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Lepton scattering is an established ideal tool for studying inner structure of small particles such as
nucleons as well as nuclei. As a future high energy nuclear physics project, an Electron-ion collider in
China (EicC) has been proposed. It will be constructed based on an upgraded heavy-ion accelerator,
High Intensity heavy-ion Accelerator Facility (HIAF) which is currently under construction, together
with a new electron ring. The proposed collider will provide highly polarized electrons (with a po-
larization of ~80%) and protons (with a polarization of ~70%) with variable center of mass energies
from 15 to 20 GeV and the luminosity of (2-3) + 103 em 2% !. Polarized deuterons and Helium-3,
as well as unpolarized ion beams from Carbon to Uranium, will be also available at the EicC.

The main foci of the EicC will be precision measurements of the structure of the nucleon in the sea
quark region, including 3D tomography of nucleon; the partonic structure of nuclei and the parton
interaction with the nuclear environment; the exotic states, especially those with heavy flavor quark
contents. In addition, issues fundamental to understanding the origin of mass could be addressed
by measurements of heavy quarkonia near-threshold production at the EicC. In order to achieve the
above-mentioned physics goals, a hermetical detector system will be constructed with cutting-edge
technologies.

This document is the result of collective contributions and valuable inputs from experts across
the globe. The EicC physics program complements the ongoing scientific programs at the Jefferson
Laboratory and the future EIC project in the United States. The success of this project will also
advance both nuclear and particle physics as well as accelerator and detector technology in China.

Keywords electron ion collider, nucleon structure, nucleon mass, exotic hadronic states, quantum
chromodynamics, 3D-tomography, helicity, transverse momentum dependent parton distribution,
generalized parton distribution, energy recovery linac, polarization, spin rotator
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Chapter 1 Executive summary

1.1 Physics highlights

The study on the inner structure of matter and funda-
mental laws of interactions has always been one of the
research forefronts of natural science. It not only allows
mankind to understand the underlying laws of nature, but
also promotes various advances in technologies. Consid-
ering the mass—energy budget of the Universe, illustrated
in Fig. 1.1: dark energy constitutes 71%; dark matter is
another 24%; and the remaining 5% is visible material.
Little is known about the first two: science can currently
say almost nothing about 95% of the mass—energy in the
Universe. On the other hand, the remaining 5% has for-
ever been the source of everything tangible, which can be
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beautifully described within the Standard Model.

One of the greatest achievements of physics in the 20th
century is the invention of the Standard Model [2-7]. Tt
is the theory describing the strong, electromagnetic, and
weak interactions among elementary particles that make
up the visible Universe. As shown in Fig. 1.2, we now
know that there are three generations of quarks and lep-
tons in nature. The forces in the Standard Model are car-
ried by the so-called force mediating gauge bosons, which
are v, W° and Z° for electro-weak interaction, and gluons
g for the strong interaction. The Higgs boson H was in-
troduced in the famous Higgs mechanism [8, 9] to explain
the mass origin of the W° and Z° bosons, and it also
generates the masses of quarks and leptons. Yet, amongst
the visible matter, less-than 0.1% is tied directly to the
Higgs boson; hence, even concerning visible matter, too
much remains unknown.

In particular, it is still challenging to quantitatively ex-
plain the origins of nucleon mass and spin, which are two
fundamental properties of building blocks of the visible
matter. First, about 99% of the visible mass is contained
within nuclei [10]. Within Standard Model, the protons
and neutrons in nuclei are composite particles, built from
nearly massless quarks (= 1% of the nucleon mass) and
massless gluons. An immediate question then arises: How
does 99% of the nucleon mass emerge? Besides the mass
issue, despite of many years of theoretical and experimen-
tal efforts, the quantitative decomposition of nucleon spin
in terms of quark and gluon degrees of freedom is not yet
fully understood. To address these fundamental issues,
we have to understand the nature of the subatomic force
between quarks and gluons, and the internal landscape of
nucleons.

The underlying theory, which describes the strong inter-
actions between quarks and gluons, is known as Quantum
Chromodynamics (QCD) [11]. As a non-Abelian gauge
theory, QCD has the extraordinary properties of asymp-
totic freedom at short distance [12, 13] and color con-
finement at long distance. The strong force mediated by
gluons is weak in hard scatterings with large momentum
transfers. On the other hand, it has to be incredibly strong
to bind quarks together within the tiny space of a nucleon.

Mass—Energy Budget of the Universe

Visible matter

Higgs mechanism

Dark matter

Dark energy

Fig. 1.1 The mass—energy budget of the Universe determin-
ed by Wilkinson Microwave Anisotropy Probe (WMAP) [1].
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Fig. 1.2 The Standard Model of elementary particles.

Confinement is crucial because it ensures stability of the
proton. Without confinement, protons in isolation could
decay; the hydrogen atom would be unstable; nucleosyn-
thesis would be accidental, with no lasting consequences;
and without nuclei, there would be no living Universe.
All in all, the existence of our visible Universe depends on
confinement.

In QCD, the proton mass is usually decomposed into
several elements in terms of quark and gluon degrees of
freedom. Specifically, it is believed that the nucleon mass
can be almost entirely derived from the kinetic energy of
quarks and gluons, interactions between them, as well as
other novel dynamical effects of QCD. Similarly, despite
being composite particles, nucleons have a constant spin
of 1/2 which is an intrinsic property like electric charge.
It is extremely fascinating to note that proton spin can
manifest itself from the many-body system of quarks and
gluons. In addition to the spin contributions of quark
and gluon, which has been measured in certain kinematic
regions, the orbital angular momentum contributions due
the orbital motions of quark and gluon have been shown
to be indispensable for the proton spin.

Hence, QCD should be the physical mechanism respon-
sible for the majority of visible matter in the Universe. To
gain a more comprehensive understanding of the internal
partonic structure of a nucleon, explore the nature of color
confinement and ultimately explain the emergence of the
nucleon mass and spin, we certainly need to expand the
scope of our current experiments and enrich our knowledge
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on the dynamics of the strong interaction, especially the
non-perturbative aspects of QCD. In the following, a few
highlighted physics topics, highly relevant to above men-
tioned essential QCD physics, that EicC can significantly
contribute to will be discussed briefly. For the detailed
discussions regarding physics, accelerators, and detectors
for the EicC project, please refer to the following chapters
of this document!).

1.1.1 Partonic structure and three-dimensional
landscape of nucleon

In the naiive constituent quark model [14, 15], nucleons
are considered as the bound states of u- and d-quarks. The
proton (neutron) corresponds to a uud-state (udd state).
These quarks are known as valence quarks. However, due
to the quantum property of QCD, quarks can radiate glu-
ons, and these gluons, in turn, can fluctuate into quark-
antiquark pairs. Therefore, a nucleon is a composite ob-
ject containing quarks, antiquarks, and gluons. Besides
valence quarks (and possible intrinsic quarks), there are
also sea quarks coming out of quantum fluctuations. Es-
pecially, when the probing scale becomes smaller as the
energy scale goes higher, one sees more sea quarks compar-
ing to valence quarks, as illustrated in Fig. 1.3. Moreover,
compared to the simple picture of the constituent quark

1)By default, the natural unit system is used in all the physics dis-
cussions and plots.
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Fig. 1.3 Tllustration of the quark and the partonic structure
of the proton.

model, the underlying dynamics among quarks/gluons is
a lot more interesting and intricate, and offers much more
important information regarding the internal structure of
nucleons as a composite many-body system.

In high-energy scatterings, the proton can be viewed
as a cluster of high energy quarks and gluons, which are
collectively referred to as partons. The probability distri-
butions of partons within the proton are called the parton
distribution functions (PDFs). In general, PDFs give the
probabilities of finding partons (quarks and gluons) in a
hadron as a function of the momentum fraction = w.r.t.
the parent hadron carried by the partons. Due to the QCD
evolution, quarks and gluons can mix with each other, and
their PDFs depend on the resolution scale. When the res-
olution scale increases, the numbers of partons and their
momentum distributions will change according to the evo-
lution equations. These evolution equations can be de-
rived from the perturbation QCD, although PDFs them-
selves are essentially non-perturbative objects. Thanks to
QCD factorization theorems, PDFs can be extracted from
measurments of cross-sections and spin-dependent asym-
metries.

The partonic structure of the nucleon was firstly stud-
ied in experiments of electron—nucleon Deeply Inelastic
Scattering (DIS). Since electrons are point-like particles
and they do not participate in the strong interaction,
they are the perfect probe for studying the internal struc-
ture of hadrons in high energy scatterings. Therefore, the
DIS experiment is also known as the “Modern Ruther-
ford Scattering Experiment”, which opens up a new win-
dow to probe the subatomic world. In 1969, the pioneer
DIS experiments at SLAC discovered the so-called Bjorken
scaling [16], which showed that the proton is composed
of point-like partons with spin 1/2 (which are known as
quarks afterward). Starting from DIS with unpolarized
fixed targets, DIS experiments are later extended to unpo-
larized collider experiments and fixed-target experiments
with polarized beam and targets. These DIS experiments
have revolutionized our understanding of the subatomic
structure of nucleons and nuclei. Later on, high energy
DIS experiments observed the violation of Bjorken scal-
ing [17], which indicates the existence of gluon and QCD
evolution mentioned above. All these results across a wide
range of energy scales have verified that QCD is the cor-
rect theory for the strong interaction between quarks and
gluons within hadrons. In addition, within the current ex-
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perimental accuracy, lepton and quark are still point-like
particles at the scale of 10 2 fm, which is one-thousandth
of the size of the proton.

With better experimental precisions, our understanding
of nucleon structure continues to improve even in unpo-
larized PDFs. Furthermore, many interesting phenomena,
such as the isospin asymmetry of @ and d quark distribu-
tions and the asymmetry between strange and anti-strange
quark distributions in the proton, were discovered. These
phenomena are still compelling issues in medium and high
energy physics research.

In the wake of the development of polarized source in
the 1970s, the study of the nucleon spin structure became
possible by exploring the helicity distributions of quarks
and gluons, also defined as the longitudinally polarized
PDFs analog to their unpolarized counterparts discussed
above, from high-energy scattering processes involving po-
larized leptons and/or polarized nucleons. A lot more
interesting phenomena have been unraveled by polarized
DIS experiments. One of them is the so-called “proton
spin crisis”. Experimental data showed that the sum of the
spin from quarks and anti-quarks is only a small fraction
of the total spin of a proton. It triggered a series of exper-
imental and theoretical investigations on the origin of the
proton spin. From the QCD perspective, we now know
that the proton spin is built up from the spin and orbital
angular momenta of quarks and gluons. Currently, except
the quark spin contribution, other decomposed contribu-
tions in the spin sum rule, especially the ones from or-
bital angular momenta, are largely unexplored. Through
semi-inclusive DIS and other interesting processes, recent
experimental and theoretical developments have enabled
us to extend our research on nucleon structure from one-
dimensional PDFs to three-dimensional imaging. These
have been providing us new insights into the proton spin
puzzle.

Currently, there are two immediate and important is-
sues in the research frontier of nucleon structure: i) The
precision measurement of the one-dimensional spin struc-
ture of the polarized nucleon; ii) The study on the three-
dimensional imaging of the partonic structure of the nu-
cleon.

An interesting question when studying the one-
dimensional spin structure of the nucleons is how to
clearly decompose the individual contributions from dif-
ferent quark flavors. Despite the large uncertainty, the
recent measurement at Relativistic Heavy Ion Collider
(RHIC) implies that the sea quark helicity distributions
also have flavor asymmetries. Furthermore, the polarized
quark distribution of different flavors, especially for sea
quarks, still have large uncertainties. This directly im-
poses a challenge to our efforts to understand the proton
spin structure. Therefore, the precise determination of
various quark helicity distributions is a fundamental issue
which is needed to be addressed.

In the meantime, three-dimensional imaging of the par-

Daniele P. Anderle, et al., Front. Phys. 16(6), 64701 (2021)
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ton structure has attracted a lot of attention as well. By
additionally measuring the transverse momentum and an-
gular distribution of the final hadron in DIS, one can
extract important information about initial transverse
momentum distributions of partons in the incoming nu-
cleon, thus explore the internal three-dimensional struc-
ture of the nucleon in the momentum space. Meanwhile,
through some exclusive processes, in which all the parti-
cles are measured, one can access the three-dimensional
spatial distributions of partons. In general, the inter-
nal three-dimensional structure of the nucleon in the
momentum and coordinate space can be characterized
by the Transverse-Momentum-Dependent parton distribu-
tion functions (TMDs) and Generalized Parton Distribu-
tions (GPDs), respectively. Compared to one-dimensional
PDFs, these more sophisticated parton distribution func-
tions encode much more abundant information about the
internal structure of the nucleon. For example, they can
allow us to access the orbital angular momenta of par-
tons and the quantum effect of multi-parton correlations.
Future experimental efforts, especially the high precision
measurements, can certainly have a profound impact on
the theoretical development of TMD and GPD physics.

EicC, together with existing experiments at Jefferson
Lab, CERN COMPASS, BNL RHIC, Fermi-Lab, and the
proposed EIC in the US, can offer significant insights into
the three-dimensional landscape of internal structure of
the proton and other hadrons, and provide us important
clues on how the mass and spin as well as other interesting
properties of proton emerge from the quark and gluon
degrees of freedom.

1.1.2 Partonic structure of nuclei

One of the biggest challenges in nuclear physics is how
to study the nuclear structure in the partonic level us-
ing the QCD theory that has successfully described the
partonic structure of a free nucleon. While the focus of
studying partonic structure in free nucleons has been ex-
tended from the precisely known one-dimensional PDFs
to the three-dimensional distributions such as TMD and
GPD, the knowledge of the partonic structure in nuclei,
however, remain largely unknown.

The most outstanding reason for this gap is that the
nucleons with their sizes much smaller than the size of a
nucleus are interacting weakly with each other through
the long-range interactions. Conventional models, such
as the mean-field theory, can describe the nuclear struc-
ture in the nucleonic degree of freedom without introduc-
ing the partonic pictures. On the other hand, the par-
tonic structure of a bounded nucleon in a heavy nucleus
had been naively treated as the same as one in a free nu-
cleon, until the discovery of the EMC effect. In the 1980s,
the European Muon Collaboration (EMC) at CERN used
heavy nuclei as a high-density target to measure the PDFs.
They discovered the measured cross-sections differed from
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ones using free nucleons, and meanwhile, observed these
differences strongly depend on the nuclear numbers [18].
This lately-called EMC effect has been further studied
at SLAC, HERMES, Fermi-Lab and lately JLab [19-22]
in the valance quark region (0.3 < x < 0.7) and the
correlation with nuclear numbers were obtained. These
experimental results also reveal much richer details at
lower x where anti-shadowing and shadowing effects are
present. However, the physics origin of how the nuclear
PDFs (nPDF) are modified in nuclei is still puzzling us
and no single theoretical interpretation is satisfactory.
A full understanding of the physics behind the EMC,
anti-shadowing, and shadowing effects will open a door
to describe the nuclear structure in QCD. An encourag-
ing development in the last few years was the suggestion
of possible connection between the EMC effect and the
short-range correlations (SRC) which describe a case when
nucleons are largely overlapping and strongly interacting
with each other [23-25]. This new finding sheds a light to
cover the gap between studying nuclear structure in the
nucleonic level and the partonic level.

The EMC effect implies that the distributions of va-
lence quarks in the nucleus are modified. However, no
existing experimental evidence suggests that the distribu-
tions of sea quarks and gluons in bounded nucleons are
also modified in the nuclear medium. Joint research of
theory and experiment is eagerly needed to obtain the
precise global description of nPDFs of different quark and
gluon flavors in the entire x region for a wide range of
nuclei, and finally unveil the physics origin of the EMC,
anti-shadowing and shading effects. A power tool in the
last many decades is to utilize the high-energy electrons
in colliding with light to heavy nuclei and measure the in-
clusive DIS cross-sections by only detecting outgoing elec-
trons. On top of that, one can also detect the additional
outgoing hadrons which contain the information of the
initial quark or gluon, and study their semi-inclusive DIS
(SIDIS) cross-sections or other observable to decouple the
nPDFs of different partonic flavors.

Another hot topic in high-energy eA physics is to under-
stand the quark confinement. Quarks cannot exist alone
but have to be combined with other quarks to form color-
neutral hadrons such as mesons and nucleons. When a
quark is struck by a high-energy particle, it will contin-
uously interact with its surroundings via strong interac-
tion, generate additional quarks and gluons, and even-
tually “fragment” into color-neutral hadrons or jets in-
side the nucleus or in the vacuum. This process is called
hadronization. Studying the hadronization process has
important implications for the formation of matter and
even the evolution of the Universe. One can perform a
detailed study of the hadronization physics by measuring
the SIDIS processes in eA collision. With a wide variety of
nuclei that serve as QCD laboratories, one can control the
sizes of different nuclei so that the hadronization happens
at varying depth inside the nuclei or the vacuum.

Daniele P. Anderle, et al., Front. Phys. 16(6), 64701 (2021)
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1.1.3 Exotic hadronic states

Quark model was invented before QCD to classify var-
ious hadrons composed of light (up, down and strange)
quarks [14, 15]. After incorporating the QCD dynamics,
it was able to provide an excellent description of the mass
spectrum of hadrons up to a few exceptions (see, e.g.,
Refs. [26, 27]). In the traditional quark model, a meson
is formed by a quark and an antiquark, and a baryon is
formed by three quarks. Most of the hadrons discovered
in the last century can be classified into flavor multiplets
in the quark model. But quarks and gluons can consti-
tute other types of hadronic objects: the so-called com-
pact tetraquark and pentaquark states contain more than
three (anti-)quarks as a single colorless cluster; hadronic
molecules are bound states of hadrons formed by the me-
diation of the strong force, just like that the deuteron is a
proton-neutron bound state; there can be colorless states
with both quark and gluonic excitations, i.e., the hybrid
states; glueballs composed of gluons. These different types
of hadrons are shown in Fig. 1.4. Such hadrons beyond
the traditional quark model are collectively called exotic
hadron states. Although such a classification is a quark
model notation, the hadron spectrum as observed presents
a grand challenge to understand from QCD, and the ex-
perimental search of exotic hadrons is one of the most
important handles towards understanding how the mas-
sive hadrons emerge from the underlying nonperturbative
strong interactions among quarks and gluons.

Since the beginning of the 21st century, experimental
study on hadron states has made significant progresses.
Experiments such as BESIII (Beijing Spectrometer III) at
Beijing Electron-Positron Collider (BEPC) in China, Belle
at KEK in Japan, BABAR at the SLAC National Accelera-
tor Laboratory in US, LHCD at the Large Hadron Collider
(LHC) in Europe and many others have reported fasci-
nating discoveries of candidates of exotic hadron states.
These discoveries have opened up a new exciting window
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Illustration of conventional and exotic hadrons.

in the nonperturbative regime of QCD at the low-energy
frontier of the Standard Model. However, until now there
is no unified picture for understanding the new experimen-
tal discoveries, and the internal structure of these states
is still a mystery to be resolved.

EicC can contribute significantly in studying exotic
hadron states, especially the charmonium-like states and
hidden-charm pentaquarks, which can be produced abun-
dantly. EicC has a unique place for studying their pho-
toproduction, beyond the JLab 12 GeV programme. In
particular, given the existing measurements, the interpre-
tation of some of the prominent candidates of hidden-
charm tetraquarks and pentaquarks (either compact or
of hadronic molecular type) is not unambiguous due to
the the so-called triangle singularity contribution. Such
singularities are due to the simultaneous on-shellness and
collinearality of all intermediate particles in a triangle dia-
gram and are able to produce resonance-like signals when
the special kinematics required by the Coleman—Norton
theorem [28] is fulfilled [29]. However, for the photopro-
duction processes at EicC, the production mechanism is
free of such kinematic singularities. Therefore, one can
investigate the properties of pentaquark states and other
hidden-charm hadrons in a more clear way. The energy
coverage of EicC also allows for the seek of hidden-bottom
exotic hadrons. A clearer picture of the hadron spectrum
is foreseen with the inputs from EicC.

1.2 Polarized electron ion collider

in China (EicC)

The polarized electron ion collider in China (EicC) aims
at achieving the highlighted physics goals presented above.
It will be based on the existing High Intensity heavy-ion
Accelerator Facility (HIAF). HIAF is the major national
facility focusing on nuclear physics, atomic physics, heavy
ion applications and interdisciplinary researches in China.

Daniele P. Anderle, et al., Front. Phys. 16(6), 64701 (2021)
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It is designed to provide intense beams of primary and
radioactive ions for a wide range of research fields. HIAF
will be a scientific user facility open to researchers from all
over the world that enables scientists with concerted effort
to explore the hitherto unknown territories in the nuclear
chart, to approach the experimental limits, to open new
domains of physics researches in experiments, and to de-
velop new ideas and heavy-ion applications beneficial to
the society. HIAF is located in Huizhou City of Guang-
dong Province in south China. It is funded jointly by the
National Development and Reform Commission of China,
Guangdong Province, and Huizhou City. The total invest-
ment is about 2.5 billion in Chinese Yuan, including about
1.5 billion Yuan from the central government for facility
construction and 1.0 billion Yuan from the local govern-
ments for infrastructure. The construction is scheduled
for seven years, and the beam commissioning is planned
for 2025. HIAF is a completely new facility that a series
of upgrades for EicC in the future have been taken into

Polarized
ion source

iLinac

Accelerators in the EicC accelerator facility.

consideration during the design stage, and its capability
to run with EicC concurrently is also reserved.

EicC will adopt the scheme of circular colliders which
includes a figure-8 shaped ion collider ring (pRing), an
electron injector as well as a racetrack electron collider
ring (eRing), as shown in Fig. 1.5. The center of mass en-
ergy of the EicC will range from 15 GeV to 20 GeV, with
the luminosity higher than 2.0 £ 1033 cm 2% !, and the
average proton polarization about 70%, the average elec-
tron polarization about 80% in the collisions of electrons
with protons. The integrated luminosity is higher than
50 fb ! when the operating time accounts for 80% of the
entire year. All these parameters can satisfy the physics
goals required. Available particles, including heavy ions,
and their corresponding energy, polarization, luminosity,
and integrated luminosity are listed in Table 1.1.

In general, the ion accelerator complex of the EicC ac-
celerator facility mainly consists of a polarized ion source,
iLinac, BRing, and pRing, while the electron accelerator

Table 1.1 Available particles and their corresponding energy, polarization, luminosity and integrated luminosity.

Luminosity at

Particle IE.‘[(;;&;‘;I}HHT C(Ig;?;;%y Average polarization thtzcr;:].lclg?sn lle)ve] Integrat(efcti) llln)ninosity
e 3.5 80%
p 20 16.76 0% 2.00 ~ 1033 50.5
d 12.90 13.48 Yes 8.48 ~ 10°2 21.4
SHett 17.21 15.55 Yes 6.29 ~ 1032 15.9
TLi%t 11.05 12.48 No 9.75 ~ 1032 24.6
1206+ 12.90 13.48 No 8.35 ~ 1032 21.1
40020+ 12.90 13.48 No 8.35 ~ 10%2 21.1
197 Ay 79+ 10.35 12.09 No 9.37 ~ 1032 23.6
208 ppE2+ 10.17 11.98 No 0.22 ~ 1032 23.3
2387792+ 9.98 11.87 No 8.02 ~ 1032 22.5
64701-8 Daniele P. Anderle, et al., Front. Phys. 16(6), 64701 (2021)
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complex is composed of an electron injector and eRing.
Two interaction regions will be available. Several key ac-
celerator designs are listed below.

» Generate low emittance ion beams. Reducing
the beam emittance to the one required by the design
specifications is of crucial importance for achieving
the targeted luminosity in the EicC accelerator facil-
ity. To this end, the scheme of staged electron cooling
will be adopted. In the first stage, the cooling of the
proton beams with low energy will be performed by a
DC electron cooler in the BRing. In the second stage,
the proton beam with the energy will be cooled by the
high energy bunched beam electron cooler based on
an energy recovery linac (ERL). This scheme ensures
optimum efficiency for the cooling system in the ion
accelerator complex of the EicC accelerator facility.

+ Maintain and control beam polarization. The
physics goals of the EicC project put high require-
ments on the average polarization and the polariza-
tion direction of the beams. Relevant beam polariza-
tion control schemes should be made for both the ion
accelerator complex and the electron accelerator com-
plex. Specifically, the Siberian snake, which is a con-
trol system of spin tune, will be installed to keep high
polarization in the acceleration process in the BRing,
where depolarization resonances exist. For the ac-
celeration in the pRing, only weak solenoid magnetic
fields are required to keep high polarization of the
ion beams, thanks to the figure-8 shaped design of
the pRing. The polarization direction control system
will be set up along the beamlines and at both sides
of the interaction regions. Such a design makes it
possible to perform the rotation of beam polarization
directions arbitrarily, as well as control the polariza-
tion directions of two beams accordingly.

» Optimize interaction regions (IR). A full-
acceptance detector will be built to detect and iden-
tify almost 100% of reaction products at one of two
IPs while the second IP will be reserved for upgrad-
ing. The specifications of the detector put forwards
many constraints on the design and optimization of
the interaction region (IR) . The IR will be designed
to be asymmetrical since there are lots of differences
between electron beams and ion beams. Such a design
will not only reduce the background of the detector
but also ensure the features of the full acceptance of
the detector. Furthermore, the beamlines related to

Table 1.2 The comparison between the parameters of the
electron-ion colliders proposed in China and in the US [30].

Lum. /1033

Facility CoM energy (cm 2% 1) Ions Polarization
EicC 15-20 2-3 p \/U e , p, and light nuclei
EIC-US  30-140 2-15 p U e ,p, 3He
v
64701-9

the forward reaction products will be placed down-
stream of the interaction point (IP) in the pRing and
eRing.

For the design specifications listed above, a pre-research
will be carried out, including the polarized ion source,
the photocathode polarized electron gun, the high energy
bunched beam electron cooler based on the energy recov-
ery linac (ERL), the Siberian snake, the spin rotator as
well as the preservation of the polarization in the figure-8
shaped synchrotron. All of them will certainly provide the
technical underpinnings for the construction of the EicC
accelerator facility in the future.

1.3 Complementarity of EicC and EIC-US

Both electron-ion colliders aim at the precision exploration
of the partonic structure of nucleon/nucleus, but focus on
different kinematics and perspectives. The design param-
eters and the luminosity versus center-of-mass energy of
two colliders are shown in Table 1.2 and Fig. 1.6, respec-
tively. As shown in Fig. 1.7, the —Q? coverage puts EicC
at a sweet spot to systematically study the behavior of
sea quarks. EIC-US [30] is a higher energy machine with
an emphasis on low and moderate-zr region. Combining
the measurements at both colliders will provide system-
atically controlled physics interpretation. Here are some
examples.

» Nucleon spin. With wide kinematic coverage and
hermetic detector designs, EICs will provide a final
answer to this decades-old question. One of the ma-
jor goals of the EIC-US focuses on the gluon helicity
contribution at small-z. EicC is optimized to system-
atically explore the nucleon spin including sea quark
helicity contribution and orbital angular momentum
contributions from quarks and gluons in the mod-
erate x regime. The unique Q2 range will position

1% (0=2 GeV?) 5x10-3 5x10~ 5x10-6
. 1034-; ----------------------- b ittt
T, ] EicC , B H
e 1 bd EIC m
'E 10334 - mammmmeee gre e e B --
2 ] LHeC
ol L]
_8 3 COMPASS
= HERMES H1/ZEUS
=1
s T2 O A ) | .

Doubly polarized beams Unpolarized beams

) 100 1000

Center of mass energy /s (GeV)

Fig. 1.6 Luminosity and center-of-mass energy of the pro-
posed electron ion colliders [30-34]. For the EicC, the three
data points are corresponding to electron—proton collisions
with energy 3.5 GeV (electron) + 16 GeV (proton), 3.5 GeV +
20 GeV, 5 GeV + 26 GeV, respectively.
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Fig. 1.7 Kinematic coverage of deep inelastic scattering pro-
cess for different beam energy configurations at two proposed
electron ion colliders as well as JLab. Note that there are other
energy configurations for both electron ion colliders, as shown
in Fig. 1.6.

EicC at a crucial place between JLab and EIC-US to
unambiguously interpret and determine the orbital
angular momentum contributions, hence providing a
comprehensive 3-D imaging for the sea quarks inside
a nucleon .

e« Proton mass decomposition. Electroproduction
and photoproduction of heavy quarkonia near thresh-
old have been proposed to study the proton mass de-
composition. EicC can contribute these important
physics uniquely, through systematically investigat-
ing the T production with high luminosity near its
threshold, where the optimal energy range of EicC is.
Because of the 3 times larger mass of T, the physics
behind the measurement becomes much cleaner as
compared to that of J/v production at JLab 12GeV.
Because of different kinematic coverage, EicC and
EIC-US will be complementary to each other for T
near-threshold production.

¢ Exotic hadron states. Both EicC and EIC-US
can contribute to understanding the challenge posed
by the unexpected XY Z structures in the heavy-
quarkonium mass region. The hidden-charm pen-
taquarks observed at LHCb need independent confir-
mation, and their hidden-bottom analogues are hard
to be found at LHC but can be sought at EicC and
EIC-US. The events of these states at EIC-US are
expected to be more than those at EicC due to the
larger energy and higher luminosity. For exclusive
productions of exotic hadrons, the final state particles
at EicC are within the middle rapidity range, facili-
tating the detection with relatively low background.

e Partonic structure in nuclear environment.
Nuclear modification of the structure functions and
hadron production in deep inelastic scattering eA col-
lisions are major focuses at both EIC-US and EicC.
The kinematics at EicC provide a unique perspec-
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tive to investigate the details of fast parton/hadron
interactions with cold nuclear matter and shed light
on energy loss and hadronization mechanisms. New
information on the parton distribution in nuclei can
be achieved at EicC at moderate x, whereas EIC-US
concentrates in the small-z region.

