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Executive Summary

The sPHENIX Collaboration presents a plan for a modest forward detector upgrade that,
together with the unique capabilities of the Relativistic Heavy Ion Collider (RHIC) to col-
lide polarized protons and heavy nuclei, will open the door to exciting new measurements
to enhance our understanding of quantum chromodynamics (QCD). These measurements
will reveal more about how partons behave in a nuclear environment, explore spin-spin and
spin-momentum correlations in the nucleon in a new kinematic regime, and investigate
high-temperature QCD systems over a range of baryon densities. In addition, they will
probe early times in the formation of the strongly coupled quark-gluon plasma. The
proposed program will also shed further light on the surprising behavior that has been
observed in high-multiplicity systems over a wide range of energies and system sizes.
Finally, the measurements will explore interactions within QCD, and the unique aspects of
this theory within the Standard Model of particle physics. The basic observables involved
in the suite of measurements that will address these physics questions are jets, Drell-Yan
dileptons, and long-range correlations, as indicated in Table 1.

The forward upgrade presented here extends the midrapidity barrel sPHENIX cover-
age from η = 1 to η = 4 with both hadronic and electromagnetic calorimetry as well as
tracking, designed with a focus on the measurement of charged tracks and fully recon-
structed jets in p+A and p+ p collisions. Key measurements enabled by this upgrade
are:
• RpAu for forward Drell-Yan dielectrons to study sea quarks in nuclei.
• Transverse single-spin asymmetries for forward inclusive jets and forward-central

dijets to study spin-momentum correlations in the proton and their universality.

This document is in response to an invitation from BNL Associate Lab Director Berndt
Mueller to the sPHENIX Collaboration to present a letter of intent for a proposal for a
modest forward upgrade to its detector for data taking after 2021 for consideration by the
RHIC Program Advisory Committee during their meeting in June 2017.
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Table 1: Summary of the sPHENIX physics program enabled by the additional forward
instrumentation described in this letter of intent.

Colliding Species

and Energy Scientific Objective Observable

Au+Au @ 200 GeV T , µB dependence on η Fourier moments (v2, etc.) vs. η

HI initial conditions, early times rapidity-separated correlations

energy loss in the QGP dijets and γ+jet

p↑+Au @ 200 GeV nuclear PDFs RpAu for Drell-Yan

inclusive jets, dijets

γ + jet

sea quark dynamics in nuclei Drell-Yan pT spectrum

medium in small systems rapidity-separated correlations

quark energy loss Drell-Yan and inclusive jets

proton structure at large x

p↑+p↑@ 200 GeV nuclear PDF reference data Drell-Yan

inclusive jets, dijets

sea quark dynamics Drell-Yan pT spectrum

spin-momentum correlators hadron AN

factorization breaking γ + jet, dijets

p↑+p↑@ 510 GeV origin of large hadron AN at high xF AN for flavor-enhanced jets

γ + jet, dijets with hadron in jet

transversity at high x, Collins FF hadron asymmetries in jets

factorization breaking γ + jet, dijets
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1. Physics Case

Studies of QCD can be broadly divided into three realms:
• Structure and properties of QCD systems
• Formation of QCD systems
• Interactions within QCD

Due to confinement, the quark and gluon degrees of freedom of QCD cannot be observed
or manipulated directly in the laboratory. The first two realms listed above address the
relationships between the partonic degrees of freedom of the quantum field theory itself
and the various systems that colored partons can constitute or form. The third realm
explicitly addresses the interactions that can occur in processes involving hadrons, with
QCD providing unique opportunities within the Standard Model to explore phenomena
permitted by a non-Abelian gauge theory with massless gauge bosons.

Adding forward instrumentation to the sPHENIX detector at RHIC will offer unique
and exciting opportunities to advance our knowledge in all three realms. In the area
of structure and properties of QCD matter, aspects of the partonic structure of nuclei
and nucleons as well as properties of strongly interacting quark-gluon plasma (sQGP)
will be investigated. The distributions of partons in nuclei, known since the 1980s to
differ from simple superpositions of those in protons and neutrons, can be constrained
over a wide range of parton momentum fraction x by performing measurements at both
forward and central rapidities, with nuclear parton distribution functions (PDFs) for sea
quarks being a particular focus. Nucleon structure studies will focus on spin-spin and
spin-momentum correlations in the proton, which have been observed to generate large
effects for final-state particles produced in forward kinematics. Regarding the properties
of sQGP, additional forward instrumentation will enable investigation of high-temperature
QCD systems over a range of net baryon densities.

Complementary to investigating how to describe the structure and properties of QCD
systems is exploring the ways in which these systems can be formed, an area that has
attracted increasing interest in recent years. RHIC has been studying the properties of the
equilibrated sQGP since its announced discovery in 2005; however, little is known about
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the mechanism(s) of equilibration. Examining energy flow correlations over several units
of rapidity for the first time in heavy ion collisions at RHIC will provide a window into
the earliest stages of the collision. Long-range correlations in rapidity carry the imprint
of early times, as long as any subsequent evolution is local, because these regions are
causally separated. Closely linked to understanding the formation of sQGP in A+A is
investigating the surprising multiplicity-dependent behavior that has been observed in
p/d+A collisions at RHIC and the LHC and even high-multiplicity p+ p systems at the
LHC in recent years. A key signature of this behavior have been long-range correlations
in rapidity. Adding forward instrumentation to sPHENIX will enable measurement of
such long-range correlations, examining in more detail the system being formed.

Studying hadrons and their interactions can teach us about fundamental aspects of
QCD as a theory. The prediction in 2002 of the process dependence of parity- and time-
reversal-odd (PT-odd) PDFs describing spin-momentum correlations in the proton has
opened up entirely new avenues of theoretical and experimental exploration, examining
the role of soft gluon exchange and color interactions in processes involving hadrons,
both polarized and unpolarized. Adding forward instrumentation to sPHENIX with full
jet reconstruction capabilities as well as electron measurement capabilities will open
up several routes to study these foundational predictions. These detector capabilities
will additionally allow clean measurements of parton energy loss in nuclear matter, also
motivated by explicit interest in interactions within QCD.

1.1 Structure and Properties of QCD Systems
1.1.1 Nuclear Parton Distribution Functions: How Partons Behave in a Nuclear

Environment
Our understanding of parton distributions in nuclei, even the one-dimensional collinear
PDFs in nuclei, is currently quite limited when compared to our knowledge of parton
distributions in a free proton. It has been known since the 1980s that PDFs in nuclei are not
simply superpositions of the PDFs in the free proton and neutron, with the cross section
ratios for deep inelastic scattering (DIS) on heavier nuclei compared to deuterium revealing
patterns of suppression and enhancement as a function of x. Figure 1.1 shows a compilation
of nuclear DIS data from CERN and SLAC, with Fig. 1.2 providing a schematic of the
different trends observed in different x ranges. At the highest x values, above x∼ 0.8, is
enhancement due to Fermi motion in heavier nuclei. For 0.3 . x . 0.8 suppression is
observed, known as the EMC effect after the European Muon Collaboration [1]. The EMC
effect remained poorly understood for many years, but exciting recent evidence suggests
that it may be due to local nuclear density and short-range nucleon-nucleon correlations [2].
At lower x values from 0.1 . x . 0.3, nuclear DIS data show an enhancement, known
as antishadowing, which remains poorly understood, and below x ∼ 0.1 a suppression
referred to as shadowing is observed.

Figure 1.3 shows the recent EPPS16 global fit of nuclear PDFs (nPDFs) [4] based
on data from fixed-target DIS, fixed-target neutrino scattering, fixed-target Drell-Yan,
PHENIX pion production in d+Au, and at the LHC Z and W production as well as dijet
production in p+Pb. Uncertainties below x . 0.01 are quite large for all parton flavors.
Perhaps somewhat surprising is that the down valence distribution uncertainties are also
quite large for x greater than about 0.05.
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Figure 1.1: Compilation of earlier nuclear DIS data from CERN and SLAC, shown as the
cross section ratio for heavier nuclei to deuterium as a function of x. Figure from Ref. [3].

Proton-nucleus collisions at RHIC will allow us to improve knowledge of how parton
behavior is modified in nuclei, with forward Drell-Yan measurements in particular pro-
viding unique opportunities. Compared to inclusive hadron or jet production, Drell-Yan
offers the advantages of no nuclear interactions in the final state, full reconstruction of the
parton kinematics at leading order, and explicit tagging of antiquarks. Explicit tagging
of antiquarks is not possible with inclusive DIS, due to the fact that the virtual photon
is sensitive only to electromagnetic charge. As shown in Fig. 1.4, measuring Drell-Yan
dielectrons in 1 < η < 4 in 200 GeV p+A collisions at RHIC covers a unique kinematic
region compared to past, current, and proposed future experiments relevant for nPDFs.
The kinematic coverage is furthermore notable in that it is at the same Q2 as fixed-target
Drell-Yan experiments but 1–2 orders of magnitude lower in x, and a similar x range as
the Drell-Yan-like Z and W measurements at the LHC, but at 2–3 orders of magnitude
lower Q2. The details of the measurement are covered in Section 4.2.

It will be especially useful to further constrain the antiquark distributions in nuclei
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Figure 1.2: Schematic of the observed cross section (here labeled as the structure function
F2) ratio for nuclear DIS on heavier nuclei compared to deuterium illustrating the different
trends as a function of x.

before the future Electron-Ion Collider (EIC). As noted above, inclusive DIS measurements
cannot isolate antiquarks from quarks. Flavor-tagging via semi-inclusive DIS on the proton
has been used to access antiquark distributions, but introduces some uncertainties due to
the hadronization. Moreover, there is evidence from fixed-target e+A that hadronization
from a nucleus is modified compared to hadronization from a proton [5]; thus, hadron
production in e+A results from a combination of modified PDFs as well as modified
hadronization in nuclei. Using p+A Drell-Yan at RHIC to constrain antiquark distributions
in nuclei free of any hadronization effects will, in turn, permit cleaner studies at the EIC
of how hadronization is modified by the presence of a nucleus.

In addition to constraining sea quark nPDFs, RHIC (with p+A measurements over
−1 < η < 4) will help to further constrain quark and gluon nPDFs. Drell-Yan data at low
x has been proposed as a probe of the gluon distribution via a dipole formalism [6]. The
nuclear gluon distribution at relatively low x can be constrained by inclusive or correlated
jet measurements with a jet in the forward spectrometer, corresponding to the backward
region for the nuclear beam. Photon-jet and dijet measurements with direct photons
in the central sPHENIX barrel and jets in either the central or the forward regions will
provide information on valence quarks and gluons over a range of x values, and similar to
Drell-Yan dilepton production, the full partonic kinematics can be reconstructed at leading
order. Figure 1.5 shows the x1, x2 coverage for photon-jet correlations. Varying these
correlation measurements from central to forward rapidities and comparing photon-jet,
dijet, and Drell-Yan production will not only constrain a wider x range but also vary the
mix of scattering (anti-)quarks and gluons, with photon-jet production at RHIC dominated
by quark-gluon Compton scattering.

Finally, forward Drell-Yan measurements as a function of pT will provide information
on the dynamics of sea quarks and how these dynamics may be modified by the binding of
nucleons into nuclei. Chiral quark soliton models suggest that the width of the transverse
momentum distribution for sea quarks in a proton may be up to three times broader
than for valence quarks [7, 8], with hints from data supporting a broader transverse
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Figure 1.3: Results from the EPPS16 global fit of nuclear PDFs for the different parton
flavors [4].

momentum distribution for sea quarks [9]. Thus far there has not been sufficient data
to study separately the partonic transverse momentum distributions for valence and sea
quarks in both the nucleon and nuclei, given that much of the world Drell-Yan data is on
nuclear targets. Measuring the pT distribution for Drell-Yan production in p+ p as well
as p+A in similar kinematics would offer an opportunity to study explicit nuclear effects
on the dynamics of sea quarks.

1.1.2 Nucleon Transverse Spin Structure: Spin-Spin and Spin-Momentum Corre-
lations in QCD Bound States
The proton, the simplest stable QCD bound state, is an ideal laboratory for studying
hadron structure in terms of the behavior of confined partons. RHIC’s unique ability
to accelerate polarized proton beams to high energies offers a wealth of opportunities
to study spin-spin and spin-momentum correlations in a spin-1/2 baryon, analogous to
spin-spin and spin-orbit couplings in quantum electrodynamics bound states such as the
hydrogen atom.

There are several open questions regarding the polarized structure of the nucleon,
and some can be uniquely addressed in transversely polarized hadron-hadron collisions.
Large forward transverse single-spin asymmetries of up to 40% were discovered in 1976
in low-energy (

√
s = 4.9 GeV) hadron-hadron collisions [10] and have subsequently

been found to persist at higher energies all the way up to
√

s = 510 GeV collisions at
RHIC [11, 12, 13, 14, 15, 16, 17], as shown in Fig. 1.6, and up to transverse momentum
pT = 7 GeV/c [18, 19]. These striking forward asymmetries, which revealed a strong
correlation between the spin direction of the proton and the different momentum directions
of various final-state produced particles, inspired the development of a new subfield within
nucleon structure focused on parton dynamics, in contrast to static snapshots of bound
partons.

Due to the rich complexities of hadronic collisions, these large spin-momentum
correlations have not yet been fully disentangled and understood at the partonic level.
Broadly speaking, there are only three effects that could contribute to the observed
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Figure 1.4: Kinematic coverage for forward Drell-Yan at RHIC. Drell-Yan measurements
in 200 GeV p+A collisions using forward instrumentation at sPHENIX will cover a unique
region for nuclear PDFs compared to e+A collisions at a future Electron Ion Collider
(EIC) at

√
s=90 GeV. While there would be some overlap in the higher-x region covered

by the Drell-Yan measurements, the p+A measurements would go a full decade lower in x
in the measured Q2 range.
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Figure 1.5: The x1, x2 coverage for direct photon-jet correlations in
√

s = 200 GeV p+A
collisions at sPHENIX, where the photon is measured in the midrapidity barrel and the jet
in either the central or the forward region.

asymmetries: initial-state spin-momentum correlations in the structure of the proton,
final-state spin-momentum correlations in the formation of the produced hadrons, and
correlations somehow generated in the complex hadronic interaction itself. Here, we
discuss studying parton dynamics in the proton. Section 1.3 takes up examining spin-
momentum correlations in the context of color interactions and universality.

