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Ultimate Questions and Challenges in QCD

How does the spin of proton arise? (Spin puzzle)

What are the emergent properties of dense gluon system?

How does proton mass arise? Mass gap: million dollar question.

How does gluon bind quarks and gluons inside proton?

Can we map the quark and gluon inside the proton in 3D?

EICs: keys to unlocking these mysteries! Many opportunities will be in front of us!
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Proposed EIC Facilities Across the Globe

Electron-Ion colliders will become the cutting-edge high-energy and nuclear
physics research facilities in the near future.
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Status of the polarized Electron Ion Collider in China

Based on High-Intensity Heavy Ion Accelerator Facility (HIAF) which is
currently under construction in Huizhou (惠州).
HIAF total investment: 2.5 billion RMB.
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EicC Preliminary Timeline

↓

HIAF is half way through the construction.
Tech driven schedule: it is like a wish list to be blessed by the funding agency.
21-25: Simulations and detector R&D.
2026, hope to get supported by the next five-year plan.
2032, in operation if everything goes through.
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Conceptual Design for Accelerator and Detector

7

HIAF under construction

Detailed full Geant4 simulation is ongoing!

EicC accelerator includes
Based on HIAF (right)

pRing (8-shape)

Energy Recovery Linac

Electron Polarized Source
and Injector.

eRing (racetrack)

Two IPs reserved.
A general purpose detector with
4 components:

Vertex detector

Tracking detector

Particle Identification
Detector (PID)
(ToF & RICH)

Calorimeter
(EM & Hadron)
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Kinematics

Facility CoM energy lum./1033cm−2s−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, Li

EicC covers the kinematic region between JLab experiments and US-EIC.

EicC complements the ongoing scientific programs at JLab and future EIC project.

EicC can systematically study Υ near threshold and shed lights on proton mass origin.
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Kinematic Coverage

EicC focus on moderate x and sea-quark region
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EicC white paper

The white paper effort is lead by a team of 20 conveners and contains
contributions from more than 100 authors from 46 institutions across the globe.

Peer-reviewed and Accepted for Publication in “Frontiers of Physics".
Click to Download arXiv:2102.09222

Contents:
1 Executive Summary
2 EicC Physics Highlights (Several Physics Goals)
3 Accelerator Conceptual Design
4 Detector Conceptual Design
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https://journal.hep.com.cn/fop/EN/article/downloadArticleFile.do?attachType=PDF&id=29192
https://arxiv.org/pdf/2102.09222.pdf
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EicC Conceptual Design Report Efforts
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Understanding Nucleon Spin

1.1 Physics highlights –7/138–

offers much more important information regarding the internal structure of nucleons as225

a composite many-body system.226

In high-energy scatterings, the proton can be viewed as a cluster of high energy quarks227

and gluons, which are collectively referred to as partons. The probability distributions228

of partons within the proton are called the parton distribution functions (PDFs). In229

general, PDFs give the probabilities of finding partons (quarks and gluons) in a hadron230

as a function of the momentum fraction ! w.r.t. the parent hadron carried by the231

partons. Due to the QCD evolution, quarks and gluons can mix with each other, and232

their PDFs depend on the resolution scale. When the resolution scale increases, the233

numbers of partons and their momentum distributions will change according to the234

evolution equations. These evolution equations can be derived from the perturbation235

QCD, although PDFs themselves are essentially non-perturbative objects. Thanks to236

QCD factorization theorems, PDFs can be extracted from measurments of cross-sections237

and spin-dependent asymmetries.238

Figure 1.3: Illustration of the quark and the partonic structure of the proton.

