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Chapter 2

The Science of EIC

2.1 Introduction

The science mission of the Electron-Ion Collider is to provide us with an understanding
of the internal structure of the proton and more complex atomic nuclei that is comparable
to our knowledge of the electronic structure of atoms. Unlike the more familiar molecular
and atomic structure, the interactions and structures are not well separated in protons and
other forms of nuclear matter, but are inextricably mixed up, and the observed properties
of nucleons and nuclei, such as mass and spin, emerge out of this complex system.

2.1.1 EIC Physics and Accelerator Requirements

A consensus study report of the National Academies of Sciences, published in 2018, on an
Assessment of U.S.-based Electron-Ion Collider Science [1], recognized this and con-
cluded “EIC science is compelling, timely and fundamental”. The NAS study further
found that “An EIC can uniquely address three profound questions about nucleons —
neutrons and protons — and how they are assembled to form the nuclei of atoms:

• How does the mass of the nucleon arise?

• How does the spin of the nucleon arise?

• What are the emergent properties of dense systems of gluons?”

They also concluded that “These three high-priority science questions can be answered by
an EIC with highly polarized beams of electrons and ions, with sufficiently high luminosity
and sufficient, and variable, center-of-mass energy.”

This reinforces the unique accelerator requirements of the Electron-Ion Collider, requir-
ing a large luminosity, 1033−34 over a large and variable range of center-of-mass energies,
between 20 and 140 GeV, high electron and (light) ion beam polarizations of above 70%,
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and a large range of accessible ion beams, from deuterium to the heaviest nuclei (uranium
or lead). It should be understood that the required electron polarization is longitudinal,
whereas the polarization requirement for protons and light ions is for both longitudinal
and transverse. Due to the broad science program foreseen at the Electron-Ion Collider, the
possibility to have a second interaction region and associated detector was emphasized in
the report.

As stated in the National Academy of Sciences Committee recommendations, “a central
goal of modern nuclear physics is to understand the structure of the proton and neutron
directly from the dynamics of their quarks and gluons, governed by the theory of their in-
teractions, quantum chromodynamics (QCD), and how nuclear interactions between pro-
tons and neutrons emerge from these dynamics.” The scientific program of the Electron-
Ion Collider (EIC) is designed to make unprecedented progress towards this goal.

The EIC can be seen as a microscope to image the 3D QCD structure of protons, neutrons
and other hadrons - composite systems of quarks and gluons, and their intrinsic dynamics
and correlations that lead to mass, spin, and other emergent properties. The EIC would
explore the QCD landscape over a large range of resolution (Q2) and quark/gluon density
(1/x), from the region where visible matter is (mostly) quark systems built from up, down
and strange quarks to a gluon-dominated region. Heavy nuclei are critical to explore the
high-density gluon matter.

2.1.2 Interaction Region and Detector Requirements

Beyond the unique accelerator requirements, EIC science also leads to a unique set of de-
tector requirements, and a novel fully integrated detector and interaction region scheme.
All final state particles carry information about the 3D QCD structure of nuclear matter
and the emergent phenomena. Therefore, it is essential that the interaction region and the
detector at the EIC are designed so all particles are identified and measured at as close to
100% acceptance as possible and with the necessary resolutions.

The basic physics process at the EIC is Deep Inelastic Scattering (DIS), which is represented
in Fig. 2.1. An ion, composed of nucleons, which are in turn composed of partons (quarks
and gluons), moves in one direction and collides with an electron moving in the other
direction. The electron collides with a parton within the ion in a hard collision.

We qualitatively define three classes of particles in the final state:

• The scattered electron,

• Particles associated with the initial state ion, and

• Particles associated with the struck parton.

The difficulty in achieving good acceptance in the forward regions at a collider has to do
with the accelerator elements needed to deliver the colliding beams. To first order, the
luminosity at the interaction point is inversely proportional to the distance between the
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Figure 2.1: Classification of the final-state particles of a DIS process at the EIC: scattered
electron (1), the particles associated with the initial state ion (2), and the struck parton (3).

nearest quadrupole magnets. On the other hand, the closer the beam elements are to the
interaction point, the more they obstruct the acceptance at shallow angles with respect to
the beam axis, and restrict the acceptance for forward particles. This complicates achiev-
ing close to 100% acceptance for all three types of particles, but especially the particles
associated with the initial state ion.

This leads to a unique and novel integration of the detector in the interaction region, ex-
tending over a large region (± 40 m) beyond the main detector. It also should be pointed
out that any change has impact on a wide variety of systems, from beam dynamics to ac-
celerator performance to magnet engineering requirements to detection capability – the
latter in terms of (gaps in) acceptance, particle identification and resolutions.

Further integration is required for ancillary measurements to deliver on the EIC science
program, such as those to absolutely determine the longitudinal electron and longitudi-
nal and/or transverse proton/light-ion polarizations with beam polarimeters, with good
systematic (order 1%) understanding. For the electrons a transverse polarization measure-
ment is not a requirement but often useful to underpin the systematic understanding of
the spin direction. Further, the exact frequency of electron-ion collisions per second must
be experimentally determined with luminosity monitors with again a goal of better than
1% understanding. Both of these goals are non-trivial, with beam dynamics potentially
impacting long-time averaging methods.

The central detector region of the EIC is designed to measure those final state particles
from the hard collision between the electron and the parton in the ion (particles of types 1
and 3 in Fig. 2.1) and is very much like the traditional collider detectors. The EIC central
detector needs to provide the measurements to determine Q2 and x variables of the elec-
tron scattering kinematics (or, the resolution Q2 and quark/gluon density 1/x of the QCD
landscape). The central detector is divided into three sections, the Electron-endcap, the
Hadron-endcap and the Barrel. The three different central detector sections correspond to
different x and Q2 regions for the scattered electron.
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Beyond determination of x and Q2, measurement of two transverse kinematics degrees
of freedom (transverse momentum and impact parameter), as well as flavor identification
of the partonic collision is central to the 3D QCD nucleon and nuclear structure program
planned for the EIC. The energy scale of the transverse kinematics is ∼200 MeV/c. This
means that identification and precise measurements of single hadrons among the particles
associated with the scattered partons (Particles of type 3 in Fig. 2.1) are also needed in the
central detector.

Crucial information on hadron structure is carried by particles that do not emerge from
the beam envelope within the coverage of the central detector. Broadly speaking, there
are two types of forward final state particles that need to be reconstructed. The first type
of forward particles comes from interactions in which the beam particle receives a large
transverse momentum kick and fragments into many parts. These particles typically retain
a velocity similar in magnitude, but with significantly different kinematics, from that of the
incident beam particle and may have very different charge-to-mass ratios. Such particles
will separate relatively rapidly from the beam. An example of such a particle is a forward
proton from a deuteron-electron DIS, a process that can give information on QCD neutron
structure (inside a deuteron) comparable to QCD proton structure. Another example are
forward neutrons.

The second type is a (hadron) beam particle that stays intact during the collision, only
loses a small fraction of its longitudinal momentum, and acquires a small transverse mo-
mentum. These particles are for example protons or ions in non-dissociative diffractive
interactions and will have a trajectory that is close to the proton (ion) beam. To map these
types of forward final state particles, a highly-integrated extended (“far-forward”) detector
region is defined downstream of the ion beam, and after the beam final-focusing elements,
covering about 30 m. The far-forward detector region together with the central detector
provides essential near-complete coverage for final state particles associated with the inci-
dent ion beam particle.

Similarly, the “far-backward” detector region is highly integrated to capture a third type of
measurements, those close to the beam line in the electron-beam direction. This allows to
monitor the luminosity as well as to significantly increase the low-Q2 coverage of the de-
tector. Electron-ion collisions where the electron is scattered through a very shallow angle
corresponds to the case where the exchanged photon is almost real. Such photoproduction
processes are of interest in their own right but also can allow a program of spectroscopy.

The science program at the electron-ion collider (EIC) has the potential to revolutionize
our understanding of 3D QCD nuclear and nucleon structure. It will also explore new
states of QCD. In order to maximize the potential of an EIC, it is important to have a large
(near-100%) acceptance not only in the central region, but also in the region that is close
to both the ion-beam and electron-beam direction — i.e. a total acceptance detector is
needed. There has never been a collider detector that has both the central and forward
(or backward) acceptances maximized in tandem, and this design is uniquely suited to the
EIC physics program.
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2.2 EIC Context and History

Half a century of investigations have revealed that the neutrons and protons (nucleons)
that make up the atomic nucleus are composed of more basic constituents, the quarks
and gluons, with their interactions mediated by the exchange of gluons. Their discovery
has led to the development of the fundamental theory of strong interactions, quantum
chromodynamics (QCD). QCD attributes the forces among quarks and gluons (collectively
called partons) to their color charge. In contrast to quantum electrodynamics, where the
force carriers (photons) are electrically neutral, gluons carry color charge and therefore do
self-interact.

As a consequence of QCD, the internal structure of nucleons consists of a complex dynam-
ical system of valence quarks immersed in a quantum sea of virtual quarks, antiquarks,
and gluons, a system unlike any other heretofore observed in nature. The spin of the nu-
cleon is not a simple sum of the spins of the valence quarks, but also includes significant
contributions from this quantum sea. The mass of the nucleon is not the sum of its con-
stituent partons (which is near zero), but emerges from interactions among the valence
quarks, antiquarks, and gluons.

Understanding the structure of nucleons and nuclei, as well as their properties such as
spin, mass, and nucleon-nucleon interactions from the properties and dynamics of quarks
and gluons is a central goal of nuclear science. Decades of work in high energy physics and
nuclear physics to probe the nature of matter at the QCD level has revealed a rich tapestry
with many detailed answers, but the most fundamental questions remain unsolved, entail-
ing many opportunities for new discoveries. The Electron Ion Collider (EIC) is conceived
with unique capabilities to explore this new realm of discovery for understanding the fun-
damental role of QCD in the observed structure of matter.

The dynamical interactions between quarks and gluons have profound consequences, such
as the generation of the nucleon mass. They also result in a little explored domain of matter
where gluons dominate the nuclear wavefunction. Hints of this domain have been seen
in nuclear collisions at RHIC and the LHC where the nuclei collide at nearly the speed
of light. Similar hints have been obtained from prior electron-proton scattering at HERA.
The corresponding strong color fields are at the heart of many poorly understood emergent
phenomena in QCD, such as confinement, properties of the quark gluon plasma, and the
origin of nucleon spin. A quantitative study of matter in this domain of gluon dominance
is a central goal of the EIC.

In the last two decades, nuclear physicists have developed new phenomenological tools
that show promise of realizing tomographic images of the quarks and gluons inside polar-
ized and unpolarized protons and neutrons. These tools are being utilized now and will
be further refined in the next few years to study the valence quark and the start of the
sea-quark region in the nucleon using the 12 GeV CEBAF at TJNAF and the COMPASS ex-
periment at CERN, respectively. However, our knowledge of the nucleon will be far from
complete without the investigation of the gluon dominated region within it. While high-
energy polarized and unpolarized hadron-hadron collisions at RHIC and the LHC have
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initiated the exploration of this gluon-dominated regime, the EIC will complement these
studies by simultaneously bringing the precision of the well-understood electromagnetic
probe, polarized beams, and high energies to the study of the gluon dominated region.
As one increases the energy of the electron-nucleon collision, the deep inelastic scattering
process probes regions of progressively higher gluon densities. However, the density of
gluons inside a nucleon must eventually saturate to avoid an indefinite rise in the strength
of the nucleon-nucleon interaction. How this exactly happens in QCD is unknown. Unam-
biguous evidence of this saturated gluon density has so far eluded us, although tantalizing
hints at RHIC and the LHC have been observed. Experimental design limitations of the
past are being specifically addressed in the design of the EIC in order to study this remark-
able form of matter; this will be facilitated by electron collisions with heavy nuclei, where
coherent contributions from many nucleons effectively amplify the probed gluon density.

The scientific goals and the machine parameters of the EIC were first agreed upon in delib-
erations at a community-driven program held at the Institute for Nuclear Theory (INT) [2].
They were further refined and summarized in the EIC White Paper [3]. The EIC science
goals were set by identifying critical questions in QCD that remain unanswered despite the
significant experimental and theoretical progress made over the past decades, and would
remain unanswered unless the EIC is realized. Those science goals and the consequent ma-
chine parameters for the EIC were supported in the 2015 NSAC Long Range Plan (LRP) [4]
leading to the recommendation for the EIC as the “highest priority new facility” to be con-
structed in the US by DOE’s Office of Nuclear Physics.

The EIC machine design presented in this document addresses all the scientific goals that
were identified by the broader community [2–5] as the most compelling questions in QCD
that the future Electron Ion Collider must address. During 2017 an independent assess-
ment of the science of EIC was conducted by a panel convened by the National Academies
of Sciences, Engineering, and Medicine [1]. The report strongly endorses this program,
noting that it addresses profound scientific questions central to nuclear physics research
while also advancing U.S. leadership in accelerator science and technology.

In parallel to growing the science case addressed by the EIC, there has been a vibrant R&D
program [6] developing the detector technologies needed for a state-of-the-art compact
collider detector. Over the years several consortia have been established to address the
challenges in tracking, calorimetry and particle identification detectors both at mid-, back-
ward and forward rapidities. Following the trends from the Large-Hadron Collider (LHC)
in data acquisition (DAQ) also at EIC one is investigating a free streaming DAQ, thus elim-
inating any trigger and providing a large potential for not yet anticipated physics ideas. In
addition emphasis was given to integrate all the ancillary detectors along the lepton and
hadron beamlines into the wider interaction region.

2.3 The Science Goals of the EIC and the Machine Parameters

In this section, we present a few selected topics among the set of compelling questions in
QCD that led to the recommendation for construction of an EIC in the NSAC process, and
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summarize the machine parameters that are needed to address them.

The key scientific questions that the EIC could address are:

1. How are the sea quarks and gluons, and their spins, distributed in space and mo-
mentum inside the nucleon? How do nucleon properties emerge from them and
their interactions?

2. How do color-charged quarks and gluons, and jets, interact with a nuclear medium?
How do the confined hadronic states emerge from these quarks and gluons? How
do the quark-gluon interactions create nuclear binding?

3. How does a dense nuclear environment affect the quarks and gluons, their correla-
tions and their interactions? What happens to the gluon density in nuclei? Does it
saturate at high energy, giving rise to a gluonic matter with universal properties in
all nuclei and even nucleons?

10-1

10-1

10-2

10-210-3
10-310-4

1

1

10

 HERAPDF1.0

 experimental uncertainty

 model uncertainty

 parametrization uncertainty
 

x

xf

xuV

xdV

xS 

xG HERA
Q2 = 10 GeV2

Figure 2.2: The gluon (xG), sea (xS) and valence quarks (x uv and x dv) distributions as
extracted from the data collected at HERA along with their uncertainties. Domination of
gluons at x ≤ 0.1 is evident.

Figure 2.2 depicts the parton distribution functions extracted from e+p scattering data from
the HERA collider at DESY. To leading order, these functions represent the probability
density for finding a particle with a certain longitudinal momentum fraction x at resolution
scale Q2. The plots show the valence quark, sea quark, and gluon distributions extracted
from the data. The most surprising feature of this result was the rapid rise of the gluon
distribution with decreasing x, indicating that gluons dominate the proton’s wavefunction
at high energies.
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Figure 2.3: Left: The x-Q2 range covered by the EIC with two different center-of-mass en-
ergy ranges in comparison with past and existing polarized e+p at CERN, DESY and SLAC
and p+p experiments at RHIC. Right: the kinematic range in x-Q2 for lepton-nucleus deep
inelastic scattering and Drell-Yan (DY) experiments and future CEBAF 12 GeV experiments
in comparison with the EIC.

The EIC design described in this document covers a center-of-mass energy range for the
e+p collisions of

√
s of 29 to 140 GeV. The kinematic reach in x and Q2, the momentum

transferred by the electron to the proton, is shown in Figure 2.3. The diagonal lines in each
plot represent lines of constant inelasticity, y, which represents the ratio of the virtual pho-
ton’s energy to the incoming electron’s, in the target rest frame. The variables x, Q2, y and
s are related to each other by a simple equation Q2 = sxy. Since the EIC is being designed
to study the domain of gluon dominance in the proton, it has to have a substantial energy
reach to access the low-x region (x ∝ 1/s). The left figure shows the kinematic acceptance
for polarized and unpolarized e+p collisions, and the right figure shows the acceptance for
e+A collisions. Also shown for comparison is the reach of past and current fixed target
facilities that acquire comparable data sets, and in case of the left plot, polarized p+p colli-
sions from RHIC. Note that there are no data from past or current experiments in the region
of x < 5× 10−3. The two figures establish that the EIC would, for the first time, allow us
to explore significantly lower values of x where the role of gluon degrees of freedom is
enhanced.

The details of the science case for the EIC have been presented in the EIC White Paper [3].
In what follows, we describe, in greater detail, the compelling scientific questions outlined
above, and motivate the requirements for the machine parameters that would help us ad-
dress these questions.
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2.3.1 Nucleon Spin and Imaging

Nucleon Spin

Understanding the nucleon spin in terms of its components, quarks, anti-quarks, gluons,
and the dynamics resulting from color interactions, has been an important goal for nuclear
scientists over the past five decades. The nucleon spin can be split into its components [7]:

1
2
=

1
2

∆Σ(Q2
f ) + ∆G(Q f ) + LQ+G(Q f ) (2.1)

where ∆Σ, ∆G, and L are the contributions from quarks and anti-quarks, gluons, and
their angular momentum to the nucleon spin. They are evaluated at a fixed scale Q f and
summed over the whole x range from 0 to 1. The discovery by the EMC experiment at
CERN in the 1980s, that the quark and anti-quark spin alignment (∆Σ in the equation
above) could not explain the nucleon’s spin, brought this fundamental issue into the lime-
light. Since then, numerous fixed target polarized electron/muon scattering experiments
and polarized proton collisions at RHIC [8] have confirmed that the spin alignment of
quarks+antiquarks, and gluons, in the covered kinematic region (0.001 ≤ x ≤ 0.6) does
not explain the nucleon’s spin, thus providing indirect evidence for a potential contribu-
tion from parton orbital angular momenta, LQ+G. The largest uncertainties in ∆Σ and ∆G
come from the unmeasured regions of x < 5× 10−3, where no data exist. With measure-
ments in this region, the EIC will provide precise measurements of ∆Σ and ∆G that will
resolve the spin components of the proton [3, 5, 9].

Figure 2.4 illustrates the potential impact of the EIC on reducing the uncertainty in knowl-
edge of the unmeasured region assuming the

√
s range indicated in the figure. The EIC will

significantly reduce the uncertainty in the knowledge of ∆Σ + ∆G for 10−6 < x < 10−3

(y-axis), as well as in the contribution from orbital angular momentum in the range
10−3 < x < 1 (x-axis). It is evident from this plot that the higher center-of-mass en-
ergy is required to make measurements for which the errors are much smaller than the
individual contributions. For the EIC measurements of ∆Σ and ∆G inclusive DIS longitu-
dinally polarized double spin asymmetries are necessary where the scale dependence of
asymmetries measured at the same x but different Q2 provides information to the gluon
spin contribution.

In addition, the role of sea quark helicities and their contribution to the total spin has been
only slightly addressed at moderate to high momentum fractions so far. In particular the
role of strange quarks, an entire sea object, is still very unclear and has so far mostly been
obtained via hyperon decay constants and the assumption of SU(3) flavor symmetry. Using
those assumptions, a substantial negative contribution is found in global fits (reducing the
contribution of ∆Σ to the proton spin) while no direct indication of such a behavior was
seen in semi-inclusive DIS measurements so far. DIS measurements in which final-state
hadrons are measured (in addition to the scattered electron), are commonly referred to as
”Semi-Inclusive DIS” (SIDIS) measurements. Using SIDIS measurements at the EIC will
enable the direct determination of the strange and other sea quark helicities with the help
of fragmentation functions. Especially the fragmentation of partons into kaons, which



10

−0.6 −0.4 −0.2 0.0 0.2 0.4
1/2-

∫ 1

10−3(∆g + 1/2∆Σ) dx

−1.5

−1.0

−0.5

0.0

0.5

1.0

1.5

2.0

∫ 1
0
−

6

1
0
−

3
(∆
g

+
1/

2∆
Σ

)
d
x

L = 0

L = 0.5

L = −0.5

DSSV14 dataset

+EIC DIS
√
s = 45 GeV

+EIC DIS
√
s = 45− 140 GeV

Figure 2.4: The impact of different center-of-mass energies on our knowledge of the sum of
quark and gluons’ helicity contributions in the range 10−6 < x < 10−3 (vertical axis) versus
the contribution from the orbital angular motion in the range 10−3 < x < 1 (horizontal axis).
The calculations are shown at a fixed scale of Q2
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contain a strange quark as valence flavor, enhances the sensitivity to the strange helicities.
Figure 2.5 displays the expected uncertainties of various sea quark helicities as a function
of x when not only including EIC DIS but also semi-inclusive DIS data. One can clearly see
that the impact on the sea quark helicities greatly improves under the inclusion of SIDIS
EIC data.
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are displayed including their expected uncertainties. [10].
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Machine and Detector Requirements For Polarized Inclusive and Semi-inclusive Deep
Inelastic Scattering

Obtaining double longitudinal spin asymmetries require measuring inclusive deep inelas-
tic scattering (DIS) with longitudinally polarized electrons off longitudinally polarized
protons. Typically, 70% beam polarization was assumed in the conducted simulations.
Most studies were performed assuming a data set with integrated luminosity L = 10 fb−1,
and it was shown in [5, 9] and references therein that the statistical uncertainties at this lu-
minosity are considerably smaller than the current theoretical uncertainties. Experimental
systematic uncertainties, coming from polarization measurements and other (time depen-
dent, detector related) false asymmetries in measurements would then have to be con-
strained to a few percent [11]. Similar measurements using polarized 3He or deuteron are
needed to obtain full flavor separation of the spin structure. The machine requirements are
similar to the ones discussed for the proton except for the need of neutron rich polarized
nuclear beams. In addition, this science program will need high center-of-mass energies
and an integrated luminosity of at least 10 fb−1.

As will be discussed in more detail later, the scattered DIS leptons can be predominantly
found in the backward endcap region, the central detector region and, at high x and Q2,
also the forward region. In the latter case using the total hadronic final state or com-
bined methods are often required to determine the DIS kinematics well enough. Final state
hadrons needed for the semi-inclusive measurements range from the forward regions with
high momenta of up to 70 GeV at the higher collision energies to the backward endcap re-
gion and generally smaller momenta. For the flavor sensitivity to the sea quark helicities,
pions and kaons need to be cleanly identified in the detector.

Imaging The Confined Motion Of Quarks

Experiments with collisions of electrons on transversely polarized protons, deuterons (D),
or helium (3He) targets, have measured single spin azimuthal asymmetries for various
identified hadrons over a broad range of kinematics. Similar effects have been observed
and studied in singly polarized p+p collisions. The commonly accepted origin of these
asymmetries are the correlations between the transverse momentum of quarks and their
spin, as well as the spin of the parent nucleons. Therefore a full picture of the nucleon has
to include the transverse spin and momentum distribution of partons in addition to their
longitudinal one.

SIDIS and polarized p+p measurements over the past decade, have allowed scientists to
formulate a framework in which the measurements of single spin azimuthal asymmetries
for different identified hadrons are connected to the transverse momentum distribution
(TMD) of partons, i.e., their confined motion inside the nucleon and to its transverse spin
contribution. These TMDs incorporate the correlations between the motion of partons,
their spin, and the spin of the parent nucleon. These correlations arise from spin-orbit
coupling among the partons about which very little is known to-date. One can define
eight types of TMDs [12] based on the different combinations of quark and nucleon spin
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orientations, and a similar set of eight TMDs for gluons—all of which need to be mapped
out if one is to gain full knowledge of the 3D momentum and spin structure of the nucleon.
As these measurements mostly require hadrons in the final state, also similar sets of TMD
fragmentation functions are involved in order to access these distributions.

The data sets used to constrain TMDs are currently more limited in x and Q2 than the mea-
surements shown in Figure 2.3 (left) used to constrain the helicity PDFs. With its polarized
beams and high energy, the EIC will dramatically advance our knowledge of TMDs. One
will be able to map out the 2+1 dimensional momentum structure of the different quark
flavors and gluons inside nucleons over a wide region in x and Q2 [3, 13].
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Figure 2.6: Left: The transverse momentum distribution of an up quark with longitudinal
momentum fraction x = 0.1 in a transversely polarized proton moving in the z-direction,
while polarized in the y-direction. The color code indicates the probability of finding the up
quarks. Right: The transverse-momentum profile of the up quark Sivers function at five x
values accessible to the EIC, and corresponding statistical uncertainties.

Figure 2.6 (left) depicts the transverse-momentum distribution of up quarks inside a pro-
ton moving in the z-direction (pointing out of the page) with its spin polarized in the
positive y-direction. The colors represent the probability of finding the up quarks for the
given momenta. The anisotropy in transverse momentum is described by the Sivers distri-
bution function [3,14,15], which describes the correlation between the proton’s spin direc-
tion and the motion of its quarks and gluons. While the figure is based on a preliminary
extraction of this distribution from current, limited, experimental data and the expected
precision at an EIC, nothing is known about the spin and momentum correlations of the
gluons and sea quarks. The achievable statistical precision of the quark Sivers function
from EIC kinematics assuming an integrated luminosity of 10 fb−1 is shown in Figure 2.6
(right). Currently no data exist for extracting such a picture in the gluon-dominated re-
gion in the proton or in light nuclei. For (sea)quark related Sivers function measurements
semi-inclusive single spin asymmetries for certain azimuthal correlations of hadrons and
nucleon spins around the virtual photon direction are required. To single out gluon pro-
cesses to access the gluon Sivers function, nearly back-to-back pairs of jets or heavy flavor
hadrons are required where the transverse spin dependent transverse momentum imbal-
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Figure 2.7: Expected up and down quark transversity distributions (left) and tensor charges
(right) at an EIC in comparison to current extractions [16].

ance relates to the gluon Sivers function. The EIC will be crucial to realize such a program.
Similarly important is the transverse spin distribution of quarks inside a transversely po-
larized nucleon which also requires the use of TMD or di-hadron fragmentation functions
despite not being an explicitly transverse momentum dependent object itself. The integral
over x is also called the tensor charge of the nucleon which may be connected to physics
beyond the standard model. The current experimental precision is very limited and still
requires various phenomenological assumptions, but the comparison of the tensor charges
extracted from the EIC and from lattice QCD simulations may be sensitive to such physics.
While the tensor charges are expected to be valence dominated, only the full integrals
over a large range in x will remove the extrapolation uncertainties that current and fu-
ture fixed-target measurements have and complement them. The expected precision on
the transversity distributions and tensor charges for up and down quarks is shown in Fig-
ure. 2.7 in comparison to current extractions [16] with a precision that would exceed lattice
calculations.

In addition to extracting the transverse spin and momentum picture of the nucleon, sub-
stantial theoretical interest lies in understanding the scale dependence of explicitly trans-
verse momentum dependent functions. Unlike the collinear case that is well understood,
there are plenty of open questions that can only be answered by a machine such as the
EIC that has a large range of scales while covering transverse momenta from low, non-
perturbative, to high, perturbative, regions.