Chapter 2 EicC physics highlights

2.1 One-dimensional spin structure of nucleons

EicC will enable us to study the one-dimensional struc-
ture of the nucleons in various aspects, and to a great ex-
tent help search answers to many fundamental questions
concerning the structure of nucleons with unprecedented
precision. In particular, through a large amount of data,
EicC can provide us the direct and precise information
regarding the distributions of valence quarks, sea quarks,
and gluons inside nucleons in the moderate and large x
regime. Furthermore, it can reveal the internal landscape
of nucleons and deepen our understanding of their struc-
ture, and give us excellent opportunities for important
discoveries in high energy nuclear physics. In addition
to the physics significance by themselves, accurate parton
distribution functions are extremely important for the pre-
cision study of particle physics and the exploration of new
physics at the Large Hadron Collider.

How to understand the spin of protons in terms of the
quark and gluon degrees of freedom has been an impor-
tant cutting-edge research problem in high energy nu-
clear physics. In the 1980s, the EMC collaboration [35]
used a muon beam as a probe, and found that the sum
of the spin contributions of all quarks inside the pro-
ton is very small comparing to the spin of the proton:
AY = Au+Ad+ As = 12%=9(stat) % =14(syst)%. This
measurement has then precipitated the so-called “proton
spin crisis” in nuclear physics research. The current un-
derstanding of the structure of the proton spin is that
the spin of proton consists of the spin contributions from
quarks and gluons, and the orbital angular momenta of
quarks and gluons. In addition to the spins of the va-
lence quarks, many experimental results show that the
sea quarks inside the proton also have non-zero spin con-
tributions. Nowadays, the pressing issue is that the cur-
rent measurement of the sea quark spin distribution is not
particularly accurate. Through the double polarized col-
lision processes, the spin distribution of different flavors
of sea quarks can be precisely measured at the EicC, and
elaborate experimental analysis on the spin distribution
of sea quarks can be carried out, which will help to fur-
ther study the spin structure of nucleons and enrich our
understanding of non-perturbative properties of quantum
chromodynamics.

With its designed high luminosity, EicC can generate

Daniele P. Anderle, et al., Front. Phys. 16(6), 64701 (2021)
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Hadrons

Fig. 2.1 Diagram of the Deep Inelastic Scattering (DIS)
process. In this process, if the four-momentum of the incoming
and outgoing electron are k and k% the four-momentum of a
nucleon is p, the relevant kinematic variables can be defined as:
the squared e+p collision center-of-mass energy s = (p + k)2,
the squared momentum transfer of the electron Q2 = ¢% =

(k k32, the Bjorken variable = = %, the inelasticity y =
%. In addition to these Lorentz invariants, there are two
other important kinematic variables: the invariant mass of the
produced hadronic system W = (g + p)2, the energy lost by
the electron in the nucleon rest frame v = 4F where M is the

nucleon mass.

an enormous amount of experimental data, which helps
to clarify some intriguing problems and phenomena ob-
served in experiments in the past few years. The first
phenomenon is the asymmetry in the distribution of light
sea quarks. In high-precision unpolarized scattering ex-
periments, we have observed that the unpolarized @ and
d are asymmetrically distributed inside the proton, and
the measured asymmetry is larger than what people have
expected [36-40]. The theories and models which explain
this asymmetry also predict the asymmetry for polarized
light sea quarks [41-43]. Moreover, the measurement of
the longitudinal spin asymmetries for weak boson produc-
tion in proton—proton collisions at RHIC [44] suggests a
difference between the A% and Ad helicity distributions
as well. Another interesting issue is the polarized distri-
bution of the strange (s) quark and its contribution to
the proton spin. Assuming the SU(3) flavor symmetry,
one finds that the analysis of DIS data [45, 46] indicates
that the strange quark contribution to the proton spin
is roughly 0.1. It is well-known that the strange quark
contribution can be directly probed by semi-inclusive DIS
(SIDIS). However, in SIDIS experiments, it is difficult
to distinguish the current fragmentation process from
the target fragmentation process. Also, the fragmen-
tation function which describes the strange quark to a
hadron transition process is not sufficiently precise. Due
to the above-mentioned difficulties, it is still challenging to
draw any firm conclusions on the polarization of strange
quarks [47, 48]. In addition, whether the distribution func-
tion of the polarized s quark as a function of z changes its
sign or not is also an interesting research question [49].
In the inclusive double polarized DIS process (Fig. 2.1),
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where only the final state electrons are measured, the spin-
dependent g; structure function can be extracted from
the double spin asymmetry measurements. In the parton
model, the g; structure function can be expressed as the
sum of the contributions of various flavor of quarks

0@ =5 Y AlAd @) + A7 QY] (21)

g=(u,d,s)

where the contribution from the light favor quarks is
summed over. Figure 2.2 shows the kinematical cover-
age of the g; structure function at the EicC, as compared
to the currently available experimental data. Generally
speaking, g, is often measured through the inclusive DIS
experiment, and it allows us to extract the polarized dis-
tribution functions of quarks of various flavors based on
the assumption of the SU(3) flavor symmetry. However,
this method has a strong model dependence, and it mixes
the contributions from quarks of different flavors.
Another method [50] is to use SIDIS processes to ex-
tract more quark and hadron flavor information from ex-
perimental data, where a leading hadron among the fi-
nal state hadrons in Fig. 2.1 is detected in coincidence
with the scattered electron. When a quark inside a pro-
ton absorbs a virtual photon emitted by an electron, the
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Fig. 2.2 Global data of the polarized proton structure fune-
tion g; from inclusive DIS measurements compared with the
projected EicC data based on the integrated luminosity of
50 fb ! (about one year of running at the EicC).
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quark gets struck out of the proton and becomes a final
state jet, which consists of many hadrons clustered inside
a narrow cone. This final state hadronization process can
be described by fragmentation functions. The final-state
hadron contents in the jet carry the flavor information
of the initial state quark, therefore this process offers a
way to tag the flavor of the produced quark. If one mea-
sures a pion or a kaon in the SIDIS process in addition to
the recoiled electron, one can separate spin contributions
from quarks of different flavors. In this case, the polarized
structure function in the parton model can be written as

g1(z, Q% 2) = %Z e2[Aq(z, Q%) DY ™M(Q?2)

q
+ Ag(z, Q*) DT (Q?,2)],

where D? "(Q?,z) describes the fragmentation process
from a quark ¢ to a hadron h. z represents the momen-
tum fraction of the final state hadron with respect to the
momentum of the produced quark, experimentally, it is

defined as z = Phodron®
o

Through measurements in ete and e—p scatterings, we
have been studying and extracting various hadron frag-
mentation functions. Using these hadron fragmentation

(2.2)
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functions as inputs, we can further separate and extract
the polarized quark distributions of certain flavor accu-
rately from polarized SIDIS data measured at EicC. Fig-
ure 2.3 shows the EicC projection of the polarized sea
quark and gluon distributions, respectively, for various fla-
vors of quarks obtain from longitudinally polarized double
spin asymmetry measurements via DIS and SIDIS pro-
cesses. In these figures, the light blue band represents the
original uncertainty of the DSSV14 global data fit [51].
The red (green) dashed band is the uncertainty from a
next-to-leading order fit using ePump [52, 53] by adding
DSSV14 fit with EicC DIS (SIDIS) pseudodata with in-
tegrated luminosity of 50 fb ! for both electron—proton
(3.5 GeV + 20 GeV) and electron-3He collisions (3.5 GeV
+ 40 GeV). One can tell that the SIDIS data, taking ad-
vantage of 7° and K° final states from both proton and
effective neutron targets, is more powerful comparing to
DIS data in the flavor separations. The plots clearly show
that EicC can significantly improve the precision of helic-
ity distributions of sea quarks and gluons in the = > 0.005
region. This can have an impact on the understanding of
the proton spin puzzle, since the current sea quark con-
tribution to the proton spin [ Ag(z)dz (¢ = @,d,s) has
an uncertainty of 100%-200%. The measurement at EicC

T

)
00245

'atel

E‘.»;t

-

]

-

Ad(x,0) at 02=10.0 GeV2 68% C.L.

DSSVi4
72 DSSV14+EicC 50fb-! DIS

04 . T T T T T T
104 10-% 1072 10-1 0.2 05 09

X

Ag(x,0) at 02=10.0 GeV2 68% C.L.

DSsVi4
22 DSSV14+EicC 50fb-! DIS

T T T T T
104 1073 10-2 10-1 0.2 05 09

X

Fig. 2.3 Results on the uncertainty band of polarized sea quark and gluon distributions after a next-to-leading order fit by
including EicC pseudodata. The light blue band represents the original DSSV14 global fit. The red (green) band shows the
results by adding DSSV 14 fit with EicC DIS (SIDIS) pseudodata with integrated luminosity of 50 fb ' (10 months of running
at 2 +10% em ? xs ! instantaneous luminosity) for both electron-proton (3.5 GeV+4 20 GeV) and electron-*He collisions
(3.5 GeV+ 40 GeV). During the pseudodata analysis, the following cuts were applied: Q> > 2 GeV?, W? > 12 GeV?,

0.05 <y <08,0.05 <=z<0.38.
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can help to improve precision by more than a factor of
five.

As a short summary, thanks to the particular energy
range of EicC, the high-luminosity and versatile capabil-
ity of the accelerator machine design, and the 47 coverage
layout of the detector, SIDIS at EicC allows us to mea-
sure the polarized sea quark and gluon distributions with
remarkable precision. Moreover, using various polarized
hadron beams (protons and helium-3) together with the
detector with the capability of particle identification, EicC
can help to significantly improve the flavor separation and
thus extract polarized quark distributions of different fla-
vor reliably.

After one year of running at the EicC, about 50 fb ! in-
tegrated luminosity will be obtained, as one can see from
the above statistical analysis that the measurement can
be significantly improved comparing to the existing world
data. Therefore, it is critical to control the systematic
uncertainty. According to the study in the ongoing ex-
periments, the major sources of systematic uncertainty are
from the precision of measurements on the beam polariza-
tion, luminosity fluctuation of beam bunches in different
spin states, contamination of photon-induced electrons in
the scattered electron detection, and so on. These sources
are also applied to the following physics topics and will
be further investigated quantitatively while the detector
design is refined in the following years.

2.2 Three-dimensional tomography of nucleons

The conventional parton distribution functions (PDFs)
first introduced by Feynman [54] and formalized by
Bjorken and Paschos [55] only contain the information on
the longitudinal motion of partons inside a nucleon. To
gain more comprehensive knowledge about partonic struc-
tures of the nucleon, one may introduce multi-dimensional
distributions, including transverse momentum dependent
parton distributions (TMDs) [56, 57] and generalized par-
ton distributions (GPDs) [58-61]. For a given longitudinal
momentum fraction x carried by a parton, TMDs repre-
sent the transverse momentum distribution of the par-
tons and GPDs encode the transverse spatial distribution
of the partons. Both TMDs and GPDs provide three-
dimensional images of the nucleon, allowing us to access
much richer partonic structures, especially when the spin
degrees of freedom are taken into account. Therefore, the
measurement of TMDs and GPDs will lead us to a more
profound understanding of strong interaction.
Experimental studies of TMDs and GPDs have been
carried out in the existing facilities during the last two
decades. Although valuable data have been collected for
a first exploration, TMDs and GPDs are still far from well
constrained, especially for sea quarks and gluons, due to
the low luminosity and the limited kinematic coverage.
Recently approved electron—ion collider to be built at BNL
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is designed to reach a high center-of-mass energy region,
which makes the quantitative exploration of sea quark
TMDs and gluon TMDs possible for the first time. On
the other hand, EicC as a facility at the intensity frontier
with relatively high center-of-mass energy, and versatile
beam species, will be an ideal machine for exploring the
internal landscape of the nucleon in the sea quark region.

In this section, we describe the TMD and GPD pro-
grams at EicC via the semi-inclusive deep inelastic scatter-
ing (SIDIS), deeply virtual Compton scattering (DVCS),
and deeply virtual meson production (DVMP) processes.

2.2.1 Transverse momentum dependent parton
distributions

The extraction of partonic structures of the nucleon from
high energy scattering processes relies on the QCD fac-
torization, which provides the link between the observed
hadrons and the partons that participate in the hard scat-
tering. In inclusive DIS, where only the scattered lepton
is identified, the large momentum scale () mediated by
the virtual gauge boson, i.e., photon or W° /Z| serves as
a short-distance probe, allowing us to “see” the quarks
and gluons indirectly. The cross section can be factorized
into the lepton—parton scattering at short-distance convo-
luted with the PDFs in which the active parton’s trans-
verse momentum kr is integrated. Overall corrections are
suppressed by inverse powers of (). This is known as the
collinear factorization.

Apart from the scattered lepton, one final-state hadron
with momentum P, is identified in SIDIS (Fig. 2.4), which
not only allows us to detect quark and gluon distributions
in the nucleon as in the inclusive DIS, but also provides
the opportunity to explore the hadronization process, the
emergence of color neutral hadrons from colored quarks
and gluons. It also allows us to learn the flavor dependence
by selecting different hadrons, e.g. pions and kaons, in the
final state, as explained in the previous section.

In addition to the large momentum scale @, an ad-
justable momentum scale is given by the transverse mo-
mentum of the observed hadron in the final state. In
the Breit frame, where the virtual gauge boson and the
nucleon are headed on, the SIDIS process is naturally
dominated by the small transverse momentum region,
Py, — Q. In this regime, the hard momentum scale @ lo-
calizes the probe to see the particle feature of quarks and
gluons in the nucleon and the soft scale P, is sensitive
to the confined motion of partons perpendicular to the
colliding direction. The SIDIS cross section can be fac-
torized into the lepton—parton short-distance scattering
convoluted with transverse momentum dependent parton
distribution functions and fragmentation functions. This
is known as the TMD factorization. Overall corrections
are suppressed by powers of P, /@Q. For events with large
transverse momentum comparable to @), the SIDIS process
is effectively characterized by a single large momentum
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Fig. 2.4 The Trento convention of SIDIS kinematic variables [62]. The z-direction is defined by the virtual photon (or
W€ /Z), momentum, also referred to as the photon-target frame. The incoming and outgoing leptons define the lepton plane,
and the detected final-state hadron together with the virtual photon defines the hadron plane. The azimuthal angle ¢ is
defined from the lepton plane to the hadron plane. For a transversely polarized nucleon beam/target, the azimuthal angle of

the transverse spin S

scale, no longer sensitive to the transverse motion of par-
tons. The cross section is described by the collinear factor-
ization as in the previous section, where double polarized
SIDIS events are utilized to extract helicity distributions.

Here we focus on the small transverse momentum
regime where one can apply the TMD factorization [63,
64]. By introducing the spin degrees of freedom, one
can define eight independent leading-twist quark/gluon
TMDs [65] as shown in Fig. 2.5. The spin-dependent
TMDs encode rich information of the nucleon structure,
and in particular can shed light on our understanding of
parton orbital motions and spin—orbit correlations. When

Unpolarized
L)

SO

Unpolarized

Nucleon
polarization

fir @—@

Sivers

O—‘ Nucleon spin

is define from the lepton plane to the transverse spin direction.

integrating out the transverse momentum kr of the par-
ton, three out of the eight leading-twist TMDs, the un-
polarized distribution fi(z,kr), the helicity distribution
g1.(z, k7) and the transversity distribution h,(z, k) re-
duce to their collinear counterparts, while the other five
that describe the correlations between parton transverse
momentum and the parton/nucleon’s spin vanish.

Under the single-photon exchange approximation, the
SIDIS cross section can be expressed in terms of 18
structure functions, corresponding to different polariza-
tion configurations and final-state azimuthal modulations.
The spin-dependent TMDs are usually extracted by mea-

Quark polarization

Longitudinally Transversely
polarized (L) polarized (T)
SN ONO)
Boer-Mulders
L
n GO Mt O
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Fig. 2.5 The leading-twist quark TMD distributions.
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Table 2.1 The existing measurements of the Sivers asymmetry in SIDIS.

Collaboration = (GeV) Target Final state hadron Literature
COMPASS (CERN) 18 Deuterium he ,m° K° K9 [73, 74]
Proton he [75]
Proton ™ ,K° [76]
HallA (JLab) 35 Neutron m° ,K° [77]
HERMES (DESY) 7.4 Proton e [78]
Proton (vt =« ),7m0 K° [79]

suring particular azimuthal asymmetries, while the un-
polarized TMDs can be obtained by analyzing unpolar-
ized SIDIS cross section or multiplicity. Among the
leading-twist spin-dependent TMDs, the Sivers function
flr(z, kr) [66], as well as related phenomenologies, stim-
ulates tremendous theoretical progress and experimental
investigations in recent years. It describes the correla-
tion between quark transverse momentum and the trans-
verse spin of the nucleon. To put it simply, the Sivers
function reflects the left-right asymmetry of quark trans-
verse momentum distribution in a transversely polarized
nucleon. One of the most distinguished features of the
Sivers function is its unique universality property exhib-
ited in different processes. If final/initial-state interac-
tions, which are formally summarized into the gauge link,
were absent between the active quark and the remnants
of the nucleon, the time reversal invariance requires the
Sivers function to be zero [67], and thus it is commonly
referred to as naive time-reversal odd (T-odd) distribu-
tion. Once turning on QCD interactions, the Sivers func-
tion can arise from the final-state interaction in the SIDIS
process and from the initial-state interaction in the Drell-
Yan process. As the staple like Wilson line flips the direc-
tion between the final-state and initial-state interactions,
the quark Sivers functions are predicted to have an ex-
act sign change between SIDIS and Drell-Yan processes,
flr(z,kr) sipis = flp(z, kr) [68, 69]. Although re-
cent W pféduetlon data fro ‘?STAR [70] and the =N
Drell-Yan data from COMPASS [71] support this predic-
tion, the current uncertainties are too large to confirm the
sign change. Future precise measurements of the Sivers
function in different processes are of great importance to
test this prediction associated with the QCD factoriza-
tion. Moreover, theoretical studies have suggested that
the Sivers function is closely related to parton orbital an-
gular momentum [72]. Therefore, the experimental stud-
ies of the Sivers function are not only crucial for unveil-
ing the spin structure of the nucleon, but also important
for deepening our understanding of the strong interaction
and/or QCD.

In SIDIS, one can access the Sivers function by mea-
suring a transverse single-spin asymmetry, known as the
Sivers asymmetry. Within the TMD factorization, the
corresponding structure function can be expressed as the
convolution of the Sivers function and the unpolarized
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fragmentation function. During the past two decades,
great efforts have been made to extract the Sivers func-
tion as well as other TMDs via the SIDIS process at many
experimental facilities around the world, including HER-
MES, COMPASS, and JLab, as summarized in Table 2.1.
However, TMDs, especially the spin-dependent ones, are
still very poorly determined due to various difficulties.
The JLab experiments were carried out at relatively low
energies, where high-twist effects and target mass correc-
tions are expected to be sizable. HERMES data were
mostly collected in the so-called valence quark region,
where the contribution to the cross section is dominated
by valence quarks, and hence the data are not quite sensi-
tive to sea quark distributions. The ongoing and upcom-
ing SIDIS experiments at the 12-GeV upgraded JLab aim
at unprecedented precise measurements of valence quark
TMDs. Recently approved EIC-US at BNL is designed
with a high center-of-mass energy and will have quantita-
tive measurements of gluon and sea quark TMDs for the
first time. EicC given the center-of-mass energy in be-
tween has unique advantages to study sea quark TMDs
and fills the energy gap from JLab to EIC-US. In addi-
tion, the separation of current fragmentation and target
fragmentation remains as a challenging task at the ex-
isting fixed target facilities. The large experimental ac-
ceptance at EicC will provide a wide kinematic coverage,
which is crucial to make the clean selection of events in the
current fragmentation region, allowing us to apply more
strict kinematic cuts, especially for K meson productions
that play an important role in flavor separation due to
its sensitivity to strange quark distributions. Currently
available K meson production data from polarized SIDIS
are rather limited. EicC SIDIS experiments will have high
statistics measurements of both charged pion and charged
kaon productions. Together with the combination of the
proton beam and the *He beam, EicC will allow a full
separation of all light quark flavors, u, d, s, 4, d, and 3.
In Fig. 2.6, we show the = @Q? distribution of EicC
SIDIS events. Instead of presenting all cases, we only se-
lect two examples, the m+ production from the proton
beam and the K+ production from the 3He beam, to
cover both ep and e*He collisions and both pion and kaon
productions. Kinematic cuts, including Q? > 1 GeV?,
W > 5 GeV, Wt> 2 GeV, 03 < z < 0.7, and the
current fragmentation cut as described in Ref. [80], have

Daniele P. Anderle, et al., Front. Phys. 16(6), 64701 (2021)
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Fig. 2.6 1-Q? coverage of EicC SIDIS events from simulation. Left: nT production from the proton beam. Right: K+
production from the *He beam. Kinematic cuts are described in the text.

been applied. One can see that with the current EicC
design, the relatively high Q? coverage in the typical sea
quark region (z = 0.05) ensures a reliable extraction of
sea quark TMDs. Moreover, compared to the fixed-target
experiments, the collider mode of EicC allows a wide kine-
matic coverage, which provides the opportunity to quan-
titatively estimate power suppressed corrections.

Among the kr-odd TMDs, quark Sivers function is the
most extensively studied, but it is still poorly constrained,
particularly in the sea quark region where the sign is even
not yet determined without ambiguity [81]. Here we take
the Sivers function as an example to demonstrate the im-
pact of EicC SIDIS experiments.

We simulate SIDIS events according to EicC kinemat-
ics: 3.5 GeV electron beam, 20 GeV transverse polarized
proton beam, and 40 GeV transverse polarized *He beam
serving as effective polarized neutron beam since the spin
of 3He is mainly given by the neutron spin. Integrated
luminosities are chosen as 50 fb 1 for ep and 50 fb ! for
e3He collisions. A 47 angle coverage is assumed for the
acceptance. For the projection of EicC results, we select

~

Up quark Sivers function —f17(x,ky)

0.5

simulated SIDIS events with Q2 > 1GeV2, W > 5GeV,
WL> 2GeV, 0.3 < z < 0.7, and the current fragmen-
tation cut [80]. We also require the scattered electron
momentum P, > 0.35GeV and the identified final-state
hadron momentum P, > 0.3 GeV for detection reason.
Apart from the statistical uncertainty, we consider some
major systematic uncertainties, including 3% relative un-
certainty for beam polarizations and 5% relative uncer-
tainty for *He nuclear effect. Other systematic uncertain-
ties, e.g. detector resolution, particle identification, ran-
dom coincidence, radiative corrections, are not expected
to be dominant based on existing experience, although
more detailed studies will be carried out with the final
detector design. We utilize the parametrization form of
the Sivers function in Ref. [81] as the input model. In
Fig. 2.7, we show the results of the extraction of up and
down quark Sivers functions. In Fig. 2.8, we show the re-
sults of the extraction of the strange quark Sivers function.
The outer light green bands represent the present accuracy
from world existing SIDIS data, the inner red bands repre-
sent the accuracy including projected EicC data with sta-

Down quark Sivers function fi7(x,ky)

Quark transverse momentum kg (GeV)

Quark transverse momentum ky (GeV)

Fig. 2.7 The precision of extractions of up and down quark Sivers functions. The light green bands represent the accuracy
from the currently available SIDIS data, the red bands represent the accuracy by including the projected EicC data with
statistical uncertainty only, and the blue bands represent the accuracy by including the projected EicC data with part of
systematic uncertainties as described in the text. Integrated luminosities of 50 fb ! for ep and 50 fb ! for e *He are adopted in

this projection.
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tistical uncertainty only, and the blue bands represent the
accuracy including projected EicC data with part of the
systematic uncertainties mentioned above. As the world
existing K meson production data from polarized SIDIS
are very limited, the current uncertainty of the strange
quark Sivers function is huge, and even the sign is not yet
determined. Hence the present accuracy bands are not
shown in Fig. 2.8. Recent theoretical study suggested an
opposite sign between the strange quark and anti-strange
quark Sivers functions [82] apart from the sign-flip predic-
tion of the Sivers functions probed in SIDIS and Drell-
Yan processes. The experimental test of this prediction
at EicC will enrich our knowledge about the proton spin
structure, particularly in the relatively small = region. We
should also note that due to the large uncertainty of the
limited available polarized SIDIS data one cannot apply a
very flexible functional form in the global analysis. Once
more precise data are available from EicC and other fu-
ture experiments, we will be able to have less biased ex-
tractions of the Sivers function as well as other TMDs by
using much more flexible parametrizations and more real-
istic estimations of the uncertainties. Results in Figs. 2.7
and 2.8 can be understood as the impact of EicC SIDIS
experiments from statistics point of view since the same
analysis method is applied to world data and projected
data.

The EicC design enables us to precisely measure all
18 structure functions by combining different beam po-
larization configurations and the separation of different
azimuthal modulation terms. Other TMDs also receive
great interest. For instance, the transversity TMD, which
survives after br integration, measures the net density of

Strange quark Sivers function fhn (e kep)

Quark transverse momentum ky (GeV)

Fig. 2.8 The precision of the extraction of strange quark
Sivers function. The red bands represent the accuracy by in-
cluding the projected EicC data with statistical uncertainty
only, and the blue bands represent the accuracy by including
the projected EicC data with part of systematic uncertainties
as described in the text. Integrated luminosities of 50 fb ! for
ep and 50 fb ! for ¢ *He are adopted in this projection.
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transversely polarized quarks in a transversely polarized
nucleon. The first moment of the integrated transversity
distribution is the tensor charge, which is a fundamental
QCD quantity defined by the matrix element of the ten-
sor current operator. It is recognized as a benchmark of
the lattice QCD study of hadron structures. Therefore, a
precise determination of the tensor charge including the
flavor separation can serve as an experimental test of lat-
tice QCD. Due to its chiral-odd property, the transversity
TMD contribution to inclusive DIS cross section is highly
suppressed by the power of mgy/Q. In contrast, it can
be extracted from a leading power single spin asymme-
try in SIDIS process, known as the Collins asymmetry,
which arises from the coupling of the transversity TMD
and the Collins fragmentation function. Alternatively, the
transversity distribution can also be accessed by analyz-
ing the di-hadron SIDIS events at EicC. In the present
global analysis, the sea quark transversity distribution is
commonly assumed to be zero. EicC as an ideal facility
for the study of sea quark distributions will provide the
opportunity to test this assumption.

In conclusion, EicC with wide kinematic coverage and
high luminosity has the capability to deliver the high pre-
cision experimental data. The SIDIS measurements at
EicC combined with those at 12-GeV upgraded JLab fo-
cusing on the study of valence quark distributions and
the recently approved high-energy EIC at BNL will pro-
vide complementary extractions of TMDs covering the full
z range towards a complete three-dimensional imaging
of the nucleon in the momentum space. EicC as a fa-
cility that bridges the energy gap between JLab-12GeV
and the future EIC at BNL is a perfect machine to study
TMD evolution effects, in particular, to constrain the non-
perturbative part of the evolution kernel [83].

2.2.2 Generalized parton distributions

Generalized parton distributions (GPDs) encode informa-
tion on the three dimensional structure of nucleon in the
joint transverse position-longitudinal momentum phase
space [58—61, 84]. They were initially introduced to de-
scribe the exclusive processes where an active parton par-
ticipating in the hard scattering is re-absorbed into nu-
cleon that remains intact after collisions. GPDs depend
on two longitudinal momentum fractions = and £ and on
the squared momentum transfer ¢ to the proton.

GPDs are widely connected to other physics quantities.
In the different kinematical limits, GPDs are reduced to
the normal parton PDFs and electromagnetic form factors
of the nucleon. In particular, setting £ = 0 and performing
a Fourier transform with respect to the transverse compo-
nent of ¢, one obtains an impact parameter distribution,
which describes the joint distribution of partons in their
longitudinal momentum and their transverse position b
inside the proton [85, 86].

One of the most important physics motivations of GPD
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studies is to understand nucleon spin structure. The
GPDs’ connection with partons angular momentum is
quantified through the Ji's sum rule [60],

1
Jog = %/1 dzz[Hg,g(z,&,0) + Eq4(z,§,0)], (2.3)

where J; 4 represents the total angular momentum for
quark and gluon, which can be further decomposed as

1
=Tyt J, =

= AT+ L +

1
5 (2.4)
with %AE, L, and J; being the quark spin angular mo-
mentum, quark orbital angular momentum and gluon to-
tal angular momentum respectively. The quark orbital
angular momentum can be extracted through the mea-
surements of GPDs H and F in exclusive processes by sub-
tracting the quark helicity contribution. It is also worth
to mention that GPDs encode the rich information on the
mechanical properties of nucleon internal structure [87-
90] through the gravitational form factors (GFFs), which
is related to the second moment of the unpolarized GPD.
These mechanical properties, such as the pressure and
shear force distributions, the mechanical radius, and the
mechanical stability of a particle, contain the crucial in-
formation on how the strong force inside nucleon balance
to form a bound state. However, the precise extraction of
GFFs at the current facilities remains problematic due to
poor data constraints [91-94]. As GPDs play an essential
role in exploring the internal nucleon structure from many
aspects, the experimental studies of GPDs have been and
are a cutting-edge field of high energy nuclear physics dur-
ing the last two decades.