The partonic structure of the nucleon was firstly studied in experiments of electron-239

nucleon Deeply Inelastic Scattering(DIS). Since electrons are point-like particles and240

they do not participate in the strong interaction, they are the perfect probe for studying the241

internal structure of hadrons in high energy scatterings. Therefore, the DIS experiment242

is also known as the “Modern Rutherford Scattering Experiment”, which opens up a243

new window to probe the subatomic world. In 1969, the pioneer DIS experiments at244

SLAC discovered the so-called Bjorken scaling [15], which showed that the proton is245

composed of point-like partons with spin 1/2 (which are known as quarks afterward).246

Starting from DIS with unpolarized fixed targets, DIS experiments are later extended to247

unpolarized collider experiments and fixed-target experiments with polarized beam and248

targets. These DIS experiments have revolutionized our understanding of the subatomic249

structure of nucleons and nuclei. Later on, high energy DIS experiments observed250

the violation of Bjorken scaling [16], which indicates the existence of gluon and QCD251

Jaffe-Manohar decomposition

1
2

=
1
2

∆Σ + Lq︸ ︷︷ ︸
Quark

+ ∆G + Lg︸ ︷︷ ︸
Gluon

Quark spin ∆Σ is only 30% of proton
spin. (g1 structure func)

g1(x,Q2) = 1
2

∑
e2

q [∆q + ∆q̄]

EicC: large acceptance and improvement
at low-x.

The rest of the proton spin must come
from the gluon spin ∆G, quark and gluon
OAM Lq,g.

Orbital motions of quark and gluon are
essential.

[χQCD; Yang et al, 17]: Gluon
∆G ' 0.25
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Spin flavor Structure at EicC

NLO EicC SIDIS projection
π± and K± mesons

ep: 3.5 GeV × 20 GeV

eHe3: 3.5 GeV on 40 GeV

Luminosity ep 50 fb−1

Polarization.: e(80%),
p(70%), He3(70%)

High precision for sea
quark helicity.

Significantly reduce spin
contribution from the sea.
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Gluon Helicity at Moderate and Large x

0

10

20

30

40

50

0.01 0.05 0.1 0.5

0.0

0.2

0.4

0.6

0.8

1.0

gGluon x

)2
 (G

eV
2

Q
g/g Abs. U

ncert.
Δ

18 GeV x 275 GeV

5 GeV x 100 GeV

5 GeV x 41 GeV

3.5 GeV x 20 GeV
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e: 80%,   p: 70%
-1100fb

Absolute uncertainty
Charm hadrons
Global fit

COMPASS data
 = 160 GeVµFXT: E

 + x0 e' + D→ e + p

By tagging D meson, EicC can access gluon helicity in moderate and high x regions.
The position of each data point is according to the mean value of xg and Q2.
The uncertainty for the data points is shown on the right side of the plot.
The colored band represents the uncertainty calculated using NNPDF PDFs.
The red triangle marker shows the existing measurement from COMPASS.
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Probing 3D Distributions in Momentum Space with SIDIS

Access to quark Sivers function, especially the strange quark Sivers via SIDIS.

LO analysis of EicC projection

π± and K± mesons

ep: 3.5 GeV × 20 GeV

eHe3: 3.5× 40/3 GeV

Luminosity 50 fb−1

Stat. Error vs Sys. Error

2.2 Three-dimensional tomography of nucleons –26/141–

TMDs
Quark Polarization

Unpolarized 
(U)

Longitudinally
polarized (L)

Transversely 
polarized (T)

Nucleon 
Polarization

U
f1

unpolarized

h1

Boer-Mulders

L
g1L

helicity

h1L

longi-transversity

T
f1T

Sivers 

g1T

trans-helicity

h1

transversity

h1T
pretzelosity

T

T

T

Nucleon spin Quark spin

T

Figure 2.5: The leading-twist quark TMD distributions.

function reflects the left-right asymmetry of quark transverse momentum distribution
in a transversely polarized nucleon. One of the most distinguished features of the
Sivers function is its unique universality property exhibited in di�erent processes. If
final/initial-state interactions, 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) distribution. Once turning on QCD interactions,
the Sivers function 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 direction between the final-state and initial-state interactions, the quark Sivers
functions are predicted to have an exact sign change between SIDIS and Drell-Yan
processes, 5

?
1) (G, :) ) |SIDIS = � 5

?
1) (G, :) ) |DY [68, 69]. Although recent , production

data from STAR [70] and the c# Drell-Yan data from COMPASS [71] support this
prediction, the current uncertainties are too large to confirm the sign change. Future
precise measurements of the Sivers function in di�erent processes are of great importance
to test this prediction associated with the QCD factorization. Moreover, theoretical
studies have suggested that the Sivers function is closely related to parton orbital angular
momentum [72]. Therefore, the experimental studies of the Sivers function are not only
crucial for unveiling 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 measuring 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 fragmentation function. During the past two decades, great
e�orts have been made to extract the Sivers function as well as other TMDs via the
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EicC’s Impact on Sivers

Recent EicC impact studies arXiv:2208.14620
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3D Imaging: GPD from DVCS and DVMP

Ji Sum Rule[Ji, 97]:

Jq =
1
2

∆Σ + Lq =
1
2

∫
dxx (Hq + Eq) ,

Jg =
1
4

∫
dx (Hg + Eg) .