Machine Requirements For TMD Measurements

Measurements of transverse momentum dependent distribution and fragmentation func-
tions require longitudinally and transversely polarized hadron beams colliding with
(un)polarized electrons. Simulations to investigate the degree to which the EIC can con-
strain the Sivers and other TMD functions assumed 70% transverse polarization of the
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proton beam [3]. As mentioned earlier, semi-inclusive DIS implies the identification of fi-
nal state hadrons in coincidence with the scattered electrons. There is already experimental
evidence for flavor dependence, namely, a dependence on the type of quark involved in
the collision, of the different TMDs. These measurements require that the hadron type
in the final state be identified, in order to tag the flavor of the parton as up quarks are
more likely to fragment into positive pions, down quarks into a negative pion and strange
quarks into kaons. To obtain a detailed understanding of the eight different quark and
gluon TMDs, one needs to bin the experimental observables in multiple variables, such as
x, Q2, y, pT, z and φS,h simultaneously, where pT is the hadron transverse momentum and
z is the momentum fraction of the final state hadron, both with respect to the virtual pho-
ton. φS,h are the azimuthal angles of the incoming nucleon spin and the outgoing hadron
around the virtual photon direction evaluated relative to the lepton scattering plane. The
smooth coverage of all azimuthal angles for the given other kinematic variables requires
a homogeneous detector with as little gaps as possible. Mapping the TMDs in multiple
dimensions will require larger statistics than for inclusive measurements. To fully dis-
entangle the flavor dependence of the various TMDs, it is important to collect data with
neutron rich transversely polarized beams, such as 3He or D with equivalent experimental
conditions. Each of these collider operating modes will need an integrated luminosity (or
significant fraction) of 10 fb−1. There is an obvious redundancy in the data sets. For exam-
ple, unpolarized target conditions could be achieved by combining oppositely polarized
longitudinal or transverse data sets, thus running the collider effectively for two physics
programs simultaneously. However, despite such opportune simultaneity in data taking,
it is anticipated that the systematic program of measurements essential for the complete
mapping of TMDs will require large collective integrated luminosities (a couple of 10 fb−1)
at various collisions energies for different hadron beams and their spin orientation [3]. The
wide range in x− Q2 provided by the EIC is essential for mapping the TMDs. To explore
gluon TMDs, access to the gluon dominated low-x region is critical and requires both high
energy (

√
s ≥ 100 GeV) and a large luminosity [13, 17].

Imaging the Transverse Spatial Distribution of Partons

As in the case of the transverse momentum distribution of partons inside a hadron, we
know little about what a hadron looks like in transverse spatial dimensions. Many of our
expectations are solely based on models. In some cases, it is expected that at large-x, the
quantum numbers of the hadrons come from the struck partons in the DIS measurement.
As one goes to low-x, and gluon distribution begins to saturate, its an interesting question
of how gluons and sea quarks clump together in the hadron. At some yet unknown low-x
a very high density gluon saturated region is reached [3, 5].

It is now possible to measure the transverse spatial distributions experimentally. The
study of the spatial distribution of quarks and gluons requires a special category of mea-
surements, that of exclusive reactions. Examples are deeply virtual Compton scattering
(DVCS) and deeply virtual vector meson (DVVM) production. In these, the proton remains
intact after the electron has scattered off, and a photon or a vector meson is produced. Ex-
clusivity demands that all final state products are detected. This includes the scattered
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Figure 2.8: The projected precision of the transverse spatial distribution of partons obtained
from the Fourier transform of the measurement of unpolarized DVCS cross section as a
function of |t| at the EIC for a targeted luminosity of 10 fb−1 at each center-of-mass energy.
Impact parameter, bT , is the distance from the center of the proton. Left: the evolution in x at
a fixed Q2 (10 < Q2 < 17.8 GeV2). Right: the evolution in Q2 at a fixed x (1.6× 10−3 < x <
2.5× 103). The red and blue bands indicate extraction of spatial distribution only with high
and low center-of-mass energies, respectively, while the purple band is accessible at both.

electron, the produced photon or vector meson, and the scattered proton. The spatial dis-
tribution of quarks and gluons in these experiments is extracted from the Fourier trans-
form of the differential cross section with respect to the momentum transfer, t, between
the incoming and the scattered proton. The non-perturbative quantities that encode the
spatial distributions are called Generalized Parton Distributions (GPDs) [18–20]. They are
interesting to nuclear scientists not only because of their fundamental importance in non-
perturbative QCD, but also because the second moment of particular sets of quark and
gluon GPDs will give us information about total quark and total angular momentum of
quarks and gluons in the proton [21]. This spatial distribution yields a picture of the pro-
ton that is complementary to the one obtained from the transverse-momentum distribution
of quarks and gluons.

Currently, our knowledge of GPDs from DVCS is limited and is based on fixed tar-
get experiments at intermediate to high-x or at low-x from the HERA collider measure-
ments. The high-energy, high-luminosity EIC will make a very significant impact on
these measurements. It is anticipated that measurements made for protons in the range
0.04 . t < 1.5 GeV2 will enable maps of parton distributions all the way down to 0.1
fm [5, 22]. Such exclusive measurements performed on nuclei will enable us to gain a
deeper understanding of the transverse quark and gluon distributions within.

Figure 2.8 shows the precision with which an EIC will provide transverse spatial distribu-
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tion for quarks [5]. The red and blue bands are reachable only with high or low energy
collider operations, respectively, while the purple band is reachable by both. To reach low-
x and high-Q2 the EIC needs to have the higher center-of-mass energy. The measurements
were simulated using an integrated sample of 10 fb−1. The uncertainties shown in this
plot only account for statistics and experimental systematics, not for the systematic uncer-
tainties associated with the extraction of these quantities from data. For more about the
extraction of proton size, we refer to [3, 5, 22].

Machine Requirements for GPD Physics

GPD physics is one of the most demanding in terms of luminosity as it requires multi-
dimensional binning of very low cross-section processes. While it has been shown that
an integrated luminosity of 10 fb−1 is sufficient to get to precise unpolarized spatial dis-
tribution functions, transverse spin asymmetry measurements that are sensitive to GPD
E require 100 fb−1. This amount of integrated luminosity will be necessary at several
center-of-mass energies in order to cover the physics program outlined in the EIC White
Paper [3] and high Q2 and high x measurements will need the highest luminosity possi-
ble in to achieve a statistical precision comparable to the systematics uncertainties of the
measurements.

The continuous measurement of t from ∼ 0.02 to about 1.5 GeV2 demands a careful de-
sign of the interaction region to detect the forward going protons scattered under small
angles combined with a careful choice of the hadron beam parameters, i.e., angular diver-
gence and large acceptance magnets. A complete map of the spatial distributions of quarks
and gluons including polarization effects, requires high polarization of hadron and lepton
beams [3, 22].

Pion and Kaon Form factors and structure functions

A recent addition to the physics program at the EIC originating from a series of workshops
taking place since 2017 aims to study not only the sub-structure of the nucleon and nuclei,
but extend it to the lightest bound states of the strong interaction, pions and kaons. As
pions and kaons are unstable, their substructure could not be directly accessed via DIS
and most of its limited information originates from secondary pion/kaon beam Drell-Yan
measurements [23]. There is, however an opportunity to study their substructure using
the Sullivan process [24, 25] where the lepton scatters not on the nucleon but on a virtual
meson emitted from the initial nucleon and the remaining baryon is detected at very for-
ward angles. The corresponding diagrams are displayed in Fig. 2.9 for elastic and deeply
inelastic scattering on the meson.

The EIC allows to explore pion and kaon structure functions over a large QCD landscape
in x and Q2 to map the quark and gluon distributions in pions and kaons at a roughly
similar level as for the proton when using only the HERA data. This would allow to give
crucial insights to the understanding of mass. The vast majority of the proton mass is
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Figure 2.9: Diagrams depicting the scattering of the virtual photon on a virtual pion emitted
from the nucleon a), elastically or b) deeply in-elastically.

emergent and due to quark-gluon interactions, and similar emergent-mass mechanisms
must play a role in the pion and kaon. Yet the mass of the pion is only 140 MeV. This has
led to speculation if the pion as viewed at high energies is full or empty of gluons. The EIC
data will give unique insight in the emergent-mass mechanism and why the pion mass is
so light. The kaon mass is ∼490 MeV and is at the boundary of the emergent- and Higgs-
mass mechanisms, the latter responsible for the larger strange quark mass. Whether kaons
viewed at high energies have less or more gluons in them than pions is unclear. The EIC
will similarly allow access to the pion form factor to large values of Q2 ∼35 GeV2.

Machine requirements for pion/kaon substructure measurements

The debris of the meson and the scattered lepton can be detected by the central detectors.
In the case of the virtual meson of the Sullivan process being a π+, the resulting baryon
is a neutron that can be detected by zero-degree calorimeters. When studying the kaon
structure via this process, the forward-going baryon becomes a Λ and decays either into a
π−-proton pair or a π0-neutron pair. Detecting the charged particles is quite challenging
but the neutral particles can be detected by a finely segmented zero-degree calorimeter.
Due to the long life-time of the Λ, the lower collision energies are slightly favored in en-
suring the decay before the ZDC. However, the larger angular spread of the forward-going
baryons at lower energies would require a larger ZDC which could possibly interfere with
accelerator elements.

Since only a small fraction of the nucleons emit a virtual meson and only small momentum
transfers from the nucleon to the resulting baryon allow the interpretation in terms of a real
pion, the highest luminosities are necessary.

2.3.2 Physics with High-Energy Nuclear Beams at the EIC

The nucleus is a QCD molecule, with a complex structure corresponding to bound states
of nucleons. Understanding the formation of nuclei in QCD is an ultimate long-term goal
of nuclear physics. With its wide kinematic reach, as shown in Fig. 2.10, the capability
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to probe a variety of nuclei in both inclusive and semi-inclusive DIS measurements, the
EIC will be the first experimental facility capable of exploring the internal 3-dimensional
sea quark and gluon structure of a fast-moving nucleus. Furthermore, the nucleus itself is
a unique QCD laboratory for discovering the collective behavior of gluonic matter at an
unprecedented occupation number of gluons, for studying the propagation of fast-moving
color charges in a nuclear medium to shed light on the mystery of the hadronization pro-
cess, and to study of the quark-gluon origin of short range nucleon-nucleon forces in the
nuclei.
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Figure 2.10: The range in the square of the transferred momentum by the electron to the
nucleus, Q2, versus the parton momentum fraction x accessible to the EIC in e+Au collisions
is depicted for the highest and lowest center-of-mass energies available at an EIC. The data
points reflect existing e+A data. The red curve illustrates the expected saturation scale Q2

s (x)
for Au.

Study of High Gluon Density Matter

A key feature of gluon saturation is the emergence of a momentum scale QS, known as
the saturation scale. If this scale is significantly larger than the QCD confinement scale
ΛQCD, the dynamics of strongly correlated gluons can be described using weak coupling
many-body methods. The framework that enables such computations is called the Color
Glass Condensate (CGC) [26]. The CGC predicts that Q2

S ∝ A1/3; thus, the novel domain
of saturated gluon matter may be accessed sooner at a given energy in large nuclei (see
Fig. 2.10). This regime of QCD is assumed to exist in all hadrons and nuclei when viewed
at high energies where one is able to probe the low-x regime in full detail. Unambiguous
establishment of this novel domain, and its detailed study, is one of the most important
goals of the EIC.

QCD predicts that the saturation of gluons is achieved precociously in large nuclei, i.e., at
larger values of x than in the proton since the saturation scale Q2

S is enhanced by approxi-
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Figure 2.11: The accessible values of the saturation scale Q2
S at an EIC in e+A collisions

compared to e+p collisions at HERA. In both cases maximum center-of-mass energies is as-
sumed.

mately A1/3. Figure 2.11 shows calculations for the saturation scales for the e+A collisions
at maximum center-of-mass energies and for e+p collisions at HERA. Perturbative calcula-
tions can be performed reliably in the higher Q2 region to the right of the dashed vertical
line. It is in this region where Q2 > Q2

S that DGLAP evolution can be reliably compared
with the saturation calculations. Clearly, the saturation scales achievable at the EIC are
significantly larger than those in e+p although the

√
s energy for HERA was substantially

larger. This enhancement of Q2
s in nuclei is a consequence of the high energy probe cou-

pling coherently to all the partons along its path length in the nucleus. This figure makes
the case that, to explore saturation phenomena reliably, one needs to have the largest nuclei
at the highest possible center-of-mass energy.

While there are multiple experimental signatures of saturation discussed in the litera-
ture [3], we only use two in this section to motivate the requirement for the energy of
the collider; these are dihadron suppression and diffraction in e+A collisions.

The dihadron correlation in the process e + A → e′ + h1 + h2 + X refers to the angular
correlations between two hadrons h1 and h2. The angle between the two hadrons in the az-
imuthal plane is sensitive to the transverse momentum dependence of gluons as the parton
shower develops, and to their interactions among themselves—the mechanism that leads
to saturation. The experimental signature of saturation is a progressive suppression of the
away-side (∆Φ = π) correlations of hadrons with increasing atomic number A at a fixed
value of x. A systematic comparison of the magnitudes and widths in the dihadron az-
imuthal distribution in e+p and e+A collisions at various energies should lead us to the
appropriate conclusion about the existence of saturation [5, 27]. In the left plot in Fig. 2.12
(for details see [5, 27]), we plot the ratio of the correlations functions in e+Au to those in
e+p for three energies. The suppression increases with increasing center-of-mass energy
of 90 GeV. Since the typical uncertainties in saturation models are approximately equal to
what would be a suppression of 20%, a significantly larger suppression ratio would be
highly desirable, suggesting the highest possible center-of-mass energy is essential for es-
tablishing saturation unambiguously. The right plot in Fig. 2.12 depicts the corresponding
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Figure 2.12: Left: Ratio of dihadron correlation functions in e+Au collisions to those ine+p
collisions in a simulation study at three different center-of-mass energies. Ratio below 1
implies a suppression or disappearance of hadrons, which is statistically significant (and
maximal) at ∆φ = π radians. Right: xg distributions probed by the correlated hadron pairs
for the different center-of-mass energies in e+Au collisions. The average and peak values for
the distributions are shown. The gluon saturation scales Q2

s corresponding to xg values are
displayed on top of the plot.

xg distributions for dihadrons produced at the three different center-of-mass energies dis-
cussed. The larger the energy, the smaller the xg values one can access, and the further we
reach into the saturation regime. Since the saturation scale is a function of xg alone, we
also show the reference Q2

s values on the top of the plot.

Diffraction in e+A scattering is another promising avenue to establish the existence of sat-
uration and study the underlying dynamics. Diffraction entails the exchange of a color
neutral object between the virtual photon and the target. A consequence of this is a rapid-
ity gap between the target remnant and the diffractively produced system. Conversely, if
the exchanged particle is not color neutral, then in the detector one would observe a broad
spray of final state hadrons filling up the rapidity gap. At HERA, these types of diffrac-
tive events made up a surprisingly large fraction of the total e+p cross section (10–15%).
There are two explanations of such large diffraction cross-sections. One is the physics of
saturation. The other is due to nonperturbatively shadowed diffractive structure functions
that satisfy leading twist evolution equations. At EIC, the diffractive DIS off nuclei, satu-
ration models predict that over 20% of the cross-section will be diffractive. In contrast, the
perturbative QCD based leading twist shadowing (LTS) models do not predict any such
enhancement. Since diffractive cross sections are proportional to the square of the nuclear
gluon distribution, σ ∝ g(x, Q2)2, they are very sensitive to the onset of gluon saturation,
and are important for the study the gluon saturation.

Figure 2.13 illustrates this dramatic effects of gluon density saturation in e+A versus e+p
collisions at an EIC. The plot considers coherent diffractive processes, defined to include
all events in which the beam nucleus remains intact and feature a rapidity gap contain-
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ing no produced particles. As shown in the figure, the fraction of such diffractive events
are greatly enhanced by gluon saturation (the red points) in comparison with the predic-
tions of shadowing model (the blue points). In all gluon saturation models, the coher-
ent destructive multiple interaction among colored gluons suppresses both the coherent
diffractive and total DIS cross-sections on nuclei compared to those on the proton, but, the
suppression on the coherent diffractive events with the nucleus remained intact is much
weaker than that of the total cross section leading to a dramatic enhancement in the double
ratio as shown in Fig. 2.13. An early measurement of coherent diffraction in e+A collisions
at the EIC would provide the first unambiguous evidence for gluon saturation.
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Figure 2.13: The ratio of diffractive over total cross-section for DIS on gold normalized to
DIS on proton plotted for different values of M2

X , the mass squared of hadrons produced in
the collisions for models assuming saturation and non-saturation [3]. The statistical error
bars are too small to depict and the projected systematic uncertainty for the measurements
is shown by the orange bar. The theoretical uncertainty for the predictions of the LTS model
is shown by the grey-blue band.

Machine Parameters For Studies of Gluon Saturation

Highest energy operation of the EIC with the heaviest nuclei will be an essential require-
ment for discovery of the gluon saturation. A detailed study of saturation beyond its dis-
covery would require a systematic variation of the nuclear size and of

√
s to see where the

saturation sets in. Di-hadron correlation studies performed with an 10 fb−1/A integrated
luminosity are sufficient to get a clean signature. Such integrated data sets are also suffi-
cient for many diffractive studies, and many of these measurements could be performed
simultaneously for a particular nucleus. Some diffracting studies, like exclusive vector
meson production will be more luminosity hungry since the require the measurement of
multi-differential quantities. Running at the maximum energy is the most crucial require-
ment for this key EIC physics.
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Nuclear Modifications of Parton Distribution Functions

When compared to our knowledge of parton distribution functions in the proton, our
knowledge of nuclear PDFs (nPDF) is significantly more limited. Most of it comes from
fixed target experiments in a region of intermediate to high-x as shown in Figure 2.10.
Recently available data from the LHC have been included in nPDF extractions but have
had limited impact on extracting nuclear PDFs [28]. High energy electron-nucleus colli-
sions at the EIC will enable measurements of nuclear PDFs over a broad and continuous
range in Q2 all the way from photo-production (Q2 ∼ 0) to large Q2 in the perturbative
region. This will enable scientists to study the nPDFs with unprecedented precision. Pre-
cise knowledge of nPDFs will be crucial when searching for the transition between linear
and non-linear evolution of the parton densities with change of the resolution scale of the
probe. The latter saturation regime occurs at low-x and low interaction scale Q2 where the
gluon densities are highest and the recombination of low-x gluons becomes increasingly
important. In e+A scattering such non-linearities are predicted to be more pronounced
than in e+p interactions [29] due to an enhanced saturation scale Q2

S.

Precision Measurements of Nuclear PDFs

Nuclear PDFs are dominantly determined through global fits to existing inclusive DIS data
off nuclei using reduced cross-sections. The reduced cross section, σr, can be expressed in
terms of the structure function F2 and the longitudinal structure function FL as:

σr = F2(x, Q2)− y2

1 + (1− y)2 · FL(x, Q2) (2.2)

While F2 is sensitive to the momentum distributions of (anti)quarks and to gluons mainly
through scaling violations, FL has a larger direct contribution from gluons. An additional
constraint on the gluon distribution at moderate to high-x comes from charm production
driven by photon-gluon fusion. The fraction of charm production grows with the energy,
reaching about∼15% of the total cross section at the highest

√
s, thus permitting one to set

a robust and independent constraint on the gluon distribution in nuclei at high-x [3, 5].

Figure 2.14 shows the reduced cross section for inclusive and charm production in
e+A scattering. The data were simulated using three different center-of-mass energies,
31.6, 44.7, and 89.4 GeV. The blue shaded region indicates the existing data, and grey bands
indicate the uncertainty in the EPPS16 parameterization [28], the most up-to-date nPDF.
Note that the estimated experimental uncertainties on the data are very small compared
to theory uncertainties, and the higher center-of-mass energy enables a broader range
in (x, Q2), particularly in the low-x region where gluons dominate. Higher energies are
clearly advantageous, and 10 fb−1/A combined for the data at all center-of-mass energies
will be sufficient to make significant impact on our knowledge of nuclear PDFs.

Figure 2.15 shows FL for inclusive (left) and for charm (right) calculations based on EPPS16
along with the uncertainties estimated at each energy. Note that the measurement of FL
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Figure 2.14: Reduced cross section for inclusive (left plot) and charm (right plot) plotted
for x and Q2 along with their uncertainties (shown in grey bands) from EPPS16 model. EIC
simulated data [30] are shown for different center-of-mass energy combinations. The blue
band in the left plot shows the currently available data.

requires one to operate the collider at several different center-of-mass energies. This sim-
ulation was performed with total of 10 fb−1 data over the combination of three center-of-
mass energies [30]. The width of the gray bands reflects the current theoretical uncertainty
in both cases and is wider than the statistical uncertainties from the simulations indicating
that these uncertainty bands would be reduced significantly using future EIC data.

How parton distributions in nuclei are modified relative to those in the proton can be
quantified by plotting their ratio normalized by the atomic number of the nucleus. The
deviation of this ratio from unity is a clear demonstration that the nuclear parton distribu-
tions are not a simple convolutions of those in the proton. A depletion of this ratio is often
called shadowing, while an enhancement is dubbed anti-shadowing. The reduced cross-
sections of simulated EIC data was used together with existing world-data in a global fit to
evaluate the level of improvements of gluon PDFs the EIC will provide [30]. The study al-
lowed for additional flexibility in the fit function (EPPS16*) used to derive the gluon PDF
in the nuclei in order to better evaluate the EICs impact. Figure 2.16 shows the ratio of
gluon distribution in Pb to that in proton plotted at two different values of Q2. The grey
bands indicate the current uncertainties in the nuclear PDFs, orange bands indicate the im-
provement we could expect from the inclusive data sets, and the hatched band indicates
the further improvement one expects from the inclusion of charm quark production in this
analysis. Including charm quarks in the analysis helps significantly in the large-x region,
where they are produced abundantly through the photon-gluon fusion process [5, 30].
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with the EPPS16 nuclear PDFs. Grey bands are uncertainties in the model, and the EIC data
simulated with 10 fb−1/A are shown for three center-of-mass energies.
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Figure 2.16: Nuclear PDFs improvements with the EIC. The ratio RPb
g , from EPPS16*, of
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Q2 = 10 GeV2 (right). The grey band represents the EPPS16* theoretical uncertainty. The
orange (blue hatched) band includes the EIC simulated inclusive (charm quark) reduced
cross-section data. The lower panel in each plot shows the reduction factor in the uncertainty
with respect to the baseline fit.
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Machine Parameters For Precision Nuclear PDF Measurements

Based on recent studies for inclusive DIS and charm cross section measurements [30], large√
s presents a significant advantage, as a wider x-Q2 coverage can be explored and one

reaches further in the region of gluon dominance. For precise high impact measurements
an integrated luminosity of 10 fb−1/A is sufficient. In fact, beyond a few fb−1, these mea-
surements become systematics dominated and more statistics will not affect the overall
uncertainties.

2.3.3 Passage of Color Charge Through Cold QCD Matter

Figure 2.17 shows a schematic of an e+A scattering event. The virtual photon transmits the
energy from the electron and interacts with a quark inside a nucleon in the nucleus. The
struck quark will subsequently traverse the nucleus, interacting with the color charges
inside the nucleus and continually lose energy. At some point, this quark will hadronize
and form a color neutral hadron. Whether the hadronization process happens inside or
outside the nucleus depends on the interplay between the energy of the quark and the
atomic number of the nucleus.

If the virtual photon energy (in the nuclear rest frame) is large, the quark that is kicked will
have a large energy and produces a jet. Measuring the jets experimentally gives several
advantages in comparison to leading hadron studies. Reconstructed from multiple (ideally
all) final state particles produced by hadronization of the scattered parton, jets are much
closer proxies for the parton kinematics than any single particle observable. Using jets
in many cases removes (or minimizes) hadronization uncertainties. On the other hand,
jets are composite objects with rich internal substructure encoding shower evolution and
hadronization details.

e

jet
eʹ

Figure 2.17: Schematic depiction of a struck parton propagating through cold nuclear matter
resulting in the formation of a single jet.
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Jets are versatile tools for experimental studies at hadron-hadron and lepton-hadron col-
liders, addressing variety of physics topics from precision measurement of the Standard
Model processes to searches beyond Standard Model and transport properties of quark
gluon plasma. The methodology of jet reconstruction and underlying background han-
dling is rapidly developing at the modern collider facilities, on par with the progress in the-
oretical understanding of emerging jet data at the next-to-next-to-leading order for many
channels. The experience thereby gathered can be gainfully applied to physics at the EIC,
and without a doubt jets will be indispensable in the next chapter of collider experiments to
be written there. At the EIC the jet will be an effective tool to be employed to measure and
study the hadronic component in high energy photon structure [31] and gluons’ helicity
in polarized protons [5]. Jet measurements will also contribute to constraining polarized
and unpolarized parton distribution functions, probing gluon transverse momentum de-
pendent distributions, and most relevant for this section, to studies of QCD hadronization,
shower evolution, and cold nuclear matter effects.

Several recent works [32,33] detail the feasibility and applications of jet studies at the EIC.
The jet kinematic distributions, including inclusive jet transverse momentum and pseudo-
rapidity spectra, and dijet mass and pseudorapidity distributions, were quantified for a
range of Q2 values, processes, and beam energies. The energy contribution from underly-
ing event activity was also studied as a function of jet energy [32], and while for energetic
jets, the underlying event contributions are found small, at lower jet energies, these con-
tributions are found to have a fractionally significant effect. Some of these studies are also
incorporating expected detector performance. They show that the best jet reconstruction
performance can only be achieved at sufficiently high energies, and thus high center-of-
mass energy collisions are vital for jet studies.

Energetic jet born by scattered parton encodes the history of multiple interactions with the
target nucleus, which generate pT-broadening. Thus, a comparison of the cross-section in
e+p and e+A collisions is expected to be sensitive to in-medium broadening effects. Several
key measurements relying on jets were identified for their sensitivity to parton energy loss
in the nucleus [33], together with developments of new tools for controlling hadronization
effects. Among such measurements are several variables assessed via lepton-jet correla-
tions, including the ratio of the electron to jet transverse momenta, and a relative azimuthal
angle between the measured jet and electron. These measurements will allow constraining
parton transport coefficient in the nuclei [34]. The lepton-jet correlations are measured in
the lab-frame and could be compared directly to the similar measurements at RHIC and
LHC elucidating the hot and cold nuclear matter effects on propagating parton.

It is expected that the variability of energy of the collider and the ”dialing” of the nuclear
size, both of which are possible with the EIC, will allow us to study the emergence of jets
as a function of energy, and to study the internal spatial structure of jets systematically as
an additional topic of high interest. Studying how jet substructure is modified between
e+A and e+p collisions could provide additional information about details of how partons
lose energy in the cold nuclear medium. A comparison of jet properties in e+A versus
e+p collisions is thus a promising avenue to study a broad set of QCD phenomena related
to the passage of color through cold QCD matter and the hadronization/fragmentation
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processes.

In addition to jet studies, identified hadron measurements will provide additional exper-
imental avenue for detailed understanding of cold-QCD effects of color-charge. Parton
propagation through cold nuclear matter and its’ effects on hadronization have been pre-
viously studied by the HERMES collaboration in semi-inclusive deep-inelastic scattering
on nuclei via relative hadron production cross-sections for various light-flavor particle
species. These most precise measurements to date left room for different modeling of
hadronization dynamics and in-medium attenuation. EIC experiments will be able to
extend these light-flavor cross-section measurements into new kinematic domains and
augment these studies with heavy flavor mesons. Recent theoretical works [35] high-
lighted the sensitivity of D- and B-meson production to the transport properties of cold
nuclear medium. Studies of the medium-induced suppression patterns of heavy hadrons
are shown to have high discriminating power for theoretical models of energy loss and
hadronization in nuclear matter. In addition to inclusive hadron and jet production mea-
surements, mapping the modification of heavy flavor production in reactions with nuclei
of different sizes will provide an experimental handle for understanding transport prop-
erties of nuclear matter.

