, a 
Warm Iron Calorimeter (WIC), and muon detector. This type of detector uses x and y strip (~8 mm 

 59



width) and pad (~3×3 cm²) readout, the signals are comfortably large, the tubes and FEEs are ro-
bust and rather easy to produce. The detector has perfect efficiency for minimum ionizing particles, 
and it is reasonably inexpensive.  Because of aging effects the available streamer tubes might have 
to be replaced in which case modern IC FEEs could be implemented. One 100-ton or two 40-ton 
handling capacity cranes are required for magnet and detector assembly.  
 
The requirements for the magnet and the tracking system are set by the momentum resolution at 
high pT. With our high pT tracker (see below) embedded in the SLD magnet we expect to reach 
resolutions of ∆pT /pT ~ 1% at 20 GeV/c and ~ 3% at 40 GeV/c at mid-rapidity. 

7.2 Vertex Detector 
 
The proposed high resolution tracking detector needs to be complemented with a very high resolu-
tion vertex detector as a pointing and track seed device. Therefore the small thickness Be beam-
pipe (radius ~2 cm) will be surrounded by four layers of Silicon detectors (radii from 4 to 16 cm), 
necessary to generate reliable seeds for the tracking pattern recognition. The detectors must be fast 
and must have very good position resolution. The most reliable technology presently is the hybrid 
pixel detectors, as used in all LHC experiments. We believe that resolutions of less than 20 µm are 
achievable in detectors with a minimum radiation length of about 0.3% per layer. With respect to 
alternate technologies it remains to be seen whether recent R&D on CCD’s and active pixel sensors 
(APS) will lead to radiation hard devices of sufficient readout speed. In that case both CCD and 
APS would be superior to hybrid pixels in terms of resolution and radiation length. We are there-
fore closely following the R&D effort by the STAR collaboration for their APS microvertex detec-
tor. One can also conceive of a mixed technology detector such as the inner tracking system in 
ALICE in order to further lower the cost without degrading the resolution capabilities. In such a 
device the very thin, high resolution inner layers could be followed by less expensive Silicon strip 
for the outer two layers of vertex detector. Detailed simulations will have to determine whether 
such a device could yield the necessary track pointing resolution. A possible configuration of the 
vertex detector is shown in Figure 47 and detailed in Table 6 in the next section as part of the over-
all tracking. 
 
The main physics requirement for the vertex detector, besides the unambiguous track seed determi-
nation for the main tracker pattern recognition, will be the tagging of b- and c-jets. With the pro-
posed setup we expect around 70% b-tagging efficiency with 95% purity and about 50% c-tagging 
efficiency with 80% purity.  

7.3 Tracking Detectors 
 
The large volume inside the uniform magnetic field enables us to “construct” a high quality track-
ing system to cover |η| < 3.5. In our tracking approach we distinguish between a primary tracking 
device and a high pT tracker just inside the magnet coil. 

7.3.1 Main central tracker  
 
Two variants of the primary tracking device are being considered: a miniTPC or a multilayer (6-7) 
Silicon strip detector (radii from 25 to 80 cm), followed up with three to four layers of Gas Pad de-
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tectors (micropattern  technology) in front of the EMC (high pT tracker). Such a combination of 
tracking components will be very powerful for track finding, to distinguish primary particles from 
secondary vertices (tagging), and to guarantee high quality momentum reconstruction starting from  
low pT (~500 MeV/c) and up to ~40 GeV/c.  To reach lower pT we will either utilize the vertex de-
tector as stand alone tracker or lower the field for certain runs. 
 
A fast, compact TPC (anode-cathode distance 40-45 cm, drift speed ~10 cm/µs, 16 identical mod-
ules with 35 pad-rows (triple GEM foils, pad size 0.2×0.8 cm²)) is convenient for track reconstruc-
tion and dE/dx measurements. The specific proposed design would be based on a short drift dis-
tance, fast, low diffusion working gas and micro-pattern detector readout. Hit reconstruction 
(space) precision should be 100−120 µm in r⋅φ and ~200 µm in z (drift direction). 
 