Exclusive Processes and Generalized Parton Distributions

Generalized parton distributions (GPDs) can be extracted from suitable exclusive scat-
tering processes in e+p collisions. Examples are deeply virtual Compton scattering (DVCS:
�⇤+p ! �+p) and the production of a vector meson (�⇤+p ! V +p). The virtual photon
is provided by the electron beam, as usual in deep inelastic scattering processes (see the
Sidebar on page 18). GDPs depend on three kinematical variables and a resolution scale:

• x + ⇠ and x � ⇠ are longitudinal par-
ton momentum fractions with respect
to the average proton momentum (p +
p0)/2 before and after the scattering, as
shown in Figure 2.18.

Whereas x is integrated over in the
scattering amplitude, ⇠ is fixed by the
process kinematics. For DVCS one has
⇠ = xB/(2 � xB) in terms of the usual
Bjorken variable xB = Q2/(2p · q). For
the production of a meson with mass
MV one finds instead ⇠ = xV /(2� xV )
with xV = (Q2 + M2

V )/(2p · q).

• The crucial kinematic variable for par-
ton imaging is the transverse momen-
tum transfer �T = p0T � pT to the
proton. It is related to the invariant
square t = (p0 � p)2 of the momentum
transfer by t = �(�2

T + 4⇠2M2)/(1 �
⇠2), where M is the proton mass.

• The resolution scale is given by Q2

in DVCS and light meson production,
whereas for the production of a heavy
meson such as the J/ it is M2

J/ +Q2.

Even for unpolarized partons, one has a nontrivial spin structure, parameterized by two
functions for each parton type. H(x, ⇠, t) is relevant for the case where the helicity of the
proton is the same before and after the scattering, whereas E(x, ⇠, t) describes a proton
helicity flip. For equal proton four-momenta, p = p0, the distributions H(x, 0, 0) reduce to
the familiar quark, anti-quark and gluon densities measured in inclusive processes, whereas
the forward limit E(x, 0, 0) is unknown.

Weighting with the fractional quark charges eq and integrating over x, one obtains a
relation with the electromagnetic Dirac and Pauli form factors of the proton:

X

q

eq

Z
dx Hq(x, ⇠, t) = F p

1 (t) ,
X

q

eq

Z
dx Eq(x, ⇠, t) = F p

2 (t) (2.14)

and an analogous relation to the neutron form factors. At small t the Pauli form factors
of the proton and the neutron are both large, so that the distributions E for up and down
quarks cannot be small everywhere.

x + ⇠ x � ⇠

p p0

x + ⇠ x � ⇠

p p0

�⇤ �⇤� V

Figure 2.18: Graphs for deeply virtual Compton scattering (left) and for exclusive vector
meson production (right) in terms of generalized parton distributions, which are represented by
the lower blobs. The upper filled oval in the right figure represents the meson wave function.

42

Measure Compton Form Factors (CFF) which
depends on GPDs.

Allows us to access to spacial distributions
(which are related to GPDs via FT) of (valence
and sea) quarks in the nucleon.

Obtain the information about the quark orbital
motions Lq indirectly.

Flavor separation and sea quark GPD in DVMP.
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Understanding Proton Mass

Mass decomposition [Ji, 95]

M = Mq + Mm︸ ︷︷ ︸
Quark

+ Mg + Ma︸ ︷︷ ︸
Gluon

Mq : quark energy
Mm : quark mass (condensate)
Mg : gluon energy
Ma : trace anomaly

[Kharzeev, et al, 99; Brodsky et al, 01]
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Photoproduction of charm near threshold

S. J. Brodsky,1 E. Chudakov,2 P. Hoyer,3 J.M. Laget,4
1Stanford Linear Accelerator Center, Stanford University, Stanford, CA94309, U.S.A.

2Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, USA
3NORDITA, Copenhagen, Denmark

4CEA-Saclay, DAPNIA-SPhN, F91191 Gif-sur-Yvette Cedex, France (E-mail: jlaget@cea.fr)
(October 25, 2018)

Charm and bottom production near threshold is sensitive to the multi-quark, gluonic, and hidden-
color correlations of hadronic and nuclear wavefunctions in QCD since all of the target’s constituents
must act coherently within the small interaction volume of the heavy quark production subprocess.
Although such multi-parton subprocess cross sections are suppressed by powers of 1/m2

Q, they have
less phase-space suppression and can dominate the contributions of the leading-twist single-gluon
subprocesses in the threshold regime. The small rates for open and hidden charm photoproduction
at threshold call for a dedicated facility.

PACS: 13.60.Le, 13.60.-r, 12.40.Nn, 12.40.Lg

The threshold regime of charmonium and open charm
production can provide a new window into multi-quark,
gluonic, and hidden-color correlations of hadronic and
nuclear wavefunctions in QCD. For example, consider
charm photoproduction γ p → J/ψ p at the threshold
energy Elab

γ = 8.20 GeV. [See Fig. 1.] The available pro-
duction energy cannot be wasted at threshold, so all three
valence quarks of the target nucleon must interact coher-
ently within the small interaction volume of the heavy
quark production subprocess. In the case of threshold
charm photoproduction on a deuteron γ d → J/ψ d,
all color configurations of the six valence quarks will be
involved at the short-distance scale 1/mc. Thus the ex-
changed gluons can couple to a color-octet quark cluster
and reveal the “hidden-color” part of the nuclear wave
function, a domain of short-range nuclear physics where
nucleons lose their identity [1–3].

At high energies the dominant contribution to an inclu-
sive process involving a hard scale Q comes from “leading
twist” diagrams, characterized by only one parton from
each colliding particle participating in the large momen-
tum subprocess. Since the transverse size scale of the
hard collision is 1/Q, only partons within this distance
can affect the process. The likelihood that two partons of
the incident hadrons can be found so close to each other
is typically proportional to the transverse area 1/Q2 and
leads to the suppression of higher-twist, multi-parton
contributions. However, in contrast to charm produc-
tion at high energy, charm production near threshold re-
quires all of the target’s constituents to act coherently in
the heavy quark production process: only compact pro-
ton Fock states with a radius of order of the Compton
wavelength of the heavy quark can contribute to charm
production at threshold. Although the higher-twist sub-
process cross sections are suppressed by powers of 1/m2

c,

they have much less phase-space suppression at thresh-
old. Thus charm production at threshold is sensitive to
short-range correlations between the valence quarks of
the target, and higher-twist multi-gluon exchange reac-
tions can dominate over the contributions of the leading-
twist single-gluon subprocesses.

l
c

l
F

b

r
⊥

Vγ

p p

FIG. 1. The characteristic scales in elastic J/ψ produc-
tion on protons near threshold, Elab

γ = 8.20 GeV. The lon-
gitudinal coherence length of the cc fluctuation of the pho-
ton is short, lc ∼= 2Elab

γ /4m2
c = 0.36 fm. The large mass

of the charmed quark also imposes a small transverse size
r⊥ ∼ 1/mc = 0.13 fm on this fluctuation. The minimum
momentum transfer is large, tmin ∼ −1.7 GeV2. All of the
partons of the target wavefunction have to transfer their en-
ergy to the charm quarks within their proper creation time
1/mc, and must be within this transverse distance from the cc
and from each other, so that charm production near threshold
occurs at small impact distances b ∼ 1/mc ∼ 0.13 fm.

One can determine the power-law dependence of multi-
parton heavy quark production subprocesses using an
operator product analysis of the effective heavy quark
theory. The heavy quark photoproduction cross section
can be computed through the optical theorem from the
corresponding cut diagrams of the forward Compton am-
plitude. Such diagrams factorize into the convolution of

1

Mq and Mg constrained by PDFs.

Mm via πN low energy scattering.