Machine Design Parameters For Jets Studies

Jets can only be produced and identified cleanly at high enough collider energies. High
momentum jets feature higher hadron multiplicity and a more complex internal structure.
As such, high center-of-mass energy is vital for jet studies. Nuclear size is an essential
control variable in these experiments and a broad range from light to heavy nuclei would
be desired for systematic studies of energy loss in a nuclear medium. It is imperative to
have matching beam energies for e+p and e+A collisions to avoid extrapolation related
uncertainties and deliver most precise measurements of nuclear effects.

2.4 Summary of Machine Design Parameters for the EIC Physics

Here we summarize the machine requirements that were motivated in the previous section
through a set of key measurements that reflect the highlights of the EIC science program.
The important machine design parameters were originally discussed in great detail in sec-
tion 1.2 of the EIC White Paper [3]. The successful scientific outcome of the EIC depends
critically on: (a) the luminosity, (b) the center-of-mass energy and its range, (c) the lepton
and light ion beam polarization, and (d) the availability of ion beams from deuteron to the
heaviest nuclei. Two interaction regions are desired to ensure a robust physics program
with complementary detector systems.
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Luminosity

In the discussion of each physics topic in the previous section we quoted the integrated lu-
minosity needed to perform the corresponding measurements. The EIC is being designed
to achieve peak luminosities between 1033−34cm−2 sec−1. To put these numbers into con-
text, note that a luminosity of 1033cm−2s−1 and strong hadron cooling (Lpeak = Lavg) yields
an integrated luminosity of 1.5 fb−1 per month. Here we assume an 60% operations effi-
ciency for the collider complex as routinely achieved by RHIC. Without strong hadron
cooling for the same operations parameters, one would get a 30% reduction, as the aver-
age luminosity Lavg per fill is reduced to 70% of the peak luminosity Lpeak. Most of the key
physics topics discussed in the EIC White Paper [3] and summarized here are achievable
with an integrated luminosity of 10 fb−1 corresponding to 30 weeks of operations. One
notable exception is the study of the spatial distributions of quarks and gluons in the pro-
ton with polarized beams. These measurements require up to a integrated luminosity of
100 fb−1 and would therefore benefit from an increased luminosity of 1034cm−2 sec−1. It
should be noted that many measurements can be performed simultaneously by judiciously
choosing beam species and their spin orientation appropriately.

Center-of-Mass Energy

To ensure a wide kinematic reach and large coverage of the phase space, the EIC re-
quires a variable center-of-mass energy

√
s in the range of ∼20 − 100 GeV, upgradable

to 140 GeV [3]. An energy of
√

seN = 140 GeV is needed to provide sufficient kinematic
reach into the gluon dominated regime. Some measurements require a variation in

√
s.

The lower center-of-mass energy range is driven by the ability to measure well transverse
quantities, which are of the order of 10-100 MeV. This is important for example for the
accurate determination of quark TMDs at high values of Q2.

Polarization of beams

EIC Physics involves two types of asymmetries: (i) double spin asymmetries, requiring
both electron and hadron beams to be polarized, and (ii) single spin asymmetries, requir-
ing only one beam—typically the hadron beam—to be polarized. The statistical uncer-
tainties for spin asymmetries are strongly affected by the degree of polarization achieved.
For double spin asymmetries the dependence is δALL ∼ 1/

[
PePp
√

N
]

and for single spin

asymmetries δA = 1/
[

P
√

N
]
. Therefore, high beam polarizations are mandatory to re-

duce the statistical uncertainties. Measurements require longitudinal and transverse polar-
ization orientation for protons, deuterons, 3He and other polarizable light nuclei, as well
as longitudinal polarization for the electron beam.
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Nuclear Beams

Ion beams of the heaviest nuclei (Gold, Lead, or Uranium) combined with the highest
√

s,
will provide precocious access to the domain of saturated gluon densities and to under-
stand how color propagates through nuclear matter. Light ions are essential to study the
A-dependence of gluon saturation and for precision studies of short range nuclear corre-
lations.
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2.5 Scientific Requirements for the Detectors and IRs

The physics program of an EIC, imposes several challenges on the design of a detector
and, more globally the extended interaction region as it spans center-of-mass energies from
29 GeV to 141 GeV, different combinations of both beam energy and particle species, and
several distinct physics processes. The EIC science program can be categorized in different
general processes as shown in Table 2.1.

Table 2.1: Different categories of processes measured at an EIC.

Inclusive DIS: e + p/A −→ e′ + X; for this process, it is
essential to detect the scattered electron, e′, with high pre-
cision. All other final state particles (X) are ignored. The
scattered electron is critical for all processes to determine
the event kinematics.

p
X

e eʹ

γ∗

⎫
⎬
⎭

Semi-inclusive DIS: e + p/A −→ e′ + h±,0 + X, which re-
quires detection of at least one hadron in coincidence with
the scattered electron.

e eʹ

γ∗
h, …
⎫

⎬
⎭

p X

Exclusive DIS: e + p/A −→ e′ + p′/A′ + γ/h±,0/VM,
which require the detection of all particles in the event with
high precision.

p

e eʹ

γ∗

h,γ

pʹ

Electro-weak processes: e + p/A −→ ν + X; at high
enough momentum transfer Q2, the electron-quark inter-
action is mediated by the exchange of a W± gauge boson
instead of the virtual photon. In this case the event kine-
matic cannot be reconstructed from the scattered electron,
but needs to be reconstructed from the final state particles. p

e ν

W

X
⎫
⎬
⎭
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The directions of the beams are defined following the convention used at the HERA col-
lider at DESY: the hadron beam travels in the positive z-direction/pseudo-rapidity and
the electron beam travels in the negative z-direction/pseudo-rapidity. We call the hadron
going direction the forward region and the electron going one the backward region.

2.5.1 Scientific Requirements for the Detectors

In this section we focus on the scientific requirements on a general purpose detector, which
is fully optimized to address the full range of EIC physics. These requirements substan-
tially affect the design of the interaction region. All the different physics processes to be
measured at an EIC require having the event and particle kinematics (x, Q2, y, W, pt, z, Φ, θ)
reconstructed with high precision. The key variables x, Q2, y, and W are either deter-
mined from the scattered electron or from the hadronic final state using the Jacquet-Blondel
method [36]. In order to access the full x − Q2 plane at different center-of-mass energies
and for strongly asymmetric beam energy combinations, the detector must be able to re-
construct events over a wide span in rapidity and scattering angle. This imposes require-
ments on both detector acceptance and resolution. In contrast to symmetric energy col-
liders without good coverage of the rapidity range |y| > 2, where a significant fraction of
the x − Q2 phase space will be missed, this puts much more emphasis on the lepton and
hadron endcap. Figure 2.18 illustrates the correlation between pseudo-rapidity / scatter-
ing angle and the x−Q2 phase space.

Figure 2.18: A schematics showing how hadrons and the scattered lepton for different x−Q2

are distributed over the detector rapidity coverage.
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Methods of Event Kinematic Reconstruction

It is common to reconstruct the event kinematic in DIS with different methods depend-
ing on the region of inelasticity y one is accessing. At large inelasticity y, where radiative
corrections become large, as illustrated in Fig. 7.25 in [2] and the kinematics of the event
is reconstructed from the scattered electron, there are two ways to address this: one is to
calculate radiative corrections and correct for them; the other is to utilize the hadronic ac-
tivity in the detector together with cuts on the invariant mass of the hadronic final state,
which will reduce the impact of radiative corrections to a minimum. At small lepton scat-
tering angles or correspondingly small inelasticity radiative corrections are small, but the
momentum and scattering angle resolution for the scattered lepton deteriorates. This prob-
lem is addressed by re-constructing the lepton kinematics purely from the hadronic final
state using the Jacquet-Blondel method or using a mixed method like the double angle
method [36], which uses information from the scattered lepton and the hadronic final
state. At HERA, these methods were successfully used down to y of 0.005. The main
reason this hadronic method renders better resolution at low y follows from the equation
yJB = (E− phad

z )/2Ee , where (E− phad
z ) is the sum over the energy minus the longitudinal

momentum of all hadronic final-state particles and Ee is the electron beam energy. This
quantity has no degradation of resolution for y < 0.1 as compared to the electron method,
where ye = 1− (1− cosθe)E′e/2Ee. To allow for efficient unfolding of measured quantities,
i.e. cross sections and asymmetries, for smearing effects due to detector resolutions and ra-
diative events and retain the statistical power it is important to have a survival probability
in each kinematic bin of∼80% or better. Typically, one can reach for a given center-of-mass
energy squared, roughly a decade of Q2 at fixed x when using only the electron method
to determine the kinematics, and roughly two decades when including the hadronic or
double angle method. If only using the electron method, one can increase the range in
accessible Q2 by lowering the center-of-mass energy. The coverage of each setting is given
by the product of y times s. As lower ymin that can be reached, the fewer settings in s are
needed. However, this is an important consideration for any measurement, which needs
to separate the cross-section components due to longitudinal and transverse photon polar-
ization, i.e. the measurement of FL where one needs to have full y-coverage at all energies.

Inclusive and Semi-inclusive DIS

Scattered Lepton: To minimize the energy loss and multiple scattering of the scattered
electron and not to degrade the resolution of the kinematic variables (x, Q2, y, W) derived
from the scattered electron, the beam pipe needs to be as thin as possible and made from a low mass
material, i.e. Beryllium. As discussed in Section 2.3.2, the study of non-linear QCD effects at
the largest gluon densities requires electron-nucleus (i.e. U, Pb, Au) collisions at the high-
est center-of-mass energies. At the EIC, this implies 18 GeV electrons colliding with heavy
ion beams of 110 GeV to reach Q2 < Q2

s (∼1 GeV2) at the lowest x possible. Figure 2.19
shows the relationship between Q2 and pseudo-rapidity of the scattered electron. To reach
Q2 ∼ 1 GeV2, the scattered electron needs to be detected down to a pseudo-rapidity of
η = −4 corresponding to an angle of 2◦ off the beam line. The electron scattering angle
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especially at low Q2 is independent of the hadron beam energy.
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Figure 2.19: Q2 vs. pseudo-rapidity in the laboratory frame for the scattered electron at
different center-of-mass energies. The following cuts have been applied: 0.01 < y < 0.9,
with inelasticity, y, defined as the fraction of the electron’s energy lost in the nucleon rest
frame. The electron scattering angle especially at low Q2 is independent of the hadron beam
energy.

Figure 2.20 (upper row) illustrates the dependence between the momentum of the scat-
tered lepton and its scattering angle for three different center-of-mass energies. It is clearly
shown that as higher the center-of-mass energy the more the lepton goes in the original
electron beam direction, corresponding to negative pseudo-rapidity and such very small
scattering angles with respect to the beam axis. Varying the hadron beam energy for a fixed
lepton beam energy has no influence on the scattered lepton pseudo-rapidity/scattering
angle correlation. Several EIC physics topics require going to low x at low Q2 such an EIC
detector needs to have good electron identification and momentum/energy measurement
at pseudo-rapidities < −2, which means detecting the scattered lepton 2◦ of the beam axis
with an energy close to the lepton beam energy. As such, no collider equipment can be installed
inside the main detector volume and extend beyond 1.5◦.

Hadron Kinematics: Figure 2.20 (lower row) shows the momentum versus pseudo-
rapidity / scattering angle distributions in the laboratory frame for pions originating from
semi-inclusive reactions for different lepton and proton beam energy combinations. For
the lowest center-of-mass energy, pions are scattered in the forward (ion) direction. With
increasing center-of-mass energy, the pions increasingly populate the central region of the
detector. At the highest center-of-mass energy, pions are even largely produced going
back-ward (i.e. in the lepton beam direction). For increasing hadron beam energies at
fixed lepton beam energy the pseudo-rapidity distribution remains the same but the max-
imum hadron momentum increases at fixed pseudo-rapidity. The kinematic distributions
for kaons and protons/anti-protons are essentially identical to those of the pions. The dis-
tributions for semi-inclusive events in electron-nucleus collisions may be slightly altered
due to nuclear modification effects, but the global features will remain.
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Figure 2.20: Top panel: Scattered DIS lepton momenta as a function of pseudorapidity
from left to right for the highest energy collisions of 18 GeV electrons on 275 GeV protons,
10 GeV on 100 GeV and 5 GeV on 41 GeV. Bottom panel: SIDIS pion momenta as a function
of pseudorapiity for the same three beam energy combinations. The following cuts have
been applied: 0.01 < y < 0.9, with inelasticity, y, momentum transfer Q2 > 1 GeV, and
W2 > 10 GeV2, as well as 0.05 < z < 0.95 for the pions.

Figure 2.21 indicates the momentum/energy range of the scattered electron (black curve),
photons (green), negative charged pions (blue) and kaons (cyan) as well as antiprotons (vi-
olet) and their sum (magenta) for a center-of-mass energy of 140 GeV (18 GeV on 275 GeV)
as function of pseudo-rapidity. This plot provides on the one hand the needed information
on the requirements for the scattered lepton identification as well as for identifying pions,
kaons and protons. For the entire pseudo-rapidity (−4 < η < 4) negative pions, kaons and
antiprotons show the same momentum distributions, with negative pions having a factor
∼ 3− 5 higher multiplicity as negative kaons and antiprotons. In the central detector re-
gion (−1 < η < 1) the momenta are of typically 0.1 GeV/c to 4 GeV/c with a maximum
of about 10 GeV/c. Hadrons with higher momenta go typically in the forward (ion) direc-
tion for low lepton beam energies, and in the backward direction for higher lepton beam
energies.

The hadrons need to be identified with a purity > 95% at preferably an efficiency of > 90%
to measure identified hadron double spin asymmetries as small as 0.0001. Events with
Q2 < 10 GeV2 typically correspond to negative rapidities (η < −2) and Q2 > 10 GeV2 cor-
respond to rapidities −2 < η < 1. Depending on the center-of-mass energy the rapidity
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Figure 2.21: The momentum distribution for the scattered electrons (black), photons
(greens), and negatively charged hadrons (magenta) for different pseudo-rapidity bins in
the laboratory frame for beam energies of 18 GeV on 275 GeV. The distributions for nega-
tively charged Pions (blue), Kaons (cyan) and antiprotons (violet) are shown as well. No
kinematic cuts have been applied. (Figure need to be adjusted slightly)

distributions for hadrons (both charged and neutral) and the scattered lepton can over-
lap and need to be disentangled. For η < −3 electron, photon and charged hadron rates
vary from being comparable to a factor of 10 different. For the higher pseudo-rapidities
electron rates are a factor of 100-1000 smaller than photon and charged hadron rates, and
comparable at a 10 GeV/c total momentum. For very high Q2-events a suppression fac-
tor of > 100 is needed. This adds another requirement to the detector: excellent elec-
tron identification. It is noted that the kinematic region in pseudo-rapidity over which
hadrons and also photons need to be suppressed, typically by a factor of 10 - 1000, shifts to
more negative pseudo-rapidity with increasing center-of-mass energy. Measuring the ra-
tio of the energy and momentum of the scattered lepton, typically gives a reduction factor
of ∼100 for hadrons. This requires the availability of both tracking detectors (to deter-
mine momentum) and electromagnetic calorimetry (to determine energy) over the same
rapidity coverage. By combining information from these two detectors, one also imme-
diately suppresses the misidentification of photons in the lepton sample. Having good
tracking detectors with similar rapidity-coverage as electromagnetic calorimetry similarly
aids the y-resolution at low y from the lepton method. The hadron suppression is further
improved by adding a Hadron Calorimeter and/or a Cerenkov detector to the electromag-
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netic calorimetry and/or having tracking detectors to provide good dE/dx. The resulting
lepton purities should be > 99% with preferable a detection efficiency of > 90%.

Exclusive Processes

Exclusive DIS and especially exclusive diffractive processes require a careful design of the
detector and the IR in the outgoing proton/nucleus beam direction. Contrary to exclusive
electron-proton events, for electron-nucleus collisions it is not possible to tag the outgoing
intact scattered nucleus. Therefore, another technique needs to be realized to ensure ex-
clusivity. One can require a ”rapidity gap” in the detector, meaning that there is a region
in the detector from the hadron beam towards the center of the detector in which there
is no activity from the hadronic final state. The efficiency for detecting exclusive events
and their purity therefore depends strongly on the rapidity coverage (hermiticity) of the
detector. Simulations have shown that a rapidity coverage of -2 to 4 is required to have
detection efficiencies > 90% and a purities > 90% for exclusive e+A events assuming a
cross section ratio of Exclusive-to-DIS events of 10:90 as measured at HERA.

Figure 2.22: The energy vs. pseudo-rapidity in the laboratory frame for photons from DVCS
(top) and the correlation between the scattering angle of the DVCS photon and the scattered
lepton for three different center-of-mass energies. The following cuts have been applied:
Q2 > 1 GeV2, 0.01 < y < 0.85, and −5 < η < 5.

As a case example for an exclusive process, Figure 2.22 shows the energy vs. rapidity
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distributions for photons from deeply virtual Compton scattering, and the correlation be-
tween the scattering angle of the DVCS photon and the scattered lepton in the laboratory
frame for different beam energy combinations. The general patterns follow the ones in
Figure 2.20, but even at the low lepton beam energies the DVCS photons go more into
the backward direction. To separate the DVCS events from their dominant background
from Bethe-Heitler events it is important to measure the DVCS photon energy and the lep-
ton momentum down to 1 GeV and to be able to resolve their scattering angle difference
(θe − θγ) down to below 1o. The most challenging constraints on the detector design for
exclusive reactions compared to semi-inclusive reactions are, however, not given by the
final state particle, but to ensure the exclusivity of the event. Exclusivity can be achieved
by different methods. In electron-proton scattering by detecting all reactions products, es-
pecially the scattered protons going forward under extremely small scattering angles or
requiring a rapidity gap between the hadron beam and produced pseudo-scalar/vector
mesons and jets. To make the rapidity gap method highly efficient a detector with an ac-
ceptance to high pseudo-rapidities is needed. In lepton-nucleus scattering exclusivity can
be ensure by the rapidity gap method or by vetoing the nuclear breakup by requiring no
decay neutrons in the zero-degree calorimeter. Therefore no collider equipment can be installed
inside the main detector volume and/or extend beyond 1.5◦ in order to not compromise the efficiency
and purity of exclusive events that are detected through the rapidity-gap method.

Detector Requirements

We conclude this section with a brief summary of the key detector requirements that are
imposed by the rich physics program of an EIC.

• The EIC requires a hermetic detector with low mass inner tracking.

• The main detector needs to cover the range of −4 < η < 4 for the measurement
of electrons, photons, hadrons, and jets. It will need to be augmented by auxiliary
detectors like low-Q2 tagger in the far backward region and proton (Roman Pots)
and neutron (ZDC) detection in the far forward region.

• The components of an EIC detector will have moderate occupancy as the event multi-
plicities are low. However, depending on the machine background level certain com-
ponents close to the beamline might see higher occupancies. For details see Sec. 8.3.2.

• An EIC detector will have to cope with a data rate of up to ∼ 500 kHz at full lumi-
nosity.

• Compared to LHC detectors, the various subsystems of an EIC detector have mod-
erate radiation hardness requirements.

• Excellent momentum resolution in the central detector (σpT /pT(%) = 0.05pT ⊕ 0.5).

• Good momentum resolution in the backward region with low multiple-scattering
terms (σpT /pT(%) ≈ 0.1pT ⊕ 0.5).
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• Good momentum resolution at forward rapidities (σpT /pT(%) ≈ 0.1pT ⊕ 1− 2).

• Good impact parameter resolution for heavy flavor measurements (σ ≈ 5 ⊕
15/p sin3/2 θ (µm)).

• Good electromagnetic calorimeter resolution in the central detector (σ(E)/E ≈
10%/

√
E).

• Excellent electromagnetic calorimeter resolution at forward rapidities (σ(E)/E <
2%/
√

E).

• Good hadronic resolution in forward region (σ(E)/E ≈ 50%/
√

E).

• Excellent PID for 3 σ π/K/p separation up to 45 GeV/c in forward region, up to
8 GeV/c in the central detector. and up to 7 GeV/c in the backward region.

2.5.2 Scientific Requirements for the Interaction Regions

To cover the physics program, as described in earlier sections, it is extremely important to
integrate the detector into the interaction region already during the early design stages of the
collider. In the following, the requirements will be discussed, categorized according to the
processes described in Table 2.1.

Exclusive Processes

The detection of forward-going scattered protons from exclusive reactions, as well as of
decay neutrons from the breakup of heavy ions in incoherent and non-diffractive reactions,
is particularly challenging.

Electron-Proton Scattering: In general, for exclusive reactions, one wishes to map the
four-momentum transfer, or Mandelstam variable t = |pin− pout|2 of the hadronic system,
and then obtain an image of the spatial partonic structure of the proton by a Fourier trans-
form of the (un)polarized cross section as function of t Figure 2.23 shows what fraction
of the beam momentum (xL = p′L/pBeam) is carried by these scattered protons as mea-
sured by ZEUS at HERA [37] and the correlation between the proton scattering angle and
its momentum. This illustrates that the remaining baryonic states go in the very forward
proton-beam direction. Even at a proton energy of 50 GeV, the proton scattering angles
only range to about 25 mrad. At proton energies of 250 GeV, this number is further re-
duced by a factor of five. In all cases, the scattering angles are small. As discussed earlier
(see section 2.5.1), the main detector reaches down to a rapidity -4 to 4, corresponding to
35 mrad from the beam line. Therefore, these protons are not seen in the main detector
and need a different technique to be detected, i.e. Roman Pots. Their acceptance strongly
depends on the exact interaction region design.
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Figure 2.23: Left: Fraction of the beam momentum carried by the scattered protons as
measured by ZEUS at HERA. Right: The scattered proton momentum vs. scattering angle
in the laboratory frame for DVCS events with different beam energy combinations. The
following cuts have been applied: 1 GeV2 < Q2 < 100 GeV2, 0.01 < y < 0.85, 10− 5 < x <

0.5 and 0.01 GeV2 < t < 1 GeV2. The angle of the recoiling hadronic system is directly and
inversely correlated with the proton energy. It thus decreases with increasing proton energy.

Figure 2.24 (top) shows the cross section of exclusive real photon production (DVCS:
ep −→ e′p′γ) as function of t. The red dots represent the measurements and their
statistical precision as obtained at EIC for

√
s = 141 GeV and an integrated luminos-

ity of 10 fb−1 for 0.03 GeV2 < |t| < 1.6 GeV2 corresponding to an acceptance in pT of
0.18 GeV/c < pT < 1.3 GeV/c, which is the nominal requirement from the EIC White
Paper. The blue curves represent an exponential fit to the measured points for different
regions in t with the width of the band representing the uncertainty of the fit. The different
rows show the result for different acceptances in pT of the scattered protons. The lower
row shows the impact parameter dependent PDF obtained from a Fourier transform of the
cross section measurement with different pT acceptances. The bands represent the para-
metric errors in the fit and the uncertainty from different extrapolations to the regions of
unmeasured (very low and very high) pT of the scattered protons. Based on these studies
and the EIC White Paper, protons with 0.18 GeV/c < pT < 1.3 GeV/c need to be transported
through the IR such that they can be detected as soon as they are separated from the core of the beam.

To obtain a full picture of the (un)polarized spatial partonic imaging of the proton it is criti-
cal to have measurements of the (un)polarized diffractive cross sections of reactions with a
charge exchange, like e+ p→ e′+ n. In this case the four-momentum transfer t is obtained
from the forward scattered neutrons. Figure 2.25 shows the correlation of the scattering an-
gle of the neutrons as function of t for two different beam energy combinations. Like for
the protons, the neutrons are scattered at very small angles with respect to the outgoing
proton beam. These neutrons with an angular distribution from 9 mrad (at

√
s = 141 GeV) to

26 mrad (at
√

s = 32 GeV) from the hadron beam axis need to be transported through the IR to a
zero-degree calorimeter.
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Figure 2.24: Top: The cross section as function of t. The red dots represent the measurements
and their statistical precision as obtained at EIC for

√
s = 141 GeV and an integrated lumi-

nosity of 10 fb−1. The blue curves represent an exponential fit to the measured points for
different regions in t with the width of the band representing the uncertainty of the fit. The
different rows show the result for different acceptances in pT of the scattered protons. Bot-
tom: The impact parameter dependent PDF obtained from a Fourier transform of the mea-
sured cross section with different pT acceptances. The bands represent the parametric errors
in the fit and the uncertainty from different extrapolations to the regions of unmeasured
(very low and very high) pT of the scattered protons. Left: 0.18 GeV/c < pT < 1.3 GeV/c,
0.03 GeV2 < |t| < 1.6 GeV2; Middle: 0.44 GeV/c < pT < 1.3 GeV/c; Right: 0.18 GeV/c <
pT < 0.8 GeV/c.

Electron-Nucleus Scattering: The only possible way to tag coherent diffractive exclusive
electron-nucleus events for heavy nuclei is to veto nuclear breakup. For coherent diffrac-
tive events the intact nucleus is scattered under very small forward angles in the outgoing
beam direction and mainly remains inside the beam envelope. Tagging exclusive events
can be realized by requiring no neutrons and photons from the nuclear breakup in a zero-
degree calorimeter. Figure 2.26 shows the breakup neutron momentum vs. scattering
angle in the laboratory frame for different beam energies. To achieve a very high tagging
efficiency of ∼ 100% for coherent diffractive electron-nuclei scattering events one needs to trans-
port neutrons and photons within a cone of four mrad to six mrad, depending on the beam energy,
through the IR to a zero-degree calorimeter.

For all the different processes, collision geometries in e+A (see Figure 2.27) can be deter-
mined by utilizing the ZDC. The number of forward neutrons produced and detected in
the ZDC is expected to be sensitive to the path length d of the parton and fragmentation



2.5. SCIENTIFIC REQUIREMENTS FOR THE DETECTORS AND IRS 41
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Figure 2.25: The neutron scattering angle as function of t in the laboratory frame for two
different beam energy combinations. Note a scattering angle of 180◦ corresponds to the
outgoing proton beam direction in this plot.
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Figure 2.26: The scattered neutron momentum vs. scattering angle in the laboratory frame
for different beam energies.

of the colliding nucleon along the virtual photon direction in the nucleus. See Figure 2.27
for the correlation between the number of forward scattered neutrons and the path length.
The geometric information is an additional and useful gauge for investigating properties
of partonic interactions in nuclei. While the impact parameter b has a correlation with the
number of neutrons in the ZDC, the most ”central” collision in e+A (b ∼ 0) can be identi-
fied from events with the highest neutron multiplicity since the longest path length of the
nucleon fragmentation in the nucleus is expected to be at b = 0. This will be an effective
tool for selecting events with maximized nuclear effects in SIDIS e+A collisions, like e.g.,
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Figure 2.27: Top-left: Collision geometry of e+A, showing the path length d of the parton
and fragmentation of the struck nucleon along the virtual photon direction. The impact
parameter b is defined as the transverse distance between the center of the nucleon and
the virtual photon. Top-right: Distribution of the path length as selected by the neutron
multiplicity. The estimate done using DPMJet-III [38]. Bottom: Correlation between number
of produced forward neutrons vs. path length of parton and fragmentation of the struck
nucleon in the nucleus. All the forward neutrons can be detected in the ZDC.

dihadron correlation studies [27, 39].

Recent physics studies showed that selecting on the number of neutrons to reach a central-
ity of > 5% enhances the effective A in the reaction, which is crucial for any measurements
of non-linear effects in QCD. This, and the requirement that the four-momentum transfer
t in diffractive reactions with a charge exchange is obtained from the neutron, requires
a ZDC with higher energy resolution (≈ 30%/

√
E) than is currently achieved at RHIC
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(65%/
√

E + 15% for a ZDC size of 10 cm× 10 cm× 60 cm). This requires more space in
x-y to integrate a ZDC in order to minimize shower leakages in the transverse direction at
30 m from the IR. The required space will depend on the exact detector technology chosen;
for examples see [40, 41]. The longitudinal size required would be around one meter.