There are two theoretical frameworks that have been developed to describe spin-
momentum correlations in the nucleon and in the process of hadronization. One is
formulated in terms of transverse-momentum-dependent (TMD) PDFs and fragmentation
functions (FFs) [21, 22, 23]. TMD PDFs depend not only on the collinear momentum
fraction x of the proton carried by the parton, but also on the parton transverse momentum
kT . There are five leading-twist (twist-two) TMD PDFs that explicitly describe spin-
momentum correlations in the proton. To be directly sensitive to a TMD PDF or FF, a
nonperturbative momentum scale must be measured, in addition to a hard scale allowing
perturbative QCD to be used. The other framework is in terms of collinear twist-three
correlators in the proton and in the process of hadronization [24, 25, 26]. These correlators
extend our long-standing ideas about PDFs and FFs, which are in terms of single partons,
to correlation functions that cannot be associated with a single parton. In the proton
structure case, they are matrix elements involving the quantum mechanical interference
between scattering from a (quark+gluon) and scattering from a single quark of the same
flavor and at the same x, or similarly, matrix elements involving interference between
scattering from a (gluon+gluon) and scattering from a single gluon at the same x. These
are known as quark-gluon-quark and trigluon correlators, respectively. Unlike TMD
PDFs, they have no explicit dependence on partonic transverse momentum, capturing
more information about nucleon structure than collinear, twist-two PDFs in a different
manner than TMD distributions. Analogous correlators can be defined for hadronization,
describing interference between a (quark+gluon) hadronizing and a single quark, or
(gluon+gluon) and a single gluon. In contrast to processes explicitly sensitive to TMD
distributions, only a hard scale is needed in order to constrain twist-three correlators.
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Figure 1.6: Large transverse single-spin asymmetries have been measured in forward
inclusive hadron production in polarized hadronic collisions over a very wide range of
center-of-mass energies, from

√
s = 4.9 GeV to 510 GeV. Figure from Ref. [20].

Since the transverse single-spin asymmetries observed in forward meson production
in hadronic collisions are inclusive measurements where only the transverse momentum
of the final-state hadron is observed, in general collinear higher-twist distribution- and
fragmentation-related correlation functions provide an appropriate description of these
effects when the measured transverse momentum is large enough for perturbative calcu-
lations to apply. The initial-state-related higher-twist correlation functions, describing
proton structure, can be related to the transverse-momentum-integrated moments of the
Sivers TMD PDF [21, 27, 28] while some, but not all potentially contributing parts, of the
final-state-related higher-twist correlations, describing hadronization, can be related to the
transverse-momentum-integrated moments of the Collins TMD FF [29].

Phenomenological calculations have been performed in which a large contribution of
the genuine twist-three fragmentation functions is assumed [30]; with these assumptions
large Sivers- and Collins-related contributions are not needed to describe the experimental
data. However, recent measurements from STAR correlating the forward pion asymmetries
with nearby photon activity could be an indication of other, diffractive contributions to
the asymmetries as the asymmetries decrease with increasing photon multiplicity [20]. It
should be noted, however, that also the fractional momentum dependence (z dependence)
in the fragmentation could describe part of this observation; see Section 1.3 below for a dis-
cussion of performing less inclusive measurements of transverse single-spin asymmetries
constraining the full kinematics.

Given the limitation of our present understanding, it is important to try to separate the
initial-state and final-state contributions to these asymmetries. A first attempt has been
made by the ANDY collaboration [17] in extracting jet single-spin asymmetries, shown
in Fig. 1.7, where the final-state-related effects are largely suppressed and one is able to
study the initial-state-related Qiu-Sterman twist-3 matrix elements related to the Sivers
TMD PDF moments.

As the Sivers distribution has opposite sign for up and down quarks based on ex-
tractions from semi-inclusive deep-inelastic scattering (SIDIS) data [31], a cancellation
can be expected [32], which is in agreement with the ANDY jet measurements showing



1.1 Structure and Properties of QCD Systems 9

-0.04

-0.03

-0.02

-0.01

 0

 0.01

 0.02

 0.03

 0.04

 0  0.2  0.4  0.6

A N
xF

s = 500 GeV          = 3.25 pp  jet X

stat. band    UP QUARK
stat. band    DOWN QUARK
ANDY data

Figure 1.7: The single-spin asymmetry of inclusive jets was measured by the ANDY col-
laboration [17], showing small asymmetries compared to single inclusive pion production.
The small asymmetries may be due to cancellation between contributions from up and
down quarks.

sub-percent level asymmetries in contrast to the pion asymmetries. Given the relation
between moments of TMD functions and twist-three correlators, the individual contribu-
tions due to up and down quarks should produce larger asymmetries. While up-quark-
and down-quark-based jets cannot be explicitly extracted, their relative contributions can
be altered by requiring a high-z positively (negatively) charged hadron to enhance the up
(down) quark contribution. Using the Sivers functions for up and down quarks extracted
from SIDIS measurements, substantial asymmetries for the flavor-enhanced jets of a few
percent can be expected as shown by the red and green bands in Fig 1.7. The measurement
of the Sivers function from Drell-Yan-like processes will be discussed in Section 1.3 in
relation to the effects of color interactions.

Another possible contribution to the large asymmetries is the convolution of two
chiral-odd functions describing initial- and final-state spin-spin and/or spin-momentum
correlations. The quark transversity PDF [33], a collinear twist-two spin-spin correlation,
for different flavors at mid to high x is not currently well known. As such, the first priority
for extracting the final-state effects is determining quark transversity in the same x region.
They can be done by explicitly probing the azimuthal asymmetries in the yields of hadrons
within a jet relative to the spin orientation of the polarized proton and around the jet axis.
In this configuration the jet transverse momentum provides the hard, perturbative scale
while the transverse momentum of the hadrons relative to the jet axis provides the second,
smaller scale and the TMD framework can be applied. Note that substantial additional
theoretical progress has recently been made for measurements of hadrons within jets [34].

Due to the high-x reach available at forward rapidities, as well as the relatively
high energy scale of the jets in comparison to ongoing or planned fixed-target SIDIS
experiments, the knowledge of up and particularly down quark transversity distributions
could be substantially improved. Moreover, the corresponding tensor charges, which are
related to the first moment of the transversity distribution, could be better constrained well
before the advent of the EIC.
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Figure 1.8: The x−Q2 coverage of past experiments as well as the future EIC and JLab 12
GeV upgrades and the area covered by sPHENIX with forward instrumentation measuring
jets in p+ p 510 GeV collisions. Kinematics coverage (except sPHENIX) taken from
Ref. [20].

1.1.3 Properties of Hot QCD Systems at Varying Baryon Density: A New Angle
on Top-Energy Nucleus-Nucleus Collisions at RHIC

It is believed that the phase transition from normal hadronic matter to partonic matter
in the form of a strongly interacting quark-gluon plasma (sQGP) has been observed
in A+A collisions at RHIC and the LHC, as well as possibly in small systems. This
case has been informed by a broad portfolio of observables over the past two decades,
including bulk probes (such as particle flow correlations, transverse energy (ET) produc-
tion, and momentum spectra of identified hadrons), modifications of high-pT spectra,



1.1 Structure and Properties of QCD Systems 11

electromagnetic probes (photons, dileptons, and Z bosons), heavy quark production, and
fluctuation observables, among others. Most of the effort and attention in the RHIC and
LHC heavy ion programs has concentrated on measurements at midrapidity, with the
motivation that the central region of a symmetric, large-nucleus A+A collision produces
the greatest particle density, and presumably the highest energy density as well. The
sPHENIX experiment continues this tradition by instrumenting the central |η | < 1 re-
gion with all-new, high-performance calorimetry and tracking, which will enable a new
generation of measurements of jet and ϒ observables.

In principle there is nothing special about the midrapidity region; as long as the local
produced energy density is high enough we fully expect QGP to be formed at rest in
other frames, even out to rapidities of 3–4 at RHIC. Measurements of charged multiplicity
patterns by PHOBOS [35] indicated that the phenomenon of elliptic flow persists through
these ranges, for example; see Fig. 1.10. The medium produced in forward regions has
not been characterized as thoroughly as at midrapidity, but identified particle spectra at
forward rapidities measured by BRAHMS ([36] [37][38]) indicate that the net baryon
density is rising at forward rapidities while the overall multiplicity density is falling, which
presents a qualitatively new opportunity for sPHENIX.

We can characterize the relevant baryon density in some rapidity range using the ratio
between net density of baryons, i.e. dN/dy of baryons minus antibaryons to the density of
pions; this provides a measure of the intensive baryon number to entropy density ratio,
which in equilibrium would be directly related to the baryo-chemical potential. This ratio
has been extracted using spectra from Au+Au and Pb+Pb collisions at

√
sNN = 200, 62

and 17 GeV, and is shown in Fig. 1.9. One observes that the baryon-to-pion ratio at central
rapidities rises by about a factor of ten in with the beam energy decrease from 200 GeV to
17 GeV; this is the control knob being employed in the RHIC beam energy scan to create
and observe systems of high baryo-chemical potential [39].

Net baryon to 
pion ratio 

Rapidity 

sPHENIX 

17 GeV 

62 GeV 

200 GeV 

Figure 1.9: Summary of baryon-to-pion ratios as a function of rapidity for several different
center-of-mass energies at RHIC. The plot is based on the data from the BRAHMS
experiment at RHIC [37, 36] and the NA49 experiment at SPS [40].

However, Fig. 1.9 also shows that the same ratio increases by a similar factor of ten
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within Au+Au collisions at 200 GeV if one looks to forward rapidities around y∼ 3. This
opens up the possibility that with comprehensive instrumentation in the forward region the
sPHENIX experiment could explore the QGP at high baryon density while still running
A+A collisions at full RHIC energy, using a suite of QGP diagnostic probes such as flow
amplitudes, suppression of high-pT spectra, fluctuation measures, and more.

With the advent of 3+1 dimensional event-by-event relativistic viscous fluid dynamic
simulations [41, 42, 43, 44], we now have the theoretical tools to significantly enhance our
understanding by utilizing measurements over extended rapidity regions. In one particular
example, it has been suggested (see e.g. Ref. [45]) that measurement of event-by-event
flow fluctuations at forward rapidities could directly constrain the dependence of QGP
viscosity on temperature and baryo-chemical potential. In general, one expects the forward
medium to be a new frontier in QGP physics, both theoretically and experimentally with
forward instrumentation at sPHENIX.

Figure 1.10 shows a compilation of charged hadron v2 measurements from PHOBOS,
ATLAS, and CMS as a function of |η |− ybeam for three different centrality classes, with
ybeam for 200 GeV collisions at RHIC and 2.76 TeV collisions at the LHC [46]. Given
the significantly larger beam rapidity at the LHC than at RHIC due to the higher energies,
sPHENIX coverage for −1 < η < 4 will extend flow measurements much closer to beam
rapidity than possible at the LHC, including a region that was inaccessible to PHOBOS.
For the region overlapping with PHOBOS, Fourier amplitudes beyond v2 will also be
measured to provide additional information; such higher Fourier moments were not a
focus of the community at the time of the PHOBOS publication.

sPHENIX

sPHENIX
sPHENIX

Figure 1.10: Compilation of v2 measurements as a function of |η |− y [46]. The regions
that sPHENIX including forward instrumentation will cover are shown in red arrows.

1.2 Formation of QCD Systems

While there has been enormous progress in the last two decades in understanding the
equilibrium and near-equilibrium properties of the QGP, both experimentally and theoreti-
cally, not nearly the same progress has been made in understanding the nonequilibrium
and nonperturbative QCD processes by which the QGP is initially formed, or by which
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hadrons are formed from QGP decay or in jet fragmentations. This, too, is a potential
frontier which could be explored by sPHENIX with added forward instrumentation.

1.2.1 Hot and Dense QCD Matter: Probing Early Times in Nucleus-Nucleus Colli-
sions
The extensive investigations within relativistic nuclear physics during the last decades
have provided a general framework for the space-time evolution of nuclear collisions.
Starting from Lorentz-contracted sheets of strongly interacting matter with a high de-
gree of coherence, the nuclei collide at τ0 = 0, and through some as yet not completely
understood mechanism, the produced matter eventually thermalizes into a strongly in-
teracting QGP [47] with a thermalization time estimated between 0.15 fm/c and 1 fm/c.
Thus the total duration of the pre-equilibrium stage is estimated as ∆τp−e ' 1 fm/c for
nucleus-nucleus collisions at RHIC energies. Experimental results (see, for instance,
Ref. [48]) confirm the short duration of the pre-equilibrium stage compared to the later
thermodynamic equilibrium stage. The later stage ends with the kinetic freeze-out of the
hadronic gas at τfreeze ∼ 20 fm/c. Both the pre-equilibrium and the equilibrium stage con-
tain several sub-stages, and a detailed description for the evolution of strongly interacting
matter during each of these two principal periods remains model-dependent. One can
qualitatively assume that hard scattering processes occur at very early times. They are
followed by semi-hard processes and, as the matter thermalizes, soft particle production.
The latter dominates the final-state multiplicity. However, this picture is mostly qualitative
and many additional studies are required to better understand it and draw unambiguous
conclusions.