An additional option is to install into the same gas volume a gas pad detector with a CsI top to be 
sensitive to UV-light produced by charged particles inside the TPC gas. The combination of parti-
cle track measurements, dE/dx and Cherenkov light will provide a powerful e+/− identification ca-
pability for lepton energies from 0.05 GeV to 5 GeV. Although the detector design is attractive, 
electronics must still be developed for demonstrated operation in a continuous readout mode to at-
tain the high rates at RHIC II. This means the miniTPC will be useful only if it can be demonstrated 
that it can operate without a gating-grid, and that the ~4 µs maximum drift time is acceptable. 
 
A solid-state tracker has the advantages of superior resolution and fast readout speed. However de-
tailed simulations are required to determine the number of layers of Silicon needed such that pat-
tern recognition capabilities are sufficient to resolve all tracks in the active volume. Too many lay-
ers might make the device prohibitively expensive. Track-seeding in the vertex detector will cer-
tainly help to lower the number of tracking layers, and presently the cheapest off-the-shelf Silicon 
technology, namely double-sided Silicon strip detectors, could be ideal to develop a large solid 
state tracker that is cost competitive. Besides the single-point resolution, the two-track resolution of 
any tracker is important in order to resolve particles within a single jet. From state-of-the-art Sili-
con strip detectors we expect single point resolutions down to 20 µm and two-track resolution of 
less than 500 µm for a reasonably segmented device. 

7.3.2 High pT tracker 
 
Independent of the main tracker technology, a so-called high pT tracker will be added radially out-
ward in order to provide fast high momentum tracking. This device is envisioned as a three to four 
layer micro-pattern pad detector in front of the calorimeters (and magnet coil) in the central and 
endcap positions. Even with a fast Silicon main tracker this device will be necessary in order to 
provide additional points between tracker and calorimeter for precise energy flow measurements. 
The proposed pad detector would use micro-pattern detector technology (GEM, MicroMeGas) 
which can achieve 100 µm resolution in the r⋅φ direction and fast (~10 ns) response. Pad sizes can 
be varied from 0.04×4 cm² to 0.04×10 cm². Such detectors can be mass-produced and are reasona-
bly inexpensive and thus a convenient approach to construct large surface, low mass, fast, and high 
precision tracking systems. 
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7.3.3 Central tracker layout 
 
One possible layout for the tracking detectors is displayed and described in Figure 47. For the pre-
sent set of simulations the component positions, segmentation in radius (r) and azimuthal angle (φ), 
and thicknesses are listed in Table 6. 
 

Detector Radius 
(cm) 

Halflength 
(cm) 

Sigma r-phi
(cm) 

Sigma z 
(cm) 

Thickness 
(cm) 

Vertex 2.8 9.6 0.001 0.001 0.01 
(APS or 4.3 12    

Hybrid pixels) 6.5 21    
 10.5 27    

Main Si-strip 19 39 0.003 0.03 0.03 
 24.5 42    
 31 45    
 38.5 51    
 46 57    
 56 60    

or 
Main mTPC 

22.5-60 55 0.012 0.035 0.2 
(mylar+gas) 

High pT track 70 76 0.17 0.17  
micropattern 115 110 0.01 0.9 0.3 G10 + 

 135 130 0.01 1.2 1.0 Gas + 
 170 165 0.01 1.4 0.05 Mylar 

 
Table 6: Position, segmentation in radius (r) and azimuthal angle (φ), and thicknesses of the various central tracking 
detectors. For details see text. 

7.3.4 Endcap tracking 
 
With respect to bulk matter measurements in the forward direction (1.2 < |η| < 3.5) reasonably pre-
cise tracking will be required to look for any modification in spectral shape with increasing rapid-
ity. In our simulations we used the layout in Table 7, although the sizes and number of layers still 
needs to be optimized and evaluated in terms of cost-performance tradeoffs. Generally a δp/p of 
about 10% can be expected. 
 

Layer Technology Z position (cm) Rmin (cm) Rmax (cm) 
 

1 Micro-pattern 70. 10. 80. 
2 Micro-pattern 110. 20. 110. 
3 Micro-pattern 150. 30. 145. 
4 Micro-pattern 180. 35. 165. 
5 Micro-pattern 225. 40. 150. 
6 Micro-pattern 245. 45 150. 

Table 7: A proposed layout and dimensions for an endcap disk tracker. 
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Figure 48: Momentum resolutions based on the tracking devices of Figure 47 for the different regions of pseudo-
rapidity as described in this section and the forward spectrometer section.