Inclusive Processes

There are many physics topics beyond what was discussed in the EIC White Paper [3] that
benefit from tagging the scattered electron at Q2 values significantly below 1 GeV2. An
example is the determination of the (un)polarized partonic structure of photons [31].
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Figure 2.28: Relation between Q2 of the scattered electron rapidity for 5 GeV and 18 GeV
electron beam energy.

Figure 2.29: The relation between the electron scattering angle and Q2 for 5 GeV and 18 GeV
electron beam energy. The colors indicate the energy of the scattered electron.

Scattered electrons with a Q2 < 0.5 GeV2 cannot be detected in the main detector. There-
fore, as was the case in all in HERA detectors, a special low-Q2 tagger is needed. The scat-
tered electrons will be detected in an electromagnetic calorimeter with several Si-tracking
planes in front. Such a device needs to be well-integrated into the IR design and care needs
to be taken to separate the scattered electrons from electrons from the bremsstrahlung pro-
cess, which, due to their high cross-section and the high EIC luminosity will be dominant.
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Figures 2.28 and 2.29 show several kinematic relations for the scattered electron, i.e. Q2 vs.
rapidity, Q2 as function of the electron scattering angle, and its energy.

Electron-Nucleus Scattering

The physics program of an EIC requires electron-(un)polarized proton and neutron col-
lisions to allow full flavor separation of (un)polarized parton distribution functions. As
polarized neutron beams are not feasible, (un)polarized 3He and deuterium beams consti-
tute effective proxy for a neutron beam. To ensure that the scattering really occurred on
the neutron, the spectator proton(s) need to be detected. Figure 2.30 shows the correlation
of momentum and scattering angle for the spectator protons from electron-deuteron and
electron-3He scattering for two different values of

√
s. The detection of these spectator pro-

tons is challenging as they have small scattering angles and a different rigidity compared
to the hadron beam, which leads to stronger bending in the magnets. The (un)polarized
3He and deuterium beams do not only constitute effective neutron beams, but also pro-
vide the possibility to study how the proton structure is modified if bound in a nucleus.
For this purpose, the spectator neutron needs to be tagged. These neutrons have the same
distribution in scattering angle and momentum as the protons. Therefore, a ZDC with its

Figure 2.30: The correlation of momentum and scattering angle for the spectator proton in
electron-deuteron and electron-3He-scattering for two different values of

√
s.
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acceptance optimized for break-up neutrons as described above (see Figure 2.26) will also
have a high acceptance for these spectator neutrons.

Auxiliary Detectors

To utilize the full statistical power made possible by the high luminosity of 1033 to
1034 cm−2s−1, it is indispensable to have high precision measurements of the electron and
hadron beam polarizations and the luminosity. Doubly polarized electron-hadron collid-
ers are the best way to unravel the internal structure of the nucleons and are the only tool,
which will allow us to finally unravel how the spin of the proton is built by its quarks and
gluons. Figure 7 in Ref. [11] shows, that for a high precision determination of the gluon
contribution to the spin of the proton, the overall systematic uncertainty should be around
two percent. An increase of the overall systematic uncertainty of five percent leads to a
30% increase in the uncertainty of the contribution of the gluons to the spin of the protons.

Luminosity The bremsstrahlung process e + p −→ e + p + γ was used successfully for
the measurement of luminosity by the HERA collider experiments [42–44]. It has the fea-
tures of a precisely known large QED cross-section resulting in negligible statistical uncer-
tainty. In contrast to HERA, where only the electron beam was polarized, both the electron
and proton/light ion beams will be polarized in EIC. In this case the bremsstrahlung rate is
sensitive to the polarization dependent term a in the cross section σbrems = σ0(1 + aPePh).
Thus, the polarization (Pe, Ph) and luminosity measurements are coupled, and the preci-
sion of the luminosity measurement is limited by the precision of the polarization mea-
surement. This also limits the precision of the measurement of double spin asymmetries
ALL = 1/(PePh)(N++/−− − RN+−/−+)/(N++/−− + RN+−/−+) through the determina-
tion of the relative luminosity R = L++/−−/L+−/−+. The precision needed for the relative
luminosity measurement is driven by the magnitude of ALL at low-x and Q2, which is typi-
cally on the order of 10−4. At RHIC levels of 2 to 4× 10−4 have been achieved. A factor of 2
to 5 improvement is required for the EIC. As discussed earlier, due to the high luminosity it
is critical to minimize the systematic uncertainties; the requirement for the systematic un-
certainty is δL/L < 1%. The straightforward method for measuring bremsstrahlung is to
use a calorimeter at zero degrees in the electron direction counting the resulting photons,
the distribution of which is strongly peaked in the forward direction. The calorimeter is
also exposed to the direct synchrotron radiation fan and must be shielded, thus degrading
the energy resolution. At peak HERA luminosities, the photon calorimeters were hit by 1-2
photons per HERA bunch crossing. At an EIC luminosity of 1033 cm−2 s−1, the mean num-
ber of photons per bunch crossing is over 20 for electron-proton scattering and increases
with Z2 of the target for nuclear beams. The distributions are broad, with a mean pro-
portional to the number of photons per bunch crossing. The counting of bremsstrahlung
photons thus is effectively an energy measurement in the photon calorimeter with all of the
related systematic uncertainties (e.g. gain stability) of such a measurement. An alternative
method to counting bremsstrahlung photons, used effectively by the ZEUS collaboration
at HERA, employs a pair spectrometer. A small fraction of photons is converted into e+e−
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pairs in the vacuum chamber exit window. A dipole magnet splits the pairs and each
particle hits a separate calorimeter adjacent to the unconverted photon direction. Further
details about the luminosity monitor can be found in section 8.4.4.

Lepton and Hadron Polarimetry

Lepton Polarization: Compton back-scattering is the established method to measure
electron beam polarization in e+p colliders. At HERA, there were two Compton back-
scattering polarimeters [45], one measuring the transverse polarization (TPOL) of the beam
through a position asymmetry, and another one measuring the longitudinal polarization
(LPOL) of the beam through an energy asymmetry in Compton back-scattered photons.
The TPOL and LPOL systematic uncertainties of HERA RUN-I were 3.5% and 1.6% and
Run-II 1.9% and 2.0%, respectively. To balance the expected high luminosity at the EIC,
these systematic uncertainties should be reduced to ∼ 1%. More details on EIC electron
polarimetry can be found in Section 8.6.1.

Hadron Polarization: Measuring the hadron beam polarization is significantly more in-
volved. Contrary to the electron case, there is no process that can be calculated from first
principles. Therefore, a two-tier measurement is needed: one providing the absolute po-
larization, which normally has low statistical power, and a high statistical power measure-
ment that measures the relative polarization. At RHIC [46], the single spin asymmetry AN
of the elastically scattered polarized proton beam on a polarized hydrogen jet is used to
determine the absolute polarization. This measurement provides the average polarization
per fill and for each proton beam with a statistical uncertainty on the order of ≈ 5% and a
systematic uncertainty of 3.2%. High-statistics bunch-by-bunch relative polarization mea-
surements are provided by measuring the single spin asymmetry AN for scattering the
polarized proton beam off a carbon fiber target. To obtain absolute measurements, the pC-
measurements are cross-normalized to the absolute polarization measurements from the
hydrogen-jet polarimeter. The pC-measurements provide the polarization lifetime and the
polarization profile per fill with high statistical precision. The achieved total systematic
uncertainty for single spin asymmetries until 2015 is 3.4%.

The same concept is currently planned for all polarized hadron beams in the EIC, namely
proton, deuterium, and 3He [47]. It is foreseen to continue to have the absolute and relative
hadron polarimeters located at IP12 in EIC; therefore, no constraints need to be considered
for the IR.

However, there is the requirement for a local polarimeter between the spin rotators to
monitor the degree of spin rotation from transverse in the arcs to longitudinal at the ex-
periments. This can be done by integrating a fast, high precision proton-carbon (pC) po-
larimeter into the extended IR. This pC polarimeter is based on very small angle polarized
proton-carbon elastic scattering in the Coulomb-Nuclear Interference region. The analyz-
ing power is maximum for transverse or radial hadron beam polarization and goes to zero
for longitudinal polarized hadron beams. The requirements on the extended IR region
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are purely spatial (∼ 0.5 to 0.8 m) to integrate the scattering chamber for the carbon tar-
get intercepting the beam and the Si-detectors to measure the elastically scattered carbons.
More details on the EIC absolute and relative hadron beam polarimetry can be found in
Section 8.6.2.

Summary of Requirements for the Interaction Regions

Table 2.2 summarizes the requirements for the overall interaction region design derived
from the EIC physics discussed in the 2010 INT Report [2], the EIC White Paper [3], and
the document assessing the energy dependence of key measurements [5].

Table 2.2: Summary of the requirements from the physics program on the overall IR design.

Hadron Lepton

Machine element free region
±4.5 m main detector

beam elements < 1.5◦ in main detector volume

Beam Pipe Low mass material, i.e. Beryllium

Integration of detectors Local Polarimeter

Zero Degree Calorimeter 60 cm× 60 cm× 2 m @s = 30 m

scattered proton/neutron acc. Proton: 0.18 GeV/c < pT < 1.3 GeV/c
all energies for e+p 0.5 < xL < 1(xL = E′p/EBeam)

Neutron: pT < 1.3 GeV/c

scattered proton/neutron acc. Proton and Neutron:
all energies for e+A θ < 6 mrad (for

√
s = 50 GeV)

θ < 4 mrad (for
√

s = 100 GeV)

Luminosity
Relative Luminosity: R = L++/−−/L+−/−+ < 10−4

γ acceptance: ±1 mrad
→ δL/L < 1%

Low Q2-Tagger Acceptance: Q2 < 0.1 GeV



48



Chapter 8

The EIC Experimental Equipment

8.1 Realization of the Experimental Equipment in the National
and International Context

The path chosen for the consideration of the Experimental Equipment scope of the
Electron-Ion Collider differs much from the Accelerator scope. Development of the EIC
science and the experimental equipment required to successfully implement the science
as documented in the NSAC and NAS reports has been driven by an international EIC
community. This community formalized itself in 2016 in the EIC User Group (EICUG, see
www.eicug.org). The EICUG has in 2020 grown to over 1100 members representing 235
institutions and 32 countries (see www.eigug.org/pnb).

A handful of general-purpose EIC detectors have been conceptualized. To bring the state
of the EIC experimental equipment definition to a next level, and folding in that the EIC is
capable of supporting a science program that includes two detectors, the EICUG put into
effect a “Yellow Report” activity 1 Much documentation on the ongoing Yellow Report
activity are given at http://www.eicug.org/web/content/yellow-report-initiative. The
main goal of the Yellow Report activity is to advance the state of documented (i) physics
studies (White Paper, INT program proceedings) and (ii) detector concepts (Detector and
R&D Handbook) in preparation for the EIC. This will provide both the basis for further
development of concepts for experimental equipment best suited to the EIC science needs,
including complementarity of the two detector/interaction regions, and input towards fu-
ture Technical Design Reports of the experimental equipment.

The general community strategy for this Yellow Report activity is both to Quantify physics
measurements for existing or new physics topics and implications for detector design,

1The CERN Yellow Reports series provides a medium for communicating CERN-related work where pub-
lication in a journal is not appropriate. Reports include material having a large impact on the future of CERN,
as well as reports on new activities which do not yet have a natural platform. The series includes reports on
detectors and technical papers, criteria being that the audience should be large and the duration of interest
long. The term Yellow Reports is now used frequently for documents with similar purpose in various physics
communities unrelated to CERN.
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and alternately to Study detector concepts based on the requirements defined above, and
quantify implications for the physics measurements. The Yellow Report will be completed
by January 2021, and will present the EIC community consensus on vision towards the
general-purpose EIC experimental equipment, and also discuss detector technologies of
relevance for two complementary general-purpose detectors. As such, with this commu-
nity effort ongoing, and with the realization that the detector technologies for the general
EIC science program are in general well understood, this section of the CDR describes a
“plausible scenario reference EIC detector”. This reference detector can execute the EIC
science program as documented in the NSAC and NAS reports, but we include also men-
tion of various alternate detector technologies under consideration for one, or even two, of
the possible detectors.

We foresee a call for detector proposals to start after the Yellow Report comple-
tion. This folds in the result of a “Call for Expressions of Interest (EOI)” (see
https://www.bnl.gov/eic/EOI.php). With this call, Brookhaven National Laboratory in
association with TJNAF, invites interested groups to submit a (non-binding) Expression
of Interest for their potential cooperation on the experimental equipment in support of
a broad and successful science program at the EIC. The call also encouraged interested
groups to work together within their country, their geographical region, or as a general
consortium, to submit such EOIs. Input of these EOIs will give guidance on the detector
scope and also be very influential in determining the trajectory of one or both general-
purpose detectors (and their Interaction Regions). We plan to complete the process for
selection of EIC detector proposals by the end of 2021, as stepping stone towards the for-
mation of the detector collaboration(s).

In parallel with a nearly two-decade-long community effort of EIC science development
and refinement, and experimental equipment conceptualization, Brookhaven National
Laboratory in association with TJNAF and the DOE Office of Nuclear Physics established
in 2011 a highly successful and still ongoing generic EIC-related detector R&D program
(see wiki.bnl.gov/conferences/index.php/EIC R%25D). This generic R&D program both
built bridges between various domestic and international research groups and scientific
communities, and was successful in its own right towards detector R&D. Presently, 281
scientists are engaged in the generic EIC-related R&D program, from 75 institutions in 10
countries. Most of the efforts have been organizationally merged in groups of scientists or
consortia, which can provide the seeds for the long-term EIC detector collaboration(s).

In general, much due to the longstanding generic EIC-related detector R&D program, the
detector technologies to implement a successful comprehensive Day-One EIC Science pro-
gram exist. This is the reason that at CD-1 the detector presented in the remainder of
the Section will be a plausible scenario reference detector, whereas the EIC User Group
continues to consider various technologies for many of the different detector functions to
implement, with an eye also to possible detector complementarity for a second detector.
Indeed, thanks to the ongoing generic EIC-related detector R&D program, the needs for
EIC Project-related detector R&D to address risk also are relatively modest. On the other
hand, needs for a generic EIC-related detector R&D program do remain. These are driven
both by pursuing alternative detector technologies for a complementary second fully inte-
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grated EIC detector and Interaction Region, and to prepare for future cost-effective detec-
tor upgrades to enhance capabilities addressing new nuclear physics opportunities. Fur-
thermore, the EIC science program is expected to span at least two decades, and will in
this period likely also require further detector upgrades driven by its science findings.

Thus, we plan a continuation of the successful ongoing EIC-related detector R&D program,
but managed in coordination with OPC-supported Project Detector R&D to underscore the
strong connection to EIC detectors. We intend to use the EIC Detector Advisory Committee
to provide advice on questions such as: (i) Are the EIC detector technology choices optimal
and feasible on the EIC project time scale? (ii) Does the EIC Project-related detector R&D
properly address the risk? (iii) Are there opportunities for generic EIC detector R&D to
enhance the day-one and the longer-term EIC science program? and (iv) Is the design of
the detector(s) sufficiently sound?

8.2 Experimental Equipment Requirements Summary

The physics program of an EIC imposes several challenges on the design of a general pur-
pose detector, and more globally the extended interaction region, as it spans center-of-mass
energies from 29 GeV to 141 GeV, different combinations of both beam energy and particle
species, and several distinct physics processes. The various physics processes encompass
inclusive measurements e+ p/A→ e′+X; semi-inclusive processes e+ p/A→ e′+ h+X,
which require detection of at least one hadron in coincidence with the scattered lepton;
and exclusive processes e + p/A → e′ + N′A′ + γ/h, which require the detection of all
particles in the reaction with high precision. Section 2.3 and 2.5 discuss in detail how the
requirements on the accelerator, the interaction region and the experimental equipment
flow down from the EIC science.

The high level requirements for the EIC general purpose detector are:

• The EIC requires a hermetic detector with low mass inner tracking.

• The main detector needs to cover the range of −4 < η < 4 for the measurement
of electrons, photons, hadrons, and jets. It will need to be augmented by auxiliary
detectors like low-Q2 tagger in the far backward region and proton (Roman Pots)
and neutron (ZDC) detection in the far forward region.

• The components of an EIC detector will have moderate occupancy as the event multi-
plicities are low. However, depending on the machine background level certain com-
ponents close to the beamline might see higher occupancies. For details see Sec. 8.3.2.

• An EIC detector will have to cope with a data rate of up to ∼ 500 kHz at full lumi-
nosity.

• Compared to LHC detectors, the various subsystems of an EIC detector have mod-
erate radiation hardness requirements.
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The intensive work done in the EIC user group ”Yellow Report” activity has resulted in
detailed requirements for the different subdetectors forming the central detector and the
individual detectors along the beamline. The current status of these requirements is shown
in Table 8.2.

The EIC experimental equipment does not stop at the general purpose detector to realize
the full science program the design of the IR and the integration of the far forward detec-
tors both along the outgoing lepton and hadron beam are equally critical. The detector
performance requirements for these detectors are documented in Table 8.2. The design
requirements for the IR are summarized in Table 8.1. Also these requirements are further
refined during the continuing ”Yellow Report” process. How well the current interaction
region design fulfills the requirements is documented in detail in section ??.

Table 8.1: Summary of the requirements from the physics program on the overall IR design.

Hadron Lepton

Machine element free region
±4.5 m main detector

beam elements < 1.5◦ in main detector volume

Beam Pipe Low mass material, i.e. Beryllium

Integration of detectors Local Polarimeter

Zero Degree Calorimeter 60 cm× 60 cm× 2 m @s = 30 m

scattered proton/neutron acc. Proton: 0.18 GeV/c < pT < 1.3 GeV/c
all energies for e+p 0.5 < xL < 1(xL = E′p/EBeam)

Neutron: pT < 1.3 GeV/c

scattered proton/neutron acc. Proton and Neutron:
all energies for e+A θ < 6 mrad (for

√
s = 50 GeV)

θ < 4 mrad (for
√

s = 100 GeV)

Luminosity
Relative Luminosity: R = L++/−−/L+−/−+ < 10−4

γ acceptance: ±1 mrad
→ δL/L < 1%

Low Q2-Tagger Acceptance: Q2 < 0.1 GeV
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8.3 Operational Requirements for an EIC Detector

EIC is a unique collider with diverse physics topics, which imposes unique require-
ments on the detector design. Comparing to modern hadron colliders, such as RHIC
and LHC, the EIC has much higher crossing frequency (∼ 100 MHz) and high luminos-
ity (1034 cm−2s−1). However, the EIC cross section (∼ 50 µb) is much smaller than the
proton-proton cross section (40-80 mb from RHIC to LHC), making the EIC collision rate
(∼ 500 kHz) and particle production rate (4M charged particle per second) a factor 10-1000
lower than that of RHIC and the LHC. Nonetheless, the EIC has a diverse event topology
and is sensitive to the machine background and detector noise. All these effects pose chal-
lenges to the operational requirements for an EIC Detector. In this section, requirements
are studied with integrated detector and IR simulations.

8.3.1 EIC Collision Rates and Multiplicities

The EIC total e+p cross-sections is estimated using the PYTHIA6 event generator as
listed in Table 8.3. For each collision Figure 8.1 shows particle production rates for the
20 GeV on 250 GeV beam energy configuration, assuming an instantaneous luminosity of
1033cm−2s−1. Events were simulated using PYTHIA6, and the total cross section reported
by PYTHIA6 was used to scale event counts to rates. No cuts, for example on event Q2 or
particle momentum, were applied. The η-range spans the expected acceptance of the main
EIC detector. ”Charged” particles refers to electrons, positrons, and charged long lived
hadrons, while ”neutrals” refers to photons, neutrons and K0

L.

In response to the collisions, the EIC detector response and data rate is studied using full
detector GEANT4 simulations of an EIC detector concept based on sPHENIX [48, 49]. The
subsystem multiplicity distributions (Figures 8.2, 8.3, and 8.4) and the average data rate
(Figure 8.5) are studied in a simulation combining the EIC tune of PYTHIA6, which sam-
ples ∼ 50 µb of the e+p collision cross section, and the full detector GEANT simulation. At
the top instantaneous luminosity of 1034 cm−1s−1, the collision-induced zero-suppressed

Table 8.3: Total e+p cross-section as a function of electron and proton beam energies. The
cross-sections were calculated using PYTHIA6 event generator and should be regarded only
as rough estimations.

σtot(µb)
Ee [GeV]

5 10 15 20

Ep [GeV]

50 31.4 38.0 42.1 45.3
100 38.0 45.3 49.8 53.0
150 42.2 49.8 54.1 57.8
200 45.2 52.9 57.9 61.4
250 47.8 55.5 60.6 64.4
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Figure 8.1: Particle production rates as a function of pseudo-rapidity at EIC for 20 GeV on
250 GeV e+p collisions and a luminosity of 1033cm−2s−1. (a) mean numbers of particles per
event (left axis) and particles per second per unit (η, φ) (right axis). (b) particles per second
per unit (φ, θ), i.e., the η-dependent flux at a distance of 1 m from the interaction point.
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Figure 8.2: Distribution of number of hits in the tracking detectors that originated from a
single e+p collision at √sep = 140 GeV.

streaming data rate from EIC collisions is around 100 Gbps, which is the minimal amount
of raw data that has to be recorded to disk in order to record all minimum-bias EIC col-
lisions in the central detector without the assumption of online reconstruction and reduc-
tion.
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Figure 8.3: Distribution of per-tower energy and the number of active towers in the central
calorimeters that originated from a single e+p collision at √sep = 140 GeV.
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Figure 8.4: Distribution of per-tower energy and the number of active towers in the forward
calorimeters that originated from a single e+p collision at √sep = 140 GeV.
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EIC-sPHENIX simulation
e+p, s = 140 GeV, L = 1034 cm-2 s-1

Data rate from beam collision only
Signal rate for tracker and calorimeter = 40 Gbps
Total triggerless DAQ rate from collision ~100 Gbps
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Figure 8.5: Signal data rates from tracking and calorimetric detectors from EIC collisions
via full detector GEANT4 simulation of an EIC detector concept based on sPHENIX [48, 49].
Zero-suppression and realistic data format based on sPHENIX prototyping are assumed
in this estimation. The overall tracker data rate is 40 Gbps. The estimated rate with PID
detector and moderate detector noise would reach 100 Gbps for full experiment. Please
note that the backgrounds, e.g. beam gas interaction, excessive detector noise, synchrotron
photon hit rate, may dramatically increase the data rate in some detectors, but they are not
included in this plot and they will be discussed in Section 8.3.2.
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8.3.2 IR Integration and Backgrounds

The combination of the relatively low signal rate of the EIC collision and the stringent
systematic control for EIC measurements calls for low background and detector noise at
an EIC experiment. And in turn, the types and levels of background is one of the main
consideration on the detector design and it is a major consideration for IR integration,
such as the arrangement of beam magnets and other beam parameters and optics. The
experience at earlier accelerator facilities, especially the previous HERA electron-proton
collider, indicates the importance of background studies in the early design phase. Primary
sources of machine-induced background are discussed in this subsection.

Ionization radiation dose and Neutron flux from the EIC collisions

The ionization radiation dose and neutron flux from the e+p collisions are studied using
EICROOT and the BeAST detector concept placed in the RHIC IP6 experimental hall. The
simulation is generated with the EIC tune of PYTHIA6 with 20× 250 GeV beam energy
and is based on GEANT3 package with the HADR = 5 option. As shown in Figure 8.6, the
near-beam-line regions experience relatively high ionizing radiation. For example, the e-
going crystal calorimeters show approximately 2.5 kRad/year max ionizing radiation dose
from the e+p collisions at the top luminosity (1034 cm−2s−1). The above-100 keV neutron
flux is shown in shown in Figure 8.7. The near-beam-line regions, in particular the vertex
tracker and the forward-backward calorimeters also experience relatively high neutron
flux, exceeding 1010 neutrons/cm2 per year from the e+p collisions at the top luminosity
(1034 cm−2s−1).

Synchrotron radiation

Various sources of synchrotron radiation could have an impact on the background level at
the IP. When the trajectory of a charged particle is bent, synchrotron photons are emitted
that are tangential to the particle’s path. Bending and focusing of the electron beam is
the main cause of synchrotron radiation within the IR. However, contributions from the
upstream electron beam scattering off residual gas must be assessed as well. It is important
to place the IP far away from strong bending magnets in the arcs to minimize synchrotron
radiation. The tracking detectors in the central detector as well as the calorimeter have to
be properly shielded against synchrotron radiation, therefore a number of absorbers and
masking must be applied along the electron beam direction. Synchrotron radiation also
deposits several kilowatts of power into the beam pipe in the central detector region, which
must then be cooled. Additionally, synchrotron radiation can degrade vacuum quality by
causing material desorption from vacuum chamber walls and/or heating residual gas.
Synchrotron radiation is also a direct and indirect source of background in the luminosity
monitor, and low-Q2 tagger located on the downstream electron side of the IR.

A model of the electron beamline has been used in SynRad [50], where synchrotron radia-
tion at the maximal design value of 0.260 Amp of 18 GeV electrons, including 26 mA in a
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Figure 8.6: Ionizing radiation energy deposition from the e+p collision at √sep = 140 GeV
studied using the BeAST detector concept.

broad tail distribution, has been generated. Figure 8.8 shows a view of the upstream elec-
tron beamline and IP, with synchrotron radiation generated by the last upstream dipole
and FFQ quadrupoles. Electrons enter from the lower left on the figure, at the location
of the last dipole, ≈ 40 m from the IP. In the background, the IP itself is obscured by the
hourglass shape of the central region of the beam pipe.

The energy deposition in the Be beam pipe and Si Vertex Tracker layers is illustrated in
Figure 8.10. The dose (energy per mass) in the Si layers is plotted in the right panel of Fig-
ure 8.10. The photon flux in these figures is integrated over 0.465 µs of an 18 GeV electron
beam at the design current of 0.26 A, including a beam tail.

Furthermore, a GEANT4-based tool-set is being prepared to examine the hit rate that orig-
inates from the synchrotron radiation background in the full experiment apparatus. The
SynRad synchrotron radiation simulation [50] as prior discussed is interfaced with the de-
tector response as modeled in full detector GEANT4 simulations and the digitization model
of an EIC detector concept based on sPHENIX [48, 49], as illustrated in Figure 8.11. The
detector hit rate results are pending updated with the July-2020 beam chamber and optics
adjustment.

Beam gas interactions

Beam-gas interactions might occur when proton or ion beam particles collide with resid-
ual beam gas. Ion beam interactions with gas cause beam loss and halo which may reach
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detectors. This may be an important source of neutrons that thermalize within the detec-
tor hall. The large synchrotron radiation load could heat the beam pipe and residual gas
particles from the beam pipe walls could be released, which would lead to a degradation
of the vacuum. A crossing angle and short section of shared beam pipe in the EIC design
minimize the beam-gas problem.

A model of the interaction region-1 (IR1), ± 30 m, including all magnets, the tunnel walls,
the detector cavern, and a simplified representation of the detector have been created in
FLUKA. This is illustrated in Fig. 8.12. A more detailed view of the detector model is
presented in Fig. 8.14.

The studies of the dynamic vacuum in the IR are directly linked to the synchrotron ra-
diation flux impacting the beam pipe. Figure 8.13 illustrates the static vacuum (without
synchrotron radiation) in IR1, based on nominal out-gassing rates, the molecular flow con-
ductance of the beam pipe, and the pumping speed of the NEG pumps at ±4.5 m.