Earlier times of the collision can be studied experimentally through correlations
between quantities with large rapidity separation. Any physical correlation must have
been established when the two regions were causally connected, as long as any subsequent
evolution is local (like hydrodynamics). Figure 1.11 shows the space time diagram for
heavy ion collisions (similar to what is discussed in Ref. [49]). The dashed lines are the
past light cones of a fluid cell at y=+1.5 and y=-1.5 units at freeze-out. These two regions
were causally connected very early in the equilibrium stage. Widening the rapidity gap
probes earlier times in the collision.

When we measure an observable at one (pseudo)rapidity correlated with one at another,
the last time in the collision that the correlation of the observables is created (τcorr) will be
expressed by the thermal freezeout time (τfreeze) and rapidities of the observables (η1, η2)
as:

τcorr = τfreezee−|η1−η2|/2

For example, if we take η1=-1 and η2=3, and τfreeze=20 fm/c, we will be able to directly
observe correlations created before τcorr ∼2.8 fm/c, approaching estimated thermalization
times of .1.0 fm/c. Note that these correlations include contributions from any initial-state
correlations in the nuclei themselves, which are also of significant interest.

Utilizing correlations at different angular separation scales to access different times is
similar to the analysis of the Cosmic Microwave Background (CMB) in cosmology, where
temperature-temperature correlations are measured as a function of spherical harmonic
multipole moment l, as shown in Fig. 1.12. Low values of l correspond to low wave-
numbers and large angular scales across the sky, analogous to large differences in rapidity
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Figure 1.11: General space-time diagram of a high-energy nuclear collision in 1+1
dimensions. The blue region is a nominal "formation" zone, following the initial overlap
moment until some proper time τformation, succeeded by the yellow "evolution" zone up
until final-state particles are produced at some proper time τfreeze. Each red dot depicts a
small fluid cell moving with a particular rapidity at its moment of freezeout; the arrows
are the paths of outgoing final-state particles, emitted into a rapidity range assumed
to be within ±0.5 units relative to the fluid cell center. The solid red lines denote the
freezeout for fluid cells in the range |y|> 1.5; particles at y =±2 in the final state could
be contributed from fluid cells within 1.5 < |y|< 2.5. The past light cones of the inner
edges of the two regions are shown by the dashed lines, demonstrating that any event
which causally affected both of them must have come from within the small square region
at very early proper times.
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Figure 1.12: An analogous example of the long-range/early-time connection appears in the
analysis of the Cosmic Microwave Background (CMB) in cosmology. The graph shows
the power spectrum of temperature-temperature correlations as a function of spherical
harmonic multipole moment l. Low values of l, to the left on the graph, correspond to
low wavenumbers and large angular scales across the sky (analogous to large differences
in rapidity), while high values of l detect correlations at high wavenumbers and small
angular scales. (Final results from the WMAP survey [50].) The structure visible at higher
l > 100 arises from the action of relativistic hydrodynamics during the plasma stage of
the thermal early Universe until neutralization and decoupling. But the modes at low
l < 40 correspond to separations beyond causal contact during the plasma evolution, and
their source of correlation directly reflects the "initial conditions" of the matter density
distribution at the end of primordial inflation.
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in the case of heavy ion collisions. High values of l are sensitive to correlations at high
wave-numbers, corresponding to small angular scales. In the case of CMB measurements,
modes with l < 40 correspond to separations beyond causal contact during the thermal
plasma evolution stage of the Universe, and their source of correlation reflects the early
matter density distribution at the end of primordial inflation.

Figure 1.13 shows a raw event display of the WMAP temperature data as well as the
transverse energy distribution in η−φ space in simulated heavy ion collisions ("HIMAP")
produced from a 20-40 % centrality Au+Au collision event from the AMPT event gen-
erator [51] at

√
sNN =200 GeV. The magnitude in the HIMAP figure is expressed as the

Figure 1.13: (a, left) Comparison of the WMAP [50] and (b, right) HIMAP (produced
from a 20-40 % Au+Au collision event from the AMPT event generator).

normalized transverse energy ET which can be more directly compared with theoretical
calculations.

Compared to the LHC experiments, the rapidity coverage of forward instrumentation
out to a fixed pseudorapidity can be seen as qualitatively larger at RHIC in the sense of
covering more qualitatively different regimes. Detector coverage out to |η | ∼ 4 at the
LHC is only a fraction of the full beam rapidity at y±8.7 for

√
sNN = 2.76 TeV and so is

still "on the plateau" of the central region. However, extending the sPHENIX coverage to
η ∼ 4 gets relatively closer to the beam rapidity of y = 5.5 at RHIC and whatever physics
controls the transition; see Figs. 1.9 and 1.10 as examples.

ATLAS has performed correlation measurements over a wide rapidity gap sensitive to
correlations coming from earlier times. Figure 1.14 shows the two-dimensional rapidity
correlations of the particle multiplicity in Pb+Pb collisions. The collision system goes
from Pb+Pb to p+Pb to p+ p from the left panel to the right. Shown from top to bottom
are raw correlations, short-range corrections only, and raw minus short-range correlations,
respectively. There are structures coming from the initial stages of the collisions. Recently,
the STAR experiment came up with similar multiplicity correlation results for 19.6 to
200 GeV Au+Au collisions. Another result is the correlation of the event plane as a
function of rapidity, first performed by the CMS experiment [53], and with recent results
from ATLAS shown in Fig. 1.15. The rapidity dependence of the correlation strength
changes more for lower energy, which can intuitively be understood by the difference of
the beam rapidity: the beam rapidity is smaller for the lower energy, meaning the rapidity
width of the correlation is more suppressed compared to 5.02 TeV. The experimental
results have prompted theoretical work by several different groups [55, 56, 57, 58, 59].
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Figure 1.14: ATLAS measurement of the correlation of particle multiplicity in Pb+Pb
collisions at

√
sNN=2.76 TeV, across the rapidity range −2.4 < η1,η2 < 2.4 [52]. The

measurement is (necessarily) symmetric around η →−η; the red square in the upper
left plot illustrates the range −1 < η1,η2 < 4 which would be accessible with forward
instrumentation in sPHENIX, extending the measurement to a new region.

Figure 1.15: ATLAS measurement of the second- and third-order event plane (EP) cor-
relation as a function of rapidity gap at

√
sNN=2.76 and 5.5 TeV [54]. The left (right)

panel shows the second-order (third-order) EP correlation. In both cases the event planes
are measurably decorrelated with increasing rapidity separation, showing a violation
of eccentricity factorization coming from a non-trivial 3-D initial-state structure. It is
interesting to note that the decorrelation is more significant for the triangular n = 3 than
elliptical n = 2 planes.
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1.2.2 High Multiplicity Systems: Formation of Hot and Dense QCD Matter?

In heavy ion collisions, a new state of QCD matter, the sQGP, is formed. The long-
wavelength properties of this state can be described by viscous hydrodynamics, as demon-
strated by an extensive body of evidence including long-range correlations in ∆η . Mea-
surements at the LHC have shown unexpected collective behavior in high-multiplicity
small systems, first discovered in p+ p [60] and p+Pb [61] collisions by CMS. Recent
results for 13 TeV p+ p collisions are shown in Fig. 1.16 [62], indicating that these
collective phenomena persist in p+p collisions down to track multiplicities of 40-50 [62].
The physical mechanism (or mechanisms) leading to the observed effects are unknown,
although it has been proposed that gluon saturation or correlations that precede and/or
immediately follow the interaction could cause the long-range ∆η correlations [63]. The
phenomenology of long-range correlations seen in small systems closely resembles that
seen in nucleus-nucleus collisions, and viscous hydrodynamic calculations have been used
to describe a wide range of these measurements at RHIC and the LHC [64]. Advanc-
ing our understanding of these collective phenomena will require significant continuous
forward as well as midrapidity coverage to capture a global picture of a given event.

The long-range ∆η correlation measurements have prompted further measurements of
high multiplicity systems. Strangeness enhancement in high multiplicity p+p and p+Pb
events have also come as a surprise [65, 66]. Once thought to be signatures of a strongly
interacting QGP, these results have opened new avenues for studying the formation
of QCD systems which are seen to have little dependence on the collision system or
center-of-mass energy. The production of J/ψ mesons has been observed to be nearly 5
times higher in high-multiplicity when compared to low-multiplicity p+p collisions [67].
Measurements showing that the average pT per particle grows with multiplicity have
been performed by the ALICE collaboration [68, 69] and are discussed in the context of
event generator models like PYTHIA [70]; these measurements in particular indicate the
importance of color in the hadronization process. Measurements of the average pT per
particle and strangeness production with dNchg/dη have already been made by the STAR
collaboration, indicating that these effects could be present at RHIC energies [71].

Adding a forward spectrometer to sPHENIX will allow similar measurements to be
performed at RHIC energies where it is currently unclear to what extent these phenomena
persist in the smallest of systems. Collective behavior has been measured in p/d+Au
collisions at RHIC from center-of-mass energies of ∼20-200 GeV, shown in Fig. 1.17 [72,
73]. Measurements in p+p collisions at RHIC have yet to be performed. Given that
long-range angular correlation and multiplicity measurements have shown little center-
of-mass energy dependence at the LHC and RHIC in small nuclear systems, it is an
open question as to whether or not similar phenomena exist at RHIC energies in p+p
collisions. Synthesizing the measurements described above remains a challenge since it
is unclear whether the effects are due to a small QGP being formed or if there is some
other QCD system or effects which result in the measured hadron and meson yields. To
make similar measurements a global characterization of an event is necessary since the
processes discussed above must be nonperturbatively generated. Forward instrumentation
will allow for the characterization of events by their multiplicity class and the potential
measurement of the formation of high-multiplicity QCD systems. Long-range angular
measurements at the LHC require ∆η coverage of larger than 2 units of pseudorapidity.
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Figure 1.16: Long-range correlations in ∆η measured by ATLAS are shown as a function
of the track multiplicity for two different center-of-mass energies [62]. Long-range near-
side yields are observed for track multiplicities 50-60 at

√
s=2.76 TeV and 40-50 for√

s=13 TeV p+p collisions.
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Figure 1.17: Two- and four-particle cumulants are shown for d+Au collisions from center-
of-mass energies ranging from 20-200 GeV, indicating collective behavior persists down
to
√

s=20 GeV in nuclear collisions.

Thus, the sPHENIX barrel detectors are not sufficient to make similar measurements; the
barrel detectors in addition to the forward spectrometer will provide a continuous 4 units
of psuedorapidity coverage to study high-multiplicity events. J/ψ production can also
be studied in the central and forward regions in the context of high-multiplicity events
since tracking will be available for Drell-Yan studies as discussed in section 4.2. The
proposed high-rate trigger system at sPHENIX will allow these rare classes of events to be
measured at sPHENIX in p+p and p+A collisions, making it the unique facility at RHIC
to probe these effects.

1.3 Interactions within QCD
1.3.1 Exploring the Unique Aspects of QCD within the Standard Model

The Sivers TMD PDF, originally proposed in 1990 to describe a correlation between the
transverse momentum of a parton and the transverse spin of its parent proton [21], was
initially believed to vanish due to the PT-odd (also known as "naive time-reversal-odd")
nature of the distribution [29]. It was only realized in 2002 that the distribution could be
nonzero due to soft gluon exchanges between a parton involved in the hard scattering and
a proton remnant [74, 75]. Shortly thereafter, there was a groundbreaking prediction of
a relative sign difference in PT-odd TMD PDFs, i.e. of modified universality for these
distributions [76], when probed in the Drell-Yan process versus semi-inclusive DIS due to
the different color interactions, illustrated in Fig. 1.18. With initial evidence supporting
the sign change already available from STAR [77] and COMPASS [78] and additional
data from both experiments to be analyzed, by the early 2020s more will be known
about the process dependence of the Sivers TMD PDF, solidifying the foundation for
continued developments in this novel area of QCD focused on effects due to soft color
interactions. Subsequent theoretical work extended ideas to investigate production of
hadrons in (unpolarized) p+ p collisions, a QCD rather than QED process at leading order,
leading to the 2010 prediction of TMD-factorization breaking for such processes [79],
an explicit non-Abelian effect (see Fig. 1.19). In these cases one can no longer consider
independent PDFs for partons in the two protons, and instead the partons become quantum-
correlated across the colliding protons. The first-ever experimental search for these
predicted factorization-breaking effects was published by PHENIX in 2017 based on
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analysis of photon-hadron and dihadron correlations in unpolarized p + p data [80],
revealing intriguing yet inconclusive results that will require determination of the x values
of the hard scattering partons in order to resolve. Determining the leading-order hard-
scattering kinematics to follow up on this PHENIX measurement could be done via
photon-jet and dijet correlation measurements at sPHENIX. The x coverage of photon-jet
pairs with the photon in the midrapidity barrel and jet in the forward spectrometer is
shown compared to the much smaller PHENIX photon-hadron coverage in Fig. 1.20.

Figure 1.18: Gluon exchange between a parton involved in the hard scattering and a proton
remnant in SIDIS (left) versus Drell-Yan (right). The dashed lines indicate the color flow
through the diagrams. In SIDIS, the gluon exchange is between the scattered parton and
the remnant of the proton from which it was knocked out, which carries complementary
color. In Drell-Yan, the gluon exchange occurs between one of the annihilating partons
and the remnant of the other proton, which carries the same color. The differing color
interactions in these two processes lead PT -odd TMD PDFs probed in these processes to
differ by a relative sign.