7.3.5 Tracking performance simulation 
 
The main physics requirements for the tracker are excellent momentum and two-track resolution 
out to the highest pT  in order to measure all charged particles in a jet. We estimate the momentum 
resolution to be below 1% out to about 20 GeV/c and less than 3% out to 40 GeV/c. For the track-
ing detectors shown in Figure 47, a complete simulation of reconstruction and tracking capabilities 
resulted in the momentum resolutions shown in Figure 48 for various regions of pseudo-rapidity. 
The two-track resolution for any charged-particle pair did not exceed 500 µm. In addition, the 
above mentioned energy flow measurements, i.e. the tagging of a tracked high momentum particle 
to a particular part of the calorimeter system, will be strongly enhanced through excellent point-
back features, i.e. excellent single point resolution in all components of the integrated tracker. By 
combining a higher resolution primary tracker with a Silicon-based vertex detector and a large ra-
dius pad detector we expect to extend the excellent single point resolution out to distances near the 
calorimeter. 

7.4 Particle Identification 
 
The requirement to identify all hadrons in a high pT jet requires good hadron identification up to 
momenta of at least 20 GeV/c. Lepton particle identification will be achieved through the e/h capa-
bilities in the calorimeters and the muon chambers. Hadron and lepton particle identification will be 
achieved through a combination of dE/dx in the tracking (pT < 1 GeV/c), a time-of-flight device (pT 
< 3 GeV/c), and a combination of various Aerogel Cherenkov-threshold counters and a RICH de-
tector with gas radiator  (pT up to 20−30 GeV/c).  The time-of-flight device should be based on re-
sistive plate chambers, since otherwise it would be prohibitively expensive and its use in such a 
high magnetic field questionable. One possible configuration using time-of-flight detectors, two 
Aerogel Cherenkov-threshold detectors with n = 1.05 and n = 1.01, and a C5F12 gaseous RICH de-
tector with n = 1.00175 is shown in Figure 47. The hadron particle identification capabilities for 
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Figure 49: Charged hadron particle identification as a function of momentum using the ToF (time-of-flight), Aerogel 1 
(n =1.01), Aerogel 2 (n =1.05), and gas-RICH (n=1.00175) detectors. The horizontal lines indicate where each particle 
(listed in the left column) can be identified based on combinations of signals in the detectors listed above the lines. 

 

this configuration are shown in Figure 49. The eventual hadron particle identification scheme will 
need to be optimized through further simulations. If particle identification is needed for momenta 
higher than 20 GeV/c, then another RICH gas, such as C4F10, could be used with further optimiza-
tion of the entire particle identification detector scheme. We are presently evaluating the possibility 
of covering the complete pseudo-rapidity range inside the magnet (−3.5 < |η| < 3.5) with 
RICH/Aerogel devices. 

7.5 Hadronic Calorimetry and Muon Detection 
 
The layout of the SLD Magnet enables us to install the EMCal and the 1st section of a HCal inside 
the magnet, and to instrument the return yoke as a “Tail Catcher Hadron Calorimeter” and a Muon 
Detector. 
 
None of the existing RHIC detectors features a hadronic calorimeter, nor are any HCal upgrades 
foreseen to either STAR or PHENIX. The main arguments to add effective hadron calorimetry to 
the new detector are as follows: 
 
• It allows isolation cuts to be applied in pp-collisions so that a γ-jet can be distinguished from 

background fragmentation photons150. 
• It improves the jet energy resolution by measuring the neutral particle energy component. 
• It removes the trigger bias of the electromagnetic calorimeter. 
 
In addition a hermetic (4π) hadronic calorimeter will allow us to measure the missing energy in W 
production thus enabling us to measure the W-decay into di-jets. 
 
The primary candidate for barrel calorimetry is the SLD LAr calorimeter. This calorimeter consists 
of two sections: the electromagnetic section, see below, made of 22 radiation lengths of lead plates 
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of 2 mm thickness with 2.75 mm gaps between the plates (resolution ~11%/√E), and the hadronic 
section made of 6 mm thickness lead plates with 2.75 mm gaps (~2.8 absorption lengths, resolution 
~60%/√E). Required modifications include: a.) installation of very small thickness read out plates 
with the pad structure on the “ground side” of each gap (G10, Kapton) , comparable to the H1 calo-
rimeter design, and b.) development of frontend electronics with ~130 ns shaping time, comparable 
to D0 electronics. These are needed to be compatible with the RHIC-II luminosity and the high rate 
DAQ and trigger requirements. 
 