The main exclusive processes which allow to access to
the GPDs in ep collisions are deeply virtual Compton scat-
tering (DVCS) ep o epy [Fig. 2.9(a)], time-like Comp-
ton scattering ep o< epltl [Fig. 2.9(b)] and deeply
virtual meson production(DVMP) ep o« epM [Fig. 2.9
(c)] [59, 60]. At the leading order, DVCS process is de-
scribed by the partonic channel ¢y* o gy where the
virtual photon is provided by the electron. GPDs en-
ter the cross section of DVCS process through the Comp-
ton form factors(CFF) defined as (for example, the quark

&'

GPD HY) [95-98]

1 1 1
T %) = T
Lzs b (") /ld (5 r i £tz

gq=u,d,s,%e

)

where £ €zp/(2 =) with =g being the Bjorken’s vari-
able. The similar relation holds for other GPDs. The pre-
cise measurements of the various angular modulations and
polarization dependence of DVCS cross section at different
kinematic points in (Q?,zp,t) would allow us to extract
different CFFs, as each of them has unique angular and
polarization dependencies (see Ref. [84] and therein). The
corresponding GPDs can be subsequently constrained by
the extracted CFFs.

Let us highlight some specific features of different pro-
duction channels. The main limitation of DVCS process is
that it is sensitive only to the sum of quark and anti-quark
distributions in a particular flavor combination. In con-
trast, exclusive meson production offers substantial help in
the separation of different quark and antiquark flavors and
of gluons. For example, the valence quark and sea quark
GPDs can be probed via pseudo scalar mesons (7, K, 7, ...)
production processes, whereas the vector mesons (p, ¢, w)
production is more sensitive to sea quark and gluon GPDs.
However, extracting GPDs from exclusive meson produc-
tion requires the knowledge of additional non-perturbative
matrix element, the meson distribution amplitude.

The precise extraction of GPDs from the measurements
of exclusive processes puts the highest demands on ex-
periments for various reasons, including the smallness of
cross sections in exclusive processes, the interference with
the Bethe—Heitler (BH) process, etc. The measurements
of GPD-related observables in the region of moderate to
large = have been carried out at HERMES [99], COM-
PASS [100], and JLab [101]. However, most of these
measurements have sizable statistical uncertainties and
provide reasonable constraints for only one GPD, H.
The complete and precise extraction of all GPDs requires
high luminosity, detectors with full hemisphere coverage,
beams with various polarization choices, and wide kine-
matic reach. Until now, there have been no facilities being
able to meet all these demands. For example, the lumi-

nosity at HERA and COMPASS is low, meanwhile COM-

(2.5)

Meson,.

© ¢

Fig. 2.9 Diagrams of various processes to study Generalized Parton Distributions (GPDs). (a) Deeply virtual compton
scattering, (b) time-like compton scattering, (¢) deeply virtual meson production.
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107! 1

Fig. 2.10 The distributions of DVCS (left panel) and 7 DVMP (right panel) events in the = and @? for 3.5 GeV electron
beams colliding with 20GeV proton beams energy at EicC. The event number with arbitrary normalization is indicated by
different colors. In the left panel, the contributions from both the DVCS and the BH processes as well as their interference are

included, and the used kinematic cuts and binning scheme are also shown.

PASS has its complication while flipping the muon beam
helicity, which makes the extractions of some polarization
dependent GPDs extremely difficult. On the other hand,
though the luminosity at JLab-12GeV is very high, the
most DVCS events lie well below Q2 < 10 (GeV?) [102-
105] where the various high twist effects or high order
effects can play a role and complicate the extraction of
GPDs (see, e.g., [106-109]). It is usually believed that
these theoretical uncertainties can be well controlled if
going to higher Q? region [107].

The programs of the experimental GPDs studies will
be dramatically extended by EicC, predominantly in the
sea quark kinematical region. The precise measurements
of both DVCS and DVMP can be carried out at EicC
with versatile beam species/polarizations. The typical Q?
range accessible with EicC is 1 GeV? < Q? < 30 GeV?
(see the left panel of Fig. 2.10 adapted from MILOU pack-

age [110]). Meanwhile, the Bjorken variable z can reach
down to r < 0.05 when restricting Q? to the perturba-
tive region Q2 > 10 GeV2. This kinematic coverage with
the current design will make EicC a unique machine to
explore parton spatial imaging of the nucleon in the sea
quark region. In the valence quark region, the theoreti-
cal uncertainties will be substantially reduced at EicC as
compared to that at JLab-12GeV due to relatively higher
Q?. Moreover, EicC is also complementary to the US
EIC in studying the DVCS process. This is because the
interference contribution between the Compton and the
Bethe—Heitler processes is more prominent at a lower en-
ergy machine, whereas the Compton process may domi-
nate at EIC for given x and Q? values.

As mentioned, parton orbital angular momentum can
be determined by extracting GPD E and H from exclu-
sive processes according to the Ji’s sum rule. However, in
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Fig. 2.11 The projected accuracy for Ai}';.(d’ #a)eosé Hsymmetry in the process of DVCS off a transversely polarized proton
target at EicC in the region 1 GeV2 < Q2 < 30 GeV2. Only statistics uncertainty is included. The size of Ay is estimated with

the Goloskokov—Kroll model [114-116]. The black star is the HERMES data of Ay

‘t/\})ins under the same Q2 are not shown here for simplicity.
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from the pseudodata generated for kinematical points shown in Fig. 2.11 using the neural network method [92, 111, 113].

practice, it is extremely challenging to achieve this because
it requires measuring the values of H and E for all = at
fixed £. Nevertheless, EicC has great potential to advance
our knowledge of GPD E and also H with a transverse po-
larized proton beam. Figure 2.11 displays the simulation
results for the Compton scattering off a polarized proton.
The EicC measurements of the DVCS transverse polariza-
tion asymmetry Ay with a single azimuthal modulation
sin(¢  ¢:) cos ¢ have a rather small statistical uncertain-
ties for a wide kinematic region with ¢, > 0.01 GeV?. Here
the DVCS events are selected in the }é ematic region 0.01
< y < 0.95 and ~yp center of mass energy W > 2 GeV.
The impact of these pseudodata on the extraction of
DVCS Compton form factors (CFF) Hand £ is displayed
in Fig. 2.12. The approach of global analysis utilizing
the artificial neural network [94, 111, 112] is employed in
order to reduce model dependency and propagate the un-
certainties properly. The poorly constrained real part of
‘Hand £ simply are assumed to be vanishing [92, 111, 113]
in the simulation. The light green bands, mainly driven
by statistical uncertainties, represent the accuracy of the
existing JLab and HERMES data. The red bands show
the accuracy after including the projected Ayr data of
EicC with statistical uncertainty only. One can see that
the uncertainty for the extraction of the CFF His reduced
in the sea quark region once the EicC measurements are
included. In most of the kinematic space systematic un-
certainty is at the similar level or even smaller than the
statistical one. So we would still retain power of extraction
of CFFs similar to what is shown on Fig. 2.12, after includ-
ing such level of systematic uncertainty. In addition to
the Ayr asymmetry, other asymmetries, e.g., ALy, Avr,
Arr and Apr can be precisely measured with the dif-
ferent beam polarization configurations and the different
azimuthal modulations at EicC as well. A combined anal-
ysis with all these measured modulations would further

64701-20

reduce significantly the error bands shown in Fig. 2.12.
So under the high luminosity design of EicC, the statisti-
cal uncertainties will not play essential role in the future
GPD extraction and the systematic uncertainties, whose
main sources are discussed in previous sections, are antic-
ipated to be dominant, which will be under good control
by facility design.

As discussed, EicC can deliver high precision data for
the DVMP process in the large Q% > 10 GeV? region,
where the non-perturbative effects and higher-twist con-
tributions are suppressed, so that GPDs can be extracted
reliably. Figure 2.10 (right panel) displays the expected
distribution of DVMP events at EicC in bins of Q2 and
z. Note that DVMP cross sections rapidly decrease with
increasing Q2. One sees that there are substantial event
numbers in the moderate Q2 region where perturbative
treatment is justified. This will facilitate clearly sepa-
rating different quark flavor contributions by combining
with DVCS data. For instance, one can separate up quark
and down quark contributions by carrying out the mea-
surements of Aif"b which arises from the coupling of the
chiral-odd GPDs and the twist-3 distribution ampliutde of
pion [114, 115, 118, 119]. This observable could provide
valuable information on transversity PDF that is hard to
access in inclusive process. Despite the higher twist na-
ture of this observable, we found that the asymmetry is
significant for the DVMP channel of 7° production. With
the EicC DVMP pseudo-data displayed in Fig. 2.10, it
is shown in Fig. 2.13 that at large Q? the statistical un-
certainty of the A% in 7% production is significantly

LL
reduced. Therefore, EicC presents an unique opportunity

to study the chiral odd GPDs.

In summary, judging from our simulation results pre-
sented here, EicC will greatly advance our knowledge
about the internal structure of nucleons. The combined

kinematic coverage of the EicC, JLab and of EIC-US is
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Fig. 2.13 The statistics error of the projected ACLOLS¢ asymmetry for 7° production in DVMP process at EicC. The CLAS

data is taken from Ref. [119].

essential for ultimately yielding the complete 3D images
of proton from the large x down to the saturation regime,
and for much more profound understanding of the proton
spin puzzle as well.

2.3 Partonic structure of nucleus

The electron—ion collision has been recognized as an ideal
process to explore the distributions of quarks and gluons
inside the nucleus, as well as to study the QCD dynam-
ics of multiple parton interactions in the nuclear medium.
In this process, the electron scattering part, which can
be well controlled both experimentally and theoretically,
provides a high precision probe to reveal the detailed par-
tonic structure of the nucleus which is impossible to be
calculated theoretically. Besides, the nucleus can also
serve as a QCD laboratory at the fermi scale to investigate
the strong interactions between the energetic parton and
the nuclear medium by carefully studying the so-called
hadronization process which largely depends on the type
of the nucleus. The detailed analysis of these nontrivial
nuclear medium effects can help us to probe the funda-
mental differences of partonic properties in free nucleons
and the nuclear medium, as well as to understand the
mystery of hadronization mechanisms and the QCD con-
finement of quarks and gluons.

2.3.1 The nuclear quark and gluon distributions

A full understanding of the difference between the proper-
ties of quarks and gluons inside a free nucleon and that in-
side a nucleon bounded within the nucleus will help us un-
derstand how the nucleus is formed at the partonic level.
The longitudinal momentum distributions of quarks and
gluons in a free nucleon are characterized by the usual
leading twist parton distribution functions (PDFs) which

64701-21

have been precisely measured in the high-energy electron—
proton collisions. A natural question is: how these PDFs
are modified by the nuclear medium when the nucleon
is bounded? To answer such a fundamental question re-
mains one of the biggest challenges in the nuclear physics
community. Due to the lack of experimental data and
the limited kinematic coverage, the precision for nPDFs
global extraction is far less than that for PDFs in free nu-
cleons [120-126]. In particular, the extraction of nPDFs of
sea-quarks and gluons is suffering from even much larger
uncertainties. It is strongly desired to perform more high-
precision measurements of conventional experimental ob-
servables as well as to explore new observables that are
sensitive to the sea-quark and gluons.

In the past three decades, various experiments have
confirmed that the PDFs measured in free nucleons and
bounded nucleons are significantly different. Data shown
in Fig. 2.14 reveal the cross-section ratios for inclusive DIS
between eA and eD collisions in terms of Bjorken x distri-
butions. The solid circles, the open squares, and stars cor-
respond to the data from SLAC E139 [20], BCDMS [19],

o BCDMS (Fe)
1o o SLAC E139 (Fe)
: x EMC (Cu) l
g
!2 1 {%}ﬁfiﬁ“ﬁ?q {
> i ¥
%i :i j t
% et
0.8
0 01 02 03 04 0.5 06 07 08 09 I

X

Fig. 2.14 The cross section ratio between electron—ion and
electron—deuteron deep inelastic scattering [128].
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and EMC [127], respectively. Despite their different re-
actions and kinematic ranges, these data exhibit a very
similar nuclear medium effect. There are four distinguish-
able regions [21]: i) Fermi motion in z > 0.7; ii) EMC
effect in the range of 0.3 < z < 0.7; iii) Anti-shadowing
around = = 0.1; iv) Shadowing in z < 0.01.

Among them, the Fermi motion region can be interpo-
lated as the result of the momentum distributions of nu-
cleons bounded in the nucleus which differ among light to
heavy nuclei. The so-called EMC effect, which is believed
to be due to the modification of the valance quarks in
the nuclear medium, has been exclusively studied since its
discovery in 1980s but no satisfactory explanation has yet
been reached to address its root cause. The most recent
discovery of its strong correlations with the short-range
corrections (SRC) [23-25] sheds a light to fully unveil this
mystery and provide a new way to study the nuclear struc-
ture in the partonic level [129]. Enormous new experi-
mental programs and theoretical calculations have been
planned to continue studying this effect. On the other
hand, no experimental evidence has shown that such an
effect also exists in sea-quarks and gluons. Furthermore,
the physics origins of the anti-shadowing and shadowing
at small = remain unknown due to a lack of experimental
measurements and theoretical interpolations.

In the most recent nPDF determination, nNNPDF2.0,
a robust quark flavor separation and a good handle of
the gluon are performed [120]. However, compared to
those for free nucleons large uncertainties of nPDFs re-
main due to the very limited existing measurements. This
is also true in other global fittings such as EPPS16 [121].
The future EicC will place its kinematics in the sweet
spot where the nuclear medium effects of valance-quarks
and sea-quarks can be extensively studied by measuring
their intrinsic PDFs in bound nucleons using the eA DIS
processes with a wide range of nuclei beams. Based on
the projections for the EicC pseudo-data which are gen-
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erated through NLO calculation of DIS cross-section us-
ing the nNNPDF2.0 nuclear PDFs, the impact of future
EicC measurements on nuclear PDFs utilizing Bayesian
reweighting is shown in Figs. 2.15 and 2.16. In Fig. 2.15,

the sea quark distribution in Pb at Q% = 10 GeV? for

both the original and reweighted nNNPDF2.0 fits are
shown with uncertainty bands correspond to 90% confi-
dence level. In particular, the reduction of reweighted @
uncertainty in the kinematic region covered by EicC, i.e.,
z > 0.01, strongly indicates EicC pseudo data are adding
a significant amount of new information to the global fit.
A similar analysis for gluon distribution in Pb is shown in
Fig. 2.16, which indicates the constraining power of EicC
measurements on gluon nuclear modification. Notice that
the analysis shown in Figs. 2.15 and 2.16 are based on the
integrated luminosity @ = 0.01 fb !, which corresponds
to only a few hours of running'). Therefore, the real mea-
surements with high precision and large coverage will pro-
vide a stringent constraint on nPDFs from the shadowing
to the anti-shadowing region.

In addition to the electrons, the detection of varied final-
state hadrons, such as pions, kaons and heavier mesons,
serves as the flavor-tagging to decouple the contributions
from different quark flavors. The high precision data with
large kinematic coverage will greatly improve the global

Dgtudies using EicC pseudo data with an integrated luminosity
equivalent to one week or more of running have also been per-
formed. However, the impact on the nNNPDF2.0 PDFs estimated
by reweighting is so significant that the number of effective repli-
cas with non-zero weight “surviving” the analysis reduces from an
initial set of 1000 to a few dozen or less. This reflects the fact
that the leap in precision between the data already included in
the nNNPDF2.0 analysis and the future EicC data is too wide for
reweighting techniques to return viable results and strongly sug-
gests the need of a new fit. Similar conclusions on the reweighting
procedure have been found recently in impact studies for polarized
PDFs at the future US EIC using electron-helium SIDIS pseudo
data [130].
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extraction of quark nPDFs in the medium to low x regions.
Most importantly, EicC will, for the first time, precisely
measure the undiscovered medium modification effect of
sea-quarks as well as unveil the puzzle of anti-shadowing
which remains largely unknown.

On the other hand, various species of beam nuclei at
EicC will also provide unique opportunities to shedding
light on studying the nuclear structure at the partonic
level. By detecting the outgoing protons and neutrons at
the forward angles during the eA collision, the spectator-
tagging DIS process serves as a powerful tool to exam
the QCD origin of nucleon—nucleon interactions, such as
the link between the SRC to EMC effects at x > 0.2
region as well as the nucleon coherence phenomena at
low x that lead to the anti-shadowing and shadowing ef-
fects [131, 132].

2.3.2 Hadronization and parton energy loss in nuclear
medium

Precise measurements and phenomenological investiga-
tions on the SIDIS process with different nuclei in
electron—ion collisions are the fundamental tools to an-
alyze two widely discussed nuclear effects, i.e., the parton
energy loss effect and hadronization in the medium [133-
137]. In a nuclear medium, the highly energetic parton
generated in the hard scattering process will continuously
encounter the multiple scatterings with the surrounding
nucleons before it completely escapes from the nucleus or
is converted inside the nucleus into charge-neutral parti-
cles, a complicated process also known as the hadroniza-
tion. The collective consequence eventually leads to non-
trivial phenomena of nuclear modifications, including the
attenuation and broadening of the hadron spectrum in eA
collisions comparing to ep collisions. These phenomena,
which are very sensitive to the nuclear parton densities
and QCD dynamics of multiple parton interactions in the
nuclear environment, have been observed in semi-inclusive
deep inelastic scatterings in HERMES [138] and Drell-Yan
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dilepton production in proton—nucleus collisions in FNAL-
866 [139]. The available data are used to extract the
transport properties of cold nuclear matter and study the
parton energy loss mechanism in the nucleus [140-143].
However, large uncertainties still exist, mainly originated
from two aspects: i) limited kinematic coverage of experi-
mental data; ii) the assumption in energy loss calculation
that the partons fragments outside the nuclear medium.
To obtain more precise information about the hadroniza-
tion process and the mechanism of parton energy loss in
medium, we need EicC to fill in the open window that has
not been covered by existing experimental measurements.

Hadronization, as encoded in fragmentation functions,
describes the process of quarks and gluons fragment into
final state hadrons. In the presence of a large size nuclear
medium, the hadronization dynamics will be affected and
eventually leads to different hadron spectrum comparing
to that in a vacuum [144, 145]. As we know, parton en-
ergy loss effects also lead to the suppression of the hadron
spectrum as functions of beam energy v and fragmentation
fraction zp in eA collisions comparing to that in ep colli-
sions [138, 141]. Therefore, we cannot disentangle these ef-
fects from the available experimental data, as they lead to
the same phenomena but with very different mechanisms.
This requires us to perform the measurement more differ-
entially and consider as many as possible the final state
identified hadrons. The high collision energy and the high
luminosity, as well as the capability of identifying various
hadrons in future EicC, will play a key role to differentiate
the parton energy loss effect and medium hadronization
effect.

Shown in Fig. 2.17 is the comparison between predic-
tions from parton energy loss model (solid curves) and
hadron transport model (dashed curves) for the nuclear
modification factors, where only events with 0.1 < y <
0.85, W2 >4 GeV?, Q2 > 1 GeV? are selected in the pro-
cess when 3.5 GeV electron collides with 20 GeV (per nu-
cleon charge) Pb beam, and various hadrons represented
by different shaped points are considered in the simula-
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tions. By looking at the dependence of R, as a function
of the virtual photon energy v, the capability of particle
identification as well as the kinematic coverage in EicC
will allow us to disentangle the hadronization mechanism
from the parton energy loss effect as indicated by the dif-
ference between solid and dashed curves. Though the two
models give very similar nuclear modification effect for 7+
production, enormous differences for p and K+ are pre-
dicted. These differences can be identified in EicC consid-
ering its high luminosity 50 fb ', which leads to invisible
statistical uncertainty as shown in Fig. 2.17.

The transverse momentum broadening effect is very
sensitive to the QCD dynamics of multiple parton interac-
tions in the nuclear environment and the nuclear medium
transport property. It has been extensively studied in
heavy-ion collisions, see for example [134, 146, 147]. Sim-
ilarly, we can also use this observable to probe the funda-
mental properties of the nuclear medium in eA collisions.
Comparing to pA collisions, eA collisions is much cleaner
due to the absence of the strong interaction between the
beam electron and the target nucleus. Based on the as-
sumption that the partons hadronize outside the nuclear
medium, we show in Fig. 2.17 the transverse momentum
broadening for light hadron (red curve) and J/# (blue
curve), which can be used to probe the jet transport pa-
rameters for quark jet and gluon jet, respectively. Notice
that the available measurements on the gluon jet trans-
port parameter are very limited, and EicC can make a
significant contribution to this subject.

2.4 Exotic hadronic states

Hadron spectroscopy started a new era in 2003 when the
D% (2317), D,;(2460) and X (3872)") were discovered at
the B factories. Since then many new hadron resonances
or resonant structures were discovered at various experi-

DTt is denoted as x1(3872) according to its quantum numbers in the
latest version of Review of Particle Physics (RPP) by the Particle

Data Group [148].
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ments all over the world. In particular, most of them con-
tain at least one heavy (charm or bottom) quark, and have
properties at odd with expectations from quark model.
The meson states discovered in the heavy-quarkonium
mass region are called XYZ states, see Table 2.2 for a
list. Notable examples include the X (3872), Z.(3900),
Z0(4020) and others. In 2015 and 2019, the LHCb Col-
laboration discovered pentaquark candidates with hidden
charm, P,.(4312), P.(4440) and P.(4457). The charged
heavy-quarkonium like Z. and Z; states as well as these
P, states are clearly beyond the scope of the conventional
quark model for mesons and baryons, and thus excellent
candidates of exotic multiquark states. Understanding
the nature of these structures has been the main concern
for hadron spectroscopy, and is a challenge that needs to
be solved toward revealing the mystery of how massive
hadrons emerge from the interaction between quarks and
gluons.

Various models were proposed to explain (some of)
these observations, including multiquark states, hadronic
molecules, hybrid states, mixing of different components
and non-resonant effects such as kinematical singularities
and interference. These investigations were witnessed by
a large number of review articles in the past few years, see
Refs. [29, 148-169] emphasizing on various aspects of these
new resonant structures. Many of the observed structures
need to be confirmed by other experiments, and most of
the theoretical models also predicted light-flavor and/or
heavy-quark partner states of the observed ones. Thus, in
order to understand the pattern behind the messy spec-
trum of these new hadrons and to be able to classify them
into a clear picture, which can in turn give important hints
towards understanding the confinement mechanism, more
experimental measurements are urgently needed.

2.4.1 Status of hidden-charm and hidden-bottom hadron
spectrum

In Fig. 2.18, we show the spectrum of the charmonium(-
like) and bottomonium(-like) states listed in RPP [148].

The hidden-charm structures that were reported in var-
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Fig. 2.18 Comparison of the mass spectra of the observed heavy quarkonia and quarkonium-like states [148] with those
predicted by the Godfrey-Isgur quark model [26, 170]. The states are listed according to their quantum numbers I¢(JF9).
The states with quantum numbers not fully determined are listed in the column “?”*” with the exception of Y(10753) which
is listed in the 0 (1 ) bottomonium column though its I & have not been fixed. For the experimentally observed states, the
shaded areas indicate the central values of the widths of the observed states.

ious experiments since 2003 are also listed in Table 2.2, cay channels. The nomenclature of the latest RPP is used
together with their production processes and observed de- in the figure and table and will be used in the following
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Table 2.2 Structures observed experimentally since 2003 in the charmonium mass region and their production and decay

processes. We group the mesonic structures into three blocks: those with PC =

quantum numbers are given in the second

block; the isospin-1 structures are given in the third block; the others are given in the first block. Their quantum numbers can
be found in Fig. 2.18. The exotic baryon candidates are listed in the fourth block. Here we use the nomenclature of RPP [148],
according to which states are named according to their quantum numbers. For more information of the X YZ states and their
properties and the original experimental references, see Ref. [148].

XYZ Production processes Decay channels
Xc0(3860) ete JX, vy , X® DD, vy
Xc1(3872) B X/KnX,ete ¥X, mtm T/, wd jab, DA DO DO D070,
pp/pP semi-inclusive, v ?TDXcl,’}‘JfﬂfJ,’ﬂb(QS)
~+EIN | Xw° NP
X (3915) B X,vy , X,eTe ¥X wd [, vy
X2(3930) ¥y , X, pp semi-inclusive DD,y
X (3940) ete Ji+X DD=*
Xe1(4140) B X, pp semi-inclusive® oJ /Y
X (4160) ete J/h+ X DID*
Xe1(4274) B, RX ¢J /%
X (4350) Yy Y X oJ [, vy
Xc0(4500) B Y KX oJ [
Xc0(4700) B KX oJ [
¥2(3823) B Kiya,ete  wrn wXel
3(3842) pp semi-inclusive DD
1(4230/4260) ete y Y,eTe y Yisr wwd [, T (28), X cow, heTT,
DD%r,vx1(3872), J/Y KK
1(4360) ete Y,ete Y sk wrh(28), wrpe(3823)9), Dy (2420)DD
1(4390) ete v Y whe, T (3770)9)
1(4660) ete , Ynsr wr(28), Acle, DT Ds1(2536)
Z(3900)° ete | xZe, wJ J¥, DDE
b-hadron semi-inclusive decays
X (4020)° ete TZe whe, DEDE
X (4050)° B v R/ZC T° Xe1
X (4055)° ete X w° P(25)
X (4100)° B v R/ZC 7 1Ne
Z:(4200)° B Y KZ. w° J /P
Re0(4240) B y KRqo m P(25)
X (4250)° B Y KZ, T° Xe1
Z:(4430)° B ,KZ. w° J i, w° P(25)
P.(4312)F A,,V\/ K P.° pJ /v
P.(4380)t Ag Y K P. pd /Y
P.(4440)t Ay y K F. pJ /¢
P.(4457)t Ay K P pd [P
v

a) From the analysis of Ref. [171].

b) It is likely a different state. It was reported by the COMPASS Collaboration in muoproduction [172]; however, the w7 invariant mass
spectrum does not agree with that coming from a p, and a negative C-parity is preferred.

©) Not seen in vy , J/1¢ and ete

4) Noted as “possﬂ{ly seen” in RPP.

) No signal of P, was seen in yp

v

discussion.

v
J/4dp [173].

vJ /.

as well as in only one particular final state. Thus, one

One sees that the charmonium-like structures were ob- immediate question is whether they can be found in other
served mainly in three types of processes, and many of processes and, in particular, in other types of experiments
them were only seen in one particular production process such as the electron—proton/electron—ion collisions. Let
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us first discuss the experiments that have already signifi-
cantly contributed to the field.

Weak decays of the ground state bottom-hadrons con-
tributed to the observation of hidden-charm states more
than other processes. The decays happen mainly via the
singly-CKM suppressed b «x cés at the quark level. The
main experiments are the B factories Belle, BaBar and
the LHCb experiment at LHC. There are two main pro-
cesses. First, the three-body decays of B mesons with the
final state being a kaon and a pair of charmed mesons or
a charmonium and light mesons. The maximal mass of a
charmonium-like state that can be produced in this way is
the mass difference between the B and K mesons, which is
about 4.8 GeV. In fact, the highest charmonium-like struc-
ture reported so far is the X (4700) observed by the LHCb
Collaboration [174], close to this bound. Second, the
three-body decays of the Ay, such as the AY < J/¢pK ,
which is the process where the hidden-charm pentaquark
candidates P.(4312), P.(4380), P.(4440) and P.(4457)
were discovered at LHCb [175, 176]. The hidden-charm
pentaquark state that can be produced through such a
process needs to have a mass lower than the mass dif-
ference between Ay and K, which is about 5.1 GeV. For
these weak decay processes, the mass of the initial parti-
cle is fixed. Furthermore, the final states always involve at
least three particles, which complicates the data analysis
and may bring ambiguities due to insufficient treatment
of cross channels and three-body final state interaction.

Vector charmonium(-like) states are mostly easily stud-
ied in ete collisions. They have the same JFC quantum
numbers as a virtual photon so that they can be directly
produced in eTe collisions; by emitting a photon to ad-
just the energy to the interested region, they can also be
produced using the initial-state radiation (ISR) process,
whose cross section, however, is smaller by two orders of
magnitude because of the suppression of . The main
experiments include BESIII, CLEO-c, Belle and BaBar.
Thus, more vector states have been observed than other
quantum numbers, and they are normally observed in
more channels as well due to the high luminosity of the
eTe machines. There is also one new vector state in
the bottomonium mass region, the T(10753), reported by
Belle [177]. The structures with other quantum numbers
need to be produced through the decays of higher states
or two-photon collisions, and thus have much smaller pro-
duction rates or beyond the energy reach of BESIIL.

Some of the structures were also produced in the prompt
production processes at hadron colliders, and observed
semi-inclusively. The main experiments are CDF and DO
at Tevatron and CMS, ATLAS and LHCb at the LHC.
Such processes have much larger cross sections than those
via virtual photons. However, the large energy and large
strong-interaction cross sections also imply huge back-
grounds, which lowers the detection efficiency. The types
of final state particles that can be efficiently detected are
usually restricted to charged light hadrons and muons,
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and soft photons are hardly detected.

2.4.2 Exotic hadrons at EicC

For the study of exotic hadrons, each of the experiments
has its advantages and limitations. Different kinds of
experiments complement to one another, and they are
needed to establish a more complete picture of the heavy-
flavor hadron spectroscopy. Even in the charm sector, the
so-far collected information is not enough to build up a
clear picture for all of these new structures. Furthermore,
although it is expected that there should be analogues of
resonances with open or hidden charm in the bottom sec-
tor, far fewer states with bottom have been ohserved due
to the limitations of the current experiments. Let us take
heavy quarkonia as an example.