As discussed in Section 1.1.2, nonzero single-spin asymmetries have already been
observed in the forward region for various inclusive hadrons as well as jet measurements at
RHIC [12, 13, 14, 15, 16, 17], with some asymmetries reaching greater than 20%, and sur-
prisingly, with no evidence for the asymmetries falling off with pT [19]. Central-forward
direct photon-jet and dijet measurements, along with the ability to measure hadrons within
jets, will give full information on the leading-order parton kinematics (x1, x2, z, Q2).
Figure 1.20 illustrates the x1, x2 coverage for central-forward photon-jet measurements
with photon pT > 7 GeV/c and jet pT > 5 GeV/c. This information will permit the first
comparison between spin-momentum correlations measured in transversely polarized
proton collisions (p↑+ p or p↑+A) to those measured in SIDIS and e+e− annihilation as a
function of x, z, and Q2. Such comparisons will explore universality and help shed light
on spin-momentum correlations caused by the proton’s internal structure, the process of
hadronization, and/or non-Abelian effects [81]. Comparing spin asymmetries measured
via photon-jet and dijet correlations in similar kinematics to asymmetries measured via
forward Drell-Yan electron pairs, for which TMD-factorization is predicted to hold, will
further strengthen what can be learned. Given the recent measurements from STAR that
suggest that diffractive processes may contribute significantly to the observed forward
hadron asymmetries [20], being able to measure full event kinematics and furthermore
characterize the event as diffractive or non-diffractive would provide an even more com-
plete picture. Augmenting the design for sPHENIX and forward instrumentation beyond
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Figure 1.19: Diagram for p+ p production of hadrons in which TMD-factorization is
broken. In contrast to SIDIS and Drell-Yan, gluon exchange is possible in both the initial
and final state, creating color flow paths that depend on the simultaneous presence of both
exchanged gluons. This non-Abelian effect leads to quantum-correlated partons across the
two protons, not describable by independent, factorizable PDFs. Figure from Ref. [79].

what is discussed in this letter of intent to include Roman pot detectors would enable a
diffractive physics program at sPHENIX. This suite of measurements investigating non-
Abelian effects and performing detailed studies to understand the origins and universality
of transverse single-spin asymmetries is crucial to perform while hadronic collisions are
still available at RHIC.

These ideas about phenomena related to soft gluon exchange and color interactions
arose from (and are currently most rigorously developed within) the TMD-factorization
framework, but connections to other ideas and observed phenomena are rapidly emerging.
There are measurements from the Tevatron [82, 83] and more recently from CMS [84] on
“color coherence” effects. There are suggestions that the long-range correlations recently
observed in high-multiplicity p+ p collisions [60, 62, 85] and p/d+A collisions [86, 61,
87, 46, 88, 89, 90] (see Section 1.2.2) may be due to “color connections” [60, 61, 70, 81].
Adding forward tracking and calorimetry to sPHENIX will provide excellent opportunities
to perform multidifferential measurements investigating long-range correlations and other
collective phenomena in p+ p and p+A collisions. These studies have the potential to
inform all three realms of QCD discussed here: providing information on nuclear structure
in terms of initial-state strong color fields, shedding light on the ways it is or is not possible
to form a hot nuclear medium, and exploring non-Abelian color interactions in hadronic
collision systems with varying parton densities.

1.3.2 Energy Loss of Colored Partons via the Strong Force

Electromagnetic energy loss mechanisms as a charged particle passes through atomic
matter have been studied over many orders of magnitude in charged particle momentum,
as illustrated in Fig. 1.21. In comparison, relatively little is known about the interactions
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Figure 1.20: The x coverage for direct photon-jet correlations in
√

s = 510 GeV p+ p
collisions at sPHENIX, where the photon is measured in the midrapidity barrel and the jet
in the forward region. The region enclosed in red indicates for comparison the x coverage
for photon-hadron correlations already measured by PHENIX [80].

of colored partons through QCD systems. Measurements of forward Drell-Yan dielectrons
at sPHENIX in p+A compared to p+ p will provide clean constraints on parton energy
loss passing through cold nuclear matter. Studying the forward region will predominantly
select a quark in the forward-going beam annihilating with an antiquark in the backward-
going beam. Thus in p+A collisions with the proton beam defining the forward direction,
we will have sensitivity specifically to a quark passing through (a portion of) the nucleus
before annihilating. In order to examine quark energy loss rather than antiquark PDFs in
nuclei, measurements should be made as a function of x of the parton in the forward-going
beam. The kinematic coverage at sPHENIX will be complementary to that of fixed-target
nuclear Drell-Yan measurements that have performed similar measurements [91], as
shown above in Fig. 1.4.

1.4 Enhancing the Existing sPHENIX Physics Program

The sPHENIX proposal [93] and pre-Conceptual Design Report (pCDR) detail the strong
high-pT jet and photon physics program in the central rapidity region |η | < 1.0. That
physics program is significantly enhanced in p+Au and Au+Au collisions through the
addition of forward rapidity coverage calorimetry.

There is strong interest in accessing hard processes that probe the extremes of high-x
partons in the proton as well as in nuclei. In the case of p+Au collisions, if the proton
fluctuates such that a significant fraction of the momentum is carried by a single parton,
the gluon cloud surrounding the proton is depleted and may reduce soft interactions
with the target. This physics picture [94, 95] may reconcile multiplicity-dependent jet
yields in d+Au collisions at RHIC [96] and in p+Pb collisions at the LHC [97]. Further
precision tests of this picture would involve the measurement of dijets and photon-jet
pairs where one can constrain the x1 and x2 values in the hard scattering. Also, as the
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Figure 1.21: Energy loss of charged muons in copper, taken from Ref. [92].

LHC measurements demonstrate, being able to access high-x with very high pT jets at
midrapidity and with lower pT jets at forward rapidity, allows for key tests of whether the
effects scale with the high-x1 value.

Jet quenching in Au+Au collisions is firmly established experimentally and with con-
nections to theoretical calculations. With additional forward instrumentation in sPHENIX,
the kinematic exploration of jet quenching in terms of different pseudorapidity slices
is interesting, for example if the opacity of the medium created at RHIC varies with
dNch/dη . In addition, detailed simulation studies indicate the ability to manage the large
Au+Au underlying event for the extraction of jets down to at least pT = 20 GeV. That
said, coverage in the forward rapidity range would be utilized for further event-by-event
characterization of flow harmonics and enable alternative underlying event subtraction
methods.

The major focus of an extended jet program is on the case of a midrapidity |η |< 1.0
trigger jet or direct photon with pT > 20 or > 15 GeV, respectively, and then measurements
of the corresponding associated jet in the additional forward rapidity region 1.5 < η < 3.0.
By measuring the associated jet at forward rapidity, we reconstruct these jets down to
pT > 10 GeV since the “fake jet” rate is dramatically reduced by the trigger jet or photon
event selection and the ability to mix events for the subtraction (see for example Ref. [98]).

The extended reach in kinematics and statistics enabled by forward rapidity calorimetry
for jet studies is detailed in Section 4.5.



2. Detector Design

Accessing the physics program outlined in Chapter 1 requires an extension of the sPHENIX
midrapidity tracking and calorimetry coverage to higher pseudorapidities, operated in
conjunction with the midrapidity sPHENIX experiment. In addition, sPHENIX (both
midrapidity and forward instrumentation) is designed to form a suitable basis for a detector
at the future Electron Ion Collider. Such an evolution would take advantage of current
investments in a very cost-effective manner. This chapter describes the detector subsystems
for the proposed sPHENIX forward upgrade, their performance requirements, and plans
for their realization.

2.1 Baseline Design Overview

The sPHENIX proposal [93] and pre-Conceptual Design Report (pCDR) detail the midra-
pidity instrumentation of the sPHENIX experiment. Extending sPHENIX with the forward
instrumentation proposed in this document provides a wide kinematic coverage to measure
jets, charged hadrons, electrons, and photons. Figure 2.1 illustrates the conceptual design
of this experiment. The midrapidity sPHENIX detector covers a pseudorapidity range
from η = -1.1 to η = +1.1. It consists of
• monolithic active pixel sensor (MAPS) vertex tracker (MVTX) and INTermediate

Tracker (INTT),
• a time projection chamber (TPC),
• a scintillating tungsten-fiber electromagnetic calorimeter (CEMC),
• two sections of steel-scintillator hadron calorimeter (HCAL),
• a 1.4 T superconducting solenoid.

The additional instrumentation proposed in this document covers the pseudorapidity range
from η = 1.2 to η = 4 with
• three gas electron multiplier (GEM) stations,
• a lead-scintillator electromagnetic calorimeter at intermediate pseudorapidities

(FEMC),
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Figure 2.1: The sPHENIX experiment with proposed forward instrumentation. "Central
tracker" refers to the combination of TPC, MAPS, and INTT.

• a lead-tungstate crystal electromagnetic calorimeter at high pseudorapidities (FEMC),
• a steel-scintillator hadron calorimeter (FHCAL),
• a field shaping steel piston.

The superconducting solenoid bends the trajectories of charged particles for momentum
measurements. The steel piston enclosing the beam pipe shapes the field of this solenoid
to increase the magnetic field component perpendicular to the beam line at high pseudo-
rapidities, which improves the momentum resolution for particles in this direction. The
TPC tracks charged particles at midrapidity and, due to the magnetic field, measures their
momenta. The MVTX and INTT allow to precisely locate the vertex of these particles.
At higher pseudorapidities, the three GEM stations provide intermediate tracking and
excellent momentum determination for charged particles. The electromagnetic calorime-
ters measure the energies of electrons and photons, while the electromagnetic and hadron
calorimeters together measure the total energies, positions, and sizes of jets.

This baseline design for sPHENIX with forward instrumentation could be augmented
with Roman Pot detectors [99] to detect beam protons scattered at very small angles. As
mentioned in Sec. 1.3, this would enable a diffractive physics program at sPHENIX. An-
other possible extension of the baseline design is the installation of ring-imaging Čerenkov
(RICH) detectors to provide charged kaon and pion identification (see Appendix A).
Such an addition would also allow for exciting new physics measurements, such as the
transverse single-spin asymmetry for identified particles in jets.

2.2 Magnet System and Field Shaping

The sPHENIX superconducting solenoid (which was previously used by the BaBar exper-
iment) provides a 1.4 T longitudinal magnetic field to measure the momenta of charged
particles via tracking. The magnet has higher current density at both ends to maintain a
high field uniformity along the magnet axis. This design also enhances the momentum
analyzing power in the forward region. However, the transverse component of the field BT

drops rapidly at pseudorapidities η > 3. To further enhance the momentum measurements
in the very forward acceptance, we propose a passive magnetic piston surrounding the
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beam pipe to shape the magnetic field near the beam axis. Alloys with a large concen-
tration of cobalt have a high saturation point and are one material option for such a field
shaper. For example, the material HIPERCO-50 with a 49%Co+49%Fe composition
saturates at 2.25 T.

Figure 2.2 shows the sPHENIX magnetic field configuration assuming a HIPERCO-50
field shaping piston. The piston distorts the field to improve the analyzing power for
charged track measurements at high pseudorapidity. Figure 2.3 presents the calculated
momentum resolution under different assumptions for the magnetic field and demonstrates
the resolution improvement by more than a factor of two at η > 3.5 from the piston field
shaper.
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Figure 2.2: Magnetic field configuration, as calculated using the 2D magnetic field solver
FEMM 2D and Poisson. Approximate locations for the forward sPHENIX detectors are
indicated with gray boxes. From left to right are the central tracking region, GEM trackers,
forward EMCal and HCal.

2.3 Tracking System

The sPHENIX tracking system provides tracking and momentum determination for
charged particles. Both the tracking detector and magnetic field configuration are designed
as an integrated system. Figure 2.3 illustrates the calculated momentum resolution for
different options of the tracking system and magnetic field. The general considerations
are:
• In the high momentum limit, tracking resolution improves with inverse proportion

to BL2. Therefore, full tracking arm length should be used, which is about 3 m
along the beam direction for the sPHENIX forward instrumentation. Comparing
with a forward tracking system with a lever arm of 1.2 m (the approximate size of
central tracker), the momentum resolution of this design is improved by factor of
three as shown in Figure 2.3.
• In order to effectively measure the bending of the tracks, or sagittas, the trackers are

optimized to provide the best position resolution in the azimuthal direction (bending
direction). They are placed longitudinally in a four-group configuration: A vertex
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Figure 2.3: The track momentum resolution as a function of pseudo-rapidity for different
tracking and magnetic field configurations in the high momentum limit. To simplify
the optimization of the design, these calculations only use three GEM stations (the two
sagitta tracking stations and the large-z tracker) for tracking. Therefore, they only give a
conservative estimate of the linear term of δ p/p at the high momentum limit, in which
region the tracker position resolution contribution dominate over the multiple scattering
effects. The tracking resolution of the baseline sPHENIX forward instrumentation is
highlighted in red, which is further verified in GEANT4 in Figure 3.2

tracker that is closest to the vertex, two sagitta tracking stations between z = 1.2 m
and z = 1.6 m, and the large-z tracker at about z = 3 m. The vertex tracking station
can be replaced by the proposed sPHENIX MVTX detector, which covers up to
|η |< 2.5 in its innermost tracking station.
• The bending power for the magnetic field reduces at larger pseudorapidity due to the

simple geometric reason of the reduced bending component of the main solenoid
field. The loss of bending power is compensated by employing higher resolution
tracker (δ rφ ∼ 50 µm) in the inner region, η > 2.5.
• The tracker system should be suitable for an EIC detector based on sPHENIX (see

Section2.6).
The two tracking regions (η > 2.5 and η < 2.5) are discussed in more detail in the
following sections.

2.3.1 Inner Tracking Region (η > 2.5)

For the inner tracking region, the tracking detector is relatively small in size. At the sagitta
tracking stations, the maximum radius of the tracker is about 30 cm. However, a higher
position resolution (δ rφ ∼ 50 µm) is assumed in order to compensate for the reduced
magnetic bending power. And for the most challenging region at 3 < η < 4, the magnetic
piston field shaper is further employed to optimize the field line direction to assist forward
track, as quantified in Figure 2.3.
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The default detector technology choice is gas electron multiplier (GEM) [100], which
is used as the base performance study and cost exercise. GEM tracker has been successfully
used in multiple experiments. In particular, the COMPASS GEM tracker, which is
comparable in size with the sectors of the forward sPHENIX sagitta tracking station,
demonstrated better than 50 µm position resolution in low multiplicity settings [101], and
approximately 70 µm position resolution in beam conditions [102]. For this document,
the optimistic resolution of 50 µm (1-mm wide chevron-type readout) is assumed, which
still requires development.