For the endcaps (1.2 < |η| < 3.5) we are considering a Fe(Pb)+Scintillator (> 3.5 absorption lengths) 
design for the Hadron Calorimeter,  because the SLD LAr calorimeter would not be capable of 
withstanding the high occupancy in central Au+Au event. 
 
The SLD magnet comes with Tail Catcher hadronic calorimetry and muon detection embedded in 
the iron covering |η| < 3.5. The system consists of Fe+Wire plastic tubes (streamer mode, pad-
readout). Hits are measured in 15 planes yielding a reasonable hadron energy resolution of ~80 
%/√E with good muon identification in both the barrel and endcaps. The muon efficiency of the 
SLD muon detector barrel was found to be 87% taking into account muon identification, recon-
struction and track matching with detectors inside the magnet151. Analysis of K0 → ππ decays was 
used to check the pion misidentification. For p > 2 GeV/c this was less than 0.3%. In a Monte Carlo 
simulation the contribution to the muon spectrum from all misidentified particles was found to be ~ 
6% for p < 6 GeV/c.  

7.6 Electromagnetic Calorimetry 
 
In a modified SLD approach an EMCal would be installed directly in front of the SLD magnet coil, 
i.e. at 2.8 m radius covering the barrel and in front of the endcap hadron calorimeter. Different 
technologies are presently foreseen for the EMCal barrel and endcap sections.  
 
If simulations show that the resolution of the 1st section of the SLD Liquid Argon calorimeter is not 
sufficient, then the barrel EMCal could be constructed of PBWO4 crystals of 8 cm length and 
4.5×4.5 m2 cross-section as pre-shower detectors. They also provide moderate timing resolution (~1 
ns). The anticipated resolution would below 10%/√E. Behind the crystals a Fe+Scintillator accor-
dion type detector with 15 radiation length is being considered. In the present cost estimate we as-
sume that the existing SLD barrel EMCal is sufficient but we will replace the endcap EMCal be-
cause for the forward (endcap) EM calorimeter (1.2 < |η| < 3.5) we anticipate the occupancy in cen-
tral RHIC-II Au-Au events to be too high for the rather coarse granularity of the SLD device. Pos-
sible alternate technologies include simple Fe-Scintillator type projective towers or a fine-
granularity crystal detector. Building a crystal detector of the proper size and granularity is prohibi-
tively expensive, but we are considering the use of the existing CLEO calorimeter crystals as an 
option for the endcap or the very forward EMCal (see next section). The CLEO calorimeter has an 
energy resolution better than 6%/√E. 

7.6.1 Calorimeter resolution simulations 
 
The low pT cutoff for photon-tagging of photon-jet events depends critically on the performance of 
the EMC and, based on our simulations, requires an energy resolution of 10%/√E and fine granular-
ity. We expect to resolve photons over the soft background above ~ 7 GeV/c momentum.  
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With the anticipated high luminosity and fast 
detectors we expect to be able to have sufficient 
statistics for photon-tagged jets out to a photon 
pT of ~ 20 GeV/c. 
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Figure 50: Mass resolutions for ϒ via reconstructed 
tracks from simulation. Backgrounds are not realistic for 
nucleus-nucleus case. 

 
Our recent simulation studies have shown that 
an energy resolution of better than 10%/√E is 
required in order to resolve the ϒ states with 
calorimeter information alone. This clearly 
shows that the quarkonia physics can only be 
fully realized when using the PID information 
from the EMC in combination with high resolu-
tion tracking and a muon chamber, as is done in 
CDF152. Shown in Figure 50 is the mass resolu-
tion from simulations expected for the ϒ states. 

 

 
7.7 Very Forward Detectors 
  
Beyond η = 3.5, i.e. outside the doors of the SLD magnet, we are proposing to build a dedicated 
forward spectrometer, consisting of a tracking detector, a PID detector, and a set of calorimeters 
followed by a muon chamber. The schematic layout is shown in Figure 51. 
 