In order to efficiently simulate the interactions of the ion beam with the residual gas in the
beam-line vacuum, we artificially create a thin “pencil” (diameter 3mm) of air at pressure
PF = 100 mbar along the beam-line. A global view of the neutron fluence is presented in
the top panel of Figure 8.15. The simulation includes the full cascading and thermalization
of secondaries from the primary beam-gas interactions. The figure illustrates the fact that
the detector itself, especially the iron flux return, serves as both a neutron sink and neutron
source.

The energy spectrum of beam-gas induced neutron at the central Si Vertex Tracker (SiVT)

Figure 8.7: Neutron flux from the e+p collision at √sep = 140 GeV studied using the BeAST
detector concept placed in the RHIC IP6 experimental hall.
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Figure 8.8: SYNRAD generation of synchrotron radiation from 0.260 A of 18 GeV electrons.
The color scale is logarithmic, with blue approximately 1 W/cm2. Electrons enter from the
lower left in the figure, the initial radiation fan is generated from the last dipole, at approxi-
mately 40 m upstream of the IP. Individual photons are traced by the green lines. The vertical
striations on the beam pipe result from the sawtooth inner profile of the pipe, which ensures
photons hit the wall locally head-on.

Figure 8.9: GEANT4 model of IR1 Beam Pipe, with Si Vertex Tracker. The electron beam
enters horizontally from the right, and exits in the rectangular beam channel to the left. The
ion beam enters in the small tube on the lower left, and exits via the large cone on the upper
right.
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Figure 8.10: Left: synchrotron energy deposition in central Be pipe and 5 layers of SiVT.
Energy is integrated over the length of each element. Right: synchrotron radiation dose
(GeV/gram) in each of 5 layers of SiVT, which is averaged over the length of each element.
The photon flux in these figures is integrated over 0.465 µsec of an 18 GeV electron beam at
the design current of 0.26 A, including a beam tail.

Figure 8.11: GEANT4 simulation of the synchrotron photon background in an EIC detector
model [48, 49]. The photons (green lines) are generated in SynRad simulation [50] and the
photons are interfaced to the GEANT4 simulation after passing the Final Photon Absorber
around z > 3 m. Although the inner detectors have the highest flux of synchrotron photon
background, the background affects tracking and PID detectors in much higher radii too,
due to the scattering and secondary interactions.



8.3. OPERATIONAL REQUIREMENTS FOR AN EIC DETECTOR 63

Figure 8.12: Top view of a FLUKA model of the EIC Interaction Region 1 (person for scale
comparison is shown at the bottom). Ions enter from lower left, electrons enter on the
solenoid axis from the right.

Figure 8.13: MOLFLOW calculation of the static vacuum in the IR. The beam pipe layout
is the same as Fig. 8.8. In this view, the electron beam enters from the upper left and exits
through the large horizontal aperture on the right. The incident ions enter from the right at
z = −4.5 m via the smaller upright rectangular aperture. The light green color in the central
region indicates a vacuum of ≈ 5 · 10−9 mbar. The downstream ion beam pipe is not shown
beyond the flange at z = 4.5 m.
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Figure 8.14: Elevation view of the FLUKA model of the EIC Detector. The Si Vertex Tracker
(SiVT) in this rendition includes six layers.

is illustrated in Fig. 8.16. The energy distribution shows a clear peak of fully thermalized
neutrons below 1 eV, as well as a knee around 10 MeV from evaporation neutrons. Neutron
damage to Si sensors occurs primarily via displacement of nuclei from their ideal lattice
positions. This can happen both by direct nSi scattering, and also by recoil from Si(n, γ)
reactions. The latter can dislodge nuclei, even for neutron energies well below 1 eV.

The damage induced by neutrons is frequently quantified by an equivalent flux of 1 MeV
neutrons. This is computed in the bottom of Figure 8.15. From Fig. 8.17, we obtain an
annual dose of 6 · 1010n/cm2 (1 MeV equivalent) in the SiVT. This is more than three orders
of magnitude less than the suggested tolerance of 1014n/cm2.

Next we we further estimated the data rate across the whole experiment that originated
from the beam-gas interactions. The full detector simulation model as described in sub-
section 8.3.1 is used to simulate the proton beam hydrogen gas interaction generated with
PYTHIA8 in the p + p fixed-target configuration. The hydrogen gas pressure is assumed
to be a constant 10−9 mbar across the experimental region |z| < 450 cm, which leads to ap-
proximately 10 kHz inelastic beam gas interaction rate. The result collision is propagated
through the detector model as illustrated in Figure 8.18. The result data rate is summarized
in Figure 8.19.

Beam halo

Particles produced from elastic collisions of both electron and proton beams with residual
gas or beam-beam interactions can form a halo distribution around the beam. Often the
result is an on-momentum electron or ion with large scattering angle. These particles can
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Figure 8.15: Maps for Neutron fluence (top) and 1-MeV-equivalent Neutron fluence (bottom)
from p + Air interactions in the beam pipe at proton energy Ep = 275 GeV and an artificial
pressure PF (“P-FLUKA”) in a thin cylinder along the beam line. The IP is located at Z =
285 cm. Neutron fluence is given by the color chart at the right side of the plot in units
of neutrons/cm2/proton at PF = 100 mbar. Normalized rates for current I = 1 A and a
realistic average beam-line vacuum P = 10−9 mbar are obtained by multiplying the color
values by (I/e)(P/PF) = 6.25 · 107 protons/s. Thus dark red regions (almost yielding to
black) correspond to a realistic fluence of ≈ 6 · 104 neutrons/s/cm2.
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Figure 8.16: Neutron energy spectra from FLUKA simulations in two layers of the SiVT : (1)
Outer-most Si layer (SVT1) and (2) Inner-most Si layer (SVT6). The vertical scale is fluence
in units of neutrons/GeV/sr/cm2/proton at pressure PF = 100 mbar. The horizontal scale
is neutron energy in GeV. Absolute realistic flux in neutrons/s/sr/cm2/GeV is obtained by
multiplying the vertical axis by ≈ 6.25 · 107 protons/s (see Fig. 8.15 caption).

Figure 8.17: One-MeV equivalent neutron fluence map in the area of SiVT; p + Air interac-
tions in the beam pipe at proton energy Ep = 275 GeV. IP is located at Z = 285 cm. Fluence
is given by the color chart at the right side of the plot in units of neutrons/cm2/proton/PF,
where PF = 0.1 bar is the pressure used in the FLUKA model.

then generate additional background by interacting with the beam pipe and can impact
the stability of the beam. Beam halos are being studied to determine whether ”scraping”
the halo with collimators is required, as well as proper placement of those collimators.
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Figure 8.18: GEANT4 simulation of a beam gas interaction background in an EIC detector
model [48, 49]. The interaction originate after the last focusing magnet at z = −4 m. The
produced particle shower will cascade through the central detector stack and induce high
multiplicity background throughout the forward and backward spectrometers.

EIC-sPHENIX simulation
p + p(beam gas), 250 GeV/c, |z|<450 cm
I(p) = 1A, Vac = 10-9 mbar, Gas event @ 12 kHz
Data rate from beam gas event
Rate for tracker and calorimeter = 1 Gbps
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Figure 8.19: Signal data rates from tracking and calorimetric detectors from beam gas colli-
sions via full detector GEANT4 simulation of a detector concept based on sPHENIX [48, 49].
This simulation assumes constant 10−9 mbar vacuum in the experimental region of |z| <
450 cm, which would be modified with a dynamic vacuum profile in the future.
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Summary and outlook

Although multiple background sources are discussed in this section, at the time of this
report, many aspects of these background estimation can still vary considerably as the
accelerator and experiment conceptual design proceeds. Nonetheless, we feel it crucial to
point out a few key experimental regions which are susceptible to high background.

• A silicon vertex tracker is expected to be installed with a minimal clearance outside
the beam pipe in EIC. The overall collision charged particle flux is relatively low
(Section 8.3.1). However, the proximity to the beam pipe exposes this detector to the
background such as the synchrotron radiation, beam gas interactions, and beam halo.
The current estimation shows an annual neutron fluence reaches O(1011)n/cm2. The
synchrotron hit rate ranges from O(108) to O(1012) pixels per second, depending on
the choices of the beam chamber coating. Optimization on the machine and detector
design is ongoing to reduce and refine the background rate and to protect this key
detector from unexpected beam conditions.

• In addition to the silicon vertex tracker, many tracking and PID detector would
observe a considerable hit rate from the scatter synchrotron photons, in particular
the main barrel tracker and forward-backward silicon tracker, as illustrated in Fig-
ure 8.11. Optimization and detailed estimation are still ongoing.

• Hadronic shower leads to enhanced neutron fluence near the first few hadron inter-
action lengths of calorimeters at the vicinity of the beam pipe. Current estimations
are at the orders of O(1010)n/cm2. Further study and refinement will be carried out.
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8.4 Reference EIC Detector

8.4.1 Introduction

The physics opportunities at EIC are intimately connected to the overall design of the ex-
periments and to the performance of the required detectors. From the experimental point
of view, the broad physics EIC program can be accomplished by the study of (i) inclusive,
(ii) semi-inclusive and (iii) exclusive processes, all of them with initial state of electrons
and light or heavy nuclei, with polarized electron and light nuclei beams and spanning a
wide range of center of mass energies. The main requirements for the experimental appa-
ratus are based on these processes and the requirements of the wide kinematic coverage,
adding more and more complexity moving from reactions (i) to (iii):

• Precise scattered electron identification and extremely fine resolution in the mea-
surement of its angle and energy (Sec. 8.4.2) for all experimental channels; another
essential tool for the whole physics scope is the central magnet (Sec. 8.4.3) required
for momentum measurements;

• More is needed to access the semi-inclusive processes (ii): excellent hadron identi-
fication over a wide momentum and rapidity range, full 2π acceptance for tracking
and momentum analysis and excellent vertex resolution by a low-mass vertex detec-
tor (Sec. 8.4.2);

• Exclusive reactions (iii) impose the capability to accurately reconstruct all particles in
the event using a tracker with excellent space-point resolution, high precision electro-
magnetic resolution and reasonable precision hadronic calorimetry in the end-caps
(Sec. 8.4.2), the complete hermeticity of the setup with the additional requirement
of very forward detectors such as Roman pots, and large acceptance zero-degree
calorimetry to effectively detect neutrons from the breakup of nuclei or neutral de-
cay products from tagged DIS processes (Sec. 8.4.4);

• The entire experimental program will require the precise control of the luminosity
(Sec. 8.6);

• The polarized beams impose the use of electron and light nucleus polarimeters
(Sec. 8.6);

• The strategy for detector read-out and data acquisition has to be defined taking into
account the data rate of the experiment as well as the rapid developments in the field
of digital electronics and computing power, suggesting a global approach to the read-
out and data acquisition (Sec. 8.4.5) on the one hand and software and computing on
the other hand (Sec. 8.5).
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8.4.2 General Purpose EIC Detector

A reference detector design, closely following the physics requirements outlined in chapter
2.3, is shown in Figure 8.36. The general requirements for any detector are similar as they
stem from the central goal to cover the entire EIC physics program, the expected event
geometries and the constrains coming from the overall collider design. Nevertheless, the
detector design and the selected technologies may differ.

We assume the following characteristics for the present discussion. The central detector,
discussed in this section, instruments the pseudo-rapidity region−4 < η < 4. It is comple-
mented by the very forward and backward detectors (Sec. 8.4.4) ensuring the hermeticity
and the forward tagging required by specific items of the physics program. The main re-
quirements of the central detector dictated by the physics program and the event geometry
are related to (1) tracking and momentum measurements, (2) electron identification, (3)
hadron identification and (4) jet energy measurements, while (5) the overall detector size
is imposed by collider design considerations:

1. very fine vertex resolution, at the 20 µm level for the three coordinates, is needed,
while a moderate momentum resolution around 2% matches the physics require-
ments;

2. the purity requirements for electron/hadron separation are at the 10−4 level in the
backward and barrel regions and, for this purpose, the figures for the electron energy
resolution are very demanding, in particular in the backward region where an r.m.s.
of 2%

√
(E) is needed; in the same direction, the request is for a light detector, where

the material budget should not exceed 5% X0;

3. the identification of the different hadron species in the whole central detector cover-
age, namely for hadrons with momenta up to 50 GeV/c, is requested with 3σ π/K
separation over the whole range as reference figure;

4. the measurement of jet energy in the forward direction is a necessity, while moderate
resolution of the order of 50%

√
(E) can match the needs;

5. the detector extension along the beam lines impacts on the required length around
the IP that has to be kept free of machine elements, typically referred to as L∗: the
reference figure is ±4.5 m space around the iteration point.

The required tracking and momentum resolution measurements can be obtained with a
∼1.5 T solenoidal field equipping the internal volume with a set of coaxial trackers with
cylindrical symmetry covering the −1 < η < 1 region and a set of disk-shaped detec-
tors in the forward and backward direction. Different approaches are considered for the
set of tracking detectors. The better established is via a vertex barrel formed by 4 lay-
ers of high-resolution MAPS sensors with a 20 µm pixel size and an effective thickness
of only ∼ 0.3% radiation length per layer. The barrel is surrounded by a TPC, with in-
ternal radius of 20 cm and external one of 80 cm, specifically chosen as the main tracking
element because of its small overall material budget as it minimizes the rate of photon
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conversions in detector components. The longitudinal extension of the TPC is longer than
the vertex layers: therefore, the TPC provides tracking also in part of the forward and
backward regions, while the small angle regions are covered by small-size disk trackers
by the same technology used for the vertex barrel. Besides this, the TPC should provide
charged particle-identification (PID) information at central rapidities complementing the
dedicated PID devices. The disks trackers are by the same technology used for the vertex
barrel. This setup can be empowered by adding a single layer of a high-resolution tracker
with fine spatial and time resolution, for instance by micro-RWELL, external to the TPC
to provide better angular information. Such a high-resolution tracker is needed if a DIRC
is used for PID in the barrel region as it provides fine angular information at the DIRC
entrance. It can also contribute to define the event time.

Alternative options for the tracking are considered. The TPC can be replaced with sil-
icon trackers, namely increasing the number of layers in the vertex. This would result
in a faster detector characterized by finer spatial resolution, even if without the PID ca-
pabilities provided by the TPC. The whole silicon tracker option has more limited space
requirements, therefore making more space available in the barrel for ECal or PID needs.
The length along the beam axis of these external layers is shorter than the TPC one: this
detector equips the mere barrel region. Therefore, the diameter of the disk trackers has to
be increased in order to cover the forward and backward regions. The most external disk
detectors, characterized by the largest diameter, can be replaced by light-material MPGDs:
low material budget GEM detectors are considered, where the Cu electrodes are reduced
to the mere adhesive Cr-film. Another option, also characterized by low material budget,
is a set of cylindrical coaxial MPGD layers: microR-WELLs are considered. This option
results in a detector faster than the TPC without PID capabilities. A technologically ad-
vanced alternative for the vertex sensors is represented by a new-generation of MAPS in
65 nm CMOS imaging technology, being developed within the ALICE ITS3 project. The
sensor specifications and the development timescale are largely compatible with those of
the EIC. The expected material budget is only about 0.05% radiation length per layer.

The required electron identification as well as measurements of electron kinematical pa-
rameters can be obtained with a set of electromagnetic calorimeters of cylindrical sym-
metry in the barrel region and a set of rectangular shaped detectors in the forward and
backward direction. Different approaches are considered for the set of electromagnetic
calorimeters as illustrated in Table 8.4.

For hadron physics measurements with electromagnetic probe, good energy resolution
and high granularity is needed in the electron-going (backward) direction to detect and
identify electrons, photons and neutral pions. Good energy resolution aids in electron-
pion separation and to determine the electron scattering kinematics, compactness and high
granularity is driven by need for position resolution and separation of single-photons from
neutral-pion decays. The EIC high-resolution EM Calorimeters have the following basic
requirements:

• Interaction rate capability up to 0.5×106 Hz requiring reasonably fast scintillation
kinetics
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• Sufficient energy resolution and efficiency over a large dynamic range of photon en-
ergies, typically from order 50 MeV to 50 GeV

– In backward region, η < -2 or -2.5, energy resolution of order 2.5%/
√

E to
achieve required 10−4 π/e rejection (for E > 2 GeV). Or, in other words, to
achieve clean electron identification making use of tracking information to de-
termine E/p. For -2 < η < -1, an energy resolution of 7%/

√
E suffices to achieve

clean electron identification for E > 2.5-3 GeV

– In backward and especially far-backward region a small constant term, 1% or
less, to aid in determination of electron scattering kinematics. Note that to
achieve convergence to good energy resolution including constant term typi-
cally requires 20 or more radiation lengths (X0). For PWO, this is 22X0 (20 cm),
for CsI 27 X0 (50 cm).

– Electron energy range from order 1 GeV to order 20 GeV for η < -1, and up to
∼40 GeV for |η| < 1.

– Photon energy range from order 20 MeV to order several tens of GeV

• Adapted geometrical dimensions to contain the major part of the EM shower

– Sufficient granularity (0.02-0.03) to separate single photons from π0 decays

– In the backward region, at a distance of about 3 meters, need position resolution
of order 2-3 mm to pinpoint electron scattering kinematics, and granularity of
order 2 cm.

• Moderate radiation hardness up to ∼3 krad/year (30 Gy/year) electromagnetic and
1010 n/cm2 hadronic at the top luminosity.

PbWO4 (PWO) meets the requirements of an extremely fast, compact, and radiation hard
scintillator material providing sufficient luminescence yield to achieve good energy reso-
lution. Since the highest precision is only needed at very backward rapidities the reference
backward endcap electromagnetic calorimeter is a hybrid design with a high-resolution
inner part composed of PbWO4 crystals at room temperature and an outer part composed
of radiation-hard SciGlass. Due to its larger radiation length, it requires roughly twice the
longitudinal length as PWO, for similar energy resolution, but can achieve similar granu-
larity. It also has a high light yield, similar as BGO and CeF3, that is independent of tem-
perature and high radiation hardness (>1000 kRad and >1015 n/cm2). SciGlass is being
developed as part of the EIC eRD1 consortium. Successful scaleup has been demonstrated
and glass samples of sizes up to ∼10 radiation lengths can now be produced reliably. The
electron endcap reference hybrid design fulfills the physics requirements and reduces the
demand for crystals while keeping the benefits of a homogeneous detector medium.

The reference detector surrounding the barrel is a Pb/Sc Shashlyk sampling calorimeter.
This technology consists of a stack of absorber and scintillator plates. The light is collected
with the help of WLS fibers passing through the plates. For the absorber lead or tung-
sten are used. The technology is widely used and allows detectors of various resolutions
and sizes. The barrel calorimeter provides and energy resolution of 12%/

√
E or better
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to achieve clean electron identification and less than 2-3cm granularity to separate single
photons from π0 decays. In the forward region, at a distance of 3 m, if only done with the
EMcal requires granularity < 2.5 cm to identify for momenta up to 50 GeV/c. The refer-
ence hadron endcap detector is a W powder/ScFi sampling calorimeter. In this technology
fibers are embedded into a heavy material like lead or tungsten. In one implementation
the fibers are glued between lead sheets. Such SPACAL-type detectors have been used in
several experiments. In an alternative implementation, tungsten powder is used for the
absorber. This technology has been developed for the sPHENIX experiment.

Alternative options for the electromagnetic calorimeters are provided by replacing the
reference with an alternative option studied by the community. The less demanding outer
part of the electron endcap electromagnetic calorimeter could be replaced by one of the
heterogeneous sampling options listed in Table 8.4. The radiation-hard SciGlass could
provide a homogeneous alternative for the large-volume barrel or the hadronic endcap.
Another option, characterized by a heterogeneous material approach, is to replace Pb/Sc
Shashlyk in the barrel with a different absorber W/Sc Shashlyk or W powder/ScFi, pro-
vided that sufficient performance to meet EIC physics requirements can be demonstrated.

The required jet energy measurements can be obtained with a set of hadronic calorimeters
in the barrel and forward and backward directions. The hadron calorimeters should be
compatible with the requirements:

• Sufficient energy resolution and efficiency over a large dynamic range, typically from
order 100 MeV to 100 GeV

– In the forward direction, η > 1 high resolution <40%/
√

E +5% is desired for
hadron jet measurements

• Sufficiently high granularity to disentangle the different contributions, i.e. proper
assignment of signal to the neutral components of the jet

– currently anticipated granularity 10 cm × 10 cm

• Adapted geometrical dimensions to contain the major part of the hadron shower

– In regions |η| < 1 and backward region 5 λint are sufficient as particle energies
are < 20 GeV/c

– In the forward region, η > 2.5, should be of order 6-7 λint

• Moderate radiation hardness up to 3 krad/year (30 Gy/year) electromagnetic and
1010 n/cm2 hadronic at the top luminosity.

• Compatibility with Particle Flow Approach for jet reconstruction

• Preferably mechanical sturdiness allowing to build self-supporting structures to min-
imize space required for passive mechanical support structures.

Due to the large size required for hadron calorimeters, these detectors are typically of the
sampling type and consist of an EMCal followed by an HCal part. In such a binary system
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the performance for electromagnetic energy and hadron energy resolution has to be bal-
anced, e.g. for a high resolution EMCal the hadronic resolution is poor and is determined
by fluctuations in the energy sharing between the EM and the hadronic calorimeter section,
which have very different e/h values. Precision measurements of energy with sampling
calorimeters require sufficiently high sampling fraction and sampling frequency to keep
sampling fluctuations and fluctuations in the number of signal quanta (EM energy resolu-
tion) at the desired level. An increase in sampling fraction leads to significant dilution of
the final density of the calorimeters. In addition, calorimeters with large sampling fraction
require additional space for mechanical stability, as they are usually not self-supporting.

The best hadronic calorimeters providing hadron energy resolutions of ∼35%/
√

E + (1.3-
3.5)% (ZEUS Depleted Uranium, DU/Sc, E864 Pb/ScFi, and the WA80 DU/Sc ZDC) were
compensated. Their total hadronic resolution has been dominated by sampling fluctua-
tions. This is a direct consequence of compensation (e/h=1), which requires small sam-
pling fractions, e.g. 2.3% for Pb/Sc detectors and 5.1% for DU/Sc detectors. To give an
idea of required space in the detector for high resolution calorimeter systems; the ZEUS
calorimeter system took almost 4 meters of space, half of space occupied by high resolu-
tion DU/Sc calorimeter and the rest by backing calorimeter to control longitudinal leak-
ages. The E864 Pb/ScFi calorimeter system takes about 2 meters of space just for Pb/ScFi
structure plus an additional 0.7 meters of space for readout.

The reference EIC hadron calorimeter for all detector regions is of the binary type com-
posed of W/ScFi for the EM and Fe/Sc sampling for the hadronic part. The steel absorber
is preferable over other absorbers like Pb as it allows to serve the dual purpose of mag-
netic flux return for the overall EIC detector. Steel also generates less neutrons, which
can be advantageous for the envisioned SiPM readout. In the backward direction, where
particle momenta are at most 20 GeV/c the total depth of the hadronic calorimeter may
be less than that in the forward direction that will provide jet energy measurements for
particle momenta up to nearly 100 GeV/c. W/ScFi was chosen for the EM part to simplify
the construction of an EM calorimeter with high sampling frequency and small sampling
fraction (approximately being compensated). This hadronic calorimeter reference design is
expected to achieve a hadronic energy resolution of 50%/

√
E + 10% and spatial resolution

of 30mm.

Alternative options for the hadronic calorimeters are provided by replacing the reference
with an alternative option studied by the community. In regions where the calorimeter ma-
terial does not play a considerable role in containing the magnetic field a technology based
on a different absorber could be used, e.g. Pb/Sc or DU/Sc. An alternate design with
Pb/Sc shashlik for the EM part and Fe/Sc for the hadronic part would also be possible.
Another option could be an imaging calorimeter based on silicon RPC/DHCAL, which
could provide additional particle identification information and possibly improve the jet
energy resolution. One of the most promising methods to achieve better performance for
hadronic calorimeters is dual readout. By comparing the signals produced by Scintilla-
tion light (S) and Cherenkov light (C) in the same detector, the EM shower fraction, whose
fluctuations are the main culprit for problems encountered with hadronic calorimetry, can
be determined for individual events. The validity of this principle has been demonstrated
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with the DREAM fiber calorimeter. However, two factors impacting hadronic resolution
remain: sampling fluctuations and fluctuations in the Cherenkov light yield. Homoge-
neous materials such as crystals and glasses in which both S and C light are generated in
the same optical volume have the potential to eliminate these two issues.

Hadron identification requires different approaches and technologies in the various re-
gions of the central detector in order to cover different momentum ranges and because of
different space constraints imposed by the overall setup arrangement.

The reference option for hadron identification in the barrel region is by a high perfor-
mance DIRC complemented by dE/dx measurements. The DIRC focuses Cherenkov light
released and internally reflected in precision quartz bars. The light is channeled away from
the central region for detection providing a compact system with photon sensors outside
the detector acceptance. High performance is obtained by adding full focalization to the
BABAR DIRC concept. It is so possible to obtain 3σ π/K up to 6 GeV/c.

The measurement of dE/dx complementing the particle identification in the barrel is pro-
vided by tracking technologies, e.g. TPC. TOF options in the barrel region are not promis-
ing because of the short lever arm available. In the forward region, the dRICH (dual
RICH) is the reference detector. It includes two radiators, namely a fluoro-carbon gas
and aerogel, can cover a wide momentum range with π/K separation at 3σ level or bet-
ter from 3 GeV/c to 60 GeV/c. An array of mirrors focalizes the light onto an area with
limited instrumentation outside the RICH acceptance with reduced constraints on mate-
rial budget and radiation tolerance. This facilitates the possibility to use SiPMs as photon
sensors, able to operate in magnetic field and to detect single photons. The capability of
tolerating the foreseen radiation levels requires confirmation.

The reference hadron-PID device in the backward direction is the modular RICH: it uses
aerogel radiator in a proximity-focusing arrangement, where the resolution is increased
thanks to the use a Fresnel lens as focusing element. The Fresnel lens also filters short
wavelength light, which suffers in aerogel by severe Rayleigh scattering dispersion. It can
use either SiPMs or Large Area psecPhoton Detectors (LAPPD) as sensors. It provides 3σ
π/K separation up to 10 GeV/c. A characterizing aspect of this option is the modular
construction, a design that simplifies construction, quality control and assembly of a large
system.

Alternative options for hadron-PID are considered for all the various kinematic regions.
In the barrel, the BaBar DIRC bars can be reused, even if posing mechanical problems
related to the bar length. Moreover, it would result in a 3σ π/K separation up around
4 GeV/c. TOF options in the barrel region are not promising because of the short lever
arm available. In the forward direction, an alternative is a windowless gaseous RICH,
where the gas radiator also provides the atmosphere of the gaseous MPGD-based sensors.
In this case, the use of a single radiator species makes possible the design of a central
optics, limiting the effect of the spherical aberration. This gaseous RICH requires to be
complemented by a device for lower momenta making use of aerogel, e.g. mRICH mod-
ules, or TOF measurements taking advantage of the ∼3 m lever arm available. In both
dRICH and windowless RICH, an ecofriendly alternative to the C-F gas is represented
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by pressurized Ar. Varying the pressure up to about 3.5 bar, Ar can mimic C-F gasses
providing the same favorable figures for high Cherenkov photon yield and limited chro-
maticity. In the backward region, similarly to the forward region, the lever arm for a pos-
sible TOF system is of a few meters and, therefore, also this option is considered. About
TOF technologies, two fine time-resolution sensors are considered: LAPPDs, based on the
MCP principle, detecting the Cherenkov light generated in the window by the through-
going ionizing particle with 5-10 ps time resolution and Low Gain Avalanche Detectors
(LGAD), with 20-35 ps time resolution and also providing an accurate space point for
tracking.