Ma via threshold production of J/Ψ
(8.2 GeV; JLab) and Υ (12 GeV);

Threshold requires low CoM energy.
(Low y ≡ q · p/k · p at EIC).

Complementarity between EicC (and
EIC) and lattice. [χQCD, Yang, et al, 18]
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Measuring Gravitational Form Factors

G

Tµν

P P ′ P P ′

γ γ

Tµν Tµν

P P ′

γ γ , J/Ψ · · ·

Intuitively, one can use graviton (spin 2), similar to charge form factor, to probe
the mass properties of proton (GFF). But gravity is too weak.
[Ji, 97] Use two photons (spin 1) in DVCS to study GPDs, which are related to
GFF. Two different channels can probe quark and gluon parts, respectively.

Strong impact of recent GlueX
data on extraction of mass radius.
[Kharzeev, 21], [Wang, et al, 21],
[Ji, 21] [Guo, et al, 21], [Sun, et
al, 21], [Roberts, et al, 21] π,K

Synergy between EICs and theory
including lattice.

2.4 Exotic hadronic states –49/141–

Figure 2.20: The dependence of the photoproduction cross sections on the W? c.m. energy for
the exclusive W? ! ⌥? and semi-inclusive W? ! 11̄- processes. The EicC energy coverage is
denoted by the shaded area.

much larger cross sections. Pentaquarks with both hidden charm and hidden (or open)
strangeness can also be searched for in analogous processes. For an estimate of the
semi-inclusive production rates in the hadronic molecular model of the %2 states, see the
next subsection.

From the above discussions, one sees that an e�cient detection of the ⇡/⇡̄ and
⇤2 particles is essential for the study of the hidden-charm mesons and baryons. From
RPP [148], one finds that the most important decay channels of the ⇡+ are  �2c+

[(9.38 ± 0.16)%] and  0
(
c
+
c

0 [(7.36 ± 0.21)%], those for the ⇡0 are  �
c
+
c

0 [(14.4 ±
0.5)%] and  �

c
+ [(3.950±0.031)%], and those for the⇤+

2
are⇤c+c0 [(7.1±0.4)%] and

? 
�
c
+ [(6.28±0.32)%]. Thus, both the charged and neutral pions and kaons need to be

e�ciently 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 spectrum 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 exclusive photoproduction of the ⌥

and for the semi-inclusive 11̄. The shaded area in corresponding to the EicC energy
region covers the hidden-bottom hadron masses. The exclusive data are taken from
Refs. [206, 207] (ZEUS), [185] (H1), and [208] (CMS); the semi-inclusive data are taken
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Quark-gluons in cold nuclear medium
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z
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c → D0

u → π0

Figure 3.22: Left: A cartoon for the interactions of the parton moving through cold nuclear
matter when the produced hadron is formed outside (upper) and inside (lower) the nucleus.
Right: Fragmentation functions as a function of z: from the charm quark to the D0 meson
(solid) [193] and from up quark to π0 meson (dashed) [40].

medium. It was evident from hadron pro-
duction in e− + e+collisions that the frag-
mentation functions for light mesons, such as
pions, have a very different functional form
with z from that of heavy mesons, such as
D-mesons. As shown in Fig. 3.22 (Right),
the heavy D0-meson fragmentation function
has a peak while the pion fragmentation
function is a monotonically decreasing func-
tion of z. The fact that the energy loss
matches the active parton to the fragmen-
tation function at a larger value of z leads to
two dramatically different phenomena in the
semi-inclusive production of light and heavy
mesons at the EIC, as shown in Fig. 3.23
[200]. The ratio of light meson (π) produc-
tion in e+Pb collisions over that in e+d col-
lisions (red square symbols) is always below
unity, while the ratio of heavy meson (D0)
production can be less than as well as larger
than unity due to the difference in hadroniza-
tion.