In Fig. 2.18, we present a comparison of the observed
heavy quarkonia and quarkonium-like states with the
QQ mass spectrum predicted in the Godfrey-Isgur quark
model [26, 170]. It is clear that all of the XYZ structures
are located above or at least very close to the open-charm
thresholds, while there are only a couple of analogous
states in the bottomonium sector. The messy situation of
the charmonium(-like) states nicely illustrates how little
we understand the confinement aspect of QCD. Although
the importance of the open-charm coupled channels was
already noticed in the seminal Cornell model [178, 179],
their role in forming the observed spectrum is still far
from being understood. The highly excited states close
to or above the open-flavor thresholds contain important
information about the long-distance interaction between
heavy quarks and about how the light degrees of freedom
come into play their role. Thus, a detailed study of these
states is highly valuable for understanding confinement.

Furthermore, no matter how the hidden-charm meson
spectrum emerges, one would expect to have an analogous
spectrum for hidden-bottom mesons as well as in hidden-
charm and hidden-bottom baryonic sectors. Especially,
if the coupled channels are crucial to form the spectrum,
phenomena similar to those of the XYZ states would re-
peat in these sectors.

The EicC energy region covers all these interesting
physics. In the following, let us briefly discuss a few topics
on heavy-flavor hadron spectroscopy that EicC can signif-
icantly contribute to.

» Charmonium(-like) states

The photoproduction cross section of the exclusive pro-
cess yp o J/ip is at the order of 10 nb for the c.m.
energy of the vp within 10 to 20 GeV, which is the energy
region of EicC. The cross section of the semi-inclusive pro-
duction of ¢éX is larger by almost two orders of magni-
tude, see Fig. 2.19. The data shown in this figure include
the exclusive J/1) production data from Refs. [180-186]
(J/¢p data before 2002), [173] (GlueX), and the semi-
inclusive ceX data from Refs. [187] (CIF), [188] (Fermi-
lab), [189] (EMC), and [190] (SLAC). The data were fit-

Daniele P. Anderle, et al., Front. Phys. 16(6), 64701 (2021)



REVIEW ARTICLE

3] P —
’ }'fi-ﬁ yp—+ceX
102 e
iy ]
< 1014
& 10
T I CIF (1979)
] & Fermilab (1980)
100 § Femiab (1
| § SLAC (1986)
] T CERN/WASS (1987)
] T Jhpp data before 2002
o ¥ GlueX (2019)
B e
Wyp (GeV)

Fig. 2.19 The dependence of the photoproduction cross sec-
tions on the yp c.m. energy for the exclusive vp < J/¢¥p and
semi-inclusive vp < ceX processes [173, 180-190]. The EicC
energy coverage is denoted by the shaded area. Here, X de-
notes the all particles that are not detected and should not be
confused with the X charmonium-like states.

ted using parametrization origined from the vector-meson
dominance model of Ref. [191]. The cross section for the
electroproduction process is about two orders of magni-
tude smaller due to an additional factor of electromag-
netic coupling . Considering an integrated luminosity
of 50 fb !, one may estimate that the J/v¢ events pro-
duced from the exclusive process is about Q(54108). Be-
cause almost all excited charmed mesons (baryons) will
decay into D (A.) and their antiparticles, one can expect
that there must be many more D and A. events. There-
fore, in addition to the hidden-charm channels, the XYZ
charmonium-like states, including the highly excited ones
beyond the capability of BESIIT and JLab or those that
cannot be produced through the B meson decays, can be
studied through open-channel final states. As a bench-
mark, the production of the x,.1(3872) and Z.(3900) are
simulated and will be discussed in Section 2.4.3.

+ Hidden-charm pentaquarks

So far, the only observations of hidden-charm pen-
taquarks came from LHCb: P,(4312), P.(4380), P.(4440)
and P,(4457) [175, 176].1) In fact, the existence of narrow
hidden-charm baryon resonances, as hadronic molecules
of a pair of charm meson and charm baryon, have been
predicted to exist in the mass region above 4 GeV [193—
199]. As mentioned above, similar to the existence of
many hidden-charm XY7Z states, there should also be lots
of hidden-charm baryonic excited states. Searching for
them and verifying the LHCb observations will provide
valuable inputs to understanding the spectroscopy of ex-
cited hadrons. The nonobservation of the P, states at
the GlueX experiment [173] indicates that the branching

DThe P.(4380) here is a broad structure introduced to improve
the fitting quality in the 2015 LHCb analysis [175], and it is not
needed to fit the updated J/v¢p invariant mass distribution [176].
However, there is a hint for the existence of a narrow P,(4380) [192]
in the new LHCb data.
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fractions of the P, states into J /1{p to be small (for a com-
bined analysis of the GlueX and LHCb measurements, see
Ref. [200]). Then the dominant decay modes of the P,
should be the open-charm channels, including the DA,
and DFY, [192, 201-203]. Therefore, at EicC, the P,
need to be searched for in exclusive processes with the final
states being not only the J/¢¥'N, but also the open-charm
D@®A, and DPE, channels [204, 205]. Semi-inclusive
processes of these processes will also be a crucial part as
they have much larger cross sections. Pentaquarks with
both hidden charm and hidden (or open) strangeness can
also be searched for in analogous processes. For an esti-
mate of the semi-inclusive production rates in the hadronic
molecular model of the P, states, see the next subsection.

From the above discussions, one sees that an efficient
detection of the D/D and A, particles is essential for the
study of the hidden-charm mesons and baryons. From
RPP [148], one finds that the most important decay chan-
nels of the Dt are K 27+ [(9.38=0.16)%] and K37+ n®
[(7.36 = 0.21)%)], those for the D° are K ntn% [(144=
0.5)%] and K = [(3.950 = 0.031)%], and those for the
A} are Antn? [(7.1=0.4)%] and pK 7 [(6.28=0.32)%)].
Thus, both the charged and neutral pions and kaons need
to be efficiently detected. Once one of the open-charm
final state particles is reconstructed, the events for the
other one can be selected from the missing mass spec-
trum in the relevant energy region. In this way, searching
for hidden-charm states in the open-charm final states is
promising.

+ Bottom hadrons

In Fig. 2.20, we show the cross sections for the exclu-
sive photoproduction of the T and for the semi-inclusive
bb. The shaded area in corresponding to the EicC energy
region covers the hidden-bottom hadron masses. The ex-
clusive data are taken from Refs. [206, 207] (ZEUS), [185]
(H1), and [208] (CMS); the semi-inclusive data are taken
from Refs. [209] (EMC) and [210] (H1). The models used
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] Gryniuk et al. i .
2 1 Brodsky et al.: 2-gluon —
1024 — Martynov et al.: 07 =0 GeV? _I_.--"’
Martynov et al.: =10 GeV? _ =" yn ophx

1ot = Martynov et al.: 02 =50 GeV?
= ;,_--—"""
E; 100] -1 r=_p
Sy

D EMC(1981) @ HI (2000)
W HI (1999) W ZEUS (2009)
& ZEUS (1998) 8 CMS (2016)
_— -

102

Wy (GeV)

Fig. 2.20 The dependence of the photoproduction cross sec-
tions on the yp c.m. energy for the exclusive yvp < YTp and
semi-inclusive yp < bbX processes. The EicC energy coverage
is denoted by the shaded area.

Daniele P. Anderle, et al., Front. Phys. 16(6), 64701 (2021)



REVIEW ARTICLE

“fp

to fit the data include the empirical formula for the deeply-
virtual meson production (DVMP) model [211] (Favart et
al.), the 2-gluon exchange model [212] (Brodsky et al.),
the parametrization [191] (Gryniuk et al.), and the dipole
Pomeron model (Q? =0, 10, 50 GeV?) [213, 214] (Mar-
tynov et al.). One sees that for the c.m. energy in the
range between 15 and 20 GeV, the photoproduction cross
section for Tp is of @(10 pb); thus, the corresponding
electroproduction e p « e Tp cross section should be
of Q(0.1 pb). Considering an integrated luminosity of
50 fb !, the event number of T that can be produced
through the exclusive Tp process is of Q(10%), consis-
tent with the simulation in Section 2.5.1 and the estimate
in Ref. [215]. The cross section for the semi-inclusive
bb + anything is two orders of magnitude higher. Thus,
millions of bottom mesons B and A; can be produced. If
these bottom hadrons can be efficiently detected, the EicC
will be able to contribute to the study of excited bottom
hadrons. Although the ground state bottom hadrons are
more difficult to be detected than their charmed cousins,
their life times are much longer, making the secondary
decay vertices useful in detecting them. Hidden-bottom
pentaquark states that are expected to be decay into TN,
AyB® and X, B final states may also be searched for
in processes similar to those for the searching of the P,
states.

Next, let us briefly discuss the advantages of EicC in
the study of hadron spectroscopy. Comparing with exper-
iments utilizing electron—positron collisions and the B/A;
decays, one special feature of the EicC is that it has dif-
ferent kinematics which can avoid the ambiguity of in-
terpreting resonance signals induced by the so-called tri-
angle singularity. Triangle singularity is a type of kine-
matical singularity, which occurs because of the simul-
taneous on-shellness of three intermediate particles, and
can produce peaks mimicking the behavior of resonances
(for a recent review, see Ref. [29]). For instance, the tri-
angle singularity mechanism have been constructed for
producing resonance-like signals for the prominent mul-
tiquark candidates P,.(4450) [216, 217], Z.(3900)° [218-
220] (see also Refs. [221-224]), Z.(4200,4430)° [225] and
X (4050, 4250)° [226]. This means that it is essential to
distinguish the signals from resonances from those from

kinematical singularities. Triangle singularity is very sen-
sitive to the involved kinematical variables such as masses
and energies. The examples mentioned in the above were
all reported in the decays of bottom hadrons (B or Ap),
which have fixed masses, or ete collisions. The pho-
toproduction or electroproduction processes at EicC have
completely different kinematical regions from these exper-
iments; the photon is space-like or nearly on shell, mak-
ing the occurrence of triangle singularities in the exclusive
processes impossible. Furthermore, the dependence of the
signals on the energy and Q? can also be measured. In ad-
dition, the double polarized beams facilitate the EicC to
determine the quantum numbers, such as spin and parity,
of hadron resonances. In comparison with hadron collid-
ers, the EicC has a better signal to noise ratio. Further-
more, the EicC covers all the mass regions for charmo-
nium, bottomonium, P,, P, and excited heavy hadrons.
As a result, the study of exotic mesons and baryons will
be one of the foci of EicC.

A search for the photoproduction of Z.(3900) [227] and
Xc1(3872) [172] has been performed by COMPASS with
muon beam, giving valuable input for the simulation of
EicC. Within similar range of c.m. energy, EicC can search
for these and also other states with more than one order
higher luminosity. Furthermore, with solid angle cover-
age, especially hadron PID in the forward angle and good
vertex detector for decay topology, the acceptance and
reconstruction efficiency of EicC are expected to be sig-
nificantly increased, so the discovery potential of exotica
states will be exploited.

2.4.3 Cross section estimates and simulations

In this subsection, more quantitative estimates of the pro-
duction rates for a selected list of exotic hadron candi-
dates and simulations of the ep o< ex.1(3872)p, ep
eZ7F(3900)n, ep < eP. o eJ/1p, and ep oc eP, oc €Tp
processes are reported. For more model estimates of the
exclusive productions of hidden-charm and bottom exotic
hadrons, we refer to Refs. [172, 204, 205, 227-250).
Motivated by the heavy quark flavor symmetry for the
potential between heavy mesons and baryons, analogues
of the pentaquark candidates P, in the bottom sector,

Fig. 2.21 Left: The ep < epV < epl™l process. Right: The ep < ex.1(3872)p and ep < eZ1 (3900)n process.
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labeled as P, here, are expected to exist [199, 237, 251—
258]. A resonant state P, coupling to Tp with a mass
around 11.12 GeV and a width ranging from tens of MeV
to 300 MeV is predicted by nearly all models. We simulate
the exclusive electroproduction of two P, at EicC with a
width of 30 MeV [P, (narrow)] and 300 MeV [P, (wide)],
respectively, together with the three narrow P, states with
the resonance parameters reported by LHCb.

The process is depicted in the left panel of Fig. 2.21,
where V represents the J /1 (T) and the P, (P;) couples to
the J /4N (TN) in the s-channel. The non-resonant back-
ground is modeled by Pomeron-exchange to be discussed
in Section 2.5.1. The P./P; states are produced from the
interaction between the virtual photon, emitted from the
electron beam, and the proton beam in the s-channel. The
upper limit of production rates at EicC can be determined
by the upper limit of cross section of yp x P, o< J/¢p
measured by the GlueX Collaboration [173], by properly
including the photon flux and Q? dependence of ampli-
tudes. According to the analysis of the LHCb data, the
lower limit of the branching ratio P, o J/¢p is around
0.5% [200], and we assume the same lower limit for the
P, o< Tp. The lower limit of production rates at EicC is
obtained by the vector meson dominance (VMD) model,
see, e.g., [245, 249)].

After taking into account the detection efficiency and
the dilepton decay rates of the J/v and T, the expected

Mass
]05—§ .

1044

Entries
K
L]

Fig. 2.22
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production rates of these exotic states at EicC are shown
in Table 2.3. Here the detection efficiencies in the third
column are estimated from the simulated distribution of
final-state particles. The production rates on light nuclei
are supposed to be larger [241, 248], which however will
have lower luminosity. The distributions of the invari-
ant mass spectra, the transverse momenta, the pseudo-
rapidities, and the rapidities of the P,/P, states are pre-
sented in Fig. 2.22. They are obviously characterized by
the s-channel resonances, with small transverse momenta
and narrow ranges of pseudo-rapidity and rapidity, appar-
ently different from the non-resonant Pomeron-exchange
contribution which is smoothly spanned in the full range,
as demonstrated in detailed investigation [247, 249]. Tt is
suggested to extract the pentaquark signal from large non-
resonant contribution with a proper kinematic cut [249].
As discussed above, the cross section of the open charm
channel D& A, is expected to be much bigger than the
that of J/vp, so is the case of the open bottom chan-
nel B(& A, in comparison with the Tp. In particular, the
branching fractions of the P, and P, states into open-
flavor channels are expected to be at least one-order-of-
magnitude larger than those of the J/¢¥p and Tp. In
addition, as mentioned in Section 2.4.2, the open-charm
ground state hadrons could be reconstructed at the level
of 10%. Thus, it is optimistic that the P. states can
be studied in detail through processes ep o J/vp and
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The distributions of invariant masses, transverse momenta, pseudo-rapidities and rapidities of the P, and P, states.
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Table 2.3 Estimated event numbers that can be collected at
EicC assuming an integrated luminosity of 50 fb 1. The lepton
pairs [Tl denote both p*p and eTe . The event numbers
are estimated using the assumed detection efficiencies listed
in the third column, which are expected to be higher in the
middle rapidity than that in the forward region.

Exotic Production/decay Detection Expected
states processes efficiency events
ep , eP(4312)
P.(4312) P.(4312) |, pd/v —30% 15 1450
J/ / Il
\
ep , eP(4440)
P.(4440) P.(4440) |, pJ /v —80% 20 2200
J/ / Il
ep , eP(4457)
P.(445T7) P.(4457) |, pd /v —30% 10 650
J/ f\l/ﬂ
v
ep , ePy(narrow)
Py (narrow) Py(narrow) , pT —30% 0 20
T z It
ep , ePy(wide)
Py (wide) Py(wide)  pY —30% 0 200
T / It
ep , exc1(3872)p
Xc1(3872) xc1(3872) , wtw J/ —60% 0 90
J/ ; Il
ep eZ‘,;(SQDD)"'n
Z.(3900)t ZF(3900) ,wtJ/y —60% 90 9300
Jiy o, Il

v

eD@ A, at EicC. If the open-bottom hadrons can also be
efficiently reconstructed, the hypothesized P, states may
also be sought at EicC.

In addition to the P, and P, states, the exclusive pro-
ductions of the x.1(3872) and Z.(3900) are also simu-
lated. The x.1(3872) is arguably the most interesting
charmonium-like state. Its mass is (3871.69 =0.17) MeV,
coinciding with the DYD#* threshold exactly, and width
is smaller than 1.2 MeV [148].) The quantum numbers
are 171 [261]. It is the first discovered and most studied
exotic meson candidate in the charmonium region [262].
The mass of Z,(3900)° is (3888.4=2.5) MeV with a width
of (28.3=2.5) MeV [148]. It was discovered in the J /¢m®
spectrum by BESIII [263] and Belle [264] and confirmed
by other experiments [265, 266]. The BESIII collaboration
identified its spin-parity as 1* and isospin as 1 [267, 268].

1)The mass quoted in RPP is from averaging previous experiments.
Recently, the LHCDb Collaboration reported precise determinations
of the mass and width [259, 260]. In particular, a Flatté analysis,
which is more proper than the Breit—Wigner one for near-threshold
states, is performed in Ref. [259].
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As a charged state decaying into a charmonium, the quark
content of Z.(3900) contains at least udcé, making it a
prominent candidate of tetraquarks or molecular states.

The right panel of Fig. 2.21 shows the ep ox ex.1(3872)p
and ep o eZF(3900)n processes with the yellow el-
lipse representing the ¢-channel exchange. The yp o
Xc1(3872)p can proceed through the exchange of vec-
tor mesons (e.g., p, w and J/v) in the t-channel. The
vp o ZF(3900)n can proceed through charged mesons
(e.g., 7t and aj’) [228] or mesonic Regge trajectories [230]
in the t-channel. Around the averaged c.m. energy W, =
13.7 GeV, which is in the EicC energy region, the COM-
PASS Collaboration has searched for the Z.(3900), and
the nonobservation sets an upper limit for the cross sec-
tion: £(Z.(3900)° o< J/y7®)o(yN o Z.(3900)° N) <
52 pb at the 90% confidence level [227]. In a similar energy
region, the COMPASS Collaboration has also obtained
an upper limit for the x.1(3872) at the same confidence
level: E€(xc1(3872) o< J/Yam)o(yN o x1(3872)N) <
2.9 pb [172]. A parametrization of these information with
a reasonable formula is used as input to the eSTARIight
generator [269] to obtain the production rates at EicC.
The resulting estimated event numbers are shown in Ta-
ble 2.3. In particular, the upper bounds for the produc-
tion of the x1(3872) and Z.(3900)" are constrained by
the COMPASS measurements. The lower bounds are very
roughly estimated by reducing these values by two orders
of magnitude, as inferred from the difference between the
lower and upper bounds of the P,/P, production rates.

It is expected that a considerable amount of Z1(3900)
could be observed while the events of x.1(3872) are lower.
The distributions of the invariant mass distribution, the
transverse momentum, the pseudo-rapidity and the rapid-
ity for the Z}(3900) are shown in Fig. 2.23 for different
Q? regions. The red cross histogram is the contribution
from 0 < Q% < 1 GeV?, the blue star one is that from
1 < Q? < 5 GeV?, and the black circle one is the overall
contribution. It is seen that most of the events are within
the low Q2 range.

The above simulations show that the exotic hadrons
produced at EicC are close to the middle rapidity range.
This is beneficial for detection. Thus, EicC provides an ex-
cellent platform to study the nature of known, but barely
understood, charmonium-like states and search for new
states.

In addition to the exclusive processes discussed so
far, exotic hadrons can be searched for in semi-inclusive
processes. In particular, for those hidden-flavor exotic
hadrons which couple strongly to a pair of heavy hadrons,
such as the x,.1(3872) and the Z.(3900), one can achieve
an order-of-magnitude estimate of the production cross
sections following the method of Refs. [271-275]. The
production can be factorized into a short-distance part
and a long-distance part. At short distances the hadron
pairs of interest are produced, which can be simulated us-
ing the Pythia event generator [276]. The hadron pairs
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Fig. 2.23 The distributions of invariant masses, transverse momenta, pseudo-rapidities and rapidities of the Z.(3900)% in

different Q2 ranges.

then merge to form the exotic hadrons which couple to
them strongly, and the long-distance piece can be com-
puted at the hadronic level. The mechanism is shown in
Fig. 2.24. This mechanism, when applied to hadron collid-
ers, can produce cross sections for the prompt production
of the x.1(3872) if the momentum integration range for
the hadron-hadron Green’s function extends up to a few
hundreds of MeV [272, 274, 275].

As an example, in Fig. 2.25 we show the differential

All

Fig. 2.24 The mechanism considered in Ref. [270] for the
semi-inclusive production of exotic hadrons (denoted as X)

which couple strongly to a pair of hadrons (H and H J) in
lepton-proton collisions.
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cross sections generated using Pythia [276] for the semi-
inclusive productions of the D¥ D*¥ and X D° pairs in
electron—proton collisions with the electron and proton
beam energies set to 3.5 and 20 GeV, respectively. The
distribution can be well fitted by a k% dependence with
k the c.m. momentum of the open-charm hadrons. The
X HH"coupling in Fig. 2.24 can be extracted from mea-
surements or evaluated in phenomenological models. In
particular, for the hadronic molecular model, the coupling
is connected to the binding energy (see [159]). The loop
in Fig. 2.24 is ultraviolet divergent, and the divergence
in principal needs to be absorbed into the multiplicative
renormalization of the short-distance part. For an order-
of-magnitude estimate, the loop integral is evaluated us-
ing a Gaussian regulator with a cutoff A of 0.5 and 1 GeV.
We list rough estimates for the production cross sections
of the x1(3872), Z.(3900)™9, X (4020)° and the P, states
observed by LHCb in Table 2.4. The estimates for four
more P, states predicted in the hadronic molecular model
using heavy quark spin symmetry [192, 197, 277] are also
presented with masses and couplings taken from Ref. [192].
Considering an integrated luminosity of 50 fb !, this leads
to Q(10°) events for each of the P, states, and Q(10°) for
the x.1(3872) and Q(107) events for Z, states. Notice
that neither branching fractions of further decays nor the
detection efficiency is taken into account here. For more

Daniele P. Anderle, et al., Front. Phys. 16(6), 64701 (2021)
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Fig. 2.25 Differential cross sections do/dk (in units of nb/GeV) for the semi-inclusive production of D* D* and ¥ D"

through electron—proton scattering [270], where k is the c.m.

obtained from the Pythia event generator while the curves are
and proton energies are set to 3.5 and 20 GeV, respectively.

details, we refer to Ref. [270].

To conclude this section, it is promising that EicC can
contribute significantly to the study of heavy-flavor ex-
otic hadrons, in particular to charmonium-like states and
hidden-charm pentaquarks, and thus contribute to the
understanding of how the emergent hadron spectrum is
formed by the nonperturbative strong interaction.

2.5 Other important exploratory studies

2.5.1 Proton mass

The major part of the mass of observable matter is car-
ried by the nucleons (neutrons and protons) that con-

stitute all the atomic nuclei in the Universe. Nucleons

Table 2.4 Rough estimates of integrated cross sections (in
units of pb) at EicC for the semi-inclusive production of a few
selected states in the hadronic molecular (HM) model [270],
where A refers to the cutoff in the Gaussian regulator of the
two-hadron Green’s function. The processes are e + p <
HM+all, where HM = y.1(3872), Z(3900)%F, X (4020)°, and
seven P, states. The energy configuration considered here is
E. = 3.5 GeV and E, = 20 GeV. The branching fractions of
further decays and the detection efficiency are not yet consid-
ered here.

Channel A =05 GeV A=1.0GeV
Xc1(3872) DD 21 89
Z(3900)0 (DD%)0 0.3 ~ 103 1.1~ 103
Z.(3900)t (DDH* 0.4~10°% 1.3~10°%
X (4020)° (DEDH° 0.1 ~108% 0.5 ~ 103
P-(4312) %D 0.8 4.1
P.(4440) L.D* 0.7 4.7
P.(4457) X.D* 0.5 1.9
P.(4380) D 1.6 8.4
P.(4524) Tip+ 0.8 3.9
P.(4518) viDE 1.2 6.9
P.(4498) Tip+ 1.2 9.8
64701-33

momentum of the open-charm hadrons. The histograms are
fitted according to the momentum dependence &2, The electron

themselves are constituted from the gluons and quarks
of QCD. So a key piece of the puzzle surrounding the
origin of mass lies with understanding how the proton’s
mass emerges from the QCD Lagrangian, expressed in
terms of light valence-quarks, massless gluons and the in-
teractions between them. The current-quark masses are
produced by the Higgs mechanism; but based on those
masses, a straightforward application of notions from rel-
ativistic quantum mechanics delivers a proton mass that is
two orders-of-magnitude too small. Plainly, the source of
the proton’s mass is far more subtle. Consider, therefore,
a sum rule connected with the trace of QCD’s energy-
momentum tensor (EMT) [278]:

mp:Hm+Ha: Hm:)pm"';":bp:

H, = )P‘[/’rmm?;?ﬂ+ﬁ(g)(E2 Bg)]\}}l )
where: )p p| = 1; and m represents the light-quark cur-
rent massés, whose values are of the order 2-4 MeV at a
renormalisation scale ( = 2 GeV. The first of the two terms

in Eq. (2.6) is that seeded by the Higgs mechanism. The
second term is more interesting in many ways: it is the

(2.6)

trace anomaly, whose origin is intimately connected with
the need to regularize and renormalize any quantum field
theory defined in four dimensional spacetime. (These and
related issues are discussed further in Section2.6.1.)

The H,, term in Eq. (2.6) is unambiguous; but there
are many ways to decompose and rearrange H, [279, 280].
One popular approach is to focus on the energy of a proton
at rest and write [281-283]:

mp=Hpm+Hy=Hpn+Hg+Hg+ 1H,, (2.7)
where
Hy = )Py (iD >0)¢'§I, Hy = )Pé(EzwLBz)gl (2.8)

are, respectively, the quark and gluon kinetic energies.
Contemporary lattice-QCD calculations reveal [284—286]
that only about 9% of m,, is generated by the u-, d-, s-
quark contributions in H,,. However, even this contri-
bution is nontrivial because it is built from products of
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the Higgs-generated current-quark masses and enhance-
ment factors that express nonperturbative QCD dynam-
ics, viz. Hm = Muiggs £ )P I p npQcD- The remaining
91% is essentially dynamical. I¥can be considered as the
contribution generated by strong QCD forces through the
trace anomaly; or in the second decomposition, broken
into identified pieces that include those from quark and
gluon kinetic energies. Nonetheless, no matter how one
chooses to cut the pie, a very large fraction of the pro-
ton's mass emerges as a dynamical consequence of strong
interactions within QCD. There are also recent theoretical
development on the renormalization and decomposition of
the EMT trace [287-289], and also the numerical results
for the QED and QCD cases [290-292].

As noted above and described in more detail below, the
appearance of a nonzero contribution to the trace of the
QCD EMT, call it ©, is a quintessentially quantum field
theoretical effect. Empirically, the expectation value of
© is large in almost every hadron state. The exception
is the chiral-limit pseudoscalar meson, for which the ex-
pectation value is expected to vanish. Providing a math-
ematically rigorous proof that these outcomes are truly
dynamical consequences of QCD would constitute a solu-
tion to one of the seven Millennium Prize Problems [293].
Modern progress in theory is seemingly bringing such a
proof within reach; and numerical simulations of lattice-
regularized QCD are beginning to yield quantitative re-
sults for the independent terms in Eq. (2.7).

Given the fundamental importance of the scale set by
mp, much attention is now focused on the experimental
confirmation of Eq. (2.6). In this context it has been
argued, using the operator product expansion and low-
energy theorems [294-296], that the heavy-vector-meson—
proton scattering amplitude near threshold is dominated
by H, and sensitive to the H,, correction. Recent theoret-
ical study also suggests that this process at large photon
virtualities Q2 can be used to extract the gluon part of
the proton gravitational form factor and sensitive to the
trace anomaly effect at subleading level [296]. A prelim-

EicC 50 fb™! —F=150GeV  —— /5 =16.755 GeV
{ep—ep Tsepptp- —— /5 =17.755 GeV——1/5 = 20.0 GeV
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1023
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= ] H
g E 225 events !
ISR |
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1014 !
0<1Gev2 2
0 L N e SN 1|
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0% (GeV?)

inary analysis of GlueX data on J /1 photoproduction in
Hall-D at JLab is broadly consistent with the prediction.
However, a range of theoretical issues complicate the in-
terpretation of such J/¢¥ measurements in this way and
substantially more work is needed before firm conclusions
can be drawn.

On the other hand, the case for a connection between
the Tp near-threshold scattering amplitude and the pro-
ton mass sum rule is theoretically much cleaner. Ex-
perimentally, this system is inaccessible at JLab; and
existing measurements at other facilities are restricted
to W 2 90GeV, as evident in Fig. 2.19, which is far
above threshold. Consequently, the EicC can here con-
tribute uniquely, being able to explore collision energies
W < 20GeV.

Using the reaction ep oc epY o< epltl , as pictured in
Fig. 2.21 where V = T and the orange area represents a
t-channel Pomeron [214, 297], the distribution of events
achievable with EicC is shown in Fig. 2.26. It seems that
the cross section estimation within Pomeron exchange un-
der a proper consideration of phase space [214] is indeed
consistent at the order-of-magnitude level with other mod-
els as shown in Fig. 2.20, in which dipole Pomeron model
is used as the input of simulation. Evidently, EicC could
produce around 600 events under the proposed design, 80-
85% of which lie in the Q% < 1GeV? region, with more
than 90% at Q% < 10GeV2. Moreover, if the two decay
channels T o« ptp , ete are detected simultaneously,
the number of reconstructed events is even larger. Fig-
ure 2.27 displays the anticipated reconstruction profiles
of the T in the distributions of mass, transverse momen-
tum, rapidity and quasi-rapidity. Though the detector
reconstruction efficiency would be lower than that of the
resonant process in Table 2.3, one can confidently assume
a value of 20%, given that the final states are all charged
particles. So it is feasible to investigate detailedly the
t-dependent cross sections at EicC.