The backup options for this tracking region are GEM trackers with 70 µm position
resolution, an established in-beam performance for GEM trackers of this size [102]. This
will worsen the momentum resolution for tracks with p > 10 GeV/c by 40%. However, a
momentum resolution of d p/p < 10% can still be achieved in the momentum range of
0 < p < 30 GeV/c.

2.3.2 Outer Tracking Region (η < 2.5)

Figure 2.4: The GEM detector developed by eRD6 is among the largest GEM chambers
built yet [103]. Its successful test at the Fermilab beam test facility yielded a position
resolution of better than 80 µm.

The outer tracker has lower position resolution requirement (δ rφ ∼ 100 µm), while
it needs to cover a much larger area of approximately 5-20 m2 per station. The radius
coverage of each sector is approximately 1 m in the largest station. The default detector
technology choice is GEM trackers with a 2-mm-wide chevron-type readout. It is currently
challenging to produce such large GEM foils at an affordable cost. Nevertheless, there has
been substantial progress in this area in recent years at CERN due to the need for large
area GEM detectors for the CMS, CBM, JLab and EIC experiments [104, 103, 105, 106].
Figure 2.4 shows such a detector developed by the EIC detector R&D "Tracking and PID"
consortium eRD6. It is also challenging to maintain the required position resolution when
a track has a large incident angle on the GEM plane [107], which is less concerning in the
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forward sPHENIX tracker setting as the incident angle of the track is small in the sensitive
direction (azimuthal direction). This limitation is further resolved by tilting the chamber
in the R-z plane to face the vertex directions as illustrated in Figure 2.1. In addition, the
central TPC detector provides partial coverage in this direction, which will be used to
further assist in track pattern recognition and momentum measurement.

Alternatives to GEM trackers are MicroMegas chambers [108] and large-area small-
strip Thin Gap Chambers (sTGC) [109] as developed for the ATLAS muon end-cap
system [110]. Both tracking technologies are designed to provide meter-sized forward
tracking stations that satisfy the position resolution requirement in this region (δ rφ ∼
100 µm). Saclay, the world-leading institute in MicroMegas technology, is currently in
discussions with sPHENIX about the possibility of joining the collaboration and could
potentially participate in developing MicroMegas tracking for a forward spectrometer at
sPHENIX. For the sPHENIX forward tracking application of sTGC, further studies are
required to evaluate their rate capability, readout compatibility, and material budget.

2.4 Electromagnetic Calorimeter

Figure 2.5: (Left) PHENIX PbSc block of four modules. (Right) PHENIX MPC PbWO4
crystal module.

The sPHENIX forward electromagnetic calorimeter (FEMC) measures the energies
of electrons and photons and aids in the measurement of jets. It also provides online
triggering for high energy clusters. We propose to refurbish two of the PHENIX electro-
magnetic calorimeters for use in the sPHENIX forward instrumentation: The PHENIX
lead-scintillator (Pb-Sc) sampling calorimeter (used in the PHENIX Central Arms) with a
tower size of 5.5×5.5 cm2 and an energy resolution of σE/E ∼ 8%/

√
E(GeV ), and the

PHENIX Muon Piston PbWO4 crystal calorimter (MPC) with a tower size of 2.2×2.2 cm2

and an energy resolution of σE/E ∼ 12%/
√

E(GeV ).
As illustrated in Fig. 2.1, a nearly circular EMCal of ∼170 cm radius covers the

sPHENIX forward acceptance at ∼3 m distance from the center of the solenoid magnet.
The calorimeter sits just inside the magnetic flux return. An assembly of 788 PHENIX
PbSc blocks covers the pseudo-rapidity range of 1.4 < η < 3−3.3. The sPHENIX barrel
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HCal support ring shadows the region 1.1 < η < 1.4 and therefore defines the lower
pseudo-rapidity limit. In addition, this assembly excludes a 44×44 cm2 square around
the beam pipe, where the MPC crystals sit (see description below). Each PHENIX PbSc
calorimeter block contains four optically isolated modules arranged in a 2×2 matrix (see
Figure 2.5-Left). The modules consist of alternating lead and plastic scintillator tiles and
measure 5.5×5.5×37.5 cm3, which corresponds to a depth of 18 X0. Wavelength-shifting
fibers penetrate this structure to collect light from the scintillators. In the center of every
block, there is a 2 mm diameter "leaky" fiber, which delivers laser light to each of four
modules to monitor their gain. The signals from each PHENIX PbSc module are recorded
individually. Similar to the current sPHENIX barrel calorimeter design, we propose to use
silicon photomultipliers (SiPMs) as light sensors. This would allow for developing readout
electronics for the forward calorimeters that are very close to the ones being developed
for the sPHENIX barrel calorimeters. Other advantages of choosing SiPMs are their low
cost (compared to conventional photomultiplier tubes), compact design, insensitivity to
low energy neutron background, and their ability to operate inside of magnetic fields. An
alternative to SiPM’s that is being studied are avalanche photodiodes (APDs).

A 20×20 array of PbWO4 modules from the PHENIX MPC (see Figure 2.5-Right)
fills the inner area of 44×44 cm2 while excluding a square equivalent to 10×10 modules
around the beam pipe. Therefore, these 300 modules, each measuring 2.2×2.2×18 cm3,
cover the pseudo-rapidity range of 3−3.3 < η < 4. The APDs used as sensors to measure
the light from each crystal in PHENIX may be replaced by SiPMs in sPHENIX to allow
for a uniform readout of all calorimeter systems.

Additional tests are required to confirm the viability of this calorimeter design for
sPHENIX forward instrumentation, including the SiPM performance. The PHENIX PbSc
calorimeter technology has proven to be robust, and 16 years of operation in PHENIX
have not shown any degradation of the calorimeter characteristics. However, particle
densities in the forward region with the high luminosity beams projected for 2020+ are
expected to be much higher than in the PHENIX central arm acceptance. During the MPC
operation, the APDs used by this detector worked well in the forward region of PHENIX,
except for their sensitivity to neutron backgrounds. Using two APDs to measure the light
from each tower can suppress the effects of this sensitivity, because the probability for
thermal neutrons to fire both APDs in the same event is very small. While PHENIX
finished its operation in 2016, the STAR interaction region still provides a test place for
different detector technologies in actual RHIC beam and background conditions. We
will gratefully benefit from the ongoing studies in STAR forward region, related to PbSc
calorimeter radiation hardness, SiPM stability, and neutron backgrounds.

2.5 Hadron Calorimeter

The sPHENIX forward hadron calorimeter (FHCAL) is essential for forward jet reconstruc-
tion and hadron energy measurements, as well as triggering. Designing and developing
this calorimeter is a joint project with the Electron-Ion Collider (EIC) generic detector
R&D group eRD1 and the STAR upgrade project. In addition to being a viable sPHENIX
forward calorimeter, the system is designed to fulfill the requirements of a forward hadron
calorimeter of an EIC detector.

The sPHENIX forward hadron calorimeter is located outside the flux return, with a
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Figure 2.6: A picture of one tower of the hadron calorimeter.

front face 3.5 m away from the interaction point (see Fig. 2.1). The presence of the flux
return only has a minor effect on the calorimeter performance, as discussed in Sec. 3.2.
The sPHENIX forward hadron calorimeter consists of 2,044 towers measuring 10 cm ×
10 cm × 81 cm with an expected energy resolution of about 70%/

√
E(GeV ) for single

hadrons. It covers a pseudorapidity range of 1.2 < η < 4.0.
The design of the calorimeter follows the design of the STAR upgrade project [111].

It is scalable and re-configurable with a minimal number of mechanical components.
Therefore, it minimizes the resources required for construction and operation. Figure 2.6
shows a picture of one hadron calorimeter tower. It consists of 64 layers of 10 mm lead (or
iron) absorbers and 2.5 mm plastic scintillator plates, which corresponds to a total depth
of 4 nuclear interaction lengths. A wavelength-shifting (WLS) plate provides uniform and
efficient light collection from all scintillation tiles along the depth of the tower. The light
from the WLS plate is measured with SiPMs similar to the sPHENIX barrel calorimeters.
This allows for the use of common readout electronics for all sPHENIX calorimeter
systems. The SiPMs could be replaced with APDs, which is an option that is currently
being studied. Factors that limit the energy resolution are alignment and non-uniformity.

RIKEN has expressed interest to potentially participate in developing, testing, and
ultimately constructing this hadron calorimeter for the sPHENIX forward instrumentation.

2.6 Evolution of sPHENIX into an Electron-Ion Collider Experiment

The sPHENIX detector and the forward upgrade presented in this document are designed to
form a suitable basis for an experiment at a future Electron Ion Collider (EIC, [112]). The
EIC will use precision measurements in e+p and e+A collisions to dramatically advance
our understanding of how QCD gives rise to protons and forms nuclear matter. One of the
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Figure 2.7: Design of an EIC detector based on sPHENIX that uses the sPHENIX
superconducting solenoid, barrel and forward tracking, and barrel and forward calorimetry.
It adds tracking and calorimetry at negative pseudorapidities, as well as RICH detectors
for PID at central, negative, and positive pseudorapidities.

realizations of the EIC, the eRHIC at BNL, plans to utilize the existing RHIC storage rings
(polarized proton and other ion beams) and a high-intensity polarized electron facility to
be built in the RHIC tunnel. While the exact design energy and luminosity of this EIC are
still being optimized, it is currently envisioned with a beam energy of up to 20 GeV for
electrons, up to 255 GeV for protons, and up to 100 GeV/nucleon for gold ions. An EIC
detector based on sPHENIX has excellent performance for a broad range of EIC physics
measurements.

Figure 2.7 illustrates the design of an EIC detector based on sPHENIX that fully uti-
lizes the sPHENIX superconducting solenoid, barrel and forward tracking, and barrel and
forward calorimetry. In addition, this design foresees a GEM tracking station and a crystal
calorimeter at negative pseudorapidities to provide electron and photon identification
and separation with high resolution. Moreover, it includes a barrel DIRC (’Detection of
Internally Reflected Čerenkov light’) in the central rapidity region, a combination of a gas
RICH and an aerogel RICH at positive pseudorapidities, and an aerogel RICH at negative
pseudorapidities to enable mandatory particle identification coverage. All of these PID
detector technologies are currently being studied by the EIC detector R&D consortia eRD6
and eRD14. One of these technologies is an aerogel RICH detector called mRICH for its
modular and compact design. Some mRICH modules could already be installed in the
forward region of sPHENIX during RHIC operation, and extend the physics capabilities
of sPHENIX in this era while being another step towards evolving sPHENIX into an EIC
detector for the future. Appendix A contains more details about this option.

An EIC detector based on sPHENIX is well suited to address much of the physics
enabled at eRHIC. More details of the design and expected performance are given in
[113], which will be succeeded soon by an updated document (accounting for changes in
the sPHENIX and eRHIC designs since the release of the document).





3. Detector Performance

This chapter summarizes the performance evaluation of the baseline sPHENIX forward
instrumentation described in Chapter 2 using a full GEANT4 simulation of the experiment
(see Fig. 3.1). These simulations use a generic silicon-based central tracking system
with two small vertex GEM tracking stations in the forward direction at z = 17 cm and
z = 62 cm, one of which will likely be replaced by the sPHENIX central vertex detector in
subsequent simulations. Section 3.1 addresses the charged particle tracking resolution of
the sPHENIX forward instrumentation. In the baseline design presented in this document,
the hadron calorimeter sits behind the magnet flux return. Sec. 3.2 evaluates the effect of
this flux return on the hadron calorimeter performance. Finally, Sec. 3.3 quantifies the
expected energy and angular resolution for measuring jets with the sPHENIX forward
instrumentation.

3.1 Forward Tracking Performance

The performance of the sPHENIX forward tracking instrumentation is evaluated using the
full GEANT4 simulation (shown in Fig 3.1) and a GenFit2-based Kalman filter fit [114].
The result presented in Fig. 3.2 shows no-worse than 8% momentum resolution for tracks
with momenta up to 30 GeV/c across the covered pseudorapidity range. This is consistent
with the analytical calculations for the tracking performance discussed in Figure 2.3.

3.2 Effect of the Magnet Flux Return

The sPHENIX detector is designed around a 1.4 T superconducting solenoid magnet (see
Fig. 2.1). The midrapidity hadron calorimeter made from magnetic steel serves as flux
return for the magnet. Steel end caps nominally of 10.2 cm thickness complete the flux
return and enclose the magnetic field in the barrel. In the current baseline design for
sPHENIX forward instrumentation, the forward electromagnetic calorimeter fits inside
the flux return, while the forward hadron calorimeter sits outside of the flux return end
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Figure 3.1: The sPHENIX experiment with proposed forward instrumentation in GEANT4.
The central tracker is approximated as a generic four-layer silicon-based tracking system
with two small vertex GEM tracking stations in the forward direction.

cap. In principle, a magnetic hadron calorimeter could replace one flux return end cap and
eliminate its effect on the calorimeter resolution. However, such a design would have to
account for the (potentially very strong) forces on the magnet caused by an asymmetric
flux return configuration.

The effect of the flux return on the energy resolution of the forward hadron calorimeter
is quantified using the GEANT4 simulation of sPHENIX with the forward instrumentation.
Figure 3.3 shows the total energy measured in GEANT4 with the sPHENIX forward
electromagnetic and hadron calorimeter for 30 GeV charged pions generated in the
direction of η = 2 for thicknesses of the flux return plate between 0.1 cm and 20.4 cm.
For thicker steel plates, the average reconstructed energy reduces and the width of the
distribution increases.