The rather small opening in the SLD magnet in the forward direction (r = 20 cm) and the limiting 
RHIC DX magnet downstream in the RHIC tunnel defines the layout of the spectrometer and limits 
its pseudo-rapidity range to 3.5 < |η| < 4.8. This forward spectrometer would cover a z-range be-
tween 4.5 m and 8 m from the interaction point. Regarding the tracking detectors we are evaluating 
the usefulness of a two stage detector, with its first nine disk layers inside the main magnet, and 
five more Silicon strip disks with small disk radii located outside of the main magnet (z = 450−610 
cm), but surrounded by a dedicated forward spectrometer magnet.  The layout presently featured in 
our simulation package is described in Table 8. 
 
This tracker could either be preceded or followed up by a dedicated forward RICH of sufficient 
depth.  That means the RICH is either located inside the ‘door’ of the SLD endcap calorimeter or 
resides behind the final tracking layer (z = 6.1 m) and in front of a high precision ‘plug’ calorimeter 
consisting of a crystal based electromagnetic section and a digital hadronic calorimeter based on Si-
W. Regarding the crystal calorimeter, only the existing CLEO crystals (5 by 5 cm, 30 cm long) 
have a sufficiently small Moliere radius to handle the anticipated occupancy in the pseudo-rapidity 
range from 3.5 < |η| < 4.8. 
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Figure 51: Conceptual design of a forward spectrometer for a RHIC II detector based on the SLD magnet. 

 
 

Layer Technology Z position (cm) Rmin (cm) Rmax (cm) 
 

1 Si pixel 35 4.4 8.7 
2 Si pixel 45 4.45 10.45 
3 Si strip 55 4.5 12.2 
4 Si strip 65 4.5 13.9 
5 Si strip 75 4.55 15.5 
6 Micro-pattern 125 4.6 28. 
7 Micro-pattern 155 4.7 33.5 
8 Micro-pattern 200 6. 35. 
9 Micro-pattern 240 6. 40. 
10 Si strip 450 10. 20. 
11 Si strip 490 10. 25. 
12 Si strip 530 10. 30. 
13 Si strip 570 10. 35. 
14 Si strip 610 10. 40. 

 
Table 8: Layout and dimensions of a two-stage forward tracker. 
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The hadronic section could be constructed from components of the existing HERA-B hadronic 
calorimeter. Finally we are evaluating a set of forward hadron detectors based on Roman pots in-
strumented with scintillating fiber spectrometers at very large distances (30−50 m) from the interac-
tion vertex. These detectors will allow us to measure the forward protons necessary to trigger on 
diffractive processes (e.g. pomeron exchange, rapidity gap measurements).  
 
Alternative guidance in the design of the far-forward region may be taken from work done for the 
FELIX detector at the LHC153. The concept is based on a series of compact stations consisting of 
silicon trackers and electromagnetic calorimeters inside strong dipole fields and just surrounding 
the beam pipe. A judiciously chosen setup can then cover the full range in a modular way, such that 
a staged design is possible, allowing desired regions to be covered as funding permits.  
 
The basic tracker design would consist of stations of 4 planes of 50 mm × 300 mm pads. The calo-
rimeter design would be a compact design based possibly on tungsten with silicon strip readout.  A 
design like this is being used by the PHENIX collaboration for their Nose Cone calorimeter to 
achieve large forward rapidity coverage with a small detector. 
 
A forward detector has clear benefits for the physics program at RHIC-II. However, achieving cov-
erage in the far forward region involves tracking particles of 50 GeV or more.  This may require 
close collaboration with the RHIC accelerator group to find a design that achieves the physics aims 
without compromising the machine stability or performance. 
 
In order to facilitate tracking in the far forward region, it may be necessary to reconsider the beam 
optics and beam pipe geometry. Clear priorities are: overall luminosity for the high-pT program, 
minimizing backgrounds and good momentum resolution.  It is not clear that these priorities are all 
consistent with one another.  Forward tracking may require moderately strong dipole fields in the 
forward direction which will deflect the primary gold or proton beams, requiring delicate compen-
sating fields to ensure the stability of the collider.  High luminosity may necessitate putting focus-
ing quadrupoles close to the IR, creating enormous backgrounds in the far forward region.  The bot-
tom line is that a detector system like this will need to be designed in a tightly coupled way to the 
upgraded RHIC-II machine. 
 