The devices for hadron identification, can also contribute to electron/pion separation,
where the electromagnetic calorimetry play the major role. Nevertheless, the separation
power by calorimeters is optimal only above ∼4 GeV/c and it depends on the technol-
ogy: it can be at the 10−4 for PbWO4 crystals, while it is around 10−2 for heterogeneous
sampling options. In the backward region, mRICH can provide 3σ e/π separation up
around 2 GeV/c, in the forward region dRICH is capable of 3σ e/π separation up around
15 GeV/c. No relevant contribution can come from the DIRC, due to the high refractive
index of the quartz radiator. An alternative option for electron/pion separation in the
backward region is the use of a Hadron Blind Detector (HBD) using CF4 radiator, similar
to the one used in the PHENIX experiment, with pion threshold at ∼4 GeV/c. Improve-
ments in the MPGD-based photon detectors can be implemented with the addition of more
multiplying layers in the gaseous sensor.

Alternative options for e/h separation are by adding a TRD in the forward and backward
directions. A TDR concept making use of GEM as sensor is under development and the
preliminary indications for the separation power is at the 10−1 level. The device can also
provide precise tracking information.

Table 8.5 summarizes the subdetector performance parameters obtained by the technolo-
gies described above and summarized in table 8.4. The interactive version of this matrix
allows to correlated the listed performance with details about the technology and the sim-
ulations used to obtain the performance.
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8.4.3 Central Magnet Consideration

The EIC detector is built around a central solenoid magnet with optional correction trim
coils required to meet the solenoid field specification. Tracking resolutions in the central
pseudo-rapidity range suggest the nominal field of 1.5 T, but a range between 1.5 T and
3 T makes physics measurements accessible. A central field as high as 3 T is needed to
maximize the effective |B|·dl integral for particles scattered at small polar angles, both in
forward and backward directions. High magnetic fields come at the cost of reducing the
low-pT acceptance of charged tracks. The acceptance for low-pT particles down to the
momenta ∼100 MeV/c requires that a fraction of physics data are taken at a substantially
lower field. Field polarity flip is a standard measure to address systematic effects due to
a different acceptance for the positively and negatively charged particles, hence a bipolar
magnet operation with a polarity switch is one of the magnet requirements.

Physics studies available to date suggest a solenoid with a bore diameter 2.5-3.5 m in a tra-
ditional composition of an EIC detector. Specifications on coil length, presently assumed
to be able to provide a ∼3.0 m magnetic length as a reference figure, cryostat radial space,
and coil configuration require an optimization integrated with the overall detector design.
The solenoid design is characterized by three regions, the barrel and backward endcap
with the field parallel to the magnet axis and the RICH detector in the forward direction,
which extends from +100 cm to +240 cm with respect to the magnet centre, where the field
lines should be projective with respect to the nominal IP location. A flux return path could
be provided through the hadronic calorimeter assemblies in the forward and backward
directions. Correction coils in the hadron end-cap may be required to meet the RICH de-
tector readout on field projectivity. The need for these coils should be avoided as they will
adversely affect the hadron calorimeter performance, but if needed, should be allowed to
occupy a maximum of 10 cm of the available linear space.

Alternative detector integrated designs, where a dipole or toroidal field are superimposed
with the solenoid field in the central region of the detector, have been considered to im-
prove the |B|·dl integral at small scattering angles. These integrated designs could be an
option if an acceptance that meets the physics requirements can be demonstrated.

Re-use of the existing BABAR/sPHENIX magnet is an alternative to the realization of a
new solenoid with optimized design. Whereas the new solenoid main specifications are
an up-to 3T magnetic field, a 2.5-3.5 m diameter bore, and a magnetic length of ∼3 m, the
BABAR/sPHENIX magnet provides an up-to 1.5 T field, a 2.8 m diameter bore, and sim-
ilar magnetic length. The magnet for the BABAR experiment at PEP-II at SLAC, CA was
manufactured by Ansaldo, Italy in 1997 and was commissioned in 1998. It was then trans-
ferred to BNL, NY in 2015 for use in the sPHENIX experiment where it still resides today. It
received a high-field test (up to 1.3 T) in 2018. The prolonged use of the BABAR/sPHENIX
magnet requires the implementation of several maintenance and improvement modifica-
tions, including new protection circuits such as voltage taps, inspection of and as needed
reinforcement of the internal mechanical support, including new strain gauges, and re-
placement of control instrumentation sensors. Several of these implementations involve
the delicate operation of disassembly of the magnet. To repair an existing small leak in the
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valve box for the cryogenic cooling system requires a replacement of the valve box or dis-
assembly to inspect cooling pipework and to repair leaks. Moreover, additional changes
are required for re-using the magnet, for example those needed to match the requirements
of projective field lines in the RICH region.

The main parameters of both a new superconducting solenoid magnet, at the present
stage of magnet optimization integrated with the overall detector design, and the existing
BABAR/sPHENIX magnet are shown in Table 8.6. For a new magnet, a slightly larger bore
of 3.2 meter is chosen as compromise between, on one hand, magnet complexity and me-
chanical Hall space considerations, and on the other hand providing some much-needed
space in the bore to ensure more detector technology choices to ensure functionality of
tracking, hermetic electromagnetic calorimetry and particle identification (both e/π and
π/K/p) over a large range of particle momenta. The choice of NbTi conductor in a Cu ma-
trix for the new magnet is driven by that for EIC no detection beyond hadronic calorimetry
is foreseen beyond the bore, alleviating a material requirement on small radiation lengths
and allowing use of Cu facilitating the magnet mechanical design.

The coil length is driven by the present definition of the barrel region as between pseudo-
rapidity of -1 and 1. This corresponds to an angle of ∼40 degrees. This means that for
a certain bore size, the space for the mechanical length of the magnet cryostat is roughly
20% larger, or 3.84 meter for a 3.2-meter bore. Folding in an approximate need of 12 cm
additional need on each side of the magnet coil for inner vacuum and helium vessels, and
multi-layer isolation, determines the coil length requirement to be 3.6 meter. A somewhat
larger coil length of 3.8 meter would not be a major issue, but likely not much more as the
edge of the cryostat is one of the regions where detector infrastructure (support, cabling,
etc.) will reside, and deliberations between the need for equal coverage of tracking and
electromagnetic calorimeter as trade-off with particle identification detector readout will
occur.

Parameter New Magnet BABAR/sPHENIX Magnet
Maximum Central Field (T) 3 1.5

Coil length (mm) 3600 3512
Warm bore diameter (m) 3.2 2.8

Uniformity in tracking region
(z = 0, r < 80 cm) (%) 3 3

Conductor NbTi in Cu Matrix Al stabilized NbTi
Operating Temperature (K) 4.5 4.5

Table 8.6: Summary of some of the main requirements of the EIC detector solenoid magnet.

The main advantage of accessibility of low central solenoid fields (down to ∼0.5 T) is to-
wards the low-PT acceptance of charged-particle tracks. A central field of 0.5 T roughly
equates to a detection capability of charged particles down to transverse momenta of be-
low ∼ 0.1 GeV/c. This is for example relevant for mapping the decay products of heavy-
flavor mesons. The main advantage of a 3 T versus a 1.5 T central solenoid field is for
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the momentum resolution of charged particles as function of pseudo-rapidity. Doubling
the magnetic field can lead to a reduction of the momentum resolution by a factor of ≈2
from a leading order ∼ 1/B dependence. This is relevant in the central region, but even
more so in the forward pseudo-rapidity regions, η > 2, where the momentum resolutions
rapidly worsen. For example, for η ∼ 3, a momentum resolution of ∼2-3% is achievable
for pions with momenta up to about 30 GeV/c with a 3 T central field, and only double
that resolution for a 1.5 T central field.

8.4.4 Detectors along the Beamline

Far-Forward Detectors

The measurement of exclusive and diffractive e+p and e+A events require careful design
considerations for the Far-Forward (η > 4.6) region of the IR, as well as optimized place-
ment of several detector subsystems, and careful choices of technology. In this section we
will describe each detector subsystem in detail and present the physics reach demonstrated
by the combined FF detector system.

The overall layout of the Far-Forward (FF) region is shown in Fig. 8.20, with a summary of
the general acceptances of each current subsystem shown in Table 8.7.

Figure 8.20: GEANT4 rendering of the far-forward hadron beam magnets and the four de-
tector subsystems currently included.

The entire FF detector system consists (currently) of four main components: 1) the Roman
Pots system, 2) the B0 spectrometer, 3) the off-momentum detectors, and 4) the zero-degree
calorimeter. The main particles which are considered for detection in these subsystems are
protons (in 1-3), neutrons (4), and photons (4 and potentially 2). In principle, nuclear
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Detector (x,z) Position [m] θ [mrad] Notes
ZDC (0.96 m, 37.5 m) θ <5.5 ∼4.0ṁrad at φ = π

Roman Pots (2 stations) (0.85, 26.0), (0.94, 28.0) 0.0 < θ < 5.5 10σ cut.
Off-Momentum Detector (0.8, 22.5), (0.85, 24.5) 0.0 < θ < 5.0 0.4 < xL < 0.6

B0 Spectrometer (x = 0.19, 5.4 < z < 6.4) 5.5 < θ < 13.0 ∼20 mrad at φ=0

Table 8.7: Summary of far-forward detector locations and angular acceptances for protons,
neutrons, and light nuclei or nuclear fragments. In some cases, the angular acceptance is not
uniform in φ, as noted in the table.

fragments and charged pions could also be detected in the silicon sensors intended for
protons, but PID would need to be considered in the case of proton/pion separation.

Roman Pots: The Roman Pots consist of two stations with anywhere from 2–5 sensor
planes, with the stations spaced 2 m apart. The current straw-man design (see Fig. 8.21)
assumes an L-shaped sensor with movement only in the y-direction, due to space consid-
erations in the x-directions making additional movement in x challenging. Other designs
are also under consideration to ensure maximal coverage of the acceptance.

Figure 8.21: Straw-man sketch of a possible Roman Pots detector configuration allowing for
only vertical movement, but covering both the horizontal and vertical acceptance. The sen-
sors are situated in the beam pipe, a few centimeters from the beam and generally contained
in an aluminum vessel known as a “pot” with a window for proton detection.

A new silicon technology using AC-coupled Low Gain Avalanche Diodes (AC-LGADs)
is under consideration to be used to meet the requirements of the Roman Pots. The AC-
LGADs provide both timing and spatial information for reconstruction. The Roman Pots
system can accept charged particles with a scattering angle of 0.0 < θ < 5.0 mrad, and a
longitudinal momentum fraction compared to the beam 0.8 < xL < 1.0. The lower bound
of the angular acceptance is determined by the angular cutoff of the 10σ safe distance of

the sensors from the beam, where σx,y(z) =
√

βx,y(z)εx,y is the transverse size of the beam.
This 10σ cut is dependent on both the beam energy, and the optics configuration (so-called
“high acceptance” or “high divergence” configurations). Reconstruction of particle tracks
is carried out using a linear transfer matrix which is used to calculate the IP coordinates
from the local coordinate of the RP hits. This transfer matrix describes the particle trans-
port through the magnetic lattice components from the IP to the RP location.
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Figure 8.22: Cartoon sketch of the hadron and electron bunches rotated by the crab cavities
with a 25 mrad crossing angle. The rotation of these bunches induces a vertex smearing with
respect to the FF detectors. This can be removed with timing sufficient to isolate the collision
vertex within the bunch.

The contributions to momentum smearing come from the following sources: 1) angular
divergence, 2) vertex smearing due to the rotation of the bunch by the crab cavity, 3) finite
detector pixel size, 4) beam momentum spread. In general, the angular divergence is the
dominant source of momentum smearing, but can be reduced by a different choice of op-
tics (e.g. high acceptance configuration) that will reduce the size of the beam (β-functions)
at the Roman Pots location at the expense of reduced overall luminosity.

The contribution from the crab cavity rotation comes from the transverse momentum com-
ponents imposed on the particles in the bunch by the cavity, with the goal of rotating the
bunches such that they overlap at zero degrees at the IP, maximizing the luminosity (see
Fig. 8.22). When the hadron bunch undergoes crab rotation (rotation in the x-z plane),
the x-coordinate of the primary vertex is smeared by approximately half the crossing an-
gle times the bunch length. Assuming a 25 mrad crossing angle with a 10 cm long bunch
yields vertex smearing of 1.25 mm.

The crab cavity induced vertex smearing can be fully mitigated by the inclusion of timing
∼30–40 ps, which comes from the reduction of the effective bunch length to 1 cm (yielding
a vertex smearing of 125 µm) divided by the speed of light. In addition to mitigating the
smearing induced by crab cavity rotation, this fast timing will also be needed to reduce the
background associated with high beam currents that will make the beam+machine and
beam+gas backgrounds high enough to compete with the DIS rates in the detectors.

Finite pixel size induces smearing by providing uncertainty in the location of a particle
hit left by a charged particle. This smearing is best balanced with reasonable channel
count by using a (500 µm)×(500 µm) pixel pitch. In order to reduce the potentially large
number of required channels in the detector, novel silicon pad patterns (such as zig-zags)
are being considered. The beam momentum spread has a negligible contribution to the
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overall smearing. For the various beam energies + smearing contributions, the integrated
pT-smearing is 15-50 MeV/c. Figure 8.23 shows reconstruction of the momentum transfer, -
t, for two different beam energies. Even with the 50 MeV/c total smearing in reconstructed
pT potentially present in the top beam energy configuration, the reconstruction is adequate
for extracting a slope - needed for extraction of the impact parameter distribution related
to the gluon GPD.

Figure 8.23: Momentum transfer, t, distributions for 18x275 GeV (top row) and 10x100 GeV
(bottom row) DVCS events generated with MILOU. The first panel in both rows is the MC
generated distribution, the middle panel is the MC (black) plotted with the reconstructed
distribution (red), and the third panel is that ratio of the generated distribution over the
reconstructed distribution. The acceptance gap between the RP and B0 detectors causes the
peak at 0.38 GeV2, while the residual slope at high-|t| is caused by bin migration due to
momentum smearing.

B0 Spectrometer: The B0 spectrometer consists of several planes of silicon placed inside
the bore of the B0pf dipole magnet. A GEANT4 rendering of the subsystem is shown in
Fig. 8.24.

The B0 spectrometer can in principle capture charged particles (or potentially photons if an
ECAL is included) with scattering angle 5.5 < θ < 20.0 mrad, although on the side closest
to the IP, the upper bound is closer to 13 mrad due to the electron quadrupole location with
respect to the hadron beam pipe. Reconstruction of tracks with the B0 detector is done in
the GEANT4 simulations using a conventional Kalman Filtering technique, and is there-
fore more sensitive to the choice of pixel pitch. This detector will require a minimum of
(50 µm)×(50µm) pixels to achieve the necessary resolution. Access to this detector system
will be challenging due to its location in the FF lattice, and the engineering considerations
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Figure 8.24: Closeup image of the B0 spectrometer rendered with GEANT4. The green block
is the B0pf dipole magnet, the magenta cylinder is the electron quadrupole, the silver cylin-
der is the hadron beam pipe, and the yellow rectangles are the silicon active area.

are still under discussion.

Since the sensors will be in a warm portion of the bore, conventional silicon sensors can
be employed, but fast (30–40 ps) timing will still be required to reduce smearing and back-
ground. A combination of MAPS sensors plus timing layers may be sufficient to supply
the necessary spatial and temporal resolution. Additionally, the radiation load in the B0
spectrometer will likely be the highest of any of the FF detectors due to the proximity to the
IP, and the amount of machine components which serve as secondary scattering centers for
charged particles, which will be directed into the B0 detector.

Off-Momentum Detectors: The Off-Momentum Detectors (OMD) are silicon planes
placed just after the B1apf dipole magnet and outside the beam pipe. The silicon sensors
will be identical to those used for the Roman Pots subsystem, and have a similar accep-
tance for charged particles, but with a different range of longitudinal momentum fraction
compared to the beam momentum xL (0.4 < xL < 0.6). This subsystem is required to mea-
sure charged particles from nuclear breakup events, where the final state hadrons have a
much different rigidity than the nuclear beam, and therefore experience more bending in
the dipole magnets, causing them to be deflected outside of the beam pipe before reaching
the Roman Pots. Many of these nuclear breakup hadrons will also be captured in the B0
spectrometer, but with a larger scattering angle (> 5 mrad).

The OMD system will have overall better acceptance at small scattering angles (< 1 mrad)
because these sensors will sit outside the beam pipe and will therefore require no 10σ cut
for detector safety. Reconstruction using the normal transfer matrix approach invoked in
the Roman Pots will potentially need to be refined due to the non-linear bending expe-
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rienced in the quadrupole magnets for very off-momentum particles. This imposes ad-
ditional smearing for especially low-xL protons (xL < 0.3). Solutions to this non-linear
transport are under consideration.

Zero-Degree Calorimeter: As discussed in Sec. 2.1.2, a zero-degree calorimeter (ZDC)
is required both for detection of neutrons in nuclear breakup events, and for veto of
heavy-nuclear breakup events. Additionally, the inclusion of a preshower electromagnetic
calorimeter will be required for detection of low-energy photons from nuclear excitation,
or high-energy photons from forward π0 decay. In order to achieve the required energy
resolution for the hadronic calorimetric portion of the ZDC, a large transverse size (mini-
mum 60 cm × 60 cm) and longitudinal length (minimum 1 m) will be required to contain
the hadronic shower.

Current simulations assume a ZDC with σE
E = 50%√

E
⊕ 5% and σθ

θ = 3 mrad√
E

, but a better res-
olution may be required to reduce the smearing effects from this assumed resolution on
observables. Currently the ALICE Forward Calorimeter (FoCal) [51] ZDC design is being
considered as a starting point for the ZDC in the EIC IR, which makes use of tungsten
silicon fibers for the hadronic section, and lead-tungstate crystals (PbWO4) for the electro-
magnetic portion of the calorimeter.

Far Backward Detectors:

The path of the electron beam downstream of the interaction point is shown in Fig. 8.25.
The horizontal axis is aligned with the direction of the beam at the collision point, along
which photons from e+p and e+A interactions will travel. These photons come pre-
dominantly from the bremsstrahlung process used for luminosity determination. The
lower left of the figure shows possible instrumentation for the luminosity measurement.
Bremsstrahlung also produces electrons with momenta slightly below the beam energy.
After being bent out of the beam by lattice dipoles they may be measured by taggers as
shown in the top left of the figure.

Luminosity Measurement: The luminosity measurement provides the required normal-
ization for all physics studies. At the broadest scale it determines absolute cross sections,
such as needed for the structure function F2 and derived PDFs. On an intermediate scale,
it is also required to combine different running periods, such as runs with different beam
energies needed to measure FL, or runs with different beam species to study A depen-
dencies. Asymmetry measurements are conducted using beams with bunches of both spin
states. On the finest scale, the relative luminosity of the different bunch crossings is needed
to normalize the event rates for the different states; the uncertainty on the relative bunch
luminosity is a limiting factor for asymmetry measurements.

The bremsstrahlung process e + p −→ e + p + γ was used successfully for the measure-
ment of luminosity by the HERA collider experiments [42–44]. It has a precisely known
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Figure 8.25: The region downstream of the interaction point in the electron direction.

QED cross-section which is large, minimizing theoretical uncertainty and providing negli-
gible statistical uncertainty. Thus the scale uncertainty of the luminosity is determined by
the systematic uncertainties of the counting of bremsstrahlung events. The ZEUS collabo-
ration at HERA measured luminosity with a 1.7% scale uncertainty; further improvements
at the EIC should be able to reduce this to <1% as required by the physics program.

In contrast to HERA, where only the electron beam was polarized, both the electron and
proton/light ion beams will be polarized in the EIC. In this case the bremsstrahlung rate
is sensitive to the polarization dependent term a(Pe, Ph) in the cross section σbrems =
σ0(1+ a(Pe, Ph)). Thus, the polarizations Pe, Ph and luminosity measurements are coupled,
and the precision of the luminosity measurement is limited by the precision of the polar-
ization measurement. This is especially important for relative luminosities for asymmetry
measurements, where the bremsstrahlung process used for normalization has different
cross sections for different spin states. The precision needed for the relative luminosity
measurement is driven by the magnitude of the physics asymmetries which can be as low
as 10−4; the uncertainty on relative bunch luminosities must reach this level of precision.

The bremsstrahlung photon energy Eγ distributions for EIC beam energies are shown in
the left of Fig. 8.26. They diverge as Eg → 0 and have sharp cutoffs at the electron beam
energies. As shown in the right of Fig. 8.26, the bremsstrahlung photons are strongly
peaked in the forward direction with typical values of θγ ≈ me/Ee, with values of 20–
60 µrad at the EIC. The RMS angular divergence of the electron beam is significantly larger
than these values and will dominate the angular distribution of bremsstrahlung photons.
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Figure 8.26: Bremsstrahlung photon energy (left) and angular (right) distributions for EIC
beam energies.

Bremsstrahlung Photon Detectors: The straightforward method for measuring
bremsstrahlung situates a calorimeter at zero degrees in the electron direction counting
the resulting photons, as shown lower left of Fig. 8.25. The calorimeter is also exposed
to the direct synchrotron radiation fan and must be shielded, thus degrading the energy
resolution. This also imposes a rough low energy cutoff on photons typically ≈ 0.1–1 GeV
below which the calorimeter is insensitive. At peak HERA luminosities, the photon
calorimeters were sensitive to 1-2 photons per HERA bunch crossing. At an EIC luminos-
ity of 1033 cm−2 s−1, the mean number of such photons per bunch crossing is over 20 for
electron-proton scattering and increases with Z2 of the target for nuclear beams. The per
bunch energy distributions are broad, with a mean proportional to the number of photons
per bunch crossing. The counting of bremsstrahlung photons thus is effectively an energy
measurement in the photon calorimeter with all of the related systematic uncertainties
(e.g. gain stability) of such a measurement.

An alternative method to counting bremsstrahlung photons, used effectively by the ZEUS
collaboration at HERA, employs a pair spectrometer. A small fraction of photons is con-
verted into e+e− pairs in the vacuum chamber exit window. A dipole magnet splits the
pairs vertically and each particle hits a separate calorimeter adjacent to the unconverted
photon path. The relevant components are depicted in the lower left of Fig. 8.25. This has
several advantages over a zero-degree photon calorimeter:

• The calorimeters are outside of the primary synchrotron radiation fan.

• The exit window conversion fraction reduces the overall rate.

• The spectrometer geometry imposes a low energy cutoff in the photon spectrum,
which depends on the magnitude of the dipole field and the location of the calorime-
ters.

The variable parameters of the last two points (conversion fraction, dipole field and
calorimeter locations) may be chosen to reduce the rate to less than or of order one e+e−
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coincidence per bunch crossing even at nominal EIC luminosities. Thus, counting of
bremsstrahlung photons is simply counting of e+e− coincidences in a pair spectrometer
with only small corrections for pileup effects.

The locations of a zero-degree calorimeter and pair spectrometer are shown in the bottom
left of Fig. 8.25. Careful integration into the machine lattice is required, not only to allow
for enough space for the detectors, but also to accommodate the angular distribution of
the photons. This is dominated by the angular divergence of the electron beam, with RMS
values as high as 0.2 mrad. Thus a clear aperture up to a few mrad is required to mea-
sure the angular distribution and minimize the acceptance correction. The spectrometer
rate is directly proportional to the fraction of photons which convert into e+e− pairs, plac-
ing stringent requirements on the photon exit window. It must have a precisely known
material composition, and a precisely measured and uniform thickness along the photon
direction.

Calorimeters are required for both luminosity devices, for triggering and energy mea-
surements. The high rates dictate a radiation hard design, especially for the zero-degree
calorimeter, which must also have shielding against synchrotron radiation. The spectrom-
eter must also have precise position detectors to measure the e±. Combined with the
calorimeter energy measurement this allows reconstruction of the converted photon po-
sitions. The distribution of photon positions is required to correct for the lost photons
falling outside the photon aperture and detector acceptances.

Bremsstrahlung and Low-Q2 Electron Detectors: Downstream of the interaction point
the electron beam is accompanied by a flux of electrons at small angles with respect to the
beam direction and at slightly lower energy. They are predominantly final state electrons
from the bremsstrahlung process e + p −→ e + p + γ, with an energy distribution the
mirror image of the left of Fig. 8.26 with E′e = Ee − Eγ. Also, a fraction of the electrons in
this region are produced in quasi-real photoproduction with Q2 ≈ 0.

The final state bremsstrahlung electrons provide a powerful tool for calibrating and ver-
ifying the luminosity measurement with photons. Tagging bremsstrahlung electrons and
counting corresponding photons in the photon detectors provides a direct measure of the
luminosity detector acceptance in the tagged energy range. This is of paramount impor-
tance to precisely determine the pair conversion probability for the luminosity spectrome-
ter, which depends on the exit window composition and thickness.

Tagging of low-Q2 processes provides an extension of the kinematic range of DIS pro-
cesses measured with electrons in the central detector. It crosses the transition from DIS
to hadronic reactions with quasi-real photons. An example of acceptance as a function
of Q2 for measurements with the central detector and electron taggers as depicted in
Fig. 8.25 is shown in Fig. 8.27. The electrons are generated by a simple model of quasi-
real photoproduction [52] and Pythia. The taggers provide useful acceptance in the range
10−6 < Q2 < 10−2 GeV2. Application of the electron taggers for low-Q2 physics will face a
challenge from the high rate bremsstrahlung electrons, which can be addressed by tagger
design and correlation with information from the central detector.
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Figure 8.27: Acceptance as a function of Q2 for electrons measured in the central detector
(right plateau) and downstream taggers (left plateau). The electrons are generated by a
simple model of quasi-real photoproduction and Pythia.

Possible locations of detectors for these electrons are shown in the top left of Fig. 8.25.
Electrons with energies slightly below the beam are bent out of the beam by the first lattice
dipole after the interaction point. The beam vacuum chamber must include exit windows
for these electrons. The windows should be as thin as possible along the electron direction
to minimize energy loss and multiple scattering before the detectors.

The taggers should include calorimeters for triggering and energy measurements. They
should be finely segmented to disentangle the multiple electron hits per bunch crossing
from the high rate bremsstrahlung process. The taggers should also have position sensi-
tive detectors to measure the vertical and horizontal coordinates of electrons. The com-
bined energy and position measurements allow reconstruction of the kinematic variable
Q2 and xBJ . If the position detectors have multiple layers and are able to reconstruct the
electron direction this will overconstrain the variable reconstruction and improve their
measurement; this may also provide some measure of background rejection. The beam
angular divergence will introduce significant errors on the variable reconstruction. The
reconstructed versus generated Q2 is shown in Fig. 8.28 with smearing from beam di-
vergence. There is reasonable resolution for Q2 as low as 10−3 GeV2; below 10−4 GeV2

meaningful reconstruction of Q2 based on the electron is not possible.
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8.4.5 Read-out electronics chain and data acquisition

Readout Electronics

As shown in Figure 8.29, the on-detector front-end boards (FEB) consist of Application Spe-
cific Integrated Circuits (ASIC) for signal processing. For some sub-detectors, the data digi-
tized on FEBs can be transmitted to the DAQ system via fibers. For other sub-detectors, the
analog or digital signals can be sent to an intermediate stage front-end processors (FEP);
after pre-processing, data is transmitted to the DAQ system. The global timing system fans
out system clock, synchronization, and configuration to FEBs and FEPs, to synchronize the
whole system.