This discussion demonstrates that EicC can deliver pre-
cision in the study of T production and potentially thereby

103
.g ‘,o"'-
;—3‘
g EicC 50 fb-!
« —=— All counts
--<-- Counts with 02 <1 GeV2
102 T —

—
15 16 17 18 19 20
V5(GeV)

Fig. 2.26 Distribution of ep < epT <« epuTp events, assuming 50fb ! integrated luminosity. The ep central energy
s = 16.755GeV in the figure corresponds to that of EicC. Cases with central energy s = 15.0, 17.755 and 20.0 GeV are also

illustrated, but only

s = 16.755 GeV is expected for a running to accumulate 50 fb ! luminosity. Left: Number of events as

a function of photon virtuality, @?; Right: Event number as a function of .
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Fig. 2.27 Reconstruction profiles in the distributions of mass, transverse momentum, rapidity and quasi-rapidity, for the

final state Y in the reaction ep < epY <= epp™p .

open a window onto the origins of the proton’s mass. As a
significant collateral benefit, T production is an important
background that must be understood when analysing data
taken in searches for the hidden-bottom five-quark state,
Py.

2.5.2  Structure of light pseudoscalar mesons

Theoretical imperatives for investigating and revealing the
structure of light pseudoscalar mesons are detailed in Sec-
tion2.6. The case has many facets because the pion is
the lightest known hadron and it has a unique and crucial
position in nuclear and particle physics [298]. For exam-
ple, the pion is the closest approximation to a Nambu-
Goldstone (NG) boson in Nature. It is massless in the
absence of Higgs-boson couplings into QCD and remains
unusually light when those couplings are switched on. In
addition, this light pion is essential to the formation of
nuclei, carrying the strong force over length-scales large
enough to enforce stability against electromagnetic repul-
sion between the protons within a nucleus. Thus, un-
derstanding pion structure is of the utmost importance.
Two clear paths are available: namely, the measurement
of pion elastic form factors and of pion structure functions.

Existing empirical knowledge of pion structure is poor.
Elastic form factor measurements do not extend beyond
Q? = 2.45GeV? [299-304] and existing structure function
measurements are more than thirty years old [305-310].
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The kaon situation is worse; and that is unsatisfactory
for many more reasons. Largest amongst them being that
the standard model of particle physics has two sources
of mass: explicit, generated by Higgs boson couplings;
and emergent, arising from strong interaction dynamics,
responsible for the my &~ 1 GeV mass-scale that charac-
terises nuclei, and the source for more than 98% of visible
mass. Emergent hadronic mass is dominant for all nuclear
physics systems; but the Higgs mechanism applies modu-
lations that are critical to the evolution of the Universe,
e.g., CP-violation, discovered in neutral kaon decays [311].
Thus, knowledge of kaon structure is necessary because it
provides a window onto the interference between Higgs
boson effects and emergent mass [312, 313].

The impediment to experimentally mapping the struc-
ture of light pseudoscalar mesons is simply explained.
These systems are unstable, they decay quickly: so, how
can one build a target? One answer is to use the Drell-
Yan process at high-energy accelerators. This is the mode
exploited thirty years ago [305-310]. Another approach
is to measure the leading neutron in high-energy ep col-
lisions [314, 315]. In these processes, the range of light-
front momentum fraction, x, has been somewhat limited
and existing errors are large.

At high-luminosity facilities, the Sullivan process, illus-
trated in Fig. 2.28, becomes a very good method for for
gaining access to meson targets. The approach capital-
izes on the feature that a proton is always surrounded

Daniele P. Anderle, et al., Front. Phys. 16(6), 64701 (2021)
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Fig. 2.28 Sullivan processes: a nucleon’s pion cloud pro-
vides access to (a) pion elastic form factor and (b) pion parton
distribution functions. The intermediate pion, 7P =k k7
with the Mandelstam variable ¢+ = P2, is off-shell.

by a meson cloud and can sometimes be viewed as a cor-
related 77n (K*A) system. Theory predicts [316] that
such processes provide reliable access to a pion target on

t < 0.6 GeVZ; and for the kaon, on ¢ < 0.9GeV2. The
12 GeV-upgraded JLab facility will exploit these reactions
to extend the Q? reach of existing 7 and K form factor
measurements [317, 318] and the z-range of available data
on the pion structure function [319]. Efforts will also be
made to measure the kaon structure function [320]. Given
the wider kinematic range of EicC, its capacity to achieve
these goals will be far greater. At the EicC, the scattering
angle and energy of the final state baryons can be mea-
sured precisely, to tag the Sullivan process and to measure
the invariant mass of the virtual light mesons. Technolo-
gies of the far-forward hadron calorimeter and trackers
could be learned from projects at HERA (H1 and ZEUS),
and from similar experiments at the US-EIC. The final
state neutron at the EicC has energy around 15 GeV, a
theta angle around 25 mrad, and pr < 0.5 GeV. Assum-
ing the energy resolution to be 35%/+/(E/GeV) and the
spatial resolution to be 1 cm for the far-forward neutron
detector, one can estimate the resolution for the invariant

0.6 AABSM l }

lliiii*

g 047 - v vy v v ¥ ¥

\% ] ‘% —F_, monopole form

g = F_ EicC 50 fb-!
0.2 " F, EicC 50 fb-!
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e JLab 6 GeV data
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Fig. 2.29 Projected statistical errors on EicC pion form fac-
tor measurements compared with those at the US EIC [312]
and JLab 12 GeV program [321]. Also depicted: extant JLab
data obtained by the Fr-Collaboration [300-304]; and statis-
tical error projections for kaon form factor measurements at
EicC.
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mass of the virtual meson, %, to be around 27% at

the EicC.

Application and experience have delivered a reliable ap-
proach to obtaining the pion elastic form factor, Fy(Q?),
from the Sullivan process [322-325]. The longitudinal elec-
troproduction cross-section is expressed such that Fi(Q?)
is the only unknown, which can be determined by compar-
ison between data and the model. The 7+ /7 production
ratio extracted from electron—deuteron beam collisions in
the same kinematics as charged pion data from electron—
proton collisions is used to ensure that the longitudinal
cross-section has been isolated [298]. Figure 2.29 shows
that a high-luminosity, high-energy EicC can deliver pre-
cise results on pion and kaon electromagnetic form fac-
tors, providing detailed maps on the domain 2/ GeVZ B
[10, 30], which has the highest physics discovery potential.

The estimates in Fig. 2.29 were prepared using the fol-
lowing cuts: t, < 0.6 GeV and W/GeV B (2,10). Sepa-
rating the datVinto ten bins on Q?/GeV? B [10,30], the
statistical errors on Fy(Q?) data are competitive with all
other existing proposals. Regarding the size of the esti-
mated statistical errors, the same is true for the EicC kaon
form factor measurement.

Figure 2.28(b) shows that a Sullivan process can also be
used to measure m and K structure functions. Compared
with elastic form factor measurements, the cross-section is
much larger because the meson target is shattered. Deep
inelastic em interactions are ensured by selecting events in
which the transverse momentum of the tagged final-state
neutron is small and its longitudinal momentum exceeds
50% of that of the incoming proton.

For kaon structure functions, the tagged outgoing sys-
tem is the A-baryon.

The projected statistical precision of an EicC pion struc-
ture function measurement is sketched in Fig. 2.30. It
assumes roughly one year of running and is based on
a Monte-Carlo simulation of leading-neutron tagged DIS
with the pion valence-quark distribution function taken
from Ref. [326]. Figure 2.30 indicates that EicC can map
the domain z, B (0.01,0.95) with precision, yielding data
that could be crucial to resolving the pion structure func-
tion controversy described in Section 2.6.3.2.

2.5.3 Intrinsic charm

Great progress has been made in the literature in under-
standing the fundamental structure of the nucleon in re-
cent years. However, we still know little about the proper-
ties and distributions of the heavy quarks in nucleon. Asa
potential constituent of the nucleon, information for those
heavy-flavor content plays an important role in testing
Standard Model (SM), and in searching for new physics
beyond the SM.

Heavy content in nucleon is predicted theoretically in
QCD theory. In the light-cone framework, the wave func-

tion of a proton can be expanded in terms of superposition
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Fig. 2.30 Projected statistical uncertainty on pion struc-
ture function in a certain Q? bin as a function of the four-
momentum-transfer ¢ and the Bjorken-x of pion. The cuts
for producing the projection are also shown in the plot. In or-
der to select the scattering between electron and virtual pion,
a cut on zr > 0.75 is made [315]. Moreover, the detection ef-
ficiency for the final state neutron is assumed to be 50%. The
measurement at EicC could be performed on a large kinematic
domain with uncertainty that is uniformly < 5%.

of Fock states as following:

\;}l =c \zfud| +ec \zfudg| + C3\17udc(’.| + X3 (2.9)

Here, F| are the Fock states, and the coefficients c;
(7 = 1,2, xx) are proportional to the wave function am-
plitudes of Fock components [327-329]. It indicates that
there are heavy charm quarks arise in the proton, even
the states such as wudcg| are extremely rare. On the
view point of QCD ‘?heory, the extra ¢ pair in the pro-
ton can be generated in two distinct processes involving
in perturbative and nonperturbative effects.

One probable charm content arisen in a proton is the
“extrinsic charm (EC)”. In this case, a gluon radiates
from the valence quark in the proton, and then splits
to a ¢ pair associated with large transverse momentum.
The gluon must be hard enough in order to produce a
heavy c¢ pair. The process is therefore governed by the
QCD evolution corresponding to the short distance ef-
fects. In this scenario, the charm and anti-charm quarks
have the same significant features in the proton. The
EC behaves like a sea quark and is generally softer than
the gluon by a factor of 1 1z, where z is the momen-
tum fraction of EC in the proton. The parton distribu-
tion function (PDF') describes the extrinsic charm density
in the proton, which is related to the momentum frac-
tion = and the factorization scale pp. Using an initial
form at a specific scale, such as the charm quark mass
me, the EC PDF can be evolved to any factorization
scale pp with the help of the Dokshitzer—Gribov—Lipatov—
Altarelli-Parisi (DGLAP) evolution equations [330-333].
In practice, the initial form of the EC PDF could be mod-
eled, whose parameters can be fixed from a comprehensive
global analysis of hard scattering data generated from a
variety of fixed-target or collision experiments. The ex-
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trinsic charm distribution is assumed to be concentrated
in the small region of momentum faction, e.g., z B [0, 0.1],
since it drops down quickly at z > 0.1. The EC compo-
nent is usually neglected in early studies on the processes
with small and moderate center-of-mass energy (CME) in
collisions, especially for the hadronic colliders where the
small = events are generally not recorded. With much
higher CME of colliders today, the EC becomes more and
more important in high energy processes.

Another probable charm content arisen in a proton is
the “intrinsic charm (IC)”, which is quite different from
the extrinsic one and has strong hints from experimental
observations. In year 1979, the production of charmed
particles was reported by the CERN and ACCDHW Col-
laborations via pp o« DV (A})X with the center-of-mass
energy s = 53 and 63 GeV, respectively [334-337]. The
cross section was measured to be 0.1-0.5 mb, which is
larger than theoretical predictions (10-50 pub [338]) by
about one order of magnitude. Moreover, the Dt was
found to be generated abundantly in the forward region,
which is hard to be explained by simply using the ordinary
extrinsic charm. In order to narrow the gap between ex-
perimental data and theoretical predictions, the idea of IC
was proposed by Brodsky et al. in Refs. [339-341]. Theo-
retically, this fluctuation of the proton can be achieved in
two ways, one is the interaction between valance quarks
and multiple soft gluons, another one is vacuum polariza-
tion which is usually extremely rare and can be neglected.
The intrinsic charm generated in this manner exhibits re-
markable differences from the extrinsic charm, and the
probability of finding IC in a proton is proportional to
Q(1/m?). In contrast to the EC, the IC can be generated
at or even below the energy scale of the heavy quark mass
threshold. The intrinsic charm and anti-charm are not
necessary to have the same distributions in the proton.
The IC has a “valence-like” character, which has small
contributions in low momentum fraction = and dominates
in the relatively large = region. The IC distribution is
non-perturbative, and many models have been suggested
in the literature, whose inputs can be fixed by global fit-
ting of various known experimental data.

Some previously done measurements could indicate the
existence of IC in the nucleon. In 1980s, the charm struc-
ture function F§(z,p) was measured by the European
Muon Collaboration (EMC) [189, 342]. An enhancement
at large = beyond theoretical expectation was reported
by EMC, and such a gap could be compensated by tak-
ing the IC into consideration [343]. The inclusive pho-
ton production with heavy-flavor @ jets in hadronic col-
lisions would also provide valuable information for the
IC distributions in the nucleon. The partonic process
g+@Q < v+Q+X gives the main contributions to the pho-
ton events, which depends strongly on the heavy contents
in an incident hadron. Data from the D@ experiment at
the Tevatron [344] shows disagreement between the pre-
diction without IC and the measurement for v + ¢+ X
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“fp

REVIEW ARTICLE

in large transverse momentum of the photon. By includ-
ing IC contributions, the discrepancy is reduced but still
prominent in the larger p). region, in particular when pJ.
is larger than 80 GeV.

Up to now, a definite conclusion on the existence of
IC is still missing. Additional experiments are necessary
for investigating the IC. The measurement of inclusive
charmed hadron production at hadron colliders is an addi-
tional promising way to investigate the IC [345, 346]. The
doubly heavy baryons (especially Z..) production associ-
ated with initial charm quark at the parton level will be
suitable to investigate the intrinsic content, since the IC
impacts significantly on these production channels. The
E¢e production in hadronic collisions involve three typi-
cal mechanisms, i.e., the gluon-gluon fusion (g + g), the
gluon-charm collision (g + ¢), and the charm—charm colli-
sion (c+ c), at the proton—proton (or proton—antiproton)
colliders. Conventionally, contributions from the gluon-
gluon fusion are expected to be dominant in the hadronic
production of Z... However, other production mechanisms
may also have sizable contributions. For the (g + ¢) and
(e + ¢) production mechanisms, the initial ¢ quark can be
either extrinsic or intrinsic in the incident protons. Be-
cause the proportion of the IC components in the nucleon
is small, which is only up to & 1%, the intrinsic charm usu-
ally gives no significant contribution in most of the high-
energy processes. However, in specific kinematic regions,
the IC may lead to unexpected conspicuous consequences
in the Z,.. production.

The hadronic production of =, baryon was investigated
at the LHC, the Tevatron, and the Fixed-target Experi-
ments at hadron collider (FixExp@HC) [347-349]. Us-
ing the generator GENXICC [350-353], one may simulate
the hadronic production of Z,.. with both extrinsic and
intrinsic charm being considered. Because the intrinsic
component at large = will decrease at the high factoriza-
tion scale, the (g + g) channel becomes dominant in the
Eee hadroproduction with high CME. The IC mechanisms
shall have a significant impact on the hard processes with
moderate factorization scales at those colliders with a rel-
atively lower center-of-mass energy. Therefore, colliders
with high luminosity at lower center-of-mass energy, such
as the fixed-target experiment (like After@LHC [354-358]
operating at a center-of-mass energy s =115 GeV) and
future electron—ion colliders (e.g., EIC US [30] and EicC,
etc.), would be ideally suited to discover or constrain the
intrinsic content in nucleon.

The EicC will provide a brand new mode to study the
production of doubly charmed baryon. Two important
subprocesses occur in the electron—nucleus (e-N) collision
with exchange of a virtual photon between the electron
and nucleus, i.e., y+gox Eee+ e+ Cand y+c ox ZEqe +E,
which are classified by the virtuality Q? of the photon.
Numerically, we observe that the intrinsic charm en-
hanced the total cross sections by nearly 3 times to that
without intrinsic components with A;; = 1% in the e-Au
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collision mode at the EicC. Moreover, at the instantaneous
luminosity of 2.0+ 103 cm 2% !, the estimated number
of 2., events in one year is about 4.0 + 10° by adopting
the Non-relativistic Quantum Chromodynamics [359]. Tt
makes the precise investigation of the properties of the
doubly charmed baryon accessible at the EicC.

The observation of the doubly charmed baryon E};f had
been reported by the LHCb collaboration [360] in 2017.
However, the £}, with a similar production rate but a bit
shorter lifetime than EfF, has not been discovered yet.
The shorter lifetime means more loss events of =, be-

—ece
fore tested by the detectors, which requires more efforts
in experimental measurements. Recently, the LHCb col-
laborations reported zero results of searching for =7, [361]
again with higher integrated luminosity than that in 2013
by an order of magnitude. This is in contradiction with
the observation of =}, baryon by the SELEX in 2002 [362]
and in 2005 [363]. This contrary may be interpreted by
the difference of kinematic cuts between those two ex-
periments. The LHCb experiment may lose more events
in the small p; region than that in the SELEX, which
are related closely to the intrinsic content in a nucleon.
Therefore, more different kinds of experiments, such as
the AfterQLHC, the EicC, and the LHeC, are needed for
clarifying the puzzle in searching for the Z},. Conversely,
experimental studies on Z., production at those colliders
could help to further progress in verifying the existence of
IC.

In conclusion, different high-energy colliders (such as
the After@QLHC, the EicC), are expected to increase the
probability for the discovery of IC. Moreover, those differ-
ent experimental platforms could provide important cross-
checks to ensure the correctness of experimental measure-
ments and theoretical analysis. And it shall shed light on
the intrinsic heavy mechanism and fundamental structure
of the nucleon.

2.6 QCD theory and phenomenology

2.6.1 Synergies

High level theory and phenomenology are required in order
to inspire, guide, and capitalize on the wide ranging pro-
gram of EicC experiments. Rigorous QCD theory must be
complemented by insightful phenomenology so that every
discovery opportunity can be seized. The lattice formu-
lation maintains the closest connections with the QCD
Lagrangian. Here, steady progress continues and testable
predictions are being delivered. Tight links with QCD
are also provided by continuum Schwinger function meth-
ods, e.g., the Dyson-Schwinger equations (DSEs). With
the added flexibility of continuum methods, DSEs provide
access to a wider range of observables. Thus, with their
complementary content, lattice QCD and DSEs have a
natural synergy that can be exploited for the benefit of
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EicC physics.

2.6.2 Lattice QCD

Lattice QCD is a fundamental method to study strong
interactions non-perturbatively from first principles. It
directly computes the QCD path integral in a discretized
finite-volume Euclidean space-time, and then the finite
lattice spacing and volume provide natural ultraviolet and
infrared cut-offs. The input parameters in lattice QCD are
the quark masses and the coupling constant, which is re-
lated to the lattice spacing by the renormalization group.
Today, with the help of powerful computing facilities, lat-
tice QCD can provide important information on many as-
pects of EicC physics and comparisons with experimental
results.

2.6.2.1 Nucleon spin structure

As discussed in Section 2.1, the proton’s spin can be de-
composed into the helicity and orbital angular momen-
tum of quarks and gluons. The contribution from quark
helicity is the sum of quark polarization along the proton
spin direction, which can be obtained from lattice QCD by
computing the first Mellin moment of the polarized parton
distribution function of quarks. There have been many
lattice calculations, see Refs. [364, 365] for reviews. Re-
cent lattice results [366-368] are mutually consistent and
agree well with global fits; and strange flavor results are
more precise than the global fits. Both experiment [369]
and lattice calculation [370] indicate that the gluon helic-
ity contributes considerably to proton spin, but improved
lattice QCD calculations are needed in order to deliver
precise predictions [371].

The QCD energy—momentum tensor admits several ex-
pressions for the quark and gluon orbital angular momen-
tum contribution to the proton spin. With the Jaffe-
Manohar decomposition [372], both the orbital and to-
tal angular momentum of quarks and gluons can be de-
fined in a gauge invariant manner with appropriate light-
cone gauge links. On the other hand, gauge invariant and
frame independent total angular momentum of quarks and
gluons can be defined through the symmetrized energy-
momentum tensor based on Ji’s decomposition [60], ex-
pressed in Eq.(2.3). The difference between the two is
that the quark-gluon interaction term is allocated to the
gluon (quark) orbital angular momentum in the Jaffe-
Manohar (Ji) decomposition. The gauge invariant total
angular momenta of quarks and gluons have been calcu-
lated in lattice QCD [366, 373, 374]: the gluon angular
momentum result needs improved precision. Exploratory
lattice studies have been made for the quark orbital an-
gular momentum and preliminary results have been ob-
tained [375, 376].

Lattice QCD is playing a valuable role in the study of
nucleon spin structure, with important recent progress.
Quark helicity results for different flavors have reached
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10% precision, and preliminary estimates have been ob-
tained for the gluon helicity, quark orbital angular mo-
mentum and quark (gluon) total angular momentum. It
is expected that lattice QCD will be able to provide more
accurate and extensive information on nucleon spin struc-
ture.

2.6.2.2 Proton mass decomposition

From the sum rule of the QCD energy-momentum tensor,
Eq. (2.6), the invariant mass of proton can be decomposed
into quark mass term and the trace anomaly [278]. The
quark mass term is a product, involving the chiral conden-
sate and quark current masses; hence, it is directly related
to the mass generated by the Higgs mechanism and scale
invariant. This part only contributes about 9% of the to-
tal proton mass [283] for three light flavors; so most of the
proton mass can be considered as arising from the trace
anomaly [278].

In the chiral limit, the pion matrix element of the trace
anomaly is zero, whereas it is nonzero for the nucleon,
yielding the entire nucleon mass. As yet, there is no di-
rect calculation of the trace anomaly using lattice QCD,
but the proton mass sum rule has been used to predict the
trace anomaly contribution to m,, [283]. A calculation of
the trace anomaly contribution to m,, is being pursued us-
ing lattice QCD; and success will enable a comparison be-
tween QCD theory and the EicC measurements described
in Section 2.5.1.

Using one definition of the quark kinetic energy [281],
its contribution to m, can be obtained from the quark
light-front momentum fraction, i.e., the first moment of
the unpolarized quark distribution functions; similarly, for
the gluon kinetic energy contribution. Lattice results for
the momentum fraction [283] agree with phenomenological
analyses [364]; but uncertainties still need to be further
suppressed, especially for the sea quarks and gluons.

2.6.2.3 1-D and 3-D structure of nucleons

Most lattice QCD calculations of PDF-related quantities
have been limited to the first few PDF moments, mainly
due to the fact that light-cone PDFs are not directly acces-
sible in Euclidean space-time. However, novel theoretical
developments in recent years [377-379] are enabling lattice
QCD to directly calculate PDFs, including 1-D Bjorken-
x dependent PDFs, generalized parton distribution func-
tions(GPDs), and also transverse moment dependent par-
ton distribution functions(TMDs).

Large momentum effective theory (LaMET) is one ap-
proach [380]. It uses an equal time correlation function
to reach a light cone correlation function using standard
methods of effective field theory matching and running.
Namely, from the equal time correlations that can be
computed in lattice QCD, one obtains the so-called quasi-
PDFs; and when the nucleon momentum is large enough,
quasi-PDFs can be matched perturbatively to the physi-
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Fig. 2.31 Lattice results for the TMD soft function: intrinsic part (left panel) [388] and rapidity dependent part (right
panel) [387, 388]. For the rapidity dependent part, the results from Ref. [388] (red/blue points) are consistent with those
from Ref. [387] (green/brown points). The lattice calculation reaches much larger transverse separation b than perturbative

calculations.

cal PDFs, with computable large-momentum power cor-
rections.

LaMET has been employed in some lattice QCD cal-
culations, with notable progress on the non-singlet quark
PDFs (u(z) d(z)), including unpolarized, polarized and
transverse distributions. The latest results agree with
global fits [381-383]. The small z region is challenging for
laMET because it requires simulations with high nucleon
momenta, which is difficult in lattice QCD. At present,
lattice QCD can compute valence-quark PDFs on = 2 0.1
and provide some constraints at small-z for the sea quarks
via PDF moments [384]. LaMET can also be used to com-
pute GPDs, e.g., the pion’s unpolarized quark GPD has
been explored [385] and this may be extended to the nu-
cleon case.

TMD calculations using lattice QCD are more com-
plicated than those of PDFs and GPDs. An additional
soft function is required to factorize processes involving
small transverse momentum, like Drell-Yan production
and semi-inclusive DIS. This function involves two light-
like gauge links along reversed light-cone directions; hence,
cannot be simulated directly in Euclidean space. Re-
cently, it was argued that this difficulty can be over-
come [386]; and as shown in Fig. 2.31, several lattice QCD
attempts at compuation of the soft function have been
carried out [387, 388]. This opens a path to prediction of
TMD-related quantities using lattice QCD.

2.6.2.4 Partonic structure of the nucleus

Nucleons within the nucleus appear to interact weakly
with each other via long-range forces and the binding en-
ergy per nucleon is small in comparison with the nucleon
mass; yet, as illustrated in Fig. 2.14 various experiments
have indicated that the PDFs of bound nucleons are differ-
ent from those in free space [20, 127, 389]. This highlights
the importance understanding nuclear structure from the
gluon-quark level. Naturally, for quarks and gluons con-
tained within nucleons and nuclei, the non-perturbative

64701-40

nature of the bound-state problem makes the theoretical
study very difficult. Lattice QCD simulations can shed
light on this problem.

Lattice calculation at physical kinematics are very chal-
lenging owing to the signal-to-noise problem. In a first
step, Ref. [390] reported a study of the PDFs of 3He, ex-
tracting the first Mellin moment of the unpolarized isovec-
tor quark PDFs at an unphysical quark mass correspond-
ing to m; = 800 MeV. The ratio of the quark momentum
fraction in He to that in a free nucleon was found to be
consistent with unity. Although no EMC effect was ob-
served, this study together with an earlier lattice analysis
of the “He binding energy [391] show that lattice meth-
ods are reaching a level of practicable maturity for very
light nuclei. Calculation precision can be controlled to
a level of few percent by using a relatively heavy pion
mass; and even in this unphysical realm, results from the
HALQCD collaboration suggest that some nuclear physics
remains [392].

Further reduction of both statistical and systematic un-
certainties requires more effort from the lattice QCD com-
munity. One can anticipate that, with the continuing de-
velopment of computer hardware and software, lattice cal-
culations may come to play a unique role in hunting the

EMC effect.
2.6.2.5 FEzxotic hadrons

The methods to study hadron spectroscopy in lattice QCD
are relatively mature. One computes correlation func-
tions of operators with the desired quantum numbers and
obtains the spectrum from their time dependence. The
interpolating operators encode the hadron structure in-
formation. Usually the operators are constructed by a
quark-anti-quark pair (meson) or three quarks (baryon).
To explore the structure of exotic hadrons, such as those
discussed in Section 2.4, one needs to build operators that
express the exotic’s likely composition, e.g., multi-quark
states, hybrids and glueballs, ete. Most hadrons are unsta-
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ble resonances, which appear as poles of hadron scatter-
ing amplitudes. Again, owing to the Euclidean space-time
used in lattice QCD, real-time dependent matrix elements
related to the scattering processes cannot be computed
directly. One way to circumvent this problem is to use
the finite volume method developed by Liischer [393], by
which the scattering information can be extracted from
the energies of analogous systems in a finite box. This
approach offers a path forward for lattice QCD in calcu-
lations of the structure and properties of exotic states.
EicC is ideal for the study of heavy flavor hadrons.
Many charmed exotic hadrons have been observed in ex-
periments, e.g., the XYZ particles and the pentaquark
candidates P.s, but the structure of these states are not
known yet. Some studies on XYZ particles have been
performed in Lattice QCD [394-397]. However, the re-
sults are generally contaminated by systematic uncertain-
ties, which come from finite lattice spacing, finite volume,
unphysical light quark mass, ignoring coupled channel ef-
fects, and so on. At the same time, it is expected that the
bottom counterpart of the charm exotic states should also
exist; yet the number of observed exotic bottom hadrons
is fewer than in the charm sector. With continuing steady
improvement, lattice QCD will be able to contribute to re-
solving the puzzles associated with heavy flavor hadrons.

2.6.3 Continuum theory and phenomenology
2.6.3.1 Mass and matter

Section 2.5.1 highlights that the masses of the neutron
and proton, the kernels of all visible matter, are roughly
100-times larger than the Higgs-generated masses of the
light - and d-quarks. In contrast, Nature’s composite
Nambu-Goldstone bosons are (nearly) massless. In these
states, the strong interaction’s my <1 GeV mass-scale is
effectively hidden. Furthermore, in the chiral limit, when
the Higgs-generated current masses in QCD’s Lagrangian
are omitted, the m and K mesons are exactly massless
and perturbation theory suggests that strong interactions
cannot distinguish between quarks with negative or pos-
itive helicity. Such a chiral symmetry would have many
consequences, but none of them is realised in Nature. In-
stead, the symmetry is broken by interactions. Dynamical
chiral symmetry breaking (DCSB) entails that the mass-
less quarks in QCD’s Lagrangian acquire a large effective
mass [398-400] and ensures that the interaction energy
between those quarks cancels their masses exactly so that
the chiral-limit pion is massless [401-403].