One consequence of a far forward spectrometer at RHIC-II is that it would have comparable rapid-
ity reach to experiments currently being performed at the SPS.  Thus, if a fixed target program 
would be feasible at RHIC, e.g. by installation of a gas-jet target, then this detector system would 
already be suitable for studies of particle production from lowest SPS energies to nearly the top en-
ergy.  This would provide important cross checks of older results and consistency with the much 
higher-energy results from the RHIC collider mode. 
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8 Preliminary Budget and In-Kind Contributions 
 
Table 9 shows the present preliminary budget. An overall contingency of 30% is applied to the pro-
ject. Only the DAQ/TRG project carries a higher contingency (see below). The additional cost for 
civil engineering of a new hall for this detector is not shown, but early engineering estimates set the 
cost to about $5 Million. 

 
Detector Component Cost (incl. contingency) 

Central Detector $69 M 
Magnet $2 M + in kind (SLD) 
Coil (replace warm with supercon-
ducting) 

$10 M 

Tracking central (Silicon or mTPC) $15 M 
Tracking endcap (Silicon) $2 M 
Vertex (APS or Si-pixel) $5 M  
HCAL $2 M + in kind (SLD) 
Muon chambers in kind (part of SLD magnet) 
EMCal central $1 M + in kind (SLD,D0) 
EMCal endcap $10 M 
PID RICH (central) $8 M 
PID RICH (endcap) $4 M 
PID ToF $8 M 
PID Aerogel $2 M 

Forward Detector $11 M 
Magnet $1 M + in kind (D0) 
Tracking $5M 
RICH $2M 
Hcal $2M + in kind (HERA) 
EMCal $1M + in kind (CLEO) 

Combined DAQ/TRG $15 M 
Grand Total $95 M 

 
Table 9: Preliminary cost estimate for the new RHIC-II detector. 

 

Several of the detector components that have to be constructed are based on existing RHIC-I detec-
tor technology or ongoing RHIC-II R&D. For example, the active pixel sensor (APS) and the ToF 
are part of the STAR upgrade plan. The Aerogel detector and the mini-TPC, which is one of the 
options for the central tracking detector, are part of the PHENIX upgrade plan. Otherwise standard 
‘off-the-shelf’ technologies have been used, such as Silicon strip detectors for the central tracker 
and Pb-Scintillator calorimeters for the EMCs. Also, in this cost estimate we are only considering a 
single forward spectrometer arm. Certainly there can be physics arguments to have a symmetric 
forward coverage on both sides of the central detector. We estimate the cost of the forward detector 
to increase by around 50% if one would choose to build two arms.  
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In the following we detail some of resources used to generate this cost estimate. 

8.1 Magnets 
 
We are presently considering the re-commissioning of the existing SLD magnet for our detector. 
After deliberations with the SLD management we came to the conclusion that dismantling, ship-
ping and re-erecting the existing device will cost on the order of $2 Million (including contin-
gency). We are considering replacing the existing warm coil with a superconducting coil in order to 
double the maximum achievable magnetic field. The cost estimate for the coil replacement is based 
on the comparative coil study done by STAR in the early 90’s. Preliminary discussion with a coil 
vendor in order to obtain a more recent estimate will commence before the end of the year.  
 
For the very forward spectrometer we anticipate to re-use the D0 central magnet as is. Therefore 
only shipping and installation cost are considered. 

8.2 Vertex Detector 
 
The vertex detector cost is based on two separate ongoing efforts: a.) the APS microvertex detector 
for STAR and b.) the Hybrid-Silicon pixel device for ALICE. The ALICE effort is almost com-
pleted whereas the STAR effort is in its proposal stage. The detector that we are proposing is con-
siderably larger than the STAR microvertex detector, but the technology used would be identical. 
Part of the STAR proposal is to build the APS in two stages in order to address the slow readout 
problem separately. If a solution to this issue can be found, then an APS would be our first technol-
ogy for our vertex detector. If not, the fallback option is a hybrid Silicon pixel detector. This tech-
nology has been used in ATLAS, CMS, and ALICE and therefore is readily available. Based on the 
ALICE and STAR cost estimates we anticipate the cost of these two technologies to be roughly 
comparable.  

8.3 Tracking Detectors 
 
The full tracking detector package adds up to $22 Million in this proposal. It contains a central 
main tracker (|η| < 1.2), a forward tracker (1.2 < |η| < 3.5) and a very forward tracker (3.5 < η < 
4.8). 
 