Figure 3.4 shows the standard deviation of the energy deposited in the flux return
divided by the incident particle momentum as a function of the flux return thickness for
single pions with 10 GeV and 80 GeV generated in the direction of η = 2. The plot
indicates that a flux return of 10.2 cm thickness effectively adds a constant term of about
12% to the single hadron energy resolution. For particles of up to 30 GeV momentum,
this is smaller than the realistically expected energy resolution of 70%/

√
E(GeV ) of this

calorimeter mentioned in Sec. 2.5. Therefore, the flux return is expected to have only a
minor impact on the single particle energy resolution. Moreover, the effect of the constant
term is reduced in jet energy measurements, where several particles contribute to the total
energy measurement.
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Figure 3.2: The relative momentum resolution for the tracking system as a function of
total particle momentum. The values are obtained from a full GEANT4 simulation and a
GenFit2-based Kalman filter fit.

3.3 Forward Jet Energy and Angular Resolution

The evaluation of the jet reconstruction performance of the baseline sPHENIX forward
hadron and electromagnetic calorimeter uses p+p collisions at 510 GeV center of mass
energy generated with PYTHIA8 and a full GEANT4 simulation of the detector. For this
study, the acceptance of the forward instrumentation is divided into two psuedorapidity
regions. The first region extends from η = 1.3 to η = 2.3. In this region, each forward
calorimeter block covers an angle dφ of 0.1-0.2 radians. In the second region, which
extends from η = 2.3 to η = 3.3, each forward calorimeter block covers an angle dφ of
0.2-0.4 radians.

All hard QCD subprocesses are turned on for the PYTHIA8 event generation. Only
events that contain at least one forward jet with an energy Ejet > 18 GeV and a pT > 4
GeV/c are used for this study. The truth jet characteristics are determined with the
FASTJET anti-kT algorithm with R=0.5 and R=0.7 using the generated particles. The
PYTHIA8 events are passed on to the GEANT4 simulation of the sPHENIX detector with
forward instrumentation (which includes the 10.2 cm flux return in front of the forward
hadron calorimeter discussed in Sec. 3.2). The reconstructed jets are identified from the
energy depositions in the towers of the forward electromagnetic and hadron calorimeter
by again using the FASTJET anti-kT algorithm. Jets with less than two constituents
are discarded. Figure 3.5 shows the resolution for jet energy, azimuthal angle, and
pseudorpidity measurements as a function of the true jet energy for jet energies of up to
50 GeV in the two forward regions. The resolution is defined as the difference between
truth jet and reconstructed jet values for the respective jet characteristics divided by the
truth jet value. For each cone radius, the energy resolution is roughly ∼17% or better
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Figure 3.3: The total energy E measured in GEANT4 with the sPHENIX forward electro-
magnetic and hadron calorimeter for single 30 GeV charged pion events generated with
pseudorapidity η = 2 for various plug door thicknesses dz.

across both pseudorapidity ranges.
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Figure 3.4: The standard deviations σEdep of the energies deposited in the flux return
divided by the incident particle momenta ptruth as a function of the flux return thickness
for single charged pions with 10 GeV and 80 GeV momentum obtained from GEANT4.
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Figure 3.5: The GEANT4 simulated jet resolution of single jets for energy (top row),
φ (middle row), and η (bottom row) in minimum bias 510 GeV p+p collisions from
PYTHIA8. Jets are reconstructed using the FASTJET package anti-kT algorithm with
R=0.5 (black) and R=0.7 (red).
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This chapter illustrates how well the detector described in Chapter 2 is capable of doing
the physics program outlined in Chapter 1 and pushing the frontiers of our knowledge
about structure, properties, formation, and interactions of QCD systems. The simula-
tion studies presented here use the same full GEANT4 simulation of sPHENIX with
forward instrumentation as described in Chapter 3. Section 4.1 discusses luminosity
and running time assumptions used for the detector performance studies presented in
this chapter. Sections 4.2, 4.3.1, and 4.3.2 present an analysis of Drell-Yan events in
p+p collisions at 200 GeV, and at 510 GeV flavor-tagged jets and hadrons in jets with
the proposed sPHENIX forward instrumentation. Finally, Sec. 4.4 shows measurements
from the ATLAS experiment for observables in heavy ion collisions that are comparable
and complementary to the measurements we propose with sPHENIX including forward
instrumentation in heavy ion collisions. While this is just a subset of the measurements
we want to do, they highlight the key capabilities of this detector to reconstruct Drell-Yan
events from electron pairs, to measure jets and their substructure, and to measure events
in heavy ion collisions.

4.1 Luminosity and Running Time Assumptions

Because forward sPHENIX is a fully integrated part of the sPHENIX detector, we start
from a set of integrated luminosity and running assumptions that have been quantified
in a sPHENIX trigger technical note [115]. This note assumes a five-year running plan
from 2022-2026 that includes Au+Au, p+Au and p+p running at 200 GeV. Luminosity
projections are taken from the RHIC Collider-Accelerator Division (C-AD) projections
document "RHIC Collider Projections (FY 2017 - FY 2023)" dated May 12, 2017. The
document provides a minimum and maximum delivered luminosity per week for each
colliding system, including RHIC uptime. We supplement this with an assumed sPHENIX
uptime (assumed to be 60% for the first two years after the inital commissioning time,
rising to 80% thereafter), the fraction of luminosity delivered within the vertex cut of
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|z| < 10cm, and a ramp-up time after with the delivered luminosity is the mean of the
minimum and maximum projections.

The projected recorded and sampled luminosity for the 2022-2026 period is summa-
rized in Table 4.1. For Au+Au collisions, a sizable fraction of the delivered luminosity
will be recorded using a minimum bias trigger, while for p+p and p+Au collisions the
delivered luminosity will be sampled by forward and midrapidity triggers. We note that we
plan to use the same calorimeter electronics as the sPHENIX barrel calorimeters, which
will enable the use of electromagnetic cluster and jet triggers for forward observables.

Table 4.1: Integrated luminosity assumptions for forward sPHENIX running. For Au+Au
and p+Au, these are based on a draft run plan for sPHENIX running, assuming forward
instrumentation is available from the start of sPHENIX running. Both recorded and
sampled luminosity are for an event vertex |z|< 10cm. For Au+Au, the sPHENIX DAQ
rate of 15kHz allows for a sizable fraction of the delivered luminosity to be recorded with
a minimum-bias trigger, while for p+Au and p+p triggers will be required. For p+p at
510 GeV, we make the same data-taking assumption as in [115] and use the RHIC C-AD
luminosity projections.

Recorded Lumi. Sampled Lumi.

Au+Au 200 GeV 35.0nb−1 80nb−1

p↑+Au 200 GeV - 0.33pb−1

p↑+p↑ 200 GeV - 197pb−1

p↑+p↑ 510 GeV - 488pb−1

The forward sPHENIX physics program relies on a one-year (23 cryo weeks) run at
510 GeV that is not part of the sPHENIX draft run plan to enable the forward jet physics
program described in Sections 4.3.1 and 4.3.2. In calculating the sampled luminosity
at 510 GeV we use the same sPHENIX running assumptions as at 200 GeV and the
luminosity projections from the C-AD projections document.

Consistent with C-AD guidance, we assume a time-averaged transverse polarization
of 60% at 200 GeV and 55% at 510 GeV.

4.2 Measuring Drell-Yan Events

In support of investigating nuclear sea quark distributions and quark energy loss in nuclei
based on forward Drell-Yan (DY) dielectrons, we discuss in more detail here the expected
performance for DY measurements. The detection of DY pairs with high efficiency and
low signal to background is traditionally a challenging exercise for any experiment. In
this section, we simulate the signal and anticipated backgrounds in the forward sPHENIX
apparatus using a full GEANT4 model of the detector. We have performed the simulations
using the PYTHIA6 [116] event generator for p+p collisions at 200 GeV for signal and
background, with appropriate adjustments to the PYTHIA6 configuration to match existing
RHIC measurements. As noted in Section 1.1.1, the study of DY pairs at RHIC in 200 GeV
p+A collisions offers a unique kinematic reach in the study of the parton distribution in
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nuclei at low-x. While this study has been done for p+p collisions, the forward (proton-
going) direction is very similar to p+p and these simulation results are directly relevant to
the study of DY in the proton-going direction in p+A collisions.

For this study, the events were generated with a trigger at the PYTHIA6 event generator
level that simulated the effect of a calorimeter physics trigger. This trigger required a
forward e+/− in 1.4 < η < 4.0 with pT > 0.5 GeV. This corresponds to an energy cut
of 1.1 GeV at η = 1.4 and 13.7 GeV at η = 4.0. This cut at the event generator level
dramatically reduced the required computation time, especially for minimum bias QCD
backgrounds. The DY events were generated using a PYTHIA6 tuning from the COMPASS
collaboration matched to existing data. The J/ψ and Upsilon backgrounds were scaled
using existing PHENIX data for the charm and bottom production cross section at forward
rapidities. The minimum bias QCD backgrounds were taken directly from PYTHIA6. In
addition, an anti-triggered event sample was also simulated in order to account for the
background component from secondaries and conversions that would otherwise be absent
from the triggered event sample.

The generated events were put through a full simulation of the sPHENIX detector,
including forward instrumentation, using the GEANT4 Monte Carlo package. Because
full simulations of the sPHENIX TPC and MVTX detectors were not available at the
time these simulations were prepared, the implementation of the forward GEM tracking
chambers included two additional small GEM chambers to provide track pointing to
the event vertex. The standard GEANT4 QGSP_BERT physics list were used for this
simulation and all particles were fully showered in the calorimeter. The event vertex was
smeared with a Gaussian resolution of σx = σy = 500µm and σz = 10.0 cm. The tracking
algorithm was simulated by collecting hits form all particles (primaries and secondaries)
in the GEM tracking stations, assuming a 95% efficiency for each hit. These tracks were
fit, including the event vertex, using a full Kalman fit in the forward sPHENIX forward
magnetic field, including the field shaper piston, using an sPHENIX implementation
of the GenFit-2 package (PHGenFit). The fitted tracks were projected into the forward
calorimeters and corresponding tower energy depositions were assigned to each track.

To be selected for further analysis, a candidate electron track is required to satisfy the
following cuts:
• The track must be reconstructed within the acceptance of the EMCal, 1.4 < η < 4.0.
• The track must include at least three hits in the forward GEM chambers.
• The track χ2/dof< 4.0 is required. This eliminates poorly reconstructed tracks,

especially those from π0 photons that convert in the beam pipe.
• The track |(EEMCAL/p)−1.0|< 3.0σ is required, where EEMCAL is the corrected

energy collected in a 3x3 array surrounding the track projection into the EMCal.
• The fraction of the energy in the forward HCAL compared to the calorimeter total

must be less than 4%. This cut eliminates hadrons that shower in the EMCal (see
Figure 4.1).

In addition, candidate e+/− pairs are required to satisfy the following conditions:
• The tracks must have opposite charge sign, as determined by the track fitting.
• One of the two tracks must have a calorimeter energy consistent with firing trigger

applied at the event generator level.
• The pair must reconstruct to a mass > 1.0 GeV/c2.
• Only one candidate pair passing all pair cuts in a given event. If there is more than



44 Chapter 4. Physics Performance

one pair, the event is rejected.

Figure 4.1: The fraction of the energy in the forward HCAL 3x3 array surrounding the
track projection compared to the calorimeter total (FEMC + FHCAL 3x3). A cut at <4%
is imposed on all electron candidates.

Finally, a set of event characterization cuts are used to further suppress QCD back-
ground events. Drell-Yan events are relatively quiet compared to such backgrounds, with
relatively little energy in the sPHENIX barrel (Figure 4.2) and little energy beyond the
Drell-Yan pair in the forward calorimeters (Figure 4.3).

The result of combining all pair sources, scaled to an integrated p+Au luminosity of
0.33 pb−1 (consistent with the projections in Table 4.1), is shown in Fig. 4.4. All sources
are directly scaled from the simulated mass spectra, with the exception of the MB spectra,
which is generated with two components. The first component is generated from a sample
triggered at the event generator level, while the second is generated from a sample which
is anti-triggered at the event generator level. Both components to the simulated invariant
mass spectra are fit to an exponential for m > 1.5 GeV, combined with the event generator
output for m <= 1.5 GeV, and then combined together to produce the QCD backgrounds
component shown in Fig. 4.4. The exponential fits to the background components are
quite good, with only a 36% variation in background yield between 5.0 < m < 8.0 GeV
due to uncertainties in the exponential fit. The resulting signal to background in the region
above the Ψ

′
and below the Upsilon is excellent, making a high fidelity measurement

possible for 5.0 < m < 8.0 GeV. The anticipated yield of DY pairs in 5.0 < m < 8.0 GeV
with 0.33 pb−1 p+Au integrated luminosity is 2900 pairs.

An analysis of the MB backgrounds in detail shows that the remaining backgrounds
are primarily physics dominated. We separate the backgrounds into two major classes,
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Figure 4.2: Total energy in the sPHENIX barrel CEMC and HCAL calorimeters for DY
events and MB background events that create false pairs. A cut on the total energy <5 GeV
is required for candidate events.

each of which are equal contributions to the total:

• "One electron" backgrounds consist predominantly of one primary electron com-
bined with a non-electron track. The source of the electron is light meson decay
dominated. Electrons from conversion in the detector material (primarily the beam
pipe) are less than 10%, and decays of charmed mesons contribute a few percent of
the total.
• "Two electron" background consist predominantly of one primary electron and

one secondary electron. The primary electron contributions come predominantly
from the φ and the π0 Dalitz decays, while the secondary electron is generated by
conversions.

Note that hadron-hadron backgrounds are negligible. With this set of reconstruction cuts,
the backgrounds in forward sPHENIX are primarily physics-dominated.