DCSB underpins the notion of constituent-quark masses
and, hence, sets the characterising mass-scale for the spec-
trum of mesons and baryons constituted from u, d quarks
and/or antiquarks. Moreover, restoring the Higgs mecha-
nism, then DCSB is responsible for, inter alia: the mea-
sured pion mass (m; < 0.15my); and the large mass-
splitting between the pion and its valence-quark spin-flip
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partner, the p-meson (m, > 5my). There are many other
corollaries, extending also to the physics of hadrons with
strangeness, wherein the competition between dynamical
and Higgs-driven mass-generation has numerous observ-
able consequences. The competition extends to the charm
and bottom quark sectors; and much can be learnt by trac-
ing its evolution.

Such phenomena, their origins and corollaries, entail
that the question of how did the Universe evolve is insep-
arable from the questions of how does the my < 1GeV
mass-scale that characterizes atomic nuclei appear; why
does it have the observed value; and, enigmatically, why
does the dynamical generation of my have no apparent ef-
fect on the composite Nambu—Goldstone bosons in QCD,
i.e., whence the near-absence of the pion mass? A deci-
sive challenge is to determine whether the answers to these
questions are contained in QCD, or whether, even here,
the Standard Model is incomplete.

These questions are being addressed using DSEs, which
provide a symmetry-preserving approach to solving the
continuum hadron bound-state problem [298, 404-407].
In connection with the emergence of hadronic mass,
the framework has delivered a significant advance with
the prediction of a process-independent QCD effective
charge [408]. Depicted in Fig. 2.32, &(k) saturates at in-
frared momenta, &(0)/m = 0.97(4), owing to the emer-
gence of a gluon mass-scale: my/GeV = 0.43(1). These
and other features of &(k) suggest that QCD is rigor-
ously defined; if so, then it is unique amongst known
four-dimensional quantum field theories. Numerous con-
sequences can be tested with EicC experiments, a few of
which are subsequently described.

1.0 i
] !
0.8-] '
A Hall A/CLAS
b JLab CLAS (2008)
w 061 v JLabCLAS (2014)
5 1 <4 DESY HERMES
I 1 v CERN COMPASS
044 < CERN SMC
1 4 CERN OPAL
B> SLAC E142/E143
029 < SLAC E154/E155
A JLab RSS
0.0 B> Fermilab
0 005 0.1 1
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Fig. 2.32 QCD’s process-independent running-coupling,

&(k?) /m, obtained by combining the best available results from
continuum and lattice analyses [408]. World data on the
process-dependent charge, ayg,, defined via the Bjorken sum
rule, are also depicted. (Sources are detailed elsewhere [408].
Image courtesy of D. Binosi.)
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2.6.5.2 1-D hadron structure

Meson form factors.

The best known and most rigorous QCD predictions are
those made for the electromagnetic form factors of pseu-
doscalar mesons, e.g., the pion and kaon. These hadrons
are abnormally light; yet, their properties provide the
cleanest window onto the emergence of mass within the
Standard Model [409]. This connection is expressed most
forcefully, in the behaviour of meson form factors at large
momentum transfers. On this domain, QCD relates mea-
surements simultaneously to low- and high-energy features
of QCD, wviz. to subtle features of meson wave functions
and to the character of quark-quark scattering at high-
energy [327, 328, 410]. These relationships are expressed
concretely in advanced DSE analyses, with predictions
that expose the crucial role of emergent mass [411].

Throughout the modern history of nuclear and particle
physics, much attention has focused on finding evidence
for power-law scaling in experimental data. This is an
important step; but it should be remembered that QCD
is not found in scaling laws. Instead, since quantum field
theory requires deviations from strict scaling, then QCD is
to be found in the existence and character of scaling viola-
tions. Considering meson elastic electromagnetic form fac-
tors, theory predicts that (i) scaling violations will become
apparent at momentum transfers Q2 > 10 GeV? [411] and
(ii) the magnitude of any given form factor on a sizeable
domain above Q% = 10 GeV? is determined by the physics
of emergent mass. Hence, experiments focused in this area
are of the greatest importance; and as discussed in con-
nection with Fig. 2.29, EicC can here make crucial contri-
butions.

Meson structure functions.

At a similar level of rigor is the QCD prediction for
the behavior of meson structure functions. The mo-
mentum distributions of light valence quarks within the

00 02 04 06 08 10

pion have the following behaviour at large-z [412-414]:
u™(x;¢ € mg) = (1 z)2. The most recent measure-
ments of u™(z;() are thirty years old [305-310]; and con-
clusions drawn from those experiments have proved con-
troversial [415]. For example, using a leading-order (LO)
perturbative-QCD analysis, the E615 experiment [310] re-
ported: % -(z;¢(s = 5.2GeV) =~ (1 )}, in striking
conflict with the expected behavior. Subsequent calcula-
tions [416] confirmed the QCD prediction and eventually
prompted reconsideration of the E615 analysis, demon-
strating that E615 data may be viewed as consistent with
QCD [417, 418]. However, uncertainty over u” (z) remains
because more recent analyses of available data have failed
to consistently treat higher-order effects and, crucially,
modern data are lacking.

Pressure is also being applied by modern advances
in theory. Lattice QCD is beginning to yield results
for the pointwise behaviour of the pion’s valence-quark
distribution [422-425]. Furthermore, continuum analy-
ses [419, 420] have yielded the first parameter-free predic-
tions for the valence, glue and sea distributions within the
pion; and revealed that, like the pion’s leading-twist par-
ton distribution amplitude (PDA) [426], the valence-quark
distribution function is hardened as a direct consequence
of emergent mass.

The valence, glue and sea distributions from Refs. [419,
420] are drawn in Fig. 2.33. Also shown are the phe-
nomenological extractions from Ref. [421]. Even though
the valence distribution fitted in Ref. [421] yields a mo-
mentum fraction compatible with the theory prediction,
its z-profile is very different. (Ref. [421] did not include
the higher-order corrections discussed in Ref. [418].) It
is significant, therefore, that the continuum result for
u™(z; (5) matches that obtained using lattice QCD [425].
Consequently, the Standard Model prediction: «™(z;{ =
mp) = (1 )2, is stronger than ever before; and as demon-
strated by Fig. 2.30 EicC design specifications would en-
able it to deliver clear experimental validation.

Theory: glue

xp™(x; &5)

" 0.01 "o 1.0

i
Phenomenology: sea

Fig. 2.33 Left: Blue solid curve — theory prediction for »™(z;(2 = 2GeV) [419, 420]; and cyan short-dashed curve —
phenomenological result from Ref. [421]. Right: Theory predictions for the pion’s glue and sea-quark distributions [419, 420]:
green solid curve — 4" (z; (2); and red dot-dashed, $™(z;(2). The associated momentum fractions are: )2zq" (z;(2)| = 0.48(4),
yzg" (z;¢2)| = 0.41(2), )xS5™(z;¢2)| = 0.11(2). For comparison, phenomenological results from Ref. [421]: p =glue — dark-
green long-dashed; and p =sea — brown dashed. (The bands around the theory curves express the impact of the uncertainty
in &(k? = 0), Fig. 2.32. Normalisation: )z[2u™(z) + g™ (x) + S™(z]| = 1.)
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If the pion’s valence-quark distributions are controver-
sial, then its glue and sea distributions can be described
as uncertain or worse. The right panel of Fig. 2.33 com-
pares the predictions from Refs. [419, 420] with fits from
a combined analysis of m-nucleon Drell-Yan and HERA
leading-neutron electroproduction data [421]. The gluon
distribution predicted in Refs. [419, 420] and that fitted
in Ref. [421] are markedly different on z < 0.05; and both
glue DFs in Fig. 2.33 disagree with those inferred previ-
ously [326, 427]. These remarks highlight that the pion’s
gluon content is empirically uncertain. Thus, new mea-
surements which are directly sensitive to the pion’s gluon
content are necessary. Prompt photon and J/¢ produc-
tion could address this need [428, 429]. The sea DFs in
Fig. 2.33 have different profiles on the entire z-domain.
Hence, it is fair to describe the sea-quark distribution as
empirically unknown. This problem could be addressed
with DY data obtained from 7° beams on isoscalar tar-
gets [428, 430]. Equivalent tagged DIS measurements at
the EicC could also provide this information. Evidently,
precision measurements that are sensitive to meson glue
and sea-quark distributions are highly desirable. Here,
too, EicC can have a significant impact.

Balancing Emergent Mass and the Higgs Mechanism.
The ability of form factor and structure function mea-
surements to expose emergent hadronic mass is enhanced
if one includes similar kaon data because theory has re-
vealed that s-quark physics lies at the boundary between
dominance of strong (emergent) mass generation and weak
(Higgs-connected) mass [409], as highlighted in the left
panel of Fig. 2.34. Hence, comparisons between distribu-
tions within systems constituted solely from light valence
quarks and those associated with systems containing s-
quarks are ideally suited to exposing measurable signals
of emergent mass in counterpoint to Higgs-driven effects.
One example can be found in the contrast between the
parton distribution functions of the pion and kaon, first
theory predictions for which are now available [431, 432].
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Another is illustrated in the right panel Fig. 2.34, which
displays a flavor-separation of the charged-kaon, K, elas-
tic electromagnetic form factor: sx := Fj is the s-quark
contribution to the form factor and ux = Fj is the anal-
ogous u-quark term. The rate of growth from Q% = 0, the
peak height and location, and the logarithmic decay away
from the peak are all expressions of emergent mass and
its modulation by Higgs-boson effects [433].

Analogous predictions exist or are being completed for
nucleon form factors, following the approach in Ref. [434],
and parton distribution functions [435]. Simulations indi-
cate that the planned EicC could be used to validate the
connection between emergent mass and these observables;
and also many others that are members of the same class.

2.6.3.3 Meson fragmentation functions

Along with the promised rewards described in Section 2.2,
many new challenges are faced in extracting 3-D im-
ages from new-generation experiments. Phenomenological
models of a wide variety of parton distribution functions
will be crucial. They can provide guidance on the size
of the cross-sections to be measured and the best means
by which to analyse them [112]. On the other hand, as
experiences with meson structure functions have shown,
in order to profit fully from such experiments, one must
use computational frameworks that can reliably connect
measurements with qualities of QCD. Here, continuum
calculations can provide valuable insights [436-440].
Regarding TMDs, there is an additional complica-
tion. Namely, every cross-section that can yield a given
hadronic TMD involves a related parton fragmentation
function (PFF) [441], the structure of which must be
known in detail. Therefore, the future of momentum
imaging depends critically on making significant progress
with the measurement and calculation of PFFs. Notwith-
standing these demands, there are currently no realistic
computations of PFFs. Even a formulation of the prob-
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Fig. 2.34 Left: Twist-two parton distribution amplitudes at { = 2GeV=: (2. A solid (green) curve — pion £ emergent mass
generation is dominant; B dot-dashed (blue) curve — 7. meson £ Higgs mechanism is the primary source of mass generation;
C solid (thin, purple) curve — asymptotic profile, gas(z); and D dashed (black) curve — “heavy-pion”, i.e., a pion-like pseudo-
scalar meson in which the valence-quark current masses take values corresponding to a strange quark £ the boundary, where
emergent and Higgs-driven mass generation are equally important. Right: Solid curve — ratio of strange-to-normal matter in
the K; green dashed curve and band — results obtained using the QCD hard-scattering formula [327, 328, 410].
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lem remains uncertain. Here are both a challenge and an
opportunity for EicC.

If EicC can provide precise data on quark fragmenta-
tion into a pion or kaon, it will deliver results that di-
rectly test those aspects of QCD calculations which in-
corporate and express emergent phenomena, e.g., confine-
ment, DCSB, and bound-state formation. The fact that
only bound-states emerge from such processes is one of the
cleanest available manifestations of confinement. As a col-
lider, EicC measurements will potentially have enormous
advantages over earlier and existing fixed-target experi-
ments. By capitalising on energy range, versatility, and
detection capabilities in the collider environment, EicC
should be able to first cleanly single out the pion or kaon
target and subsequently the fragmentation process tag,
thereby delivering an array of information that will best
test theory aimed at the calculation and interpretation of

PFFs.

Chapter 3 Accelerator conceptual design

To achieve the proposed scientific goals in Chapter 2,
the EicC project will construct a high performance po-
larized electron—proton collider which can reach the lumi-
nosity of 2.0 + 1033 cm 2 ! at the center-of-mass en-
ergy of 16.76 GeV while ensuring an average polarization
for electrons and protons of about 80% and 70%, respec-
tively. For convenience, unless stated, the following polar-
ization all represents the average polarization. Moreover,
the center-of-mass energy of the EicC has a flexible range
from 15 GeV to 20 GeV in order to serve different experi-
mental purposes. To keep a balance between the physics
goals and the overall cost, we will take full advantage of
the existing HIAF accelerator complex and its ancillary
facilities. Therefore, only a new figure-8 ion collider ring,
a polarized electron injector, and a racetrack electron col-
lider ring will be constructed. This chapter is organized
as follows: In Section 3.1, we present a comprehensive
overview of the EicC accelerator facility, including its de-
sign goals, main layout, key accelerator parameters, and
potential technical challenges. Section 3.2 will mainly dis-
cuss the basic operation modes of the ion accelerator com-
plex and the electron accelerator complex of the EicC. The
following Section 3.3 to Section 3.5 will provide a detailed
description of three key conceptual design ingredients for
the EicC accelerator facility, i.e., beam cooling, beam po-
larization, and interaction regions (IRs). Last but not the
least, several topics of the technical pre-research in the
accelerators will be presented in Section 3.6.

3.1 Overall design and key parameters

The various scientific goals pose the various requirements
that must be met in the EicC accelerator facility. Tak-
ing the proton beam as the reference beam (also for the
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following sections), these requirements are explained as
follows:

1) The center-of-mass energy should range from 15 GeV
to 20 GeV, which corresponds to the energy of
2.8 GeV to 5.0 GeV for electron beams in the electron
collider ring and the energy of 19.08 GeV for proton
beams in the ion collider ring. The center-of-mass en-
ergy of other ion beams can be obtained according to
the maximum momentum rigidity which is 86 T xm.

2) The luminosity should reach up to 2.0 £+ 1033
cm 2% ! and should be optimized mainly at the
center-of-mass energy of 16.76 GeV.

3) At the interaction point (IP), the electron beams
should be polarized longitudinally with the polar-
ization of 80%, while the proton beams should be
polarized both longitudinally and transversely with
the polarization of 70%. Besides the polarized pro-
ton beams, the ion accelerator complex should also
provide polarized deuterium (?D*) beams, polarized
Helium-3 (3He?*) beams as well as unpolarized heavy
ion beams.

4) The design of the IRs should fully accommodate the
design of the EicC detectors of which a large number
of components, such as the polarimetry, luminosity
monitors, forward detectors, and so on, will be inte-
grated into the beamlines.

As shown in Fig. 3.1, the EicC was carefully designed
to meet all requirements listed above. The ion accelera-
tor complex will fully utilize the existing HIAF complex
which helps us to largely reduce the construction cost.
On top of that, a new ion collider ring (pRing) will be
constructed. The high-intensity heavy-ion booster ring
(BRing) in the HIAF can produce proton beams of en-
ergy up to 9.3 GeV, which covers the injection energy of
2 GeV in the pRing. Furthermore, in the BRing, there
will be sufficient free space reserved for the installation of
a DC electron cooler for beam cooling and the Siberian
snake for spin preservation. Therefore, the BRing in the
HIAF is planned to be upgraded and fully employed as
the booster in the EicC ion accelerator complex. To avoid
the depolarization resonances during the acceleration pro-
cess, a figure-8 ring will be adopted for the pRing. This
design ensures the spin tune of the pRing is always zero
and makes it possible to achieve the high polarization of
proton beams during the acceleration process with a large
energy range. Meanwhile, it also allows us to control the
polarization direction of proton beams more efficiently.
The figure-8 ring design is one of the essential technical
solutions to achieve the high polarization in the EicC ion
accelerator complex. Besides the polarization design, it is
also important to achieve high luminosity in the EicC. To
this end, a multistage beam cooling scheme is proposed.
Firstly, the pre-cooling of proton beams will be performed
in the BRing. Secondly, a high energy bunched beam
electron cooler based on an energy recovery linac (ERL)
will be installed in the pRing and employed to cool the
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proton beams after they are accelerated to the energy of
19.08 GeV. The beam cooling will be employed to sup-
press the intra-beam scattering effect over the whole col-
lision process, which is the key to achieve the required
luminosity.

The EicC electron accelerator complex mainly consists
of an electron injector and an electron collider ring (eR-
ing). The electron injector is a superconducting radio fre-
quency (SRF) linac which is considered to be the best
choice to deliver the electron beams with the energy range
from 2.8 GeV to 5.0 GeV. Since the eRing adopts the full
energy injection scheme which means there is no accel-
eration process, and the electron beams will experience
the self-polarization process, the eRing is designed as a
racetrack ring which is widely used in the electron facil-
ities. Meanwhile, the polarization direction of the elec-
tron beams produced by the electron injector should be
matched with the eRing.

Based on the layout of the EicC accelerator facility, two
IRs are available at two intersections of the long straight
sections of the pRing and the eRing, as shown in the
Fig. 3.1. These two identical IRs will allow us to install
two independent detector systems for different scientific
goals simultaneously or the same physics goal but with dif-
ferent experimental techniques for cross-validation. How-
ever, the current design only considers one detector to be
installed in one of these IRs, with the other one reserved
for the future upgrade.

The luminosity is one of the most important charac-
teristics of a collider. Different from other EIC designs
in the world which commonly choose high collision fre-
quency and low bunch intensity, the EicC accelerator facil-

-
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ity will adopt the unique scheme of low collision frequency
and high bunch intensity to achieve a fourfold increase of
luminosity to reach the required luminosity of 2 + 1033
em 2x 1 satisfying the physics goals of the EicC project.
This is an essential part of the luminosity design of the
EicC. For the collision between a proton with constant
current I, and an electron beam with constant current I,
the luminosity can be expressed as

Npfe € I, ~ const,

(3.1)

N.f. € I, ~ const, (3.2)
_ NpNf. LI,
L= 4mm%H € a0y fe’ (3.3)

Here Np and N, are the numbers of particles in one proton
bunch and electron bunch, respectively. f. is the collision
frequency. o0, and o, are the transverse beam size in
horizontal and vertical directions, respectively. H is the
hourglass factor, which remains constant when the ratio
of the § function to the bunch length is fixed. Although
there is a positive correlation between o, or oy and the
number of particles in the bunch, it can be proven that
the influence of o, and oy, on the luminosity is less than
that of f.. Therefore, a decrease of f, can increase the
luminosity. In fact, constant average beam current and
constant intra-beam scattering in the bunch is a major
factor of collision lifetime, i.e.,

l c L, (3'4)

T EgEy0s0s
from which it can be derived that if the bunch intensity
is increased by m times, the increase of the horizontal

48 MeV-2 GeV (p) 1.

Polarized p, D, He-3
Unpolarized heavy

ions

iLinac ]
Polarized
ion source

Fig. 3.1 The layout of EicC accelerator facility.
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emittance €z, the vertical emittance €y, the longitudinal
bunch length o5 and the momentum spread o, reads

1 1 1 1
€z € M3, €y € M3, 05 € M®, 0, € ,Bf,y € m5. (3.5)

Substituting the Eq. (3.5) to the Eq. (3.3), the relationship

between the luminosity and the beam intensity is

Le m, (3.6)

indicating that the luminosity increases by m times
while the bunch intensity increases by m times.
Based on the optimized luminosity scheme introduced
above, the main parameters of the EicC accelerator fa-
cility are generated, as listed in Table 3.1 in which pro-
ton beams are used as the reference beam and the op-
timization is performed at the center-of-mass energy of
16.76 GeV. Furthermore, several technical limitations are
considered in Table 3.1, as is shown below.
1) The power density of the synchrotron radiation in the
eRing should be less than 20 kW /m.

2) The beam-beam interaction parameter of proton
beams is less than 0.03.

3) The beam-beam interaction parameter of electron
beams is less than 0.1.

To meet the scientific goals, the parameters of collisions
between electron beams and several heavy ion beams are
also shown in Table 3.2. In the following sections of this
chapter, the design and the implementation of each pa-

rameter in Table 3.1 will be discussed in detail.

Table 3.1 Main parameters for the EicC.

Particle & P
Circumference (m) 809.44 1341.58
Kinetic energy (GeV) 3.5 19.08
Momentum (GeV /c) 3.5 20
Total energy (GeV) 3.5 20.02
CM energy (GeV) 16.76
feottision (MHZ) 100
Polarization 80% 70%
Bp (T>m) 11.7 67.2
Particles per bunch (~10°) 170 125
£z/ey (nmxad, rms) 60,60 300/180
BE/By (m) 0.2/0.06 0.04,/0.02
Bunch length (m, rms) 0.02 0.04
Beam-beam parameter £z/&y 0.09/0.05 0.004/0.004
Laslett tune shift — 0.09
Energy loss per turn (MeV) 0.32 —
Total SR power (MW) 0.86 —
SR linear power density (kW /m) 3.3 —
Current (A) 2.7 2
Crossing angle (mrad) 50
Hourglass 0.78
Luminosity at nucleon level (ecm 2% 1) 2.0 ~ 1033
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Table 3.2 Main parameters for the EicC.

IQCG+ 4UCaQU+ IQTAu79+ 208pb82+ 238ug2+

TLi3+

3Het++

Particle

Daniele P.

9.09
9.98
10.02
11.87
498.39

9.28
10.17
10.21

9.46
10.35
10.39
12.09

498.54

12.00
12.90
12.93
13.48
499.25

12.00
12.90
12.93
13.48
499.25

10.16
11.05
11.09
12.48
498.79

16.30
17.21

12.00
12.90
12.93
13.48
499.25

3.5
3.5

Kinetic energy (GeV /u)
Momentum (GeV/c/u)

Total energy (GeV/u)

11.98
49847

17.23
15.55
499.82

3.5

CM energy (GeV/u)

fcollision (MHZ)

No

No No No No
86.00 86.00
0.07

86.00

No
86.00
2.04

Yes Yes

86.00

80%

Polarization

86.00 86.00 86.00
1.00 0.30 0.065 0.055
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pRing
500 MHz RF
448 Bunches
5.6x1013 ppp

2 GeV — 19.08 GeV

IP 1

P2
eRing
500 MHz RF
270 Bunches

4.59x1013 ppp
} 2.8-5.0 GeV

BRing
2 Bunches — 1 Bunch
4x1012 ppp

48 MeV — 2 GeV iLinac

Polarized ion
source

Electron injector
SRF Linac-ring

2.8-5.0 GeV

Fig. 3.2 The beam path of the EicC accelerator facility.

3.2 Accelerator facilities

The EicC mainly consists of an ion accelerator complex
and an electron accelerator complex, as shown in Fig. 3.1.
Figure 3.2 illustrates the operation mode of the two accel-
erator complexes. There are a lot of differences between
the ion accelerator complex and the electron accelerator
complex, not only on the complicated beam manipula-
tions but also on the key design and technical challenges,
all of which will be described in detail in the following
subsections. In Section 3.2.1, the ion accelerator complex
of the EicC will be described, mainly including the accel-
eration scheme of the pRing, the collective effects, and so
on. The details of the electron accelerator complex, in-
cluding some key designs and beam manipulations of the
eRing, will be presented in Section 3.2.2. The topic of
beam cooling and beam polarization will be discussed in
Section 3.3 and Section 3.4, respectively. The design of
the IRs, which is one of the most important accelerator
designs in the EicC accelerator facility, will be presented
in Section 3.5.

3.2.1 Ton accelerator complex

In the proposed ion accelerator complex of the EicC ac-
celerator facility, the existing Ion Linac (iLinac) and the
BRing of the HIAF will be employed respectively as the
ion injector and the booster to provide injection beams for
the pRing. The iLinac will be operated in pulsed mode, in
which the polarized proton beams can be accelerated to
the energy of 48 MeV, and then injected into the BRing
with a matched polarization direction. In the BRing, a

64701-47

two-plane painting injection scheme will be adopted for
the beam accumulation with coasting beams to increase
the beam intensity. In this scheme, a tilted electrostatic
septum will be employed for painting simultaneously in
the horizontal and vertical directions during the injection.
As a result, the beam intensity will be increased by 100
times and as high as 4 & 10'2 ppp. The proton beams of
the energy of 48 MeV in the BRing will be captured into
two bunches and accelerated to the energy of 2 GeV. Dur-
ing the acceleration, the Siberian snakes will be used to
maintain the polarization of the proton beams[442], since
the beams will cross several depolarization resonances.
The proton beams of the energy of 2 GeV which reach
the extraction energy of the BRing in the ion accelera-
tor complex will experience the first stage of beam cool-
ing provided by a DC electron cooler. There are sev-
eral advantages of performing beam cooling at the energy
of 2 GeV. Firstly, the beam cooling effect is still strong
around such energy while the space charge effect is rel-
atively weak. Secondly, as a well-developed technology
widely used for the beam cooling, the DC electron cooler
can effectively reduce the technical difficulties and the con-
struction costs. At this stage, to obtain a more efficient
beam cooling, a longitudinal bunch rotation at the en-
ergy of 2 GeV will be performed before the beam cool-
ing to minimize the bunch momentum spread as much as
possible. After the bunch rotation, the bunched proton
beams will be debunched into coasting beams to improve
the beam cooling efficiency. After the beam cooling, the
coasting proton beams in the BRing will be bunched once
again into one bunch and compressed to match the injec-
tion settings of the pRing. The polarization direction of
the proton beams extracted will get matched to the po-

Daniele P. Anderle, et al., Front. Phys. 16(6), 64701 (2021)
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larization direction of the pRing by using a spin rotator.

The pRing will accelerate the injected proton beams of
the energy of 2 GeV to reach the energy of 19.08 GeV. For
such a wide energy range, the Siberian snakes are unable
to keep the polarization of the proton beams. Therefore,
the pRing will be designed as a figure-8 shape, in which the
spin tune purely contributed by the pRing itself remains
zero. The figure-8 design, along with a solenoid in the long
straight sections, ensures that the proton beams will not
cross any depolarization resonances during acceleration.
Moreover, such a design will facilitate the control of the
beam polarization direction. The bucket-to-bucket injec-
tion scheme will be adopted for the injection of 14 bunches
from the booster BRing to the pRing. The beam intensity
will increase to 5.6 + 10'® ppp, equivalent to an average
beam current of 2 A. After the injection, the beams will
be split into 448 bunches step by step and finally acceler-
ated to the energy of 19.08 GeV. The collision frequency
introduced by these 448 bunches is 100 MHz, which meets
the requirements of the luminosity design.

To increase the luminosity, the pRing will install a 500
MHz RF system to shorten the bunch length. After the
proton bunches are accelerated to the energy of 19.08 GeV,
a bunch rotation will be performed. And during the bunch
rotation, the bunch length will be sharply shortened while
the momentum spread will be increased, which is quite
different from the bunch rotation in the BRing. Along
with the bunch rotation, the 500 MHz RF system will be
turned on to make the bunch length as short as possible
while keeping particle numbers in the bunch unchanged,
so that the requirements of the luminosity design will be
satisfied.

The longitudinal manipulation of the proton beams is
followed by the second stage of beam cooling which is
supported by high energy bunched beam electron cooler
based on an energy-recovery linac (ERL). The intra-beam
scattering effect will be also suppressed during the whole
collision process by this cooler to improve the luminosity
life.

The luminosity optimization scheme of low collision fre-
quency, high beam intensity could bring strong single-
bunch collective effects. Therefore, besides the threshold
values of the average current, and beam-beam parame-
ters, the impedance limitations introduced by the single-
bunch collective effects are also significant in the collider
rings since it determines the feasibility of luminosity op-
timization scheme in the pRing. In principle, the longi-
tudinal microwave instability, which is caused by the lon-
gitudinal broadband impedance, is one of the most con-
cerned longitudinal collective effects. When the particle
numbers in the bunch exceed the corresponding limits,
the longitudinal microwave instability will lead to an in-
crease in the momentum spread, which can further induce
bunch lengthening and weaken the luminosity. The typi-
cal growth time of the instability is shorter than one syn-
chrotron period. In the pRing, it has been calculated that
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the longitudinal broadband impedance (Z' /n) should be
lower than 87.4 (2, which is achievable in practice. In the
transverse planes, the transverse mode coupling instability
caused by the transverse broadband impedance is the most
likely to occur among the single-bunch collective effects.
When the bunch intensity exceeds the threshold, particles
in the bunch will be lost quickly. Calculation results have
shown that the transverse broadband impedance thresh-
old in the pRing is 30.3 M{2/m, which is also achievable
in practice. From the view of the pRing, the luminosity
optimization scheme with low collision frequency, the high
beam intensity is feasible for the EicC accelerator facility.
One of the biggest challenges in the optical design of
colliders is the correction of the large chromaticity in-
troduced by the very small 8 function at the IPs, with
the requirement of large dynamic aperture. As shown in
Fig. 3.1, there are four arc sections in the pRing. These
arc sections are connected via two short straight sections
and two long straight sections. The long straight sections
are employed for the IPs, the beam cooling sections, the
spin rotators as well as the RF devices. Accelerator con-
trol devices, such as the chromaticity correction sextupole
magnets and so on, are placed on the short straight sec-
tions and the arc sections. The chromaticity correction
scheme based on sextupole magnets on the arc sections
and the straight sections with dispersion will be employed
in the pRing. Each arc section consists of eight FODO
cells with 90%phase advance per FODO cell, where 12
sextupole magnets will be installed. Dispersion exist in
the short straight sections, and the optical parameters are
designed symmetrically to the center of the short straight
section. By doing this, the larger f3,-value appears at
the position =n/2 from the center, which can enhance
the capability of chromaticity correction contributed by
the sextupole magnets here. The chromaticity correction
scheme, which is based on 52 sextupole magnets in total
placed on the arc sections and the short straight sections,
can correct the chromaticity of the pRing to zero, as well
as keep the dynamic aperture larger than 8¢. This scheme
satisfies the requirement of the EicC accelerator facility.