The main tracker consists of either a mini-TPC or a multi-layer Silicon detector followed up by a 
four layer, large area micro-pattern detector right in front of the magnet coil. 
 
In the forward direction (1.2 < |η| < 3.5) we propose a 6-layer Silicon disk device based on micro-
pattern technology (see detector concept chapter), and in the very forward direction (3.5 < η < 4.8) 
we propose a two-stage multi-layer detector with one stage inside the main magnet plus an addi-
tional small five layer Silicon strip disk device inside the forward spectrometer. The cost estimates 
are mostly based on a similar exercise for a large solid state tracker for the next linear collider 
(NLC) project, which can be found on the hep-archive154. One of our collaborators was involved in 
costing the Silicon effort for this project. We do not anticipate a big cost difference between the 
TPC or Silicon option in the main tracker, therefore we are simply applying the Silicon to all com-
ponents costed here. Because we anticipate to use our fast tracking detectors in the trigger layout, 
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some of the electronics cost can be found in the trigger cost. In general the on-detector frontend 
electronics are part of the detector cost, the readout electronics are part of the trigger cost. The cost 
for the forward trackers is in good agreement with the NLC estimates. The cost for the central 
tracker can also be derived from similar Silicon efforts in ATLAS and CMS. We are proposing to 
use only mass-produced ‘off the shelf’ Silicon strip detectors for our central tracker. The necessary 
number of Silicon wafers requires us to use the simplest and most common Silicon detectors, e.g. 
double sided strip detectors. Companies, such as Hamamatsu and Micron, have shown that they can 
produce the necessary number of wafers, and the prices charged by these companies to the LHC 
projects were used as guidance for the Silicon cost. The mass produced electronics chain is esti-
mated to cost considerably less than $1 per channel. As guidance for the central tracker we estimate 
the cost of the silicon to account for about 25% of the total cost, the electronics for about 35% and 
the mechanical support for about 15%. 

8.4 Calorimeters 
 
The cost estimate for the calorimeter effort relies heavily on recycling available high energy com-
ponents and is therefore most susceptible to change. Certainly many different high energy experi-
ments are scheduled to stop operation in this decade, but, we are well aware that none of these de-
tectors come for free and that there might be a.) competition in obtaining the device, and b.) con-
siderable cost in dismantling, shipping, and retro-fitting the device. We have applied these costs to 
the best of our ability and we were generous in the contingency we have applied to the necessary 
operations. Our deliberations with the SLD management included not only obtaining their magnet 
but also the connected components, i.e. the muon detectors, the EMCal and the HCal. We have 
evaluated these components and concluded in some of the cases that the performance or the readout 
might not be optimized for our requirements. Therefore we have proposed alternate options for 
these components. In particular: 
• The hadronic (central+endcap) calorimeter is embedded in the magnet and will therefore be 

used by us. Based on our conversations with the SLD management, we are estimating $2 M for 
replacing the streamer tube readout. No additional retro-fit or shipping cost is necessary. The 
shipping cost is part of the magnet shipping cost. 

• The central electromagnetic calorimeter could also be provided by SLD via their 1st LAr sec-
tion. An alternative would be the D0 LAr detector which will also be available by 2008. An al-
ternative new detector based on Russian pre-shower PbW04 and a Fe-Scintillator accordion 
type EMC is being investigated but not costed here. Our cost estimate assumes only a moderate 
shipping and retro-fit cost of $1 M in order to use either the SLD or D0 detector. We estimate 
that problems with occupancy or resolution in the EMCal will only occur in the endcap region 
of the central detector. 

• The endcap EMCal (1.2 < |η| < 3.5) will have to handle considerably higher occupancies at 
RHIC than at SLAC and therefore we propose to build a new endcap EMCal based on Fe-
scintillator or Pb-scintillator technology. The cost for an accordion type calorimeter is based on 
the cost estimates by STAR for their central barrel and endcap calorimeters. 