On the FEBs, ASICs will perform a series of processing tasks on the signals from the detec-
tor electrodes. For calorimeters, PID and various gaseous detectors, after the pre-amplifier
and shaper, amplitude and fine timing information can be obtained by waveform digi-
tizers, or discriminators and time-to-digital converters. The streaming readout architec-
ture allows the signals to be continuously digitized and streamed out with or without a
real-time trigger signal. For the candidate vertex tracker, Monolithic Active Pixel Sen-
sors (MAPS), digital data processing will be integrated into the sensor, in order to process
the position and hit count information. We expect that MAPS sensors will output high
speed serial data streams to the back-end (relayed and multiplexed by FEPs and finally
to the DAQ system). The detailed specifications of front-end ASICs will depend on the
requirements of each sub-detector, for instance the dynamic range, detector capacitance,
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Figure 8.29: Diagram of the detector readout and DAQ system.

resolution, density and limit of power and cooling. These requirements will determine the
gain, peaking time, buffer depth, dead time of the design, and the selection of CMOS tech-
nology. Most of the ASIC designs in use by current nuclear physics or high energy physics
experiments are based on CMOS technology nodes between 65nm and 250nm.

From the FEBs, digital data from the ASICs can be sent out directly by electrical cable or
optical fiber links. Analog signals can be sent out via cables to FEPs for further process-
ing. The front-end ASICs may have integrated serializers, or use standalone serializer and
deserializer ASICs for high speed data transmission. Radiation hardened optical links, for
example the Versatile Link [53], can be used to convert electric to optical signals. For ASICs
with slow digital outputs, devices such as GBT [54], LpGBT can be used to aggregate the
data and transmit data at a higher speed, in order to reduce the quantity of fibers.

For the inner detectors, limitations due to available space, power, cooling and integration
may prevent their FEBs from digitizing and output data via an optical link. In this case,
the FEB output may have a limited range, 1-20 m, such as the case for the analog or LVDS
signals. Then, the FEP boards are employed. The FEPs receive these signals from the FEBs,
and transmit output data to the DAQ system after further data multiplexing and poten-
tial further processing. The main components on the FEPs are the on-board commercial
off-the-shelf (COTS) Field Programmable Gate Arrays (FPGA). FPGA selection mainly de-
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pends on the its available resources, including high-speed transceivers, differential pins
and the logic resources for digital data processing. Standardization of inputs to the FEBs is
not easy at an early stage of design; output from the FEBs may also be specific to the ASIC
design. The aim is to use a common format (header, timestamp, etc.) for the data stream
from the FEPs to the DAQ system. The Printed Circuit Board (PCB) design, fabrication
and assembly will be in compliance with standards defined by IPC (Industry Association
for Printed Circuit Board and Electronics Manufacturing).

High precision timing distribution is important to synchronize all the front-ends including
the FEBs and FEPs. The clock and control commands can be fanned out from the timing
system directly to the front-end, or via the custom part of DAQ system, by using the re-
verse path of the detector data readout. The latest FPGAs support adjusting the phase of
clock and data at a resolution of a few picoseconds, which is enough to reduce and com-
pensate for the skew of the timing distribution system. The readout electronics will work
together with the DAQ system, handling flow control and busy on and off control and
while also meeting the latency and buffering requirements.

The high channel density and power dissipation within the detector volume will require
consideration of cooling systems, both liquid and forced convection, as an integral part of
the detector package design. We propose to employ readily available equipment (COTS)
to support cooling, high voltage, low voltage and bias distribution and these already in-
clude the appropriate control infrastructure. Our grounding and shielding plan is based
on the use of these COTS equipment, which support floating supplies with grounding ref-
erenced at the detector clean ground grid. We also propose to follow the National Electrical
Code (NEC) safety standards for wiring and cabling and the FCC standards for minimiz-
ing Electro-Magnetic Interference (EMI) to reduce overall noise and maintain good signal
integrity.

Data Acquisition System

The data stream from FEB and FEP will be transmitted to the back-end via fibers. We
envision a free-streaming DAQ with links going to the DAQ system directly. The DAQ
system will mainly consist of COTS components, for instance servers with CPU, GPU or
FPGA accelerator cards supporting strong computing capability, high bandwidth network
with switches and network-interface-cards (NIC), and devices for permanent data storage.
Both Ethernet and Infiniband are under development towards a terabit per second level
of speed. For the EIC, existing technology with 25-100G bandwidth are expected to be
sufficient.

Depending on the detailed design of the FEPs, and if supporting network interfaces, the
fibers can go to the switches of the DAQ system directly. To design a common and robust
DAQ system for all the front-ends, a common first stage can be developed in the DAQ
system. A PCIe based framework, for example, such as FELIX [55], as the first stage of the
DAQ system can be a commercial server with custom or commercial PCIe cards. These
cards support interfacing the FEBs, FEPs, and global timing system directly. It can receive
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clock, control, trigger and configuration commands from the timing system, and fan them
out to the FEBs and FEPs via fibers. On the reverse direction, it receives data via dedicated
optical links and buffering, and monitoring information from the FEBs and FEPs. It will
also support handling busy and flow control. The detector data can be processed in the
main components FPGAs, or be sent to the network switches through the PCIe bus and
COTS NIC cards. Besides PCIe, other technologies can also be used to transfer data to the
network switches, for example the 100GbE RDMA over Converged Ethernet, implemented
in FPGA with external DDR modules or internal high bandwidth memory (HBM).

As discussed in Section 8.3, the total data rate is still uncertain and evolves with the de-
tector and machine designs. Therefore, in the case of unexpected high background, we
envision risk mitigation with possible additional background and noise filtering at the
DAQ. One well-established technique is to throttle the detector data stream with calorime-
ter based trigger signals either in the DAQ FPGA or in the memory of the servers. With
advanced real-time algorithms, we envision excessive noise can also be suppressed with
signal feature extraction algorithms such as clustering and tracklet building.

Online Computing

If we compare the needs of the EIC with the High Luminosity run of the LHC we see quite
striking differences; HL-LHC is planned for a peak luminosity of 7.5× 1034 cm−2 s−1, i.e.
7.5 times larger than the peak luminosity of EIC of 1034 cm−2 s−1. The p+p cross section at
14 TeV is 1000 times larger than the e+p cross section at the EIC, and the average number
of charged hadrons produced in p+p (about 70) is larger by a factor of 10 as compared to
e+p.

In order to cope with this the LHC experiments, targeting the study of low cross section
reactions, have agreed to limit their collection rate to 10 kHz. Nonetheless the very high
hadronic cross section (∼ 80 mb) sided by the high luminosity result in a pile-up of 200
events coming together with the triggered interesting event, a factor of 20 compare to LHC
Run2. Present reconstruction time for p+p data is, e.g. for ATLAS [56], 1300HS06 s, or
about 100 s at present cores with 13.1 HS06. In 10 years we expect the reconstruction time
going down by a factor 10, but while event sizes at the HL-LHC will increase linearly with
the pile-up, the reconstruction time will scale exponentially with respect to LHC in Run2.

EIC will collect events at a maximum rate of 500 kHz, 50 times larger than HL-LHC, cor-
responding to the full 30-60 µb cross section as estimated in Table 8.3. Pile-up will not
be an issue since for a 1000 times smaller cross section and a factor 10 smaller rates the
probability to have a pileup event is around 1%. Nevertheless we expect higher machine
background from electrons, as compared to p+p accelerators, an aspect which will have
high value in the design of the interaction regions at the EIC as discussed in Section 8.3.

With the machine design not yet frozen, and the detector under development, at the
present stage we may only estimate upper bounds for the computing needs on the ex-
periment at the EIC, by using some reasonable assumptions. If we assume as upper bound
a 10−3 occupancy for the vertex part of the detector, dominated by machine background,
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and 1% for the rest of the apparatus (5× 105 Hz times 2× 108 pixels times 10−3 detector
occupancy times 4 Bytes address of the hit pixel, with the contribution of the rest of the
detector of about 5%) the data flow from the detector will be about 400 GB/s, with an
event size of 0.8 MB. Please note this is a conservative estimation assuming vast majority
data are background and noise, and the data from the EIC collision signal is only a modest
portion of this data flow estimation discussed in Figure 8.5. Nonetheless this estimated
flow is within present capabilities.

8.5 Offline Software and Computing

This section will describe the computing needs for the reference detector at the EIC and
discuss the foreseen software developments.

Aside from possible contribution of machine backgrounds, the reconstruction of events at
the EIC will be easier than the same task at present LHC or RHIC hadron machines, and,
in perspective, much easier than for the high luminosity LHC (HL-LHC), which will start
operating two years earlier than the EIC, when we may expect a gain in performance for
CPUs of about a factor of 10 with respect to now.

Reconstruction time of DIS events at presently running experiments is around 0.35 s (or
∼ 5HS06 s) both at COMPASS and at CLAS12, with event sizes of 0.03 MB and 0.02 MB
respectively. Filtering out machine background with high efficiency will allow to keep the
reconstruction time at 5HS06 s also in 2030. Processing events at the same speed of acqui-
sition, or 500 000 events per second, on today nodes will therefore require 200 000 cores
or 1500 nodes, a computing farm well in the size of the EIC project. The expected gain in
CPU power in the next 10 years, as well as the possible improvement in the reconstruction
software from the use of machine learning techniques give a considerable margin to cope
with higher event complexity that may come by higher backgrounds rates.

Software design and development will constitute an important ingredient for the future
success of the experimental program at the EIC. Moreover, the cost of the IT related com-
ponents, from software development to storage systems and to distributed complex e-
Infrastructures can be raised considerably if a proper understanding and planning is not
taken into account from the beginning in the design of the experiment itself.

A growing group dedicated to this effort already exists. An important step in the clustering
of a core group focusing on computational aspects at an EIC has been the approval by the
EIC Generic R&D program of the eRD20 proposal, creating in 2016 the EIC Software Con-
sortium or ESC. ESC has been the backbone to form in 2018 the Software Working Group
within the EICUG. The Software Working Group has supported the Yellow Report initia-
tive and provided the tools for simulations and helped in the creation of the infrastructure
for storage and documentation.

The Software Working Group is starting in parallel a greenfield development that will
focus on different aspects of future needs:
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• Simulations for detector optimization, to cover the more immediate needs of the de-
sign and integration of the various sub detectors

• Help in the development of state of the art Monte Carlo event generators for the full
spectrum of EIC physics. Validation of these generator will be possible by using data
from running experiments.

• Development of a full simulation-reconstruction chain allowing to benchmark the
performances of the reconstruction software.

• Development of modern “event reconstruction” schemes both using standard ap-
proaches but also exploring novel methods based on artificial intelligence machine
learning techniques.

The reconstruction software will have to cope with the streaming read-out scheme adopted
and will be design to match the chosen solution.

Software tools: While developing the software for simulation and reconstruction of events
from a detector which will be up and running in 2030, we need to inquire ourselves about
the long term perspective of software used in today HEP experiments and evaluate dif-
ferent options. Leaving aside for the moment both full purpose or dedicated Monte Carlo
Event Generator discussed in a separate section, this means that we have to decide on:
how to describe the detector; which program to use for particle transportation/interaction;
reconstruction tools and the data model.

The choice of LHC experiments for the Run4 and after may guide us in this task.

DD4hep [57] is a toolkit for detector description developed within the AIDA2020 EU pro-
gram (Advanced European Infrastructures for Detectors at Accelerators). It can be an in-
teresting option for the EIC since recently the CMS collaboration announced that it plans
to use it to provide the structure of the experiment to all their data processing applications.

It is worth considering it for the EIC since it is designed to answer a very common need
of experiments, i.e. the development of a coherent set of software tools for the description
of high-energy physics detectors from a single source of information. Detector description
in general includes not only the geometry and the materials used in the apparatus, but all
parameters describing, e.g., the detection techniques, constants required by alignment and
calibration, description of the readout structures, conditions data and more.

Given it use withing CMS choice, it is expected that DD4hep will be supported over the
entire experiment life-time.

DD4hep reuses existing software components, combines the functionalities and thus op-
timizes the flexibility, minimizing the efforts required by users to leverage the bene-
fits. Reused components include elements of the ROOT geometry package [58] and the
GEANT4 simulation toolkit [59].

GEANT4 [59] is the baseline for detector simulation on all LHC experiment and is a natural
choice for the EIC. We have developed strong connections with the core developer team
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of GEANT4 and the improvements in physic list and in non standard geometries which
may be needed for the EIC are being discussed with them. About one year ago, the core
team of the Software Working Group organized together with the GEANT4 Collaboration
a Technical Forum on the EIC. The Forum allowed to discuss both the information on
recent updates on GEANT4, but also the physics list for the EIC as maintained by the EIC
Software Consortium. The requested improvements on photo-nuclear and electro-nuclear
reactions were included in GEANT4version 10.6, and this is under test right now. The study
of vectorizing this transportation, as done withing the GEANT4, the vector transport R&D
collaboration [60] will offer interesting improving options for GEANT4 itself and we will
follow this activity closely.

ROOT [58] is by nowadays standards a fundamental ingredient of virtually all HEP work-
flows, being used for data persistency, modeling, graphics, and analysis. It is structured
to have excellent, active connections with the experiments including, at least for LHC,
direct investment by the experiments. The developing team is investing in future devel-
opments for HL-LHC, and is also assuming interesting approaches to machine learning
tools. It pushes in fact the HEP community to not develop its own machine learning tools
but, maybe in a more efficient way, to collaborate with other sciences on improving and
growing tool-sets. For that they offer a Toolkit for Multi Variate Analysis TMVA to bridge
between ROOT and external machine learning tools such as scikit-learn, XGBoost, Tensor-
Flow, Keras, mxnet, or PyTorch.

ACTS [61] (A Common Tracking Software) is an experiment-independent toolkit for
(charged) particle track reconstruction in (high energy) physics experiments, implemented
in modern , with 2017 standards. It is being developed for the HL-LHC, but is also target-
ing sPHENIX. Adopts a highly-templated design allowing to avoid virtual lookup, and it
is agnostic of detectors and magnetic fields for high portability. Another important aspects
with respect to development is the designed rigorous unit tests, an essential aspect for the
future EIC software. All these characteristics made this software an interesting option
worth evaluation for the reconstruction software for the EIC reference detector.

Many others codes are under evaluation, like GENFIT [62], a generic track-fitting toolkit,
GAUDI [63, 64], a software architecture and framework for building HEP data processing
applications, JANA2 [65], a multi-threaded event reconstruction and others.

Finally, following the large worldwide spread, we are moving to the use of tools facilitat-
ing collaborative analysis and logbook as presently done at CERN with SWAN [66], as a
Service for Web-based ANalysis, built upon the widely-used Jupyter notebooks.

Simulations for detector optimization: The tools developed for the Yellow Report ini-
tiative will be expanded and used for extensive full simulations of the reference detector.
This is a short term goal for software developers in order to support with detailed simula-
tion studies the finalization of the reference detector, thus allowing to move from the CDR
stage toward the full technical design.

Monte Carlo event generators for the EIC: The EIC Software Working Group, and before
the eRD20 Software Consortium have initiated a project with the Monte Carlo commu-
nities in the US and Europe (MCnet) to work on MCEGs for the EIC, requiring MCEG
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for polarized e+p, , and 3He as well as e+A measurements. The MCEG initiative is con-
necting the MCEG efforts in NP and HEP and is encouraging a strong interplay between
experiment and theory already at an early stage of the EIC. As an initial step, we have
started a workshop series on âœMCEGs for future e+p and e+A facilitiesâ[U+009D] where
the third workshop was held in November 2019 at the Erwin Schrödinger International
Institute for Mathematics and Physics in Vienna, Austria. During the workshop, we re-
viewed the theory for physics with light and heavy ions and discussed the modifications
needed on the general-purpose MCEGs to simulate unpolarized observables also for e+A
where a precise treatment of the nucleus and its breakup is needed. There were presenta-
tions about pioneering MCEG projects for e+A (BeAGLE, spectator tagging in , Sartre), as
well as on the ongoing development of the e+A adaptation of JETSCAPE and the Mueller
dipole formalism in Pythia8. We also summarized the status of MCEG-data comparisons
in HZTool/Rivet that are critical to tune MCEGs to existing DIS and heavy ion data as well
on the ongoing work of verifying MCEGs for TMDs with TMD theory/phenomenology.
Our current focus is on benchmarks and validation. We are working with the EICUG on
benchmark MC productions and the validation of MC results. This will facilitate the adap-
tion of modern MCEGs that have been so far only used by the LHC community.

As a recent development, the DIRE authors [67,68] introduced radiative effects in the sim-
ulation of the DIS. This is an important step, since a full multidimensional analysis will be
needed in the study of TMDs and GPDs, given the dependence of the cross section over
many kinematic variables. From the experimental point of view, and without entering to
much in detail of the analysis, this means that detectors and RC effects will have to be
accounted together at simulation level in order to derive matrices transforming from raw
counts in the detector to Born cross sections.

The DIRE parton showers is a modern MCEG, usable as a extension of the general purpose
event generation frameworks PYTHIA, and will be included as an option from the 8.3
release. This will allow to check the prediction of the Monte Carlo both using the data of
running DIS experiments (at JLab and COMPASS at CERN) and with the outcome of the
simulation of DJANGO [69, 70], the reference tool for the study of RC effects at HERA.

The use of Artificial Intelligence and Machine Learning techniques:

In the world of computing there is growing excitement for what is perceived as the revo-
lution of the new millennium: artificial intelligence (AI). In particular the R&D program of
the future EIC could be one of the first programs systematically exploiting AI.

AI is becoming ubiquitous in nuclear physics [71]. According to a standard taxonomy [72],
AI encompasses all the concepts related to the integration of human intelligence into ma-
chines; a subset of AI is machine learning (ML), which is usually grouped into supervised,
unsupervised and reinforcement learning; deep learning (DL) is a particular subset of ML
based on deep (i.e., made by many hidden layers) neural networks, which is often con-
sidered the evolution of ML since it typically outperforms other methods when there is a
large amount of data and features, provided sufficient computing resources. In the most
frequent applications in our field, features are selected and a model is trained for classifi-
cation or regression using signal and background examples.
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Experimental particle and nuclear physics is big data [73]: the gigantic data volumes pro-
duced in modern experiments are typically handled with “triggers”—a combination of
dedicated hardware and software—to decide near-real-time which data to keep for analy-
sis and which to toss out. In this respect, AI plays already an important role in experiments
like LHCb [74], where machine learning algorithms (see, e.g., topological trigger and ghost
probability requirements) make almost 70% of these decisions, from triggers to higher level
analysis of reconstructed data.

Supported by modern electronics able to continuously convert the analog detector signals,
new approaches like Streaming Readout [75] could further the convergence of online and
offline analysis: the incorporation of high level AI algorithms in the analysis pipeline can
lead to better data quality control during data taking and shorter analysis cycles. Recently
the Fast Machine Learning workshop [76] highlighted emerging methods and scientific
applications for DL and inference acceleration, with emphasis on ultrafast on-detector in-
ference and real-time systems, hardware platforms, co-processor technologies, and dis-
tributed learning. In this context, AI (used here in a broader sense to embrace different
approaches) could foster in the next years significant advances in areas like anomaly de-
tection (see, e.g., [77]) and fast calibration/alignment of detectors.

For tracking detectors, particle tracking is always a computationally challenging step. Sev-
eral approaches have been developed recently for tracking based on deep learning [78], but
there are still open questions about the best way to incorporate such techniques. The prob-
lem in Nuclear Physics experiments is typically different, being characterized by most of
the computing cycles spent in propagating the particles through inhomogeneous magnetic
fields and material maps. Here AI can contribute to determine the optimal initial track pa-
rameters allowing to decrease the number of iterations needed by Kalman-Filter.

As for particle identification and event classification, we have witnessed in the last years
a growth of applications based on machine learning both for global particle identification
(see, e.g., [79]) as well as custom novel solutions which combine different architectures for
specific detectors (see, e.g., [80] for imaging Cherenkov detectors).

The search for rare signatures in large acceptance detectors at high intensities necessitates
advanced techniques to filter those events. The GlueX experiment at Jefferson Lab for
example is searching for exotic hadrons and demonstrated the utility of machine learning
techniques based on BDTs [81] to achieve the required performance in filtering events with
rare reactions [82].

The utilization of jets at the future EIC can be beneficial for a variety of fundamental topics
[83], including the gluon Wigner distribution, the gluon Sivers function, the (un)polarized
hadronic structure of the photon, the (un)polarized quark and gluon PDFs at moderate
to high momentum fraction (x) as well as studies of hadronization and cold nuclear mat-
ter properties. Machine Learning is having a major impact in jet physics, empowering
powerful taggers for boosted jets as well as flavor tagging, and various deep learning ap-
plications like recursive neural network which leverage an analogy to natural language
processing [84] have been developed. ML4Jets [85] is a series of workshop dedicated to
these topics.
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Another area where AI can significantly contribute is that of fast simulations. Simulating
the detector response of large scale experiments like EIC is typically slow and requires
immense computing power. One of the most computationally expensive step in the sim-
ulation pipeline of a typical experiment is the detailed modeling of the high multiplicity
physics processes characterizing the evolution of particle showers inside calorimeters. AI,
could speed up simulations and potentially complement the traditional approaches. Re-
cent advances with generative networks (see, e.g., GAN, VAE, Flow-based models [86–88])
look as a compelling alternative to standard methods with orders of magnitude increase
in simulation speed [89] but so far usually at the cost of reduced accuracy.

Detector design is another fundamental area of research for EIC. Advanced detector de-
sign often implies performing computationally intensive simulations as part of the design
optimization process. One of the conclusions from the DOE Town Halls on AI for Sci-
ence on 2019 [90] was that “AI techniques that can optimize the design of complex, large-scale
experiments have the potential to revolutionize the way experimental nuclear physics is currently
done”. There are at present various AI-based optimization strategies based on, e.g., rein-
forcement learning or evolutionary algorithm [91, 92]. Among these, Bayesian Optimiza-
tion (BO) [93,94] has gained popularity for its ability of performing global optimization of
black-box functions that are expensive to evaluate and that can be in addition noisy and
non-differentiable. It consists in a surrogate modelling technique where the regression is
typically done through Gaussian processes or decision trees depending on the dimensions
of the problem, and a cheap acquisition function is used to suggest which design points to
query next, overall minimizing the number of evaluations.

Recently, an automated, highly-parallelized, and self-consistent procedure has been de-
veloped [95] and tested for the dual-radiator Ring Imaging Cherenkov (dRICH) design,
which has been considered as a case study. These studies not only showed a statistically
significant improvement in performance compared to the existing baseline design but they
also provided hints on the relevance of different features of the detector for the overall
performance. This procedure can be applied to any detector R&D, provided that realistic
simulations are available. One example is the optimization of detector materials, e.g. the
optimization of large size aerogel composites for aerogel-based detectors in [96].

Beyond individual subdetectors AI can be also used to efficiently optimize the design of
different sub-detectors combined together, taking into account mechanical and geometri-
cal constraints. An interesting approach consists in a multi-objective optimization (see,
e.g., [97–99]), which allows to encode the performance of the detectors as well as other
aspects like costs in the design process, to determine the Pareto front [100]. Currently
ongoing activities within the EIC R&D program which are leveraging AI for optimization
include the EM/Hadronic Calorimetry, e.g., optimizing the glass/crystal material selection
in “shared rapidity regions” for best performance of the EM calorimeter. Even more, AI
has the ability to optimize the collection of all subdetectors of a large detector system, us-
ing more efficiently the figures of merit we use to evaluate the performance that drive the
detector design. Remarkably, the design optimization of multiple subdetectors operating
together has not been explored yet. This is a high dimensional combinatorial problem that
can be solved with AI.
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This is undoubtedly a strategic moment to discuss how to fully take advantage of the new
opportunities offered by AI to advance research, design and operation of the future EIC.
The interest of the community has been evidenced by the number of contributions and
attendance of workshops dedicated to AI in Nuclear Physics, e.g. at the [71, 101], and the
2021 AI4EIC-exp workshop [102], which bring together the communities directly using AI
technologies and provide a venue for discussion and identifying the specific needs and
priorities for EIC.

8.6 Lepton and Hadron Polarimetry

Rapid, precise beam polarization measurements will be crucial for meeting the goals of
the EIC physics program as the uncertainty in the polarization propagates directly into the
uncertainty for relevant observables (asymmetries, etc.). In addition, polarimetry will play
an important role in facilitating the setup of the accelerator.

The basic requirements for beam polarimetry are:

• Non-destructive with minimal impact on the beam lifetime

• Systematic uncertainty on the order dP
P = 1% or better

• Capable of measuring the beam polarization for each bunch in the ring - in particular,
the statistical uncertainty of the measurement for a given bunch should be compara-
ble to the systematic uncertainty

• Rapid, quasi-online analysis in order to provide timely feedback for accelerator setup

8.6.1 Electron Polarimetry

The most commonly used technique for measuring electron beam polarization in rings
and colliders is Compton polarimetry, in which the polarized electrons scatter from 100%
circularly polarized laser photons. The asymmetry from this reaction is measured via the
scattered electrons or high energy backscattered photons. A brief review and description
of several previous Compton polarimeters can be found in [103]. A particular advantage of
Compton polarimetry is that it sensitive to both longitudinal and transverse polarization.

The longitudinal analyzing power depends only on the backscattered photon energy and
is given by,

Along =
2πr2

o a
(dσ/dρ)

(1− ρ(1 + a))
[

1− 1
(1− ρ(1− a))2

]
, (8.1)

where ro is the classical electron radius, a = (1 + 4γElaser/me)−1 (with the Lorentz factor
γ = Ee/me ), ρ is the backscattered photon energy divided by its kinematic maximum,
Eγ/Emax

γ , and dσ/dρ is the unpolarized Compton cross section. In contrast, the transverse
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analyzing power depends both on the backscattered photon energy and the azimuthal
angle (φ) of the photon (with respect to the transverse polarization direction);

Atran =
2πr2

o a
(dσ/dρ)

cos φ

[
ρ(1− a)

√
4aρ(1− ρ)

(1− ρ(1− a))

]
. (8.2)

This azimuthal dependence of the asymmetry results in an “up-down” asymmetry (as-
suming vertically polarized electrons) and requires a detector with spatial sensitivity.

Plans for electron polarimetry at EIC include a Compton polarimeter at IP 12, where the
electron beam is primarily vertically polarized. A Compton polarimeter near the primary
detector in the vicinity of IP 6, where the beam will be a mix of longitudinal and transverse
polarization, is also under investigation; since that region of the ring is extremely crowded,
care must be taken in the assessment of whether a polarimeter can be accommodated. A
schematic of the placement of the Compton polarimeter at IP 12 is shown in Fig. 8.30.

Nominal electron beam parameters at IP 12 are provided in Table 8.8. Of particular note
is the relatively short bunch lifetime at 18 GeV. Table 8.9 shows the average transverse
analyzing power, luminosity, and time required to make a 1% (statistics) measurement of
the beam polarization for an individual bunch, assuming a single Compton-scattered event
per crossing. The constraint of having a single event per crossing is related to the need to
make a position sensitive measurement at the photon and electron detectors. Note that
even with this constraint, the measurement times are relatively short and, in particular,
shorter than the bunch lifetime in the ring.

Table 8.8: Beam parameters at IP12 for the EIC nominal electron beam energies.

Parameter 5 GeV 10 GeV 18 GeV

Bunch frequency [MHz] 99 99 24.75
Beam size (x) [µm] 390 470 434
Beam size (y) [µm] 390 250 332
Pulse width (RMS) [ps] 63.3 63.3 30
Intensity (avg.) [A] 2.5 2.5 0.227
Bunch lifetime [min] >30 >30 6

Table 8.9: Asymmetries, measurement times needed for a 1% statistical measurement for
one bunch and needed luminosities for three different beam energies for a 532 nm laser.