Of key importance for the use of DY as a probe of saturation is the ability of the
experimental apparatus to reconstruct the event kinematics with high precision, allowing
the experimental data to be binned directly in x,Q2. Using forward sPHENIX tracking
only, we anticipate a ∼ 6% resolution in x,Q2, which could be improved by combining
information from both tracking and the forward electromagnetic calorimeter.
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Figure 4.3: The fraction of the pair energy compared to the total energy in the forward
calorimeters for DY events and MB background events that create false pairs. MB
background events have more activity in the forward region, resulting in a lower pair
fraction. A cut requiring the candidate pair energy is at least 44% of the total is applied.

4.3 Studying Transverse Spin Phenomena with Jets

4.3.1 Tagging Jets with Leading Particles

As discussed in Section 1.1.2, a measurement of the inclusive jet single-spin asymmetry
accesses the correlation between the spin of the proton and transverse motion of its partonic
constituents. The size of the expected inclusive asymmetry in theoretical calculations
by [117] as a function of the reconstructed xF of the jet for transverse momenta above
4 GeV/c is shown in Fig. 4.5. As shown in the right panel, the authors achieve the small
jet single-spin asymmetry AN measured by the AnDY collaboration with a substantial
cancellation between jets arising from up and down quarks.

Whether the partial cancellation of the contribution of up and down quarks is re-
sponsible for the small size of the inclusive jet asymmetries is an extremely interesting
physical question. To investigate this experimentally the jet sample must be biased to
change the fraction of u- and d-quark jets and the effect on the resulting asymmetries
observed. By selecting jets with leading (z > 0.5) positively charged or negatively charged
hadrons one can bias the jet’s partonic process fractions towards larger up or down quark
fractions. Using the parton information from the PYTHIA8 event generator, combined
with a GEANT4 simulation of jet events in forward sPHENIX and reconstruction of the
jets using an anti-kT algorithm, we can quantify the effect of this selection on the source
of jets in the event sample. As shown in Figure 4.6, selecting z >0.5 hadrons with any
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Figure 4.4: Invariant mass spectrum in forward sPHENIX obtained with 0.33pb−1 of
integrated p+Au luminosity at 200 GeV. The pair sources were simulated using Pythia6
events and a full G4 simulation of the sPHENIX detector systems, including forward
instrumentation.

charge sign improves the u quark purity at large jet xF to 80% and the d quark purity
to 30% of all jets. Under the positive leading particle charge sign requirement, the up
quark contribution reaches high purities easily across all of the inspected xF values. The
down quark contribution is enhanced over the natural abundance by nearly a factor 3 in the
negatively charged leading hadron sample, but does not rise above the up quark fraction
for two reasons: the smaller initial fraction provided by nature, and a weaker response to
the charge sign requirement due to the down quark’s smaller 1/3 electrical charge.

Jets in the forward sPHENIX acceptance will also arise from gluons and, to a much
lesser extent, from proton beam remnants in the forward-most parts of the detector. These
other sources are small at large xF , contributing below 20% to the jet sample. A similar
contribution is observed from jets that have their origin in multiple sources is also evident.
At smaller xF the contribution from gluons rises as should be expected from changes in
the parton distribution function.

The leading particle charge sign selection cuts needed to enrich quark fractions away
from the natural abundance will reduce the statistical sample of jets that are analyzed
as only a portion of the fragmentations will produce leading charged hadrons. These
efficiencies are shown in Fig. 4.6 for both the leading positive charge cut and the leading
negative charge cut. The efficiency for the positive charge selections rises from 20% at
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Figure 4.5: AnDY measured single spin asymmetries together with the a parameterization
based on the Sivers function from SIDIS displayed separately for jets originating from u
and d quarks (right panel) and combined (left panel).

low xF to 40% at large xF , a reflection of the rapidly increasing up quark contribution to
the parton distribution function. The efficiency for the negative charge sign selection rises
from 15% to 30% as a function of jet xF . These efficiencies could be further optimized,
for example by using additional information about the jet substructures. However, the cuts
presented here are sufficient for extracting the key jet spin asymmetries.

We now evaluate our ability to extract up and down quark spin asymmetries using a
simple illustrative model comprised of the jet sources and efficiencies shown in Figure 4.6
and a model composed of the up and down quark asymmetries needed to reproduce
the inclusive jet spin asymmetries measured by AnDY (with the jet statistics collected
in a baseline year of p+p collisions with an integrated luminosity of 488pb−1). An
examination of the unfolding of the jet energy resolution is not considered but will be
examined in future work. As a theoretical model for the asymmetries, we use the work of
Gamberg, Kang and Prokudin [32]. These authors model the u and d-quark asymmetries
using Twist-3 framework and extract the quark-gluon correlators from the Sivers function
extracted in SIDIS measurements. Twist-3 collinear factorization is valid for jet production
at RHIC, while TMD factorization is explicitly broken. We note that the Twist-3 approach
produces opposite sign asymmetries in p+p collisions than the TMD-based analysis in
[117].

The results of this evaluation is shown in Figure 4.7. The AN values for up and
down quarks [32] are applied for the jet fractions within the positive charge selected,
the natural abundance, and the negative charge selected sample separately. All other
sources of jets were taken to contribute no asymmetry, and therefore act as a dilution of the
overall asymmetry. The beam polarization was taken to be 50% at 510 GeV. The resulting
raw measurement projections are shown in the left column of Figure 4.7. Statistical
uncertainties are applied to these projections after accounting is made for the efficiencies
of the leading charge cuts. The uncertainties are slightly larger for the negatively charged
hadron cuts where the efficiencies are lower. A simple two parameter fit is applied to
the three raw measurements with our model of the jet sources to extract the projected
statistical uncertainties on the theoretical inputs, shown in the right panel. The precision
on the up and down quark AN is similar after extraction as all three inputs (inclusive and
two charge sign cuts) were used. The statistical errors on the extracted asymmetries are



4.3 Studying Transverse Spin Phenomena with Jets 49

Figure 4.6: Jet sources from PYTHIA8 as a function of jet xF at
√

s = 510 GeV in
1.7 < η < 3.3 and pT > 5.0 GeV, reconstructed with an anti-kT algorithm with radius
0.7. To be assigned to a source, more than 50% of the jet energy must be associated with
that source. The upper left panel shows the jet source as a function of jet xF without a
leading particle selection. The upper right panels shows the jet efficiency after requiring a
leading charged particle (z > 0.5). The lower left and lower panels shows the jet source
bias introduced by requiring the jet have a leading particle with a negative charge (lower
left), or a positive charge leading particle (lower right). These selections vary the influence
of u/d quarks in the overall jet sample.

smaller than the theoretical errors, particularly at large xF .
The results of this illustrative example demonstrate how the sign of the AN cancellation

in the inclusive jet sample will be immediately apparent already in the raw measurements,
allowing discrimination between the TMD and Twist-3 based approaches. Our final
ability to distinguish between the up and down quark contributions to the inclusive AN

will depend on how large that cancellation is in nature. In either approach, the statistical
precision of the forward sPHENIX jet AN measurement will improve on the theoretical
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Figure 4.7: Jet single-spin asymmetries AN for p+p collisions at 510 GeV in sPHENIX
with forward instrumentation. The lefthand plots shows the AN measured for an inclusive
sample of jets with the anticipated statistical errors along with the same for samples of jets
tagged with a charged leading hadron. The righthand plot shows the anticipated statistical
errors in an extraction of the u- and d-quark asymmetries from the three measurements.
The curves show the u- and d-quark asymmetries from [32] used in the analysis along
with their theoretical errors.

model uncertainty from fitting other world data.

4.3.2 Measuring Azimuthal Hadron Asymmetries within Jets

Another important measurement identified in the RHIC Cold nuclear matter plan is the
access to quark transversity using the Collins fragmentation function. In hadron-hadron
collisions this can be accessed via azimuthal asymmetries in the yields of final state
hadrons within a jet where the angle is defined relative to the polarized proton and around
the jet axis. At forward rapidities as well as for very high jet energies, one is able to access
high-x quarks for which no transversity information is currently available and at scales
not to be reached until the EIC. Without explicit hadron identification the separation of
flavor will be limited, but negative hadrons are a relatively clean source of negative pions
( 78% purity according to PYTHIA6). For positive hadrons, the expected asymmetries get
reduced due to dilution by protons (10-14%) and a moderate amount of kaons (12-13%).
However, anti-protons are suppressed compared to protons in the beam remnants and
therefore negative hadrons are substantially cleaner. Given their sensitivity to the down
quark transversity via favored fragmentation they are in particular important since SIDIS
measurements due to their electromagnetic interaction, are naturally dominated by up
quarks. Consequently, the current uncertainties on down quark transversities are larger
than those for up quarks and could be substantially reduced with forward measurements at
RHIC. We have estimated our statistical uncertainties based on an accumulated luminosity
of 268 pb−1, which leaves nearly invisible uncertainties after smearing. The uncertainties
were evaluated in a very fine binning in jet transverse momentum, jet rapidity and the
fractional energy z of the hadrons relative to the jet-pT. These expected uncertainties are
compared in Figure 4.8 to the asymmetries obtained from the transversity extractions
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based on SIDIS and Belle data [118] as well as from using the Soffer positivity bound for
the transversity PDF [119]. More recent global fits [? ] have slightly different central up
and down quark transversity distributions. But, due to the lack of any data for x > 0.3,
the upper uncertainties are compatible with the Soffer bounds. As can be seen from
the average partonic x probed in the hard 2→ 2 process (also based on PYTHIA6), x
is increasing with increasing jet transverse momentum as well as rapidity. This high-x
coverage allows giving important insights into the tensor charge essential to understanding
the nucleon structure at leading twist.

Figure 4.8: Collins asymmetries as a function of hadron fractional momentum z in bins
of jet rapidity and transverse momentum. The red (blue) curves show the expected
π+(π−) asymmetries based on the Torino parameterization (full lines) and the Soffer
bound (dashed lines). The estimated uncertainties for negative hadrons for a sampled
luminosity of 268 fp−1 are shown by the triangles.

4.4 New Observables in Heavy Ions

We can go one step forward with the sPHENIX detector systems including forward
instrumentation at RHIC. Both the mid and forward detector systems have hermetic
electromagnetic + hadronic calorimeters. Therefore, instead of looking at the particle pT,
we can measure the ET of the particles which can more directly be associated with the
stress-energy tensor along the hyper-surface that particles are emitted.

The complete and uniform calorimeter coverage offered by the forward extension
to sPHENIX would be new and unique at RHIC, and should enable a whole new class
of "global-event-shape" observables to be measured. There are a number of possible
approaches here; for example, Naselsky, et.al. [120] recommended surveying the A+A
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final state in a spherical geometry, with an expansion in spherical harmonics in very close
analogy to measurements of the CMB.

The example observable we present here takes a different approach, instead analyzing
the final state in “cylindrical" coordinates η and φ . Specifically we propose to measure
the power spectra of the ET as a function of η and φ , as defined by this procedure:

1. Calculate the ET(η ,φ) over events and produce 〈ET(η ,φ)〉
2. Calculate f (η ,φ) = ET(η ,φ)/〈ET(η ,φ)〉 event-by-event.
3. Calculate the power spectra of f (η ,φ) event-by-event
4. Average the power spectra over events

For calculating the power spectra, we used the following formula:

f (η ,φ) = ET(η ,φ)/〈ET(η ,φ)〉

g(ky,nφ ) =
∫ ∫

f (η ,φ)e−i( 2π

∆η
ηky+φnφ )dηdφ

P(ky,nφ ) =
1

Nevt
∑ |g(ky,nφ )|2

A general advantage of the power spectrum formulation is that it is quite general while
being very well-defined; it does not depend on any particular definition of an event plane
measure or a flow/non-flow separation, for example, and is straightforward to compare
with any theoretical simulation/calculation

We demonstrated the power spectrum analysis with AMPT simulation code. We gen-
erated 20 k 20-40 % central Au+Au events at

√
sNN=200 GeV, and followed the procedure

above. We limited the η range of the detector as −1 < η < 4, the planned range including
forward coverage. We took the periodicity of the rapidity variable as ∆η = 5 which is
the coverage of the detector. From Fig. 1.13 showing the ET(η ,φ)/〈ET(η ,φ)〉 for one
event, we can produce P(ky,nφ ) shown in Fig. 4.9. This simulation uses the AMPT event
generator at the particle level, with no detector effect simulated as yet.

As a general rule, the Fourier power spectrum across a space generally re-capitulates
the information in two-point correlations of the distribution; see the Wiener-Khinchin
theorem. Looking at the power spectrum of the event-by-event ET distributions in simu-
lated A+A collisions we can immediately recognize many familiar correlation phenomena,
and also see the possibility for new information. (1) The large peak in the (nφ =0,ky=0)
bin is the global correlation due to fluctuations in participant number within the event
class; (2) The row along ky with nφ =0 then shows the fluctuations in dET/dη as a function
of wavenumber, and hence scale, in rapidity, which at low ky is directly related to intial
energy deposit for low and to a variety of process at higher ky, see for example Ref. [121];
(3) The vanishing power in the (nφ =1,ky=0) bin reflects overall transverse momentum
conservation, with the higher ky bins reflecting directed flow across rapidity; (4) The peak
in the (nφ =2,ky=0) bin is a measurement of elliptic flow, and the structure along the nφ =2
row encodes the correlation of ellipticity along rapidity; and naturally (5) the nφ =3 row
does the same for triangular flow. Interestingly, we can see even from this plot that the
correlation along nφ =2 is longer-range than along nφ =3, consistent with what was seen in
the ATLAS result for event-plane correlations in Fig. 1.15.