3.2.2 Electron accelerator complex

A recirculating superconducting radio frequency (SRF)
linear accelerator will be employed as the injector of the
electron accelerator complex of the EicC accelerator facil-
ity. The recirculating SRF linac is considered to be the
best choice for the electron injector since it has the advan-
tages not only of linear accelerators, i.e., high accelerating
gradient, greater compactness but also of circular acceler-
ators, i.e., high efficiency and low cost. The polarized
electron beams generated from the polarized photocath-
ode electron gun will get matched to the electron injector,
and then accelerated to the extraction energy range from
2.8 GeV to 5.0 GeV via passing through the RF cavities

several turns to provide electron beams for the full energy
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injection scheme in the eRing. In this process, the polar-
ized electron beams will be bunched into micro bunches
with the bunch length of picoseconds. Taking into ac-
count the limitations of beam power and beam dump, the
recirculating SRF linac can provide the electron beams of
micro-Ampere beam intensity. Furthermore, the polar-
ization direction of the electron beams extracted from the
electron injector should get matched to the eRing, which
can be achieved via a spin rotator.

Because of the full energy injection scheme and the
self-polarization effect in the electron beams, the eRing
is designed to be racetrack-shaped as many other elec-
tron colliders. The RF system of the eRing will adopt
the frequency of 500 MHz to generate 1350 stable buck-
ets. The polarized electron beams will be injected into 270
stable buckets, forming into 270 equally spaced electron
bunches, to meet the collision frequency of 100 MHz in the
luminosity design. Moreover, as the transverse and lon-
gitudinal beam sizes will decrease rapidly because of the
damping effects introduced by the synchrotron radiation,
the full energy injection scheme will be adopted to reach
the bunch intensity of 1.70 & 10! ppb required by the
luminosity design. After beam accumulation is finished,
the electron bunches in the eRing will be reinforced or re-
placed by the recirculating SRF linac on line to maintain
the luminosity.

In addition to the limitations of average beam current,
synchrotron radiation power density, and beam-beam in-
teraction parameters as listed in Table 3.1, the luminos-
ity optimization scheme with low collision frequency, high
beam intensity could also bring longitudinal microwave
instability and transverse mode coupling instability. This
is similar to the case in the pRing. It can be calculated
theoretically that the thresholds of the longitudinal and
the transverse broadband impedance (Z//n and Z' ) in
the eRing are 0.040 €2 and 0.259 M /m, respectively. The
thresholds are considered to be reachable, if we take into
account the case in the KEKB electron—positron collider
in Japan with the corresponding thresholds of 0.012 Q
and 0.235 MQ2/m. Therefore, the luminosity optimization
scheme of low collision frequency, the high beam intensity
is feasible in the eRing.

Since the eRing is designed to be racetrack-shaped,
the chromaticity correction scheme base on the sextupole
magnets on the arc sections will be adopted. Specifically,
there are two arc sections in the eRing, as shown in the
Fig. 3.1. Each of them consists of 20 FODO cells with 120~
phase advance. Two pairs of FODO cells at both ends of
one arc section are used for optical matching, while the
other 16 FODO cells are employed for chromaticity cor-
rection. Each three of the 16 FODO cells form a super
periodical structure to cancel out the non-linear effects
caused by the sextupole magnets within the arc sections.
By using such a chromaticity correction scheme, the chro-
maticity can be corrected to zero while keeping the dy-
namic aperture larger than 200, which satisfies the accel-
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erator design requirements.

3.3 Beam cooling

High luminosity, which is the primary goal of an electron—
ion collider, is thus the most essential parameter for the
design of the EicC accelerator facility. It can be proven
from the luminosity formula that an efficient way to in-
crease the luminosity is to decrease the six-dimensional
emittance of ion beams. Since there is no synchrotron
radiation damping effect in the heavy ion synchrotrons,
an external cooling mechanism is required to reduce the
ion beam emittance. For decades, now electron cooling
has become one of the most effective and well-developed
methods to reduce the ion beam emittance. Since elec-
tron cooling has a greater effect on the ion beams of low
energy and low emittance, the EicC accelerator facility
will adopt the staged electron cooling scheme to shorten
the cooling time and improve the cooling efficiency. In
the first cooling stage, an electron cooler [443], based on
conventional electrostatic high voltage acceleration, will
be installed in the BRing to reduce the transverse emit-
tance and the momentum spread of the medium-energy
ion beams to reach the design value. In the second cool-
ing stage, a high energy bunched beam electron cooler,
based on an energy recovery linac (ERL), will be installed
in the pRing to further reduce the transverse emittance
and the momentum spread of the high-energy ion beams.
The intra-beam scattering effect in the collision will be
suppressed by this cooler to keep the emittance and the
momentum spread to be the design value, which can en-
sure high luminosity and long luminosity life required by
the scientific goals. Due to a reduced emittance after the
low-energy cooling in the first stage, the cooling time for
the high-energy beam can also be largely reduced, leading
to a shortened total cooling time and enhanced cooling
efficiency. The staged electron cooling scheme for the ion
beams of the EicC accelerator facility is shown in Fig. 3.3.

Table 3.3 lists the details of the staged beam cooling
scheme in the EicC accelerator facility. Taking the polar-
ized proton beam as an example, it will be first acceler-
ated to the energy of 48 MeV by the iLinac, then injected
into the BRing for further accumulation, and accelerated
rapidly to 2 GeV via the RF cavities. The proton beam
will be debunched into a coasting beam after the momen-
tum spread is reduced by a bunch rotation manipulation.
The coasting beam will be cooled via DC electron beams
of the energy of 1.09 MeV which are produced from a con-
ventional electrostatic electron cooler. The cooling pro-
cess can reduce the emittance and the momentum spread
of the proton beam to the design value. After that, the
high intensity polarized proton beam in the BRing will be
injected to the pRing for further accumulation and accel-
eration. When the proton beam is accelerated to reach
the energy of 19.08 GeV, the second cooling stage, which
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Fig. 3.3 The layout of the staged electron cooling scheme for the EicC accelerator facility.

is based on high energy, high-intensity and high-quality
electron bunches produced by an energy recovery linac
(ERL), will be performed to cool the beam again and
suppress the emittance growth and the bunch lengthen-
ing caused by intra-beam scattering effects over the whole
collision process. For other ion beams with lower energy
and higher cooling efficiency, the staged electron cooling
process requires a shorter cooling time compared to proton
beams.

The DC electron cooler in the BRing consists of an
electron gun, an accelerating section, a cooling section,
a decelerating section, a collector, several solenoids, and
several correctors, as shown in Fig. 3.4.

The electron beams emitted from the cathode of the
electron gun can be extracted to the accelerating section
via a potential difference introduced at the anode. Af-
ter acceleration via electrostatic high voltage to obtain
the same average speed as the ion beams, the electron
beams will be transported to the cooling section, in which
they will interact with the ion beams and absorb part of
the heat from the ion beams via the Coulomb interaction.
Then the electron beams will pass through the decelerat-
ing section and be collected in the collector. The repeated
electron beams with low temperatures can finally reduce
the emittance and the momentum spread of the ion beams
to the design value. Nowadays the technology of the DC
electron cooling has already been well-developed and there

are many DC electron coolers around the world, with the
energy ranging from a few tens of KeV to a few MeV.
For instance, in the Recycler Ring, Fermi-Lab, USA, the
energy of the electron beam is as high as 4.3 MeV. In the
COSY electron cooler in the Jiilich, Germany, the electron
beam reaches the energy of 2 MeV. And also the first RF
linac-based electron cooler (bunched beam cooling) with
an electron energy of 1.6 and 2.0 MeV was successfully
commissioned at RHIC. For the EicC accelerator facility,
the energy of the electron beam is designed to be 1.09 MeV
for the DC electron cooler, which is technically achievable.

In the pRing, beam cooling requires electron beams with
a maximum energy of 10.4 MeV. Since the conventional
DC electron cooler are unable to accelerate the electron
beams to this energy, it is necessary to employ the elec-
tron beams accelerated by RF cavities, which is high en-
ergy bunched beam electron cooling. However, the specific
electron beams cannot be used in the beam cooling for a
very long time and should be always replaced by new elec-
tron beams, because the electron cooling requires the elec-
tron beams of very high quality (low emittance, low energy
spread, high beam intensity). Moreover, the discarded
electron beams should be collected to avoid radiation pro-
tection issues, since there is almost no energy loss during
beam cooling. The quality of the electron beams in the
synchrotrons hardly satisfies the requirement of the beam
cooling. It is limited by the equilibrium conditions of the

Table 3.3 The staged electron cooling scheme of the EicC accelerator facility.

Position Function Proton energy (GeV)  Electron energy (MeV) Cooler
Phase 1 BRing Reduction of beam emittance 2 1.09 DC
Phase 2 pRing Beam emittance re.ductlon and. 19.08 10.4 Bunched beam (ERL)
intra-beam scattering suppression
64701-50 Daniele P. Anderle, et al., Front. Phys. 16(6), 64701 (2021)
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Fig. 3.4 Layout of the low energy DC electron cooler.

synchrotron radiation effects. The electron linear acceler-
ator can accelerate, transport beams effectively, and keep
the high beam quality. However, the high power level of
the RF cavity increases the cost of construction and oper-
ation. Meanwhile, the collection of such high power elec-
tron beams can cause severe issues of radiation protection,
such as neutron activation, and environmental pollution.
In comparison, the energy recovery linac (ERL) cannot
only accumulate the electron beam intensity as effectively
as a synchrotron but also keep high beam quality as the
linear accelerators, which satisfies the requirement of the
high energy bunched beam cooling. The electron beams
in the ERL can be sent back into the RF cavities with
a decelerating phase, where the power of the high energy
electron beams can be transferred to the power of the
microwave acceleration field which can be used to accel-
erate newly injected electron beams. The energy recovery
from the discarded electron beams in the ERL cannot only
largely reduce the technical difficulty and the costs of the
RF power, but also decrease the power deposition in the
beam collector, solving the possible problems of the ra-
diation protection and environmental pollution caused by
the high power electron beam. The ERL-based high en-
ergy bunched beam electron cooler employed in the EicC
accelerator facility is shown in Fig. 3.5. It consists of a
photocathode electron gun, merger line, superconducting
RF cavities, arc sections, two 25-meter-long cooling sec-
tions, beam matching sections, circulating sections, and
collectors.

SC cavity

Dump

4
1

The high intensity, high-quality electron bunches gen-
erated from the photocathode will be firstly accelerated
via the pre-accelerating cavity to 2 MeV, then transported
into the main accelerating section of the ERL through the
merger line while keeping the initial emittance and energy
spread. The electron bunches are further accelerated by
the superconducting RF cavities to reach the energy of
10.4 MeV. The electron bunches are transported through
the arc sections to the cooling sections to travel along with
the ion beams. Then, the electron bunches interact with
the ion bunches within the cooling sections in the strong
solenoid magnetic field. After that, the electron bunches
are stored in the circulating ring until making 53 bunches
in the circulating ring, with the frequency between the
bunches being 100 MHz. Then, the first stored electron
bunch is kicked out of the circulating ring by an ultra-fast
kicker cavity, with its energy recovered in the supercon-
ducting RF cavities. Finally, the residual power can be
deposited in the collectors. The newly-injected electron
beams will be accelerated by the recycled energy in the RF
cavities and replace the bunch which had been kicked out
of the circulating ring every 160 ns. This process will be
repeated until the emittance and the momentum spread
of the ion beams meet the design requirements. The ERL
and its circulating ring are shown in Table 3.4.

In recent years, compared to many other types of high
energy particle accelerators, the ERL has been paid more
attention and experienced rapid development and wide
application, since it has the advantages of less power con-

Pre-acceleration cavity

4
1
1

M_» Laser E-gun

V o

Circulating ring
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( Kicker
o

Cooling section-1

By-pass beam line

)

e
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Fig. 3.5 The high energy bunched beam cooler based on the ERL.
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Table 3.4 The main parameters of ERL and circulating ring.

Gun type SRF
PRF 6.25 MHz
Main RF frequency 700 MHz
Charge per bunch 4 nC
Injection energy 2 MeV
Beam current in ERL 25 mA
RMS bunch length in the cooling sections 150 ps

Transverse RMS normalized emittance 2.5 mxmm xmrad

RMS energy spread 5~10 4
Cooling energy 10.4 MeV
Cooling section length 50 m
Cryostat number 1
Cryostat length 1.5m
Beam current in circulating ring 400 mA
Circumference of circulating ring 159 m
Bunch frequency in circulating ring 100 MHz

sumption, high beam quality, and so on. The ERLs are
being considered to replace the conventional linear or ring
accelerator for the application of the free-electron laser
(FEL), the synchrotron radiation sources, the colliders, as
well as the electron coolers. Up to now, there exist sev-
eral established ERL facilities around the world, including
the Novosibirsk ERL at BINP in Russia, the CEBAF-ER
and the IR ERL in the Jefferson laboratories (JLab) in
the USA, the S-DALINAC ERL at Technical University
Darmstadt in Germany and the ERL of the High Energy
Accelerator Research Organization (KEK) in Japan, and
so on. BNL has also tried to build test ERL and CeC ERL
for high-energy beam cooling before. With the technology
development of the photocathode gun and the supercon-
ducting radio frequency (SRF), the difficulties for the con-
struction of the high energy, high-intensity ERL has been
reduced a lot. There are several ERLs under construction
or proposed, including the bERLinPro of the Helmholtz-
Zentrum Berlin(HZB) and the MESA at the Johannes
Gutenberg-Universitat Mainz in Germany, Cornell-BNL-
ERL-Test-Accelerator (CBETA), the light source in the
Cornell University, the US-EIC in the BNL and the LHeC
in CERN. Some of them will be employed as high energy
bunched beam electron cooler, which can lay a solid foun-
dation for the construction of the high energy bunched
beam electron cooler based on the ERL in the EicC accel-
erator facility while largely reducing the technical risk of
the beam cooling in the project.

3.4 Beam polarization

As a dual-polarized electron—ion collider, the beam polar-
ization is another important part of the design of the EicC
accelerator facility, besides the luminosity and the beam
cooling which are typical designs of a collider. The physics
goals of the EicC project pose the following requirements
on the beam polarization design of the EicC accelerator
facility.

1) The polarized electron beams will collide with the po-
larized proton beams, the polarized deuterium beams,
and the polarized Helium-3 beams, respectively. The
required polarization here is about 80% for the elec-
tron beams, 70% for the proton beams. Other ion
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beams are non-polarized.

At the IPs, the polarization direction of the elec-
tron beams should be longitudinal, while for the pro-
ton beams, the deuterium beams, and the Helium-3
beams, the polarization direction could be arbitrary.
The measuring errors of the polarization for the pro-
ton beams, the deuterium beams, and the Helium-3
beams should be less than 5%, while for the electron
beams it is less than 2%.

For these requirements and goals listed above, the
scheme of the beam polarization is designed and optimized
based on the layout in Fig. 3.1 and the operation mode
in Fig. 3.2, including polarization control and polarization
measurement, which is shown in Fig. 3.6.

3.4.1 Ton polarization

For the ion accelerator complex, the atomic beam po-
larized ion source (ABPIS) can produce both polarized
and non-polarized proton beams, while other polarized
ion beams are similar to the proton beams. There are
four successive processes to transform hydrogen atoms into
polarized proton beams, i.e., the dissociation, the separa-
tion in a sextupole magnet, the transition in a weak RF
field, and ionization. Since the dissociated hydrogen atom
has an isotropic spin distribution, the hydrogen atoms of
high energy level and with an electron spin of 1/2 can
be selected and guided into the next devices. During the
transition, an atom with a proton spin of 1/2 will jump
selectively into the atomic state of 1/2 proton spin, form-
ing into high intensity and high polarized atomic beams.
Furthermore, with the selection of the polarization direc-
tion of the weak RF field, the polarization direction of the
atomic beams in the transition module can be controlled
to match the polarization directions of the following beam-
lines and accelerators. Proton beams of high intensity and
high polarization can thus be produced via the ionization
of such atomic beams. The ABPIS is one of the most
widely-employed ion sources and can generate the proton
beams of polarization as high as 90% [444].

The polarized proton beams extracted from the polar-
ized ion source will be measured via a Lamb-shift po-
larimeter. The Lamb-shift polarimeter scans the magnetic
field in the RF spin filter to quench the different meta-
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Fig. 3.6 The polarization design of the EicC accelerator facility.

stable hydrogen atoms and measures the Lyman-a pho-
tons from the quenching downstream. The meta-stable
hydrogen atoms neutralized from the polarized protons
will be quenched at special spin filter magnetic field val-
ues and emit Lyman-a photons. The polarized proton
beams will be accelerated in the iLinac to reach the en-
ergy of 48 MeV needed by the injection of the BRing, and
finally injected to the BRing via a beamline for injection.
During this process, the polarization of the proton beams
remains unaffected since there is no spin resonance. How-
ever, to measure the polarization direction of the beams
injected into the BRing, a polarimeter will be still installed
in the beamline for the polarization direction matching to
the BRing. The polarimeter mainly records the counting
rate of the Coulomb elastic scattering between the polar-
ized proton beams and the target at different angles, from
which the polarization at a certain angle can be calculated.

High intensity polarized proton beams of the energy of
48 MeV will be accelerated to 2 GeV in the BRing. Dur-
ing the acceleration, the polarization of the beam will sig-
nificantly decline because the spin tune will experience
several depolarization resonances. To maintain high po-
larization, two Siberian snakes will be installed at the two
ends of the electron cooling section of the BRing to change
the spin tune of the ring. The Siberian snakes, i.e., the
solenoids whose magnetic fields are synchronized with the
beam energy, can keep the spin tune always to be 1/2
which is far from the depolarization resonances. In this
way, the problem of the decline of the polarization of the
proton beams caused by the depolarization resonances can
be solved. Besides, a polarimeter will be installed, which
can be used for the on-line measurement of the polar-
ization direction and the polarization of the beams and
provide useful information for adjustment and optimiza-
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tion of the polarization-related parameters of the BRing.
The polarimeter should operate at the energy range from
48 MeV to 2 GeV in which a high counting rate should
remain and the requirement of high-precision control for
the BRing should be met.

The polarized proton beams of 2 GeV energy will be
extracted via a fast extraction scheme from the BRing
and injected into the pRing after measuring and match-
ing the polarization direction. The polarization match-
ing can be implemented via a spin rotator. Based on a
set of magnets consisting of solenoid-horizontal bending
dipole magnet-solenoid-horizontal bending dipole magnet,
the polarization direction can be guided arbitrarily. This
is one of the most essential polarization control devices
in the EicC accelerator facility. The polarization direc-
tion control scheme is illustrated in Fig. 3.7, taking as
the example of a vertical polarization rotating to the lon-
gitudinal polarization. In Fig. 3.7, the blue line denotes
the rotation of polarization direction contributed by the

\-

Fig. 3.7 The spin rotation in a spin rotator.
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solenoids, and the purple line represents the rotation from
the horizontal bending dipole magnets. The initial and fi-
nal polarization directions are shown in red. When passing
through a solenoid, the polarization direction of the polar-
ized beam will rotate with a certain angle with the beam
direction as the axis. In the horizontal bending dipole
magnets, the polarization direction will rotate around the
vertical direction. With once more such rotations in an-
other solenoid and horizontal bending dipole magnet, the
polarization direction of the beam can be transferred from
the vertical direction to the horizontal direction. Simi-
larly, the polarization direction of the beam will rotate to
an arbitrary direction by this spin rotator with carefully-
chosen rotation angles in the solenoids and the bending
dipole magnets. Moreover, the polarization direction can
be well-controlled in a wide energy range while leaving the
closed orbit unchanged, because the four spin angles pro-
vide sufficient polarization control variables, which makes
it possible to provide multiple solutions for the adjustment
of a certain polarization direction. With the help of the
spin rotator, the polarization direction of the extracted
high intensity polarized proton beams can be matched
with one of the arc sections in the pRing, thus avoiding
the depolarization caused by the mismatch of the polar-
ization direction. Another polarimeter will be installed
near the injection section of the pRing to ensure an effi-
cient and complete matching of the polarization direction
during the injection.

After injected into the pRing, the polarized pro-
ton beams will be further accelerated to the energy of
19.08 GeV. During the acceleration, the proton beams
will experience several depolarization resonances, which
means it is very difficult to maintain the polarization of
the proton beams in the conventional racetrack-shaped
accelerators. Furthermore, for the large energy range in
the pRing, there are quite a lot of technical challenges
in Siberian snakes consisting of solenoids. However, the
alternative Siberian snakes consisting of dipole magnets
will cause the closed orbit distortion. These make it diffi-
cult to avoid the depolarization resonances by only using
the Siberian snakes. To solve the issues, the pRing of the
EicC accelerator facility is designed to be a novel figure-8
structure, in which the spin precession in the arc sections
of one side can be always exactly canceled by the ones of
the other side, keeping the total spin tune in the ring to
be zero. The spin precession angle of the proton along
the reference orbit is Gy times the bending angle. The
total bending angle of figure-8 ring is zero, so the spin
tune will be zero independent of the beam energy for the
convenience of spin control and the spin tune is far away
from all intrinsic depolarization resonances. Meanwhile, a
small solenoid added in the long straight section to intro-
duce additional spin precession angle can ensure the spin
tune to be far away from the imperfection depolarization
resonances. It can be shown that in the optimized con-
dition the solenoid at the IPs can also meet requirements
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for adjusting the spin tune, which is a novel scheme for
the ion accelerator complex design in the EicC project.

Due to the arbitrary polarization direction of the pro-
ton beams needed at the IPs, two spin rotators will be
placed on either side of the long straight section contain-
ing the IPs and the arc sections at both ends of the long
straight section. As discussed above, each spin rotator
can perform polarization direction rotation to generate
the arbitrary direction needed by the experiments. More-
over, by using the spin rotator, the polarization direction
will get matched to the direction of the arc sections before
the proton beams enter the arc sections upstream of the
IPs. With this scheme, the requirements of the arbitrary
polarization directions and the polarization matching can
be satisfied easily.

A polarimeter will also be installed in the pRing for the
online measurement of the polarization direction and the
polarization of the proton beams at the IPs, as well as
providing measuring data of the polarization for various
physics experiments. The measuring accuracy of the po-
larimeter should be as high as 5%, which meets the physics
experiment requirements.

3.4.2 Electron polarization

In the electron accelerator complex, the polarized electron
beams can be produced via the photocathode polarized
electron gun. Since the energy band of the electron ex-
citation in the cathode plated by Cs and GaAs can over-
lap with the energy band of the vacuum, the electrons
will become free electrons when transiting to the excita-
tion energy band. With a laser of a specified energy and
polarization direction, the electrons of the specified spin
state will transit to the excitation energy band, forming
highly-polarized electron beams. The polarization direc-
tion of the electron beams can be controlled by changing
the polarization direction of the laser. Up to now, the po-
larization of the beam generated from the polarized elec-
tron gun can be as high as 90% [445], which can meet the
requirement of the EicC project. Before electron beams
are injected into the electron injector, their polarization
characteristics will be measured via a polarimeter. This
polarimeter can be also employed to adjust the parameters
of the photocathode polarized electron gun according to
the requirements of physics experiments and accelerator
operations.

After the polarized electron beams are injected into the
electron injector, it will be accelerated to reach the en-
ergy range from 2.8 GeV to 5.0 GeV. During the acceler-
ation, the depolarization resonances will not occur since
the electron beam travels through different arc sections in
the different turns, causing a lack of resonances between
the periodic transverse and longitudinal motion, as well
as the spin periodic precession [446]. Therefore, it is not
necessary to place any polarization preservation devices in
the electron injector.
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The polarized electron beam will be accelerated to its
maximum energy in the electron injector and then injected
into the eRing. During this process, the polarization di-
rection of the electron beam should get matched to one of
the arc sections of the eRing. The polarization matching
can be realized via a spin rotator in the ion accelerator
complex.

The polarization direction and the polarization of the
beam will be measured before the beam is injected into the
eRing. It is different from the case in the ion accelerator
complex or in the low energy electron accelerators, where
the internal-target measuring scheme is adopted. The dif-
ferential Compton cross section is a function of the initial
electron and photon polarizations [447]. The polarization
direction and the polarization of the electron beams can be
obtained indirectly via detecting the backscattered pho-
tons after the scattering of circularly polarized photons
on polarized electrons. This is a non-interception mea-
surement scheme that will not affect the beam quality.

The polarized electron beams should preserve the po-
larization of 80% during the whole collision. The eRing
is designed to be racetrack-shaped as other facilities ac-
cording to the experiment results of the existing facili-
ties in the world [448]. Such a design has the advan-
tage that the depolarization effects can be canceled by
the self-polarization effect introduced by the synchrotron
radiation of the electron beams, resulting in high equilib-
rium polarization at the level of 80% during the whole
collision.When the beam energy lies nearly on the depo-
larization resonance energy and it is not enough for the
self-polarization effect to cancel the depolarization effects,
the spin tune can be moved away from the depolarization
resonance via a solenoid at the IR. At the IR, the polariza-
tion direction of the electron beam is longitudinal, so the
spin tune is moved via the solenoid while the polarization
direction remains longitudinal. When colliding with the
polarized proton beams, the polarization direction of the
polarized electron beams should be longitudinal, but the
polarization direction matching to the arc sections of the
eRing is transverse. Therefore, it is necessary to place two
spin rotators between the long straight sections containing
the IPs and the arc sections to satisfy the matching of the
polarization direction and the requirement of the physics
goals. The spin rotator here is similar to the one in the
ion accelerator complex. The online measurement of the
polarization direction and the polarization in the eRing,
as well as its beamline for injection, is also designed based
on the Compton backscatter, only with an accuracy of 2%
required by the physics experiments.

3.5 Design of the interaction regions (IR)

To achieve the physics goals, one full-acceptance detector
will be built at one IR for detection and identification of
reaction products, such as charged particles, i.e., electrons
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e, muon p, m-meson 7, k-meson K, proton p and so on,
as well as neutral particles, i.e., photon ~, neutron n, etc.
Another IR will be reserved for the future upgrade. This
detector consists of a central detector with end caps and
forward detectors. The central detector with end caps will
be placed around a superconducting solenoid and can be
divided into two parts: the barrel part and the end cap
part on both sides, which is used to detect the reaction
products in a large angular range. It consists of a series of
detectors, including vertex detectors, tracking detectors,
time-of-flight (TOF) detectors, Cherenkov detectors, elec-
tromagnetic calorimeters, and hadron calorimeters. Free
space with a length of 8 m is required for the installation
of the central detector with end caps. The forward de-
tectors will be mainly used for the detection of the final-
state particles emitted from the reaction in a small or
ultra-small angle. Those detectors are far from the IP
and dipole magnets are required to separate the particles.
The particle detection of the electron forward detectors is
realized with the help of dipole magnets and several long
drift sections after the first quadrupole magnet. For the
ion forward detectors, a dipole magnet should be installed
in front of the first quadrupole magnet to make it pos-
sible to identify the reaction products at a small angle.
Furthermore, other dipole magnets and long drift sections
will be placed behind the first quadrupole magnet to allow
the identification of the reaction products in ultra-small
angles. Compared to conventional colliders, such specifi-
cations from the detectors raise many more requirements
of the interaction region design of the EicC accelerator
facility.

Typically, a conventional collider poses the following re-
quirements about the layout of the interaction region and
its optics design.

1) The beam transverse size or the 8~ at the IP should
be as small as possible.

2) The devices in the interaction region should meet the
required minimum installation length of the central
detector.

3) The B function in the first quadruple magnet in the
interaction region should be not too large.

4) The optics design in the interaction region should sat-
isfy the chromaticity correction of the collider ring.

5) The cross angle at the IP should be larger than the
minimum value required for the bunch separation,
and smaller than the maximum acceptable value de-
cided by the crab cavity.

6) In the optics design of the interaction region, the size
of each magnet should not exceed the space limit in-
troduced by the detectors, and there should be no
interference among the magnets.

Furthermore, in order to identify nearly 100% of the re-
action products with higher resolution, the full-acceptance
detector poses more requirements on the design of the in-
teraction region in the EicC accelerator facility.

1) In the interaction region of the eRing, a large deflec-
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tion of electron beams should be avoided to reduce
the impact of the synchrotron radiation background
generated by the electron beams themselves on the
detectors in the interaction region.

The interaction region of the pRing should be de-
signed as close as possible to the arc sections to re-
duce the hadron background produced by the colli-
sion among the proton beams and the residual gas
molecules which could affect the detectors in the in-
teraction region.

In the pRing, a dipole magnet should be placed down-
stream of the IP to improve the detecting resolution
of the reaction products at small angles.

In the pRing, a set of dipole magnets should be placed
after the first focusing quadrupole magnet to improve
the detecting resolution of the reaction products at
ultra-small angles.

In the eRing, at least one set of dipole magnets should
be placed after the first focusing quadrupole magnet
to improve the detecting resolution of the reaction
products at small angles [449].

In the interaction region, the transverse aperture of
the magnets should be larger than the clear zone,
which is at least ten times of the transverse RMS
beam size, to let the debris at larger scattering angles
in the small-angle reaction products pass through the
vacuum pipe of the magnets and reach the forward
detectors downstream of the IP.