• In the very forward direction (3.5 < |η| < 4.8) we propose to retro-fit small, but very sophisti-
cated existing calorimeters to our device, namely the HCal from HERA and the crystal EMCal 
from CLEO. We have started discussions with the CLEO group and we estimate to retro-fits for 
both calorimeters to cost about $3M including shipping and labor. The retro-fit of the CLEO 
crystals includes cutting the projective crystals and re-wrapping them. 
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8.5 Muon Detectors 
 
The iron structure of the SLD magnet works as a muon absorber and is instrumented with the 
proper readout. Therefore we are presently applying no extra cost to the muon capabilities in our 
system. Questions of whether this detector is too shallow for the momentum range to be covered at 
RHIC-II are under investigation. 

8.6 PID Detectors 
 
We propose three kinds of PID detectors, a 2π central ToF, RICH detectors in the central, endcap 
and very forward regions and Aerogel Cerenkov counters in the central and endcap regions. All 
three components have already been successfully employed by existing RHIC-I detectors or are 
advanced detector upgrades for the existing RHIC detectors. Therefore the funding for these com-
ponents is rather well understood and documented.  
 
The ToF is a copy of the 2π ToF for STAR, which is already partially completed. The technology, 
layout and readout of the STAR device will be adopted. If the STAR device would be available, 
our proposal would be to continue to build STAR modules until the phase space of our detector is 
filled. Therefore we estimate that availability would offset at least 50% of the estimated cost. Al-
though our device is slightly larger than the STAR device we estimate the same overall cost simply 
by assuming that production lines and equipment developed for STAR could be used in the future 
by the same groups.  
 
The Aerogel Cerenkov extension of the ToF device is identical to the PHENIX upgrade proposal. 
The RICH detectors total $14 Million and cover the full phase space of the proposed detector in-
cluding a dedicated RICH in very forward direction. The RICH cost is scaled from the construction 
cost for the ALICE RICH. Although we might use different gases in different sections of our RICH 
layout, the detector design and the electronics will be identical and therefore we cost all RICH 
components the same. 

8.7 DAQ and Triggers 
 
This would be a very challenging and exciting detector from the TRG/DAQ standpoint, because it 
would be possible to make the whole chain a digital pipeline. The assumption that we can run gase-
ous tracking detectors without a gating grid means that we can simply digitize the signal for each 
time unit, something we can accomplish using currently available ADCs. This means that the trig-
ger can be continuously more sophisticated as we work our way through the digital information. 
Selection based on calorimetry and hits can quickly be augmented by tracking to allow PID based 
triggers. Farms of CPUs can gather and build events easily with a token-based bookkeeping archi-
tecture. We imagine that by data taking time (~ 2014) the storage will be optical devices capable of 
GB/s rates and PB volumes. Most of the “analysis” can be done in the DAQ environment, leading 
to streams equivalent to current µDST streams. 
 
For the DAQ and trigger cost we have adopted a hybrid model between the original RHIC-I detec-
tor costing, which did not include any electronics cost in the DAQ/TRG estimate and the estimates 
by ALICE and the NLC detectors, which folded part of the readout electronics chain into the 
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DAQ/TRG cost. For detectors than can and will provide trigger capabilities (ToF, trackers, calo-
rimeters) we have included the late stage of the electronics into the TRG cost, whereas for non-
triggering detectors (vertex, RICH) we have decided to keep the full readout chain cost in that sub-
project. Our estimate will depend strongly on new technologies for data acquisition and triggering 
that are to be developed in the next decade and therefore this estimate carries a higher contingency 
(40%). However it is also success oriented in its estimate of the improvements in DAQ throughput 
through technology advances. The main guidance for the present cost estimate is based on the sub-
system channel count shown in Table 10. 
 
 

Subsystem Channel Count Comments 
Vertex Tracker 388,000,000 40 by 40 µm pixels 

Main Barrel Tracker 3,000,000 100 µm pitch strips (double-sided) 
High pt Barrel Tracker 2,200,000 pad sizes (0.04 by 4, 0.04 by 10 cm) 

Endcap Tracker 800,000 pad sizes (0.04 by 10 cm) 
Forward Tracker 800,000 various technologies (see text) 

Barrel EMCal 34,400 based on SLD layout 
Endcap EMCal 9,600 based on SLD layout 
Forward EMCal 200 based on CLEO crystals 

Barrel HCal 9,800 based on SLD layout (towers) 
Endcap HCal 110,800 based on SLD layout (strips) 
Barrel TOF 50,000 based on STAR layout 
Barrel RICH 260,000 6 by 6 mm pads 

Table 10: preliminary channel count based on the proposed technologies for the main detector components. 
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