This power spectrum exercise is one possibility among many for the kind of global-
event-shape measure that would be enabled by extending the sPHENIX uniform and
continuous calorimeter coverage out to the forward region. But it clearly demonstrates
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Figure 4.9: The power spectrum for 20-40 % Au+Au collision events produced by the
AMPT event generator, as an example of a full-event-shape observable. The power
spectrum is the squared magnitude of the Fourier transform of the ET(η ,φ) distribution
over pseudo-rapidity and azimuthal angle on each event over the full range [−1 < η <
4,0 < φ < 2π], normalized by the average distribution, and summed/averaged over events
(see Eq. 4.1; here 20 thousand events have been simulated). The power is shown at each
combination of azimuthal wavenumber nφ and pseudorapidity wavenumber ky. The power
spectrum generally re-capitulates the information in two-point ET correlations (see the
Wiener-Khinchin theorem) and we can recognize many familiar correlation phenomena;
see text for details and discussion.
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Figure 4.10: Inclusive jets in Au+Au collisions from the anti-kT algorithm with R = 0.4
in three selections in pseudorapodity. The counts per 2 GeV bin width correspond to the
entire Au+Au data set or 59 trillion equivalent N +N collsions.

that the simultaneous 2-D Fourier transformation is able to give an overall look at many
of the familiar correlation phenomena seen in heavy-ion collisions.

4.5 Enhancing the Existing sPHENIX Physics Program

In this section we show the potential physics performance of an extended sPHENIX jet
program in heavy ions, as discussed earlier in Section 1.4. The performance is evaluated
in terms of physics rates and acceptance utilizing PYTHIA8 simulations and the nominal
5-year run plan for sPHENIX. We have run the PYTHIA8 event generator for di-jets
(with p̂t > 15 GeV) and photon-jet pairs (with p̂T > 23 GeV). In the case of Au+Au
data taking, we would have statistics from the equivalent of 59 trillion nucleon-nucleon
collisions. Follow up full GEANT4 simulations with underlying event subtraction methods,
particularly in Au+Au, are necessary.

The jet transverse momentum range decreases rapidly at more forward rapidity, mak-
ing inclusive jet and photon reconstruction challenging. Figure 4.10 shows the number
of inclusive jets in counts per 2 GeV wide bin for three pseudorapidity selections cor-
responding to the entire Au+Au data set. The jets are reconstructed with the anti-kT

algorithm with an R parameter of 0.4. There are approximately one million jets with
pT > 20 GeV for pseudorapidity 1.5-2.0, and almost none in the even more forward
pseudorapidity 2.0-2.5. Even just extending the single jet measurements out to η = 2 is an
interesting test of jet quenching calculations, and is in a jet energy range where sPHENIX
has demonstrated the ability to subtract away the underlying event.

The major focus of the extended jet program is on the case of a midrapidity |η |< 1.0
trigger jet or direct photon with pT > 20 or > 15 GeV, respectively, and then measurements
of the corresponding associated jet in the additional forward rapidity region 1.5 < η < 3.0.
By measuring the associated jet at forward rapidity, we reconstruct these jets down to
pT > 10 GeV since the “fake jet” rate is dramatically reduced by the trigger jet or photon
event selection and also the ability to mix events for the subtraction – see for example
Ref. [98].
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Figure 4.11: Di-jet pairs from the anti-kT algorithm with R = 0.4, with the trigger jet at
midrapidity and pT > 20 GeV and the forward rapidity jet in selections in pseudorapidity.
The counts per 2 GeV bin width correspond to the entire Au+Au data set or 59 trillion
equivalent N +N collisions.
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Figure 4.12: Photon-Jet pairs from the anti-kT algorithm with R = 0.4, with the trigger
photon at midrapidity and pT > 20 GeV and the forward rapidity jet in selections in
pseudorapidity. The counts per 2 GeV bin width correspond to the entire Au+Au data set
or 59 trillion equivalent N +N collisions.

Figure 4.11 shows the number of counts corresponding to the total Au+Au data set
for dijet pairs (left) as a function of the associated jet pT and (right) as a function of the x
of the forward going parton. Figure 4.12 shows the same quantity, the number of counts
corresponding to the total Au+Au data set for photon-jet pairs (left) as a function of the
associated jet pT and (right) as a function of the x of the forward going parton. In both
cases, the additional forward rapidity coverage extends the high-x coverage for sPHENIX.
Additionally, the high-x probed with di-jets both in the midrapidity region involve the
highest pT jets that have different jet quenching kinematics compared with the lower
energy pair with one going to forward rapidity. As emphasized in the physics discussion,
given the different physics at play (jet quenching, cold nuclear matter energy loss, proton
cloud fluctuations) measurements with the same x and different jet energy, photon triggers
compared with jet triggers, and RHIC measurements compared with LHC measurements
are needed for a full disentangling.





5. Cost Estimate

In this chapter we detail preliminary cost estimates (for direct costs only) for the the
addition of forward instrumentation to the sPHENIX detector. Table 5.1 summarizes these
estimates and lists a 40% contingency. Labor costs and overhead have not been included in
these estimates. The GEM trackers and hadron calorimeter are included in the EIC detector
design [113]. Hence, the cost estimates for these subsystems are taken from there. The cost
of the other proposed subsystems is based on the cost of similar equipment in PHENIX or
other experiments. Where electronics costs are extrapolated from sPHENIX, we assume
the current numbers from the sPHENIX project plan: $104/channel for digitizers and
electronics and SiPMs at $8.50/ea from Hamamatsu.

Table 5.1: Estimated equipment costs for the addition of forward instrumentation to
sPHENIX (in FY2017 $M).

Cost Contingency Total

FHCAL 2.66 1.06 3.72

FEMC (refurbish PHENIX EMCal) 0.25 0.10 0.35

GEM Tracker 0.74 0.30 1.04

Piston Field Shaper 0.12 0.05 0.17

FHCAL electronics 0.23 0.09 0.32

FEMC electronics 0.39 0.16 0.55

GEM electronics 0.71 0.28 0.99

Total 5.1 2.04 7.14
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5.1 Hadron Calorimeter

For the sPHENIX forward instrumentation, we plan to use the same design for the hadron
calorimeter (FHCAL) as has been developed for the EIC detector in the hadron-going
direction, which is a steel-scintillator calorimeter with wavelength shifting fiber and SiPM
readout, similar to the sPHENIX central hadron calorimeter. As from [113] the direct
cost estimate is $2.66M for the detector and $0.23M for electronics/sensors for 2044
calorimeter towers.

Given that the FHCAL dominates the cost of the proposed upgrade, we are actively
exploring funding from non-DOE sources for this detector. Should additional cost-saving
measures be necessary, one possible option would be to stage the acceptance of the FHCAL
so that it could be recovered from contingency or additional sources of funding. Another
option to be explored would be to reconfigure existing hadron calorimeter modules from
the E864 experiment at the AGS to cover a portion of the FHCAL acceptance, with the
cost savings being used to complete the detector with new construction. We note that
reducing the FHCAL acceptance permanently would directly reduce the ability to perform
Drell-Yan dielectron measurements and limit the capabilities to perform jet measurements
in A+A.

5.2 Electromagnetic Calorimeter

We envision refurbishing the PHENIX electromagnetic calorimeter to serve as the forward
sPHENIX electromagnetic calorimeter (FEMC) by replacing the existing phototubes with
SiPMs and utilizing the same waveform digitizer electronics used in sPHENIX. The
cost listed in Table 5.1 assumes a nominal cost for frames and mechanical support for
restacking the PHENIX EMCal. For the inner region of the FEMC we envision re-using
the PHENIX Muon Piston Calorimeter (MPC) PbWO4 crystals. For the electronics cost
estimate we also assume replacing the MPC APD readout with SiPM’s, although studies
will need to be done to determine if the SiPM’s are an appropriate choice due to the high
radiation environment.

The PHENIX PbSc electromagnetic calorimeter has a total of 15,552 modules. Ap-
proximately 3,000 will be required for the sPHENIX FEMC. Each module consists of a
2×2 array of calorimeter towers. The outer FEMC will consist of 788 modules, or 3152
individual towers. The inner FEMC will consist of 300 PbWO4 crystals.

5.3 GEM Tracker

The cost estimate for the GEM tracker for the EIC detector is based on the GEM foil
cost for the CMS detector. The area of the GEM trackers in the sPHENIX forward
instrumentation is 94% of the one proposed for the EIC detector (only hadron-going side
trackers will be used in sPHENIX), hence the EIC detector cost estimate for GEM tracking
detector is scaled by this fraction resulting in direct cost of $0.74M. The segmentation
of the GEM trackers was assumed to be 1×10 mm2 pads for inner part and 2×100 mm2

pads for outer tracker portion. This leads to ∼200K pads and a direct cost of $0.71M for
the whole readout system, based on the CERN SRS readout cost.
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5.4 Piston Field Shaper
One choice for the large saturation point material for a field shaper could be HIPERCO-50
with a 49%Co+49%Fe. The market cost for this material is ∼$100/lb. The proposed
piston shaper would require ∼600 lb of HIPERCO-50, resulting in $60k for the material
alone. We assume an additional $60k for machining the material to the desired shape.





6. Summary

The addition of forward calorimetry and tracking to sPHENIX, extending coverage to
η = 4, will open up several physics opportunities not accessible by the midrapidity
sPHENIX barrel alone. This forward kinematic coverage is essential to:

• Isolate sea quarks in nuclei via forward p+A Drell-Yan measurements.
• Study in detail via jets and hadrons within jets the region where single-spin asym-

metries in transversely polarized p+ p collisions are known to be large.
• Probe the high-temperature, strongly interacting QGP formed in high-energy A+A

collisions across a region of varying baryo-chemical potential and opacity.
• Access early times in A+A collisions via transverse energy correlations over widely

separated pseudorapidities.
• Explore the surprising behavior observed in high-multiplicity p+A and p+ p colli-

sions via long-range ∆η correlations.
• Cleanly study quark energy loss in cold nuclear matter via forward p+A Drell-Yan

measurements as a function of x in the proton.

Leveraging the substantial investment in sPHENIX and the 1008 experimental hall at
RHIC with a modest investment in forward instrumentation will significantly expand the
physics program of the experiment and thereby give deeper insight into fundamental QCD
systems and their diverse interactions.





A. Particle Identification Upgrade

Adding particle identification (PID) capability to sPHENIX would significantly extend
the physics scope of the experiment. For example, it would enable measurements of
particle-dependent long-range correlations in heavy ion collisions. In addition, tagging
the flavor of the struck quark in polarized proton-proton collisions allows to obtain the
transverse momentum distributions of the strange sea quark. Moreover, kaons as decay
products from open charm events help in probing the distribution of gluons in protons and
nuclei. One option to realize PID in the forward region of the sPHENIX experiment is
the modular and compact aerogel RICH (mRICH) technology. The mRICH technology
is currently being developed for experiments at the future Electron Ion Collider (EIC).
Figure A.1 illustrates how the mRICH could cover a pseudorapidity range from η = 1.4
to η = 2.0 in sPHENIX. This coverage corresponds to the mRICH coverage in the latest
designs for an EIC detector based on sPHENIX.

Figure A.1: The proposed mRICH coverage (1.4 < η < 2.0) in the forward region of
sPHENIX.
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For an EIC experiment, PID coverage is mandatory. Therefore, since 2014, a generic
detector R&D program for the EIC (the EIC PID Consortium - eRD14) has developed
RICH-based PID detector technologies in a broad range of rapidity coverage. One of these
technologies is the mRICH detector. The mRICH detector consists of a block of aerogel,
a Fresnel lens, a four-sided mirror wall, and a sensor plane, as shown in Fig. A.2. Fig. A.2
also shows an event display of a single 10 GeV/c pion from the sPHENIX GEANT4
simulation. The Fresnel lens is the key component of this detector which produces a
sharper and smaller ring image. This lens based design, therefore, lowers the uncertainty
of single photon measurement, while maximizing separation power at higher particle
momentum. Figure A.3 shows the working principle of the lens-based mRICH detector
and a ring image from 100 pions at 10 GeV/c generated from a GEANT4 simulation.

Figure A.2: (Left) The mRICH detector design and its components; (right) an event
display of a single 10 GeV/c pion traveling toward to the center of the mRICH detector
from GEANT4 simulation. The pion and optical photons are indicated in red and green,
respectively.

The first mRICH prototype detector was very successfully tested at Fermilab in April
of 2016. The results from this test have been submitted for publication in NIM A. A
new prototype is currently under construction at Georgia State University, which will be
tested at Fermilab in 2018. There are a few significant improvements in the new design
that include (1) the separation of the optical components from the readout electronics;
(2) smaller photosensor pixel size by using Hamamatsu H13700 multi-anode PMTs and
SiPM arrays. Figure A.4 shows the most recent 3D-rendering of the improved mRICH
design.

An initial implementation of the mRICH detector modules in the sPHENIX GEANT4
simulation framework in the forward region of the sPHENIX detector system is shown in
Fig. A.5. There are 284 mRICH modules needed to cover the rapidity range from 1.0 to
2.0. However, due to the modular nature of this technology, partial coverage of this area is
easily realized. Also shown in Fig. A.5 (right) is the event track display of ten 10 GeV
pions.

Following the studies of the EIC PID consortium eRD14, the mRICH technology
seems like a viable option to add PID capabilities to sPHENIX in the forward region. Due
to the modular design of this technology, installing only a fraction of the modules for
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Figure A.3: (Left) Ray diagram describing the working principle of the mRICH detector.
Charged particles produce Čerenkov radiation inside the aerogel block and the Fresnel lens
focuses the photon rays on the sensor plane which is located at the focal plane of the lens.
(Right) Ring image from 100 pions at 10 GeV/c generated from GEANT4 simulation.

Figure A.4: 3D-rendering of the new and improved mRICH design.
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Figure A.5: The first implementation of the mRICH modules in the forward sPHENIX
GEANT4 simulation (left). Also shown are event tracks seen in the mRICH modules
(right).

partial coverage is easily realized. In addition to the benefits for the sPHENIX physics
program, installing mRICH modules in sPHENIX would be another step towards evolving
sPHENIX into an EIC detector.
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