In Fig. 3.23, simulation results were plot-
ted for the multiplicity ratio of semi-inclusive
DIS cross-sections for producing a single pion

(Left) and a single D0 (Right) in e+Pb colli-
sions to the same produced in the e+d as
a function of z at the EIC with two dif-
ferent photon energies: ν = 35 GeV at
Q2 = 10 GeV2 (solid line and square sym-
bols) and ν = 145 GeV at Q2 = 35 GeV2

(dashed line and open symbols). The pT of
the observed hadrons is integrated. The ra-
tio for pions (red square symbols) was taken
from the calculation of [194], extended to
lower z, and extrapolated from a copper nu-
cleus to a lead nucleus using the prescription
of [195]. In this model approach, pions are
suppressed in e+Acollisions due to a combi-
nation of the attenuation of pre-hadrons as
well as medium-induced energy loss. In this
figure, the solid lines (red - ν = 145 GeV, and
blue - ν = 35 GeV) are predictions of pure
energy loss calculations using the energy loss
parameters of [201]. The large differences in
the suppression between the square symbols
and solid lines are immediate consequences
of the characteristic time scale for the color
neutralization and the details of the atten-
uation of pre-hadrons, as well as the model

92

14
With only a few hours of running

EicC coverage

Use heavy nuclei to study parton energy loss in cold nuclear medium

Hadronization inside and outside medium. (Nucleus as a lab at the fm scale)

Medium modification of light meson and heavy meson in SIDIS.

Precision study of nuclear PDFs with heavy ion beams.
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Exotic States

1.2 Polarized electron ion collider in China (EicC) –12/138–

�
�

�

�
�

baryon

meson

�
�

�

pentaquark

hadronic molecule

�

hybrid

glueball

�
�

�
�

�
�

�

Conventional hadrons Exotic hadrons

Figure 1.4: Illustration of conventional and exotic hadrons.

dantly. EicC has a unique place for studying their photoproduction, beyond the JLab 12394

GeV programme. In particular, given the existing measurements, the interpretation of395

some of the prominent candidates of hidden-charm tetraquarks and pentaquarks (either396

compact or of hadronic molecular type) is not unambiguous due to the the so-called trian-397

gle singularity contribution. Such singularities are due to the simultaneous on-shellness398

and collinearality of all intermediate particles in a triangle diagram and are able to399

produce resonance-like signals when the special kinematics required by the Coleman-400

Norton theorem [27] is fulfilled [28]. However, for the photoproduction processes at401

EicC, the production mechanism is free of such kinematics singularities. Therefore, one402

can investigate the properties of pentaquark states and other hidden-charm hadrons in a403

more clear way. The energy coverage of EicC also allows for the seek of hidden-bottom404

exotic hadrons. A clearer picture of the hadron spectrum is foreseen with the inputs from405

EicC.406

1.2 Polarized electron ion collider in China (EicC)407

The polarized electron ion collider in China (EicC) aims at achieving the highlighted408

physics goals presented above. It will be based on the existing High Intensity heavy-409

ion Accelerator Facility (HIAF). HIAF is the major national facility focusing on nuclear410

physics, atomic physics, heavy ion applications and interdisciplinary researches in China.411

It is designed to provide intense beams of primary and radioactive ion for a wide range of412

research fields. HIAF will be a scientific user facility open to researchers from all over413

the world that enables scientists with concerted effort to explore the hitherto unknown414

2.4 Exotic hadronic states –51/138–
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Figure 2.21: Left: The !" → !"# → !"$+$− process. Right: The !" → !%!1(3872)" and
!" → !&+

! (3900)' process.

resonance parameters reported by LHCb.1293

The process is depicted in the left panel of Fig. 2.21, where # represents the (/)1294

(Υ) and the *+ (*,) couples to the (/)- (Υ-) in the .-channel. The non-resonant1295

background is modeled by Pomeron-exchange to be discussed in Sec. 2.5.1. The *+/*,1296

states are produced from the interaction between the virtual photon, emitted from the1297

electron beam, and the proton beam in the .-channel. The upper limit of production1298

rates at EicC can be determined by the upper limit of cross section of /" → *+ → (/)"1299

measured by the GlueX Collaboration [166]. According to the analysis of the LHCb1300

data, the lower limit of the branching ratio *+ → (/)" is around 0.5% [193], and we1301

assume the same lower limit for the *, → Υ". The lower limit of production rates at1302

EicC is obtained by the vector meson dominance (VMD) model, see, e.g. [238, 242].1303

