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Abstract

This report describes the physics case, the resulting detector requirements, and the
evolving detector concepts for the experimental program at the Electron-Ion Col-
lider (EIC). The EIC will be a powerful new high-luminosity facility in the United
States with the capability to collide high-energy electron beams with high-energy
proton and ion beams, providing access to those regions in the nucleon and nu-
clei where their structure is dominated by gluons. Moreover, polarized beams in
the EIC will give unprecedented access to the spatial and spin structure of the
proton, neutron, and light ions. The studies leading to this document were com-
missioned and organized by the EIC User Group with the objective of advancing
the state and detail of the physics program and developing detector concepts that
meet the emerging requirements in preparation for the realization of the EIC. The
effort aims to provide the basis for further development of concepts for experimen-
tal equipment best suited for the science needs, including the importance of two
complementary detectors and interaction regions.

This report consists of three volumes. Volume I is an executive summary of our
findings and developed concepts. In Volume II we describe studies of a wide range
of physics measurements and the emerging requirements on detector acceptance
and performance. Volume III discusses general-purpose detector concepts and the
underlying technologies to meet the physics requirements. These considerations
will form the basis for a world-class experimental program that aims to increase
our understanding of the fundamental structure of all visible matter.
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Chapter 1

The Electron-Ion Collider

The Electron-Ion Collider (EIC) is a new, innovative, large-scale particle accelerator
facility conceived by U.S. nuclear and accelerator physicists over two decades and
planned for construction at Brookhaven National Laboratory on Long Island, New
York by the U.S. Department of Energy in the 2020s. The EIC will study protons,
neutrons and atomic nuclei with the most powerful electron microscope, in terms
of versatility, resolving power and intensity, ever built. The resolution and inten-
sity is achieved by colliding high-energy electrons with high-energy protons or (a
range of different) ion beams. The EIC provides the capability of colliding beams
of polarized electrons with polarized beams of light ions, and this all at high in-
tensity. The EIC was established as the highest priority for new construction in
the 2015 US Nuclear Physics Long Range Plan, and was favorably endorsed by a
committee established by the National Academy of Sciences in 2018 to assess the
science case. In December 2019, the EIC was granted Critical Decision Zero (CDO0)
by the US Department of Energy, which launched the EIC as an official project of
the US government.

The main design requirements of the EIC are:

» Highly polarized electron (~70%) and proton (~70%) beams
* Jon beams from deuterons to heavy nuclei such as gold, lead, or uranium

* Variable e+p center-of-mass energies from 20—100 GeV, upgradable to 140
GeV

High collision electron-nucleon luminosity 10**—1034 cm 25!

Possibility to have more than one interaction region

Several of the above performance parameters will be realized for the first time at
EIC in a collider mode, such as the availability of nuclear beams and polarized nu-
cleon beams along with the operation at high collision luminosity. Shown schemat-
ically in Fig. 1.1, the EIC will collide bright, intense counter circulating beams of
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Figure 1.1: Schematic layout of the planned EIC accelerator based on the existing RHIC
complex at Brookhaven National Laboratory.

electrons and ions and use sophisticated, large detectors to identify specific reac-
tions whose precise measurement can yield previously unattainable insight into
the structure of the nucleon and nucleus. The EIC will open a new window into
the quantum world of the atomic nucleus and allow physicists access for the first
time to key, elusive aspects of nuclear structure in terms of the fundamental quark
and gluon constituents. Nuclear processes fuel the universe. Past research has
provided enormous benefit to society in terms of medicine, energy and other ap-
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plications. Particle accelerators and related technologies play a key role in the dis-
covery sciences and it is estimated that about 30,000 worldwide are operating in
industry. The EIC will probe the frontiers of nuclear science well into the twenty-
first century using one of the world’s most sophisticated particle accelerators and
large detectors that will utilize cutting-edge technology.

The realization of the EIC is led jointly by Brookhaven National Laboratory and
Thomas Jefferson National Accelerator Facility at Newport News, Virginia. It will
involve physicists and engineers from other laboratories and universities in the
U.S. and from around the world. This realization is expected to roughly take a
decade, with beam operations to start in the early 2030s.

The EIC Users Group (EICUG, www.eicug.org) was founded in 2016. It now con-
tains over 1200 members from 245 institutions located in 33 countries around the
world. Late in 2019, the EICUG decided to organize an intensive, year-long con-
sideration of the EIC physics measurements and scientific equipment by the mem-
bers of the user group. This Yellow Report (YR) summarizes these studies and the
conclusions that have been reached. The purpose of the Yellow Report Initiative
is to advance the state and detail of the documented community physics studies
(EIC White Paper, Institute for Nuclear Theory program proceedings) and detector
concepts (Detector and R&D Handbook) in preparation for the realization of the
EIC. The effort aims to provide the basis for further development of concepts for
experimental equipment best suited for science needs, including complementarity
of two detectors towards future Technical Design Reports. It is expected that this
YR will be the cornerstone on which detector proposals will be developed by user
collaborations beginning in 2021.

The work reported on here was organized by the EICUG at an in-person meet-
ing in December 12-13, 2019 at the Massachusetts Institute of Technology, Cam-
bridge, Massachusetts and was structured around four subsequent meetings in
2020: March 19-21, 2020 at Temple University, Philadelphia; May 20-22, 2020 at
University of Pavia, Pavia, Italy; September 16-18, 2020 at the Catholic University
of America, Washington, DC and November 19-21, 2020 at the University of Cal-
ifornia, Berkeley. This was a massive, international, sustained effort through the
year 2020 and was overseen by 8 conveners and 41 sub-conveners. Because of the
restrictions due to the pandemic, all of the EICUG meetings and interactions in
2020 were carried out remotely.

The EIC will be one of the largest and most sophisticated new accelerator projects
worldwide in the next few decades, and the only planned for construction in the
United States. It will address profound open questions in the fundamental struc-
ture of matter and attract new generations of young people into the pursuit of
careers in science and technology. Its high design luminosity and highly polar-
ized beams are beyond state-of-the-art and its realization will likewise push the
frontiers of particle accelerator science and technology.



Chapter 2

Physics Measurements and
Requirements

2.1 Introduction

The Electron-Ion Collider (EIC) will address some of the most fundamental ques-
tions in science regarding the visible world, including the origin of the nucleon
mass, the nucleon spin, and the emergent properties of a dense system of glu-
ons. The science program has been reviewed by the National Academy of Sciences
(NAS) which concluded that “the EIC science is compelling, fundamental, and
timely.” [1]. The NAS review was based on a series of workshops hosted by the
Institute of Nuclear Theory (INT) culminating in a whitepaper in 2012 and an up-
date in 2014 entitled “Understanding the glue that binds us all” [2]. The desire and
need to construct a new collider facility were prominently featured in the 2015 US
Long-Range Plan for Nuclear Science [3].

In this executive section, we present a selection of crucial physics topics that led to
the recommendation for the construction of an EIC, and summarize the machine
parameters and detector requirements needed to address them.

Key science questions that the EIC will address are:

* How do the nucleonic properties such as mass and spin emerge from partons
and their underlying interactions?

* How are partons inside the nucleon distributed in both momentum and po-
sition space?

* 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?