Ebeam [GeV] σunpol [barn] 〈Aγ〉 tγ[s] 〈Ae〉 te[s] L[1/(barn·s)]

5 0.569 0.031 184 0.029 210 1.37E+05
10 0.503 0.051 68 0.050 72 1.55E+05
18 0.432 0.072 34 0.075 31 1.81E+05
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Figure 8.30: Layout of the Compton polarimeter at IP 12. In this figure the electron beam
travels from right to left - the laser beam collides with the electrons just downstream of
QD12. The dipole just downstream of the collision (DB12) steers the unscattered electrons
allowing detection of the backscattered photons about 25 m downstream of the collision.
DB12 also momentum-analyzes the scattered electrons, facilitating use of a position sensitive
electron detector downstream of QD10. Also noted in the figure are constraints on required
apertures of the magnets needed to allow transport of the laser beam, backscattered photons,
and scattered electrons.

Even for a single electron bunch (circulating through the ring at a frequency of ≈75 kHz),
the luminosities provided in Table 8.9 can be readily achieved using a single-pass, pulsed
laser. Since the electron beam frequency varies with energy, it would be useful to have a
laser with variable pulse frequency. A laser system based on the gain-switched diode lasers
used in the injector at TJNAF [104] would provide both the power and flexible pulse fre-
quency desired. Such a system would make use of a gain-switched diode laser at 1064 nm,
amplified to high average power (10-20 W) via a fiber amplifier, and then frequency dou-
bled to 532 nm using a PPLN or LBO crystal. The repetition rate is set by the applied RF
frequency to the gain-switched seed laser.

The detector requirements for the EIC Compton polarimeters are dictated by the require-
ment to measure the transverse and longitudinal polarization simultaneously. For longi-
tudinal polarization, this means the detectors will require sensitivity to the backscattered
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Figure 8.31: Compton (transverse) analyzing power at the nominal photon and electron
detector positions for the IP 12 polarimeter.

photon and scattered electron energy. The photon detector can make use of a fast calorime-
ter, while the electron detector can take advantage of the dispersion introduced by the
dipole after the collision point to infer the scattered electron energy from a detector with
position sensitivity in the horizontal direction.

To measure transverse polarization, position sensitive detectors are required to measure
the up-down asymmetry. This is particularly challenging given the very small backscat-
tered photon cone at the highest EIC beam energy. At HERA, the vertical position of the
backscattered photon was inferred via shower-sharing between the optically isolated seg-
ments of a calorimeter [105]. Calibration of the non-linear transformation between the true
vertical position and the energy-asymmetry in the calorimeter was a significant source of
uncertainty. The proposed detector for the EIC Compton will measure the vertical position
directly via segmented strip detectors, avoiding the calibration issues faced at HERA.

The transverse Compton analyzing power vs. position at the detector for the backscattered
photons and scattered electrons at 5 and 18],GeV is shown in Fig. 8.31. The backscattered
photon cone will be largest at the lowest energy (5 GeV) - this will determine the required
size of the detector. The distribution at 18],GeV, where the cone is the smallest, sets the
requirements for the detector segmentation. Note that the scattered electrons are signif-
icantly more focused than the photons. Monte Carlo studies indicate that the transverse
polarization can be reliably extracted at 18 GeV with a vertical detector segmentation of
100 µm for the photon detector and 25 µm for the electron detector. The detector size
should be at least 16×16 mm2 for the photons and 10 cm × 1 mm for the scattered elec-
trons. The horizontal segmentation for the electron detector can be much more coarse due
to the large horizontal dispersion introduced by the dipole.

Diamond strip detectors are a feasible solution for both the photon and electron detectors.
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Diamond detectors are extremely radiation hard and are fast enough to have response
times sufficient to resolve the minimum bunch spacing (10 ns) at EIC. Tests of CVD di-
amond with specialized electronics have shown pulse widths on the order of 8 ns [106].
For the photon detector, about 1 radiation length of lead will be placed in front of the
strip detectors to convert the backscattered photons. As an alternative to diamond detec-
tors, HVMAPS detectors are also under consideration. The radiation hardness and time
response of HVMAPS will need to be assessed to determine their suitability for this appli-
cation.

As noted earlier, the photon detector will also require a calorimeter to be sensitive to longi-
tudinal components of the electron polarization. Only modest energy resolution is needed;
radiation hardness and time response are more important requirements for this detector -
a tungsten powder/scintillating fiber calorimeter would meet these requirements.

Backgrounds are an important consideration for Compton polarimetry as well. The pri-
mary processes of interest are Bremsstrahlung and synchrotron radiation. Monte Carlo
studies have shown that the contribution from Bremsstrahlung should be small for a beam-
line vacuum of 10−9 Torr. Synchrotron radiation, on the other hand, will be a significant
concern. Careful design of the exit window for the backscattered photons will be required
to mitigate backgrounds due to synchrotron. The electron detector is not in the direct syn-
chrotron fan, but significant power can be deposited in the detector from one-bounce pho-
tons. This can be mitigated by incorporating tips or a special antechamber in the beampipe
between the Compton IP and the detector [107]. The electron detector will also be subject
to power deposited in the planned Roman Pot housing due to the beam Wakefield. Pre-
liminary simulations indicate the Wakefield power should not be large enough to cause
problems, but this will need to be considered in the detailed Roman Pot design.

In addition to measurements in the EIC electron ring, it is important to determine the elec-
tron beam polarization in or just after the Rapid Cycling Synchrotron (RCS) in order to
facilitate machine setup and troubleshoot possible issues with the electron beam polariza-
tion. In the RCS, electron bunches of approximately 10 nC are accelerated from 400 MeV
to the nominal beam energy (5, 10, or 18 GeV) in about 100 ms. These bunches are then
injected into the EIC electron ring at 1 Hz. The short amount of time each bunch spends
in the RCS, combined with the large changes in energy (and hence polarimeter analyz-
ing power and/or acceptance) make non-invasive polarization measurements, in which
the the RCS operates in a mode completely transparent to beam operations, essentially
impossible. However, there are at least two options for making intermittent, invasive po-
larization measurements.

The first, and perhaps simplest from a polarimetry perspective, would be to operate the
RCS in a so-called “flat-top” mode [108]. In this case, an electron bunch in the RCS is
accelerated to its full or some intermediate energy, and then stored in the RCS at that
energy while a polarization measurement is made. In this scenario, a Compton polarimeter
similar to that described above could be installed in one of the straight sections of the RCS.
The measurement times would be equivalent to those noted in Table 8.9 (since those are
for a single stored bunch), i.e., on the order of a few minutes.
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Another option would be to make polarization measurements in the transfer line from the
RCS to the EIC electron ring. In this case, one could only make polarization measurements
averaged over several bunches. In addition, the measurement would be much more time
consuming due to the low average beam current (≈ 10 nA) since the 10 nC bunches are
extracted at 1 Hz.

The measurement time at 10 nA using a Compton polarimeter similar to the one planned
for IP12 would take on the order many days. The IP12 Compton limits the number of
interactions to an average of one per crossing to count and resolve the position of the
backscattered photons. A position sensitive detector that could be operated in integrating
mode, would allow more rapid measurements. However, the required position resolution
(25-100 µm) would be very challenging for a detector operating in integrating mode.

An alternative to Compton polarimetry would be the use of Møller polarimetry. Møller
polarimeters can be used to measure both longitudinal and transverse polarization and can
make measurements quickly at relatively low currents. The longitudinal and transverse
Møller analyzing powers are given by,

AZZ = −sin2 θ∗(7 + cos2 θ∗)
(3 + cos2 θ∗)2 , (8.3)

AXX = − sin4 θ∗

(3 + cos2 θ∗)2 , (8.4)

where AZZ is the analyzing power for longitudinally polarized beam and target electrons,
AXX for horizontally polarized beam and target electrons, and θ∗ is the center-of-mass
scattering angle. Note that AYY = −AXX. The magnitude of the analyzing power is maxi-
mized in both cases at θ∗ = 90 degrees, where |AZZ| = 7/9 and |AXX| = 1/9.

Extrapolating from typical measurement times from the Møller polarimeters at TJNAF
(which provide a statistical precision of 1% for the longitudinal polarization in about 15
minutes for a 1 µA beam on a 4 µm iron target), we estimate that a 10% measurement
could be made in about 1.5 hours in the RCS to EIC transfer line. This could perhaps
be shorter depending the maximum foil thickness that could be used as the polarimeter
target.

A key drawback of Møller polarimetry is that the solid foil targets are destructive to the
beam, so cannot be carried out at the same time as normal beam operations. An additional
complication is the requirement for a magneto-optical system to steer the Møller electrons
to a detector system. In the experimental Hall A at Jefferson Lab, the Møller spectrometer
employs several quadrupoles of modest length and aperture, combined with a dipole to
deflect the Møller electrons into the detector system. The whole system occupies about
7 m of space along the beamline, but the space used by the quadrupoles can also be used
for beam transport during normal operations (i.e., when Møller measurements are not
underway).

The preferred choice for polarimetry at the RCS is a Compton polarimeter in the RCS ring,
with measurements taking place during “flat-top” mode operation. However, if this “flat-
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top” mode is not practical, then a Møller polarimeter in the RCS transfer line could serve
as a reasonable fallback, albeit with reduced precision and a larger impact on the beamline
design.

8.6.2 Hadron Polarimetry

Hadron polarimetry has been successfully performed on RHIC polarized proton beams for
nearly two decades. Through continual development a systematic uncertainty < 1.5% was
achieved for the most recent RHIC polarized proton run. As the only hadron polarimeter
system at a high energy collider it is the natural starting point for hadron polarimetry at
the EIC.

Hadron polarization is typically measured via a transverse single spin left right asymme-
try: ε = AN P. Unlike for polarized leptons, the proportionality constant is not precisely
known from theory. The solution at RHIC employs an absolute polarimeter with a polar-
ized atomic hydrogen jet target (Hjet), illustrated in Fig. 8.32. The hydrogen polarization
vector is alternated between vertically up and down. The RHIC beam also has bunches
with up and down polarization states. By averaging over the beam states the asymmetry
with respect to the target polarization may be measured, and vice versa:

εtarget = AN Ptarget εbeam = AN Pbeam . (8.5)

The target polarization is precisely measured with a Breit-Rabi polarimeter. Combined
with the measured asymmetries the beam polarization is determined:

Pbeam =
εbeam

εtarget
Ptarget . (8.6)

The absolute polarization measurement is independent of the details of AN .

The diffuse nature of the polarized jet target provides only a low rate of interactions, re-
sulting in a measurement limited to a statistical precision of 5-8% per RHIC fill; it is not
sensitive to the inevitable decay of beam polarization throughout a fill. Also, the jet target
is wider than the beam and measures only the average polarization across the beam. The
beam polarization is larger at the center than the edges transversely; the polarization of col-
liding beams differs from the average polarization due to this effect [109]. The polarimeters
must measure this transverse polarization profile to provide correct polarizations for use
by collider experiments.

At RHIC the required finer grained polarization details are provided by the proton-carbon
(pC) relative polarimeter, illustrated in Fig. 8.33. A thin carbon ribbon target is passed
across the beam and scattered carbon nuclei are measured in detectors arrayed around the
beam. The dense target provides a high interaction rate, allowing an asymmetry measure-
ment with a few per cent statistical precision in less than 30 seconds. Such measurements
are made periodically throughout a RHIC fill, providing a measurement of the beam po-
larization decay. The ribbon target is narrower than the beam; thus it is able to measure
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Figure 8.32: The RHIC polarized hydrogen jet polarimeter. The atomic beam source at the
top passes polarized hydrogen across the beams (blue and read arrows) in the scattering
chamber, with detectors left and right of the beams. The atomic hydrogen polarization is
measured by the Breit-Rabi polarimeter at bottom.

asymmetry as a function of position across the beam and determine the transverse polar-
ization profile. The absolute polarization scale of the pC polarimeter is set by normalizing
an ensemble of pC measurements to the results from the Hjet polarimeter for the corre-
sponding RHIC fills.

Figure 8.33: Cross section of the RHIC proton-carbon polarimeter. A thin carbon ribbon
target is passed across the beam (into page) and scattered carbon nuclei are measured in the
six detectors.

Both of the RHIC hadron polarimeters can in principle be used for proton polarimetry at
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the EIC. At present two significant difficulties are foreseen. First, backgrounds in both po-
larimeters are observed and lie partially beneath the signal events. They are distinguished
by timing distributions different from the signal allowing separation or estimation of a
subtraction from the signal. At the EIC with higher bunch crossing frequency, the back-
grounds will lie under the signal events from adjacent bunches and separation or subtrac-
tion based on timing will not be possible. Studies are under way to determine the nature
of the background and possibly find a rejection method. Second, materials analysis of the
carbon ribbon targets indicates that the higher proton beam currents and bunch crossing
frequencies at the EIC will induce heating to temperatures causing the targets to break
after only a few seconds in the beam. A search for alternative target materials has been
initiated.

A possible alternative to the pC polarimeter has been proposed. It is based on the obser-
vation by the PHENIX collaboration of a large azimuthal asymmetry of forward neutrons
in the proton direction in p+Au collisions [110]. This effect is well described by a process
of the high Z Au nucleus emitting a photon, which produces neutrons off of the polar-
ized proton [111]. A polarimeter based on this process would replace the Au beam with
a high Z fixed target as a source of photons; a Xe gas jet may be a suitable target. Such a
polarimeter could be tested at RHIC in the final years of operation.

For light ion polarimetry at the EIC, it may be possible to replace the hydrogen jet target
with polarized light ions. Tagging of breakup of target or beam nuclei will be necessary
to isolate the elastic scattering signal required for an absolute polarization measurement.
The pC polarimeter, or an alternative, developed for protons at the EIC should also provide
suitable relative polarimetry for light ions.

The main polarimeters may be situated anywhere in the EIC hadron ring. The Hjet and
pC polarimeters each require 1-2 m space along and transverse to the beam. However, one
relative polarimeter (pC or alternative) should be placed near the experimental interaction
point between the hadron spin rotators. The hadron polarimeters are only sensitive to
transverse spin polarization. During longitudinal spin runs asymmetry measurements
near the interaction point are required to verify that the transverse component of the spin
direction is zero.

8.7 Installation and Maintenance

8.7.1 Infrastructure

The baseline EIC configuration currently includes one fully instrumented Interaction Re-
gion (IR) and one general purpose physics detector. For the purposes of this document, it is
assumed that the detector will be located in IP-6 (the STAR Hall), and that the available in-
frastructure will either be re-used or will serve as a reference for the future EIC installation.
Complementary information about IP-8 (the PHENIX Hall) is given where appropriate.
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Hall infrastructure

In addition to the beam line area (the Wide Angle Hall), RHIC complex 1006 has an As-
sembly Building with adequate floor space for detector maintenance work, as well as a
control room, counting house, office space, electronic/mechanical workshops, gas shed,
online computing room and other service areas, as shown in Fig. 8.34.

Figure 8.34: RHIC IP6 experimental area layout. STAR detector shown schematically in the
beam position.

The general specifications for the IP6 and IP8 experimental halls are provided in Tab. 8.10.

The coordinate system of the EIC experiment is oriented as follows. The z-axis is along the
beamline toward the outgoing hadron direction, the y-axis points upward, and the x-axis
points toward the EIC-accelerator center.

Detector subsystem infrastructure requirements include cooling (HVAC, CW, LCW),
power (clean, utility, generator-backed), cryogenics, cabling, service lines, and gas system
specifications for gaseous detectors. These requirements cannot be specifically identified
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Table 8.10: IP6 and IP8 experimental hall dimensions and related data. Hall width goes
parallel to the beam line in this table, see also the Wide Angle Hall boundaries in Fig. 8.34.

IP6 IP8

Hall length and width 3200 cm x 1615 cm 1737 cm x 1859 cm
Distance from floor to beam line 432 cm 523 cm
Door dimensions (W x H) 823 cm x 823 cm 927 cm x 1017 cm
Floor load capacity 5000 psi 4000 psi
Crane capacity 20 ton 12 ton

at this stage of planning, but will be developed by the Detector Working Groups for a
subset of the EIC detector technologies on the time scale of the Yellow Report. The new
requirements will be reported in the next revision of this document, along with a table
containing the existing capacities available in the RHIC IP-6 Hall. The following is a list of
items which needs to be considered during integration:

• electronics racks and data cables The bulk of the electronics cables and service lines for
the sub-detectors will be routed through gaps which exist between the barrel and
endcap regions. As a result, the installation design for these cables must accommo-
date the removal/repositioning of the endcaps.

• Power distribution and grounding

• Cooling and gas installation

• Cryogenic capacity

• Pressure and temperature control of the experimental hall

• Shielding against the penetrating particles from the machine

Safety and Environmental Protection

For the purpose of this document, it is assumed that the experimental hall’s safety systems
(sprinklers, ODH monitors, smoke alarm) are provided as part of the RHIC infrastruc-
ture. The design and operation of EIC sub-detector components will follow BNL safety
regulation rules.

• Radiation control

• Interlock system

• Hazardous materials and systems (flammable gases, lasers, cryogenic fluids, electric
shock hazard, magnetic forces, beam line vacuum, etc.)
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8.7.2 Installation

At this time, the composition of the EIC central detector is not defined to a level of detail
that is sufficient to provide a step-by-step installation procedure. However, the overall de-
tector layout, as well as several boundary conditions, are sufficiently understood to make
the following assertions:

• In order to maximize the luminosity, the beam line final focusing quads have to be
brought as close to the IP as possible. Current Interaction Region design leaves only
about 9 m of space for the main physics detector, with the accelerator beam line
elements installed adjacent to this area. It is assumed that these elements (quads
on the incoming hadron side and B0 magnet on the incoming electron side) are not
supposed to be moved for the central detector installation and maintenance.

• The general purpose EIC detector with a 4π coverage in tracking, calorimetry and
PID will almost certainly use all of the available space, up to the last centimeter.

• A fully assembled ∼9 m long detector will not pass through the 823 cm wide door,
connecting the assembly and the installation areas. Unless the door is made wider
as part of the civil construction work, it is therefore assumed that at least one of the
calorimetry endcaps has to be rolled into the beam line area separately, on its own
carriage.

• There is not enough space in the installation area for either assembly or maintenance
during the long shutdown periods, see Figure 8.34. Consequently, as much of the
pre-assembly work as possible should happen in the assembly hall.

Although the following considerations do not represent hard constraints, they will impact
system design and operation:

• In order to maximize luminosity, the beam line final focusing quads must be posi-
tioned as close to the IP as possible. The current Interaction Region design provides
approximately 9 meters of space for the main physics detector, with accelerator beam
line elements installed in the adjacent areas. It is assumed that these elements (quads
on the incoming hadron side and B0 magnet on the incoming electron side) WILL
NOT be moved for installation or maintenance of the central detector.

• Having 4π coverage in tracking, calorimetry and PID, the general purpose EIC de-
tector is likely to consume 100% of the available space.

• The door connecting the assembly area and the installation area is 823 cm wide. Ac-
cordingly, the fully assembled, ∼9 meter long detector cannot be moved intact be-
tween the two areas without making structural modifications. To accommodate this,
it is assumed that one or more of the calorimetry endcaps will be placed on inde-
pendent carriages that allow them to be separated from the main detector before
moving.
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• The space in the installation area is not sufficient to perform any significant assem-
bly or maintenance on the central detector (see Fig.8.34). Consequently, the bulk of
assembly and maintenance must be performed in the assembly hall.

• The solenoid cryostat chimney must be designed such that it does not need to be
disconnected whenever the detector is relocated from the installation area to the as-
sembly area, and vice versa. The current expectation is that the cryo-can will be
mounted to the interior wall of the assembly area and will be connected to solenoid
using a flexible cryogenic line. This line will be sufficiently long to remain connected
to the solenoid when the central detector is in either room.

• In order to minimize the amount of silicon detector cabling in the electron endcap
acceptance, the pre-assembled silicon tracker modules must be inserted into their
nominal position from the hadron endcap side, with all cabling attached and routed
through the ”service gap” between the barrel and the hadron endcaps. This opera-
tion cannot be performed with the high-momentum gaseous RICH detector already
installed in the hadron endcap, since it will block access to the central area. Addition-
ally, due to space constraints along the beamline, the∼1.5 meter long RICH modules
cannot easily be installed into the central detector in the beam position. A possible
solution is to pre-assemble the entire central part of the main detector (the barrel, the
silicon forward / vertex / backward tracker, and all of the endcap acceptance equip-
ment except for the calorimetry), together with the central piece of the beam pipe, in
the assembly area.

This set of constraints and supporting considerations provides the foundation for the de-
tector “building block” composition and the installation sequence, described below. A
general purpose EIC detector, schematically shown in Figure 8.35, will be used as a refer-
ence. Figure 8.36 shows a perspective view of the EIC detector.

As illustrated in these figures, the detector can be naturally subdivided into three parts:
the central barrel, which is built around the solenoid magnet yoke, and the two endcaps.

The endcap hadronic calorimeters are expected to be of an Fe/Sc sandwich type, with
the magnetic structural steel used as an absorber. By design, they will be self-supporting,
serve as a solenoid flux return, and will be able to provide mechanical support to other
subsystems. To optimize construction, as well as the access strategy, it may be beneficial
to locate not only the hadronic, but also the electromagnetic calorimetry in the endcap
assemblies, as shown in Figure 8.39 for the hadronic calorimetry. This will certainly be
true for the hadron endcap should a spaghetti W/SciFi e/m calorimeter technology be
used in a configuration with the photo-sensor electronics installed on the upstream end
of the towers. In that case, the hadronic and e/m calorimeter assemblies will likely be
physically connected to one another face-to-face, with the barrel hadronic calorimeter to
hadron endcap split then also needing to be aligned with the front of the e/m calorimeter.
Once the endcap halves are rolled out, one will have access to both the e/m calorimetry
front end electronics, and to the electronics and services of a substantial fraction of the
central (barrel) part of the detector.
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Figure 8.35: A 2D sketch of an EIC detector layout, horizontal cross cut. Only one half of
the detector is shown, with the other half being mirror-symmetric in this view, up to the
crossing angle. Beam pipe footprint (in dark gray) is to scale. Blue dashed line shows the
doorway size between the assembly and the installation halls. Red dashed line shows the
realistic central detector envelope with the available [-4.5 ... 5.0] m space along the beam
line.

In order to meet space constraints, it is expected that the endcap assemblies can be moved
laterally relative to the central part of the main detector. This should be achievable with a
few cm of clearance, making it unnecessary to move them a substantial distance outward
along the beam line. To accommodate this, it will be required that no part of the central
detector is installed in the recess of either of the endcaps, and vice versa.

In this approach the support frame and the carriage system consist of five independent
parts (one for the central piece and two more for each of the endcaps (see Figure 8.39),
each on their own sets of the heavy duty Hilman rollers. Given the size of the endcap
calorimeters, and the expected density of the absorber material, the total weight of each of
the four of the endcap halves is estimated to be between 80-100 tons. The weight of the
central part of the detector is estimated to be on the order of 500 tons, similar to the fully
assembled sPHENIX detector without endcaps.

The beam pipe configuration (as shown in Figure 8.37), is expected to roughly follow
the 1.5 m + 6.0 m + 1.5 m breakdown scheme, matching the main physics detector and
consists of a∼6.0 m long central part and two∼1.5 m long endcaps. The central piece may
be composed of more than one part. However, the installation procedure described here
may be impacted if bulky, permanent flanges are used to interconnect the parts.

As shown in Figure 8.35, it is assumed that a clear ∼40 cm diameter ”bore” is allocated
for the forward / vertex / backward silicon detector assembly installation, and it is not
obstructed by any other endcap equipment.

The pre-assembly sequence of the endcaps is straightforward, and does not require a de-
tailed description at this stage.
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Figure 8.36: CAD model of the EIC detector, with the artistic rendering of the calorimetry
subsystems.

Starting from the outer parts (the hadronic calorimeter, integrated into the solenoid flux
return) the central part of the detector will be assembled on its own support structure. The
inner barrel components (the solenoid cryostat, e/m calorimeter modules, PID detectors
and the central volume tracker) will be added to the assembly one by one, in sequence, as
is typically done for this type of detectors (e.g. BaBar and sPHENIX). Next the central piece
of the beam pipe, as well as the two pre-assembled halves of the vertex silicon tracker are
installed, with the latter ones connected to provide minimal clearance to the beam pipe.
The endcap tracker and PID detector modules will be installed afterwards, starting from
the inner modules.

Figure 8.37: Interaction Region vacuum chamber layout.

The installation sequence of the B0 magnet equipment and the pre-assembled main detec-
tor blocks can look like this:
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• The silicon tracker and the e/m calorimeter of the B0 magnet spectrometer are in-
stalled in its warm bore.

• The approximately 6 m long central part of the main detector, built around the
solenoid magnet yoke, is rolled into the beam position, together with the electronics
trailer and the pre-installed central piece of the beam pipe. Both endcaps are also
rolled into the experimental hall, being split into halves, and moved away from the
beam line, in order not to block access to the beam pipe installation.

• ∼1.5 m long pieces of the beam pipe are installed, together with the respective pump
stands. This operation closes the accelerator UHV volume.

• The endcap halves are rolled towards the beam line and bolted together, as well as
connected to the solenoid flux return yoke.

These actions are performed in the reverse sequence to move the detector from the experi-
mental hall to the assembly area for maintenance.

Figure 8.38 shows the final installation of the EIC detector in the IP6 hall.

Detector Alignment

The internal alignment of the high-precision silicon tracker modules will be done on the
bench, prior to installation in the experimental apparatus. It is assumed that the relative
alignment of the detector components with respect to one other, to the solenoid magnet
and to the beam line elements should be performed to accuracy on the order of ∼100
µm. This level of accuracy can be achieved using modern laser tracker survey apparatus,
and by providing a redundant set of alignment marks on the detector frames, which are
surveyed together with the network of the permanently mounted 3D points (survey mark
nests) in the experimental hall. Maintaining visibility of the detector survey marks within
the dense EIC installation environment will be a concern though, particularly for the inner
tracker modules. Still, it should be noted that the ultimate alignment on the micron level
of accuracy will be performed by software using the real particle tracks.

8.7.3 Access and Maintenance

Typically three different access and / or maintenance scenarios are expected. A short-term
(controlled) access to the detector installation area where there will be no (dis)assembly of
the equipment. This scenario would allow access to the electronics trailer, as well as the
outer part of the sub-detector components, like FEE of the hadronic calorimeters.

A short shutdown (typically an emergency event, downtime of < 48 hours) would allow
the detector endcaps to be rolled out as indicated in Figure 8.39, providing an access to
the endcap e/m calorimeters, outer part of the endcap trackers, beam pipe, as well as to a
portion of the barrel part of the detector and the B0 silicon tracker for short maintenance.



8.7. INSTALLATION AND MAINTENANCE 117

Figure 8.38: A model of the current detector system design in the experimental hall with
magnets, cryocan, and rear carriage for the electronics.

This procedure will be easier in IP-6 (STAR Hall) than in IP-8 (PHENIX Hall) due to the
tighter space constraints in IP-8, see Tab. 8.10, leaving less space to walk or move equip-
ment (Fig 8.40).

During a long shutdown, the barrel part of the EIC detector could be moved out of the hall
completely and sub-components could be disassembled safely. Fig. 8.41 shows how the
barrel part of the detector together with the rear carriage could be rolled into the mainte-
nance area outside of the hall. It is important to keep the readout electronics at the rear
carriage next to the detector, to provide an easy way to test sub-components during the
shutdown. Such a shutdown involves disassembly of the IP beam pipe section, as well
as the beam pipes of RCS, dismantling of the shielding wall between the installation and
assembly halls, and would require several weeks of downtime.
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Figure 8.39: Barrel part of the main detector shown in the beam position. The endcaps
shown rolled out to provide the space to access the inner parts of the barrel detectors.

Figure 8.40: IP-8 (PHENIX Hall) installation
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Figure 8.41: The barrel part of the detector and the rear carriage rolled into the maintenance
area.
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