Taking each item listed above into consideration, the
overall design of the interaction region is shown in the
Fig. 3.8. Since there are significant differences between
electron beams and proton beams, the detectors in the
different collider rings have different demands on the lay-
out of the interaction region. So, the interaction region
of the EicC accelerator facility is designed to be asym-
metric. In the pRing, the interaction region is close to
the upstream arc sections to reduce the hadron back-
ground caused by the interaction between the residual gas
molecules and the proton beams, improving the resolution
of the detectors. In the eRing, a long straight section will
be placed upstream of the interaction region, keeping the

Small angle

Central detector
forward detector

interaction region away from the arc sections. Meanwhile,
synchrotron radiation absorbers will be installed. These
schemes can reduce the synchrotron radiation background,
further improving the resolution of the detectors.

The interaction region mainly consists of two parts, i.e.,
the straight section with few devices close to the IP for the
installation of the central detector with end caps, and the
beamline that is relatively distant from the IP and con-
tains dipole magnets and drift lines for the installation of
the forward detectors. The installation of the central de-
tector with end caps requires an 8-meter free space. To
follow the magnetic field limits of the magnets and make
full use of the installation space in the interaction region,
all of the magnets are designed to be superconductive for
increasing the length of the free space and save the instal-
lation space so that all the final state particles except the
reaction products at the small and very small angles can
be detected. Based on the superconducting magnets, the
crossing angle at the IP is chosen to be 50 mrad, which can
achieve a fast separation between the electron beams and
the ion beams and suppress the long-range beam-beam
interactions, so as to reduce the limit of the length of
the straight section at the IP. And this design can opti-
mize the minimum S function at the IP, the maximum g3
function at the first focusing quadrupole magnet, and the
dipole magnetic field required by the forward detectors for
small-angle reaction products.

The B function values at the IP in the pRing are 0.04
m in the horizontal direction and 0.02 m in the vertical
direction respectively, which can satisfy the luminosity
design. And the maximum [ function value in the first
focusing quadrupole magnet is around 1000 m. It makes
sure that this superconducting quadrupole magnet can be
installed in the central detector. Furthermore, in order to
achieve higher luminosity, the dispersion at the IP should
be zero to further reduce the beam transverse size. How-
ever, there is a large dispersion on both sides of the IP to
improve the detecting resolution. A dispersion suppres-
sion section, which consists of two dipole magnets and two
quadrupole magnets, will be installed upstream of the IP
to make sure that the dispersion is zero at the IP while

Ultra small angle
forward detector

I

Small angle
forward detector

Central detector installation region

1P

Fig. 3.8 The interaction region of the EicC accelerator facility.
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the dispersion at the forward detectors is large enough to
provide high detecting resolution.

The S function values at the IP in the eRing are 0.2
m in the horizontal direction and 0.06 m in the verti-
cal direction, which satisfies the design of the luminosity.
Furthermore, compared to the case of the pRing, the first
focusing quadrupole magnet in the eRing is closer to the
IP, in order to separate the position at which the beam
size is the largest in the eRing from the corresponding
position in the pRing. It makes it easier to separate the
beams at the IP. In the eRing, the maximum value of 3
function in the first focusing quadrupole magnet is about
280 m as it is much closer to the IP. However, the fact
that the first focusing quadrupole magnet in the eRing is
much closer to the IP introduces a huge advantage. Be-
cause the aperture required by electron beams is much
smaller, this quadrupole magnet can reduce the required
installation space, which makes it possible for the central
detector with end caps to detect all the reaction products
more effectively and to avoid breaking the full-acceptance
feature of the central detector.

A superconducting dipole magnet with 1-meter length,
2.1 T maximum magnetic field, and 30 mrad deflection
angle will be placed downstream of the IP in the pRing.
The dipole magnet will be able to provide large dispersion
to enhance the detecting resolution of the forward detec-
tors installed behind it for small-angle products. Further-
more, the dipole magnet can separate the beams to make
it more flexible for the optics design of the two collider
rings. Behind the superconducting dipole magnet, there is
a straight section that contains only focusing quadrupole
magnets, which can be used for the separation of the
small-angle reaction products and the installation of the
small-angle forward detectors. The quadrupole magnet is
followed by a dipole magnet providing a large deflecting
angle to deflect the beam to the direction which is parallel
with the eRing. The distance between the beamlines in
the two collider rings is about 1 meter. Along with the
following long straight section, this large dipole magnet
can improve the detecting resolution for the ultra-small-
angle reaction products. Besides, the neutral particles will
be not deflected when passing through this dipole mag-
net. To detect the neutral particles produced from the
reaction, the detectors can be put in the direction of the
extension line of the tilting straight section. Based on a
system consisting of two dipole magnets, the forward reac-
tion products of small angles and ultra-small angles in the
ion beams can be detected to almost 100%, which ensures
the full-acceptance feature of the detector.

In the eRing, a set of carefully-designed beamline seg-
ments are placed downstream of the IP, for detecting the
small-angle forward reaction products. With the horizon-
tal bending dipole magnets, the electron beams will be de-
flected to a tilted direction with respect to the eRing, and
then deflected back to the parallel direction. Two sets of
dipole magnets (4 magnets in total) are placed symmetri-
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cally to cancel the dispersion generated by themselves and
generate a smooth decrease of the 5 function, which makes
it convenient for the optics parameter matching upstream
and downstream. The dipole magnet closest to the IP is
chosen to be the first dipole magnet of such a set of four. It
is followed by a long straight section, which can provide
plenty of drifting space for the reaction products in the
electron beams so that the reaction products can be ob-
served by the small-angle forward detectors. The straight
section between the second and the third dipole magnet is
parallel to the long straight line of the interaction region.
A polarimeter, based on the Compton backscatter of the
electron beams, will be placed in the extension line of the
straight section. Four dipole magnets will form a deflect-
ing structure, which ensures the full-acceptance feature of
the detector in the electron beams.

To obtain higher luminosity with a large crossing angle
at the IP, crab cavities will be placed with a phase shift of
/2 from the IP, which perform a transverse bunch rota-
tion before the beams entering the IP. A head-to-head col-
lision between the proton beams and the electron beams
at exactly the IP can be achieved by this scheme. After
the collision, other crab cavities will rotate the bunch to
its initial transverse state for matching other single beam
dynamics in the collider rings. The crab cavities have
been employed successfully in the KEKB of the KEK in
Japan [450]. The frequency and voltage are crucial pa-
rameters for crab cavities. For the pRing, the frequency
and voltage of the crab cavities are selected to be 200 MHz
and 14.9 MV, respectively. With proton bunch length of
0.04 m, the phase width is chosen as about =30~} which
can fulfill the requirements of complete crabbing. As for
the crab cavities in the eRing, the same frequency used
in the pRing is chosen but with a lower voltage, 3.7 MV,
resulting from lower energy of electron beams.

3.6 Pre-research on key technologies

For the design presented above, the pre-research of the
EicC accelerator facility and testing of several related
key technologies will be carried out on the existing facil-
ity HIAF. It mainly includes the atomic beam polarized
ion sources (ABPIS), the photocathode polarized electron
gun, the high energy bunched beam electron cooler based
on the energy recovery linac (ERL), the Siberian snake,
the spin rotator, a verification facility of a figure-8 ring,
and an elastic scattering polarimeter.

The atomic beam polarized ion source (ABPIS) is the
essential device for the production of the polarized proton
beams (as well as the lighter polarized heavy ion beams).
The study of the maximum polarization and the maximum
intensity of such beams is one of the most important topics
for the pre-research of the EicC accelerator facility. In the
pre-research, the polarized ion source will be installed in
the HIAF for online testing to find out if it meets the
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requirement of the EicC project.

The technology of the photocathode polarized electron
gun is relatively well-developed. However, there are still
several subjects that need to be investigated thoroughly,
such as the control of the polarization direction, the op-
timization of the beam intensity, and the photocathode
lifetime. And it is necessary to study the related parame-
ters of the photocathode polarized electron gun, in order
to determine the injection and accumulation schemes in
the eRing. The photocathode polarized electron gun for
the pre-research of the EicC accelerator facility will be
tested independently since there is no electron accelerator
in the HIAF.

The high energy bunched beam electron cooler based
on the energy recovery linac (ERL) is an indispensable
device to achieve the required collision luminosity and the
collision lifetime in the EicC accelerator facility and will
be developed in the stage of the pre-research. A veri-
fication facility of the high energy bunched beam elec-
tron cooler will be installed in the BRing of the HIAF.
The pre-research of the high energy bunched beam elec-
tron cooler mainly includes three aspects. The first aspect
is about the development of high-quality energy recovery
linac (ERL). Compared to those energy recovery linacs
which are not used for electron cooling, the ERL employed
for the EicC accelerator facility poses higher requirements
on the electron beam quality, because the electron beams
should be kept sufficiently cold. In the pre-research, a
prototype of ERL with low energy will be built to pro-
vide electron beams for the experiment of the high en-
ergy bunched beam electron cooling on the BRing of the
HIAF, in which key technologies and experience about
the cavity design of the ERL, as well as the energy recov-
ery, can be developed and improved. The second aspect
is about the design and implementation of a circulating
ring. Since the electron beams generated from the elec-
tron gun cannot reach the beam current required by the
high energy bunched beam electron cooling, they need to
be recirculated in the circulating ring for 16 turns so that
to reduce the ERL beam current by 16 times. The third
aspect is the development of the ultra-fast kicker cavity.
In the high energy bunched beam electron cooler based on
the ERL, the electron bunches should be either injected
from the main accelerating section to the circulating ring
during the accumulation or extracted to the main accel-
erating section for energy recovery. It is crucial that the
kicker cavity is able to deflect several electron bunches or
even one electron bunch. There are many technical chal-
lenges for the design and production of such kicker cavi-
ties, which need to be examined and verified carefully in
the pre-research. Overall, the high energy bunched beam
electron cooler based on the ERL and developed in the
pre-research stage of the FicC project is expected to be
able to perform high energy bunched beam electron cool-
ing experiments and online testing in the BRing, which
will lay a solid technical foundation for the development
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of higher energy bunched beam electron cooler in the EicC
accelerator facility.

The Siberian snake is a key device to avoid the depolar-
ization resonances in the BRing. Technologically, it will
be taken as a solenoid. Compared to dipole magnets, the
solenoid-shaped Siberian snake will not affect the closed
orbit of the BRing. However, its magnetic field ramp-
ing rate can be far lower than the one of dipole magnets.
The BRing will be operated in a rapid cycling mode, in
which the ramping rate of the magnetic field of the dipole
magnets is about 12 T/s. There still exist quite a lot of
technical difficulties in the synchronization of the solenoid
magnetic field with proton beam energy, which needs to
be studied and optimized in detail. The solenoid-shaped
Siberian snake for the EicC accelerator facility will be
firstly designed and built in the BRing. After the polar-
ized ion source developed in the pre-research is installed,
an integration testing of the BRing performance will then
be conducted to check whether the beam intensity and the
polarization of the BRing fulfill the criteria of the EicC
project. So the booster of the EicC accelerator facility,
i.e., the BRing, can be completed during the pre-research
stage.

The spin rotator is an essential device for the adjust-
ment of the polarization at the IP, as well as for the po-
larization direction matching between beamlines and ac-
celerators of the EicC accelerator facility. There are three
most important characteristics of the spin rotator, i.e.,
functioning well for different energies, rotating the polar-
ization direction to arbitrary direction, and introducing no
influence of the closed orbit. A spin rotator for the EicC
accelerator is composed of two solenoids and two dipole
magnets, with the sequence of the solenoid-dipole magnet-
solenoid-dipole magnet. It is important to verify that four
parameters of magnetic fields for an arbitrary given rota-
tion angle can be always specified. To this end, a spin
rotator will be designed and developed at the injection
energy of the BRing, which can be used to perform online
testing of the spin rotator design in the beamline for the
injection of the BRing of the HIAF. Based on these stud-
ies, the design of the spin rotator will be further improved
and eventually applied to the EicC accelerator facility.

There has been no synchrotron with a figure-8 structure
in the world until now, and the property of a zero pure
spin tune in such type of synchrotrons has not yet been
verified. There is some free space reserved for the mirror
ring next to the SRing in the design and construction pro-
cess of the HTAF, which makes it possible to upgrade the
SRing into a figure-8 shaped synchrotron with less cost
to test the effect of the depolarization resonances on such
synchrotrons. If the upgrade is completed smoothly dur-
ing the pre-research stage and the main features (such as
the maintenance of polarization and so on) are verified,
the high-precision spectrometer ring SRing will become
the first figure-8 synchrotron that can store high intensity
polarized proton beams in the world. This work, which
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thus plays a crucial role in the whole pre-research of the
EicC accelerator facility, will support the construction of
the pRing with fruitful technical experience.

Since there is no electron accelerator in the HIAF
project, it is impossible to perform the testing of the po-
larization direction and polarimeter based on the Comp-
ton backscatter. For this reason, the test of the polariza-
tion direction and polarimeter based on the internal tar-
get could be firstly performed. Typically, the polarimeter
adopts the internal polarized gaseous target, in which the
polarization in every specified direction is measured via
recording the counting rate of the angle distribution of
the Coulomb scattering, in which the direction with max-
imum polarization represents the polarization direction of
the beams. In this measuring scheme, the transport of the
low energy beam will be greatly affected, so it will stop the
beams and is not an online measuring method. However,
for the beams of high energy, the measurement will end up
with less effect on the beam transport and become the on-
line measuring method. The polarimeter is one of the most
key devices for the polarization direction and polarization
control of the polarized ion source and the photocathode
polarized electron gun. It is also the only equipment that
can be employed to perform the polarization matching be-
tween accelerators and beamlines, as well as to measure
the depolarization resonances in the synchrotrons. In the
pre-research of the EicC project, several internal target
polarization direction and polarimeters will be built and
installed at the exit of the polarized ion source, at the exit
of the photocathode polarized electron gun, at the exit of
the spin rotator in the beamline for the injection of the
BRing, in the BRing and in the high-precision spectrom-
eter ring SRing and so on, to check whether the technical
goals of the pre-research of the EicC accelerator facility is
fully satisfied.

In conclusion, the pre-research of the EicC accelerator
facility is crucial to ensure the design, construction, com-
missioning, and operation of the EicC accelerator facil-
ity to be finished smoothly and successfully in the future.
With that, the key technical barriers in the EicC project
will be overcome, and their corresponding solutions and
schemes will be verified.

Chapter 4 Detector conceptual design

Driven by the physics program of EicC, a conceptual de-
sign for a general purpose spectrometer is presented in this
chapter. The physics program includes investigating the
nucleon spin structure, the nucleon 3-D structure with re-
spect to TMDs and GPDs, and the study of exotics, etc.,
as detailed in previous chapters.

Figure 4.1 shows the definition of the coordinate sys-
tem, where the electron beam points into the negative z
direction. The pseudo-rapidity axis is shown as the half-
circle. The acceptance of the detector segments is only
meant for illustration.
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4.1 Detector performance requirements

Based on the EicC baseline design, a PYTHIA [451] sim-
ulation is performed. In the EicC baseline design, an
electron beam energy is 3.5 GeV, proton beam energy of
20 GeV, results in a center of mass energy of 16.7 GeV and
a cross-section of 20.8 pub. The luminosity is expected to
be L = 44+ 10% cm 2% ! with an interaction rate of
83.2 kHz. The PYTHIA simulation shows the final state
particles are concerntrated near n = 1, with a particle den-
sity of dN /dndt = 8+10%/s. This yields a moderate event
rate that has to be considered in the design of detectors
and the data acquisition system.

For electron—ion collisions, the detection of the scattered
electrons play an important role in most of the physics
programs. As shown in Fig. 4.2, the ISOlines of energy,
pseudo-rapidity, and inelasticity of the scattered electrons
are drawn in the 2-Q? space. Here z is the Bjorken vari-
able and Q? is the momentum transfer. The red lines
show the iso-lines of the energy of the scattered electrons.
Inelastic scattering of electrons off protons can be inter-
preted as elastic scattering of electrons off partons inside
the proton. For x = 0.175 , which means that the parton
carries the same momentum of 3.5 GeV as the electron,
elastic scattering will result in constant 3.5 GeV momen-
tum of the scattered electron. This leads to the vertical
line at £ = 0.175, separating two groups of ISOlines. On
the left-hand side, with = < 0.175, the low momentum
parton cannot change the trajectory of the electron signif-
icantly, which results in low Q? and very forward going
electrons at large rapidity. In contrast, on the right-hand
side of the vertical line, with z > 0.175, the high momen-
tum parton can boost the electron to a very high momen-
tum. The blue lines in the figure show the pseudo-rapidity
ISOlines. At very small momentum transfer Q?, the scat-
tered electron is expected to be in the extreme forward
direction (see the low Q2 region with n = 5 as an exam-
ple). This analysis shows instructive information about
the kinematics for ep collisions.

4.1.1 Distributions of the final state particles

Among the final state particles, the scattered electrons
provide crucial information to most of the physics pro-
grams, in particular those focusing on the processes of
DIS, SIDIS, DVCS, and so on. We have shown very in-
structive information from a general behavior analysis in
Fig. 4.2. Here, with a detailed study, more information
about the kinematics of the scattered electrons can be ob-
tained. In Fig. 4.3, distributions of the scattered electrons
are shown for various Q2 bins. In these plots, the color
scale reflects the cross-section. The distance from the cen-
ter point denotes the magnitude of the scattered electron
momentum, and the direction reflects the pseudo-rapidity.
The events were generated with Pythia 6 [276]. Compar-
ing the plots with various Q2 bins, it is noticed that with
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Fig. 4.1

increasing 2, the scattered electrons are less boosted to
negative pseudo-rapidity. For physics requiring Q2 larger
than 1 GeV? (such as SIDIS or DVCS), a detector cover-
age of 7 > 2 is sufficient for the scattered electron.

In addition to scattered electrons, the other final state
particles are also important and have been studied. In
Fig. 4.4, the momentum distributions for the final state
m (red), K (green), p (blue), p (grey), e (black), and
v (purple) at a given pseudo-rapidity bin are shown. By
comparing the yields of these particles, it is noticed that
the number of final state pions is about 1-2 orders of
magnitude larger than those of kaons and anti-protons.
The momenta of hadrons in other 5 regions are also in-
vestigated. At a pseudo-rapidity smaller than 1, the mo-
menta of final state hadrons are expected to be smaller
than 6 GeV, while at large pseudo-rapidity (n > 2), the
final state hadrons have momenta up to 15 GeV. Thus,
the detection and particle identification of the final state
hadrons needs to be considered at various pseudo-rapidity

103 E,~14 GeV
—— ISOlines of scattered electron E N Eerzl 2 GeV
1024 — ISOlines of scattered electron 7 ﬂé:/ Ee’:10 GeV
~ —— ISOlines of scattered electron y 5 ECrZS.O GeV
3 | E.=6.0 GeV
()
3 " AE.~4.0GeV
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i3
E~0.5 GeV .
E,=1.0 GeV 10723 i
E~15GeV, =g — = — "
Ee=2.0 GeV 104103 102 1001
Fig. 4.2 ISOlines of the scattered electron energy, pseudo-

rapidity and inelasiticity.
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0

N

Illustration of the coordinate system for EicC.

regions.

In addition to the above study of events produced with
the Pythia generator, dedicated studies are performed for,
e.g., the study of SIDIS or DVCS processes, which pro-
vide direct constraints for the detector design. Figure 4.5
shows the distribution of scattered electrons, charged pi-
ons and kaons in the SIDIS processes. From these plots,
high momenta larger than 15 GeV for the pions and kaons
at small angles in the ion forward direction are observed.
This is consistent with the previous Pythia simulation.
These SIDIS processes set very basic requirements for the
central detector. Figure 4.6 shows the distributions of the
scattered electrons, protons, and photons in the DVCS
process. Here, the detection of extremely forward going
protons in the DVCS process needs special consideration.
A dedicated device, Roman Pot [452], can be installed to
detect these small-angle protons. Furthermore, the final
state neutrons are important for some physics programs,
such as the meson structure function measurements, in
which a neutron is found at extreme forward angles near
the proton beam. This indicates that a special neutron
detection is needed for EicC to carry out this physics pro-
gram. These small-angle neutrons can be detected with
zero-degree calorimeters after the analysing dipole in the
far ion-forward region. In the meson structure section, the
Kaon structure function is mentioned. With the Sullivan
process, the Kaon structure function can be measured,
in which a forward Lambda baryon needs to be recon-
structed. With the current detector design, the proton
and pion from Lambda decay could be partly detected
by the forward detectors. Detailed studies on the detec-
tion efficiency and background level are needed to provide
guidance to optimize the detector design and to make clear
statement on the physics potential.
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Fig. 4.3 Kinematics of the scattered electron at various Q? bins.

In EicC, exotic hadron production is one of the im-
portant physics highlights. Figure 2.22 shows the distri-
butions of various pentaquarks in EicC. To reconstruct
these pentaquarks, the final state particles, such as pro-
tons and lepton pairs from J/i¢ (T), or charged pions,
kaons, photons for reconstruction of open-charm (open-
bottom) hadrons, are under investigation.

4.1.2 Luminosity and polarization measurements

For a collider such as EicC, the precise knowledge of the
beam luminosity is essential for any type of cross-section
measurements. For electron-proton collisions, e.g., at
HERA, the luminosity can be continuously monitored via

108,

Entries

Fig. 4.4 Momentum distributions for the final state

m (red), K (green), p (blue), p (grey), e (black), and ~ (pur-
ple) at a given pseudo-rapidity bin 2 < n < 3.
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the bremsstrahlung process, ep o epy. This is a pure
QED process where the cross-section is large and well
known (0.2%). The luminosity can be quickly and pre-
cisely measured from the photon rate at very small angles
by using a calorimeter system installed next to the beam-
line in the electron direction. The cross-section of the
bremsstrahlung process also depends on the beam polar-
ization.

The precise investigation of nucleon structure in the
sea quark region, including one-dimensional and three-
dimensional tomography of the nucleon spin-flavor struc-
ture in both the momentum and spatial spaces is one of
the featured physics highlights of EicC. For any of these
spin related measurements, the final results always need
to be normalized to the beam polarization. Since an un-
precedented statistical precision is expected from the pro-
posed high luminosity of EicC, the precision of the beam
polarization measurement becomes very demanding. For
the electron beam, the polarization can be measured from
different QED processes, e.g., the electron—photon Comp-
ton scattering and the electron—electron Mgller scattering.
The spin dependent cross-section and the analyzing power
of these processes can be precisely obtained from QED
calculations. Together with the known polarization of the
polarimeter targets, the beam polarization can thus be
extracted. Taking CEBAF at Jefferson Lab, for instance,
there are three types of electron beam polarimeter which
are Mott [453], Mgller [454], and Compton [455], respec-
tively, providing polarization measurements as precise as
1% at different positions along the beamline. The Comp-
ton polarimeter uses a highly polarized and high power
laser as the scattering target which is noninvasive to the
electron beam so that it can continuously monitor the
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Fig. 4.5 Distribution of the scattered electrons and charged pions (the upper two plots) and Kaons (the lower two plots) in

SIDIS processes. Q2 > 1 GeV? is applied.

beam polarization. The Mott and Mgller polarimeters use
gold and iron foils, respectively, as the scattering targets
which have very high rates and are able to perform precise
measurements in a short period of time.

For the proton beam, the polarization can be measured
from elastic proton—proton or proton—nucleus scattering,
where large transverse spin asymmetries are expected. For
example, at RHIC two types of polarimeter are used to
perform proton beam polarization measurements. One of
them, the p-Carbon polarimeter [456], uses carbon fibers
as the scattering target with large scattering rates, peri-
odically measuring the polarization. Another one is the
H-jet polarimeter [457], which continuously performs non-

invasive polarization measurements, just analogous to the
Compton polarimeter for the electron beam. The proton
beam polarization at RHIC can be measured with a pre-
cision at the ~3% level.

4.2 Detector conceptual design

In the previous section, we showed the requirements de-
rived from the key physics programs at EicC. A summary
table is given in Fig. 4.7, in which the physics require-
ments are listed in terms of momentum or energy reach
at different pseudo-rapidity coverage. For example, the

-1 -1 -1
ep 3.5 x 20 GeV? 10 ep 3.5 x 20 GeV? 10 6 ep 3.5 x 20 GeV? 10
1504 54
1072 10-2 1072
4,
3 1001 8100 3
g 10 5 103 5 3] 103
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=~ ) a2
T [Ny >
501 104 507 10-4 104
] .
0 ; ; 10-5 0 ; ; ; 10-5 0- ; ; 10-5
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Fig. 4.6 Distributions of the scattered electrons, protons and photons in the DVCS process.
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Fig. 4.7 Physics requirements for EicC.

hadron separation power at 4 GeV is sufficient for the
e-Endcap region. However, hadrons with momenta up to
15 GeV are expected for the ion-Endcap region. These dif-
ferences indicate that different detection techniques need
to be adopted in the detector design.

As a high luminosity machine, EicC could reduce the
statistical uncertainty down to a few percent for many
measurements. To cope with the small statistical uncer-
tainty, we need a matching systematic error, which re-
quires a good detector. For example, a tracking detector
with a tracking resolution of a few percent is necessary.
In Fig. 4.7, a momentum resolution of 1% for the central
coverage and 2% for small angles are marked based on
experiences from similar experiments. For the first con-
ceptual design, we divide the EicC detector into the cen-
tral detector and forward detectors. The central detector
consists of the barrel part and two endcaps, and it will
be constructed around a solenoid. Four main detection
components include:

1) Vertex detector, for detecting the primary and sec-
ondary vertices. MAPS [458] based vertex detectors
have been used in many experiments and can be con-
sidered for EicC.

2) Tracking detector, for the momentum reconstruction
of charged particles. TPC [459], GEM [460], or Straw
Tube detectors [461] can be considered for EicC.

3) Particle identification detectors, such as Time-of-
Flight (TOF) detectors and Cerenkov detectors.

4) Calorimeter, including electro-magnetic calorimeter
and hadron calorimeters.
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For the tracking detector, a momentum resolution of
roughly 1% at 1 GeV with energy deposition (dE/dx)
measurement is widely used in many experiments [462,
463]. For the central rapidity coverage, the tracking de-
tector is usually installed inside a solenoid magnet. As one
of the key components of the central spectrometer, the
solenoid magnet provides the bending power for charged
particles inside a tracking detector. Figure 4.8 shows the
impact of different magnet fields to the momentum reso-
lution with the other parameters fixed. A solenoid magnet
of 1 to 2 Tesla, well used in many experiments [462, 464]
with adequate power to allow for a good momentum res-

.04
0.0 N=30, L=0.6 m, Ur¢=150 pm
—— B=10T
0.03 1 —=— B=15T
S ]
= 0.02
0.01
O T T 1 7 T T
0 1 2 3 4 5

Fig. 4.8 Momentum resolution for tracking detectors at dif-
ferent magnetic fields.
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olution and less challenging in manufacturing, is fine for
EicC. For the small-angle coverage in the central spec-
trometer, certain layers of position-sensitive detectors can
be adopted, such as the GEM disks or silicon detectors.
One challenge for the EicC detector is the hadron iden-
tification, especially in the ion forward direction where the
hadrons may have large momenta up to 15 GeV. A series
of detectors may serve the particle identifications. The
energy deposition (dF/dx) measurements from tracking
detectors could provide particle identification in the re-
gion of low momenta around a few hundred MeV. A TOF
detector with a time resolution of a few tens of picoseconds
and a flight distance of about 2-3 meters (the forward re-
gion) could extend the particle identification up to a few
GeV. To reach large momenta up to 15 GeV, a Cherenkov
detector [465] with a small refractive index (n = 1.02),

such as the aerogel RICH (Ring Imaging Cherenkov de-
tectors), is a good candidate. As the blue lines shown in
Fig. 4.9, with a 1 mrad Cherenkov angle resolution, an
aerogel RICH of n = 1.02 could achieve a 30 separation
of the w/K mesons up to almost 15 GeV. A Cherenkov
detector with a further small refractive index, such as
n = 1.0014 with CyFyg, covering high momentum range
as shown with the green lines in Fig. 4.9, is unnecessary in
EicC. For the other regions, where the hadron momenta
are smaller than 6 GeV, a compact DIRC (Detection of
Internally Reflected Cherenkov light) detector [466, 467]
could be used. As the red lines shown in Fig. 4.9, with
a 1 mrad (round filled dot) Cherenkov angle resolution,
the m/K separation power at 30 for a DIRC detector of
n = 1.47 could reach up to 6 GeV.

For EM-Calorimeters, different types of calorimeters
should be adopted at different rapidity coverage. A typi-
cal configuration could be sampling calorimeters for most
of the regions, featuring relatively low-performance at a
low price, and costly homogenous crystal calorimeters for
small region at the e-Endcap side. A compromise between
physics and budget needs to be found in the deployment
of lower price and higher-quality calorimeters in different
regions.

A conceptual design of the EicC detector is shown in
Fig. 4.10. In the current conceptual design, forward de-
tectors are also considered at small angles. These detec-
tors are crucial to many important physics programs of
EicC. As a doubly polarized high luminosity machine, the
polarization and luminosity measurement are important
and are designed with integration to the forward detec-
tors. Starting from the conceptual design, the detector
requirements for each sub-detector will be derived itera-
tively with detector and physics simulations.
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(HCal ] [ HCal]

Proton/ion
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Fig. 4.10 Conceptual design of the EicC detector.
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As a general-purpose spectrometer, the EicC detector
design is facing difficulties and challenges. Detector R&D
will be started at the early stage, including the R&D
of Cherenkov detector, tracking detector, calorimeters,
super-conducting solenoid, the data acquisition system,
ete.
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