After taking into account the detection efficiency and the dilepton decay rates of1304

the (/) and Υ, the expected production rates of these exotic states at EicC are shown1305

in Table 2.3. Here the detection efficiencies in the third column are estimated from1306

the simulated distribution of final-state particles. The production rates on light nuclei1307

are supposed to be larger [234, 241], which however will have lower luminosity. The1308

distributions of the invariant mass spectra, the transverse momenta, the pseudo-rapidities,1309

and the rapidities of the *,/*+ states are presented in Fig. 2.22. They are obviously1310

characterized by the .-channel resonances, with small transverse momenta and narrow1311

ranges of pseudo-rapidity and rapidity, which are apparently different from the non-1312

resonant Pomeron-exchange contribution.1313

As discussed above, the cross section of the open charm channel 0̄ (∗)Λ+ is expected1314

to be much bigger than the that of (/)", so is the case of the open bottom channel1315

1̄(∗)Λ, in comparison with the Υ". In particular, the branching fractions of the *+ and1316

*, states into open-flavor channels are expected to be at least one-order-of-magnitude1317

larger than those of the (/)" and Υ". In addition, as mentioned in Section 2.4.2, the1318

open-charm ground state hadrons could be reconstructed at the level of 10%. Thus, it is1319

optimistic that the *+ states can be studied in detail through processes !" → (/)" and1320

Complementary to e+e− and pp colliders. (reduce ambiguity / background)

Larger acceptance, exotic hadrons produced at middle rapidity.

Heavy-flavor exotic hadrons, in particular to charmonium-like states and hidden
charm pentaquarks.

Polarization helps to determine the quantum numbers.
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1.1 Physics highlights –7/138–

offers much more important information regarding the internal structure of nucleons as225

a composite many-body system.226

In high-energy scatterings, the proton can be viewed as a cluster of high energy quarks227

and gluons, which are collectively referred to as partons. The probability distributions228

of partons within the proton are called the parton distribution functions (PDFs). In229

general, PDFs give the probabilities of finding partons (quarks and gluons) in a hadron230

as a function of the momentum fraction ! w.r.t. the parent hadron carried by the231

partons. Due to the QCD evolution, quarks and gluons can mix with each other, and232

their PDFs depend on the resolution scale. When the resolution scale increases, the233

numbers of partons and their momentum distributions will change according to the234

evolution equations. These evolution equations can be derived from the perturbation235

QCD, although PDFs themselves are essentially non-perturbative objects. Thanks to236

QCD factorization theorems, PDFs can be extracted from measurments of cross-sections237

and spin-dependent asymmetries.238

Figure 1.3: Illustration of the quark and the partonic structure of the proton.

The partonic structure of the nucleon was firstly studied in experiments of electron-239

nucleon Deeply Inelastic Scattering(DIS). Since electrons are point-like particles and240

they do not participate in the strong interaction, they are the perfect probe for studying the241

internal structure of hadrons in high energy scatterings. Therefore, the DIS experiment242

is also known as the “Modern Rutherford Scattering Experiment”, which opens up a243

new window to probe the subatomic world. In 1969, the pioneer DIS experiments at244

SLAC discovered the so-called Bjorken scaling [15], which showed that the proton is245

composed of point-like partons with spin 1/2 (which are known as quarks afterward).246

Starting from DIS with unpolarized fixed targets, DIS experiments are later extended to247

unpolarized collider experiments and fixed-target experiments with polarized beam and248

targets. These DIS experiments have revolutionized our understanding of the subatomic249

structure of nucleons and nuclei. Later on, high energy DIS experiments observed250

the violation of Bjorken scaling [16], which indicates the existence of gluon and QCD251

Fifty years ago, quark and gluon & their interaction discovered. On the other
hand, still more questions than answers in QCD!

Cutting-edge Electron-Ion Colliders will complete our 21st century view of the
proton and render us 3D image of protons and heavy nuclei with unprecedented
precision; significantly advance our understanding of strong interaction (QCD).

EicC focuses on sea-quark/gluon at moderate/large-x region (∆g/g and 3D).

EicC can tackle the issue of the trace anomaly contribution to the proton mass
at the Υ threshold. Understand mass in general!

EIC and EicC are complementary to each other in physics goals.
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