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Summary of Physics Goals in the White Paper

Challenges Pertaining to Hadron Structure

How does the spin of proton arise? (Spin puzzle)
How does the mass of the proton arise? (Mass gap)
What are the emergent properties of dense system of gluons?
Need to map the quark and gluon inside the proton in 3D.
Proton radius puzzle.

[Evaluation of EIC by NAS]
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Ultimate goals in the study of proton structure

A famous proverb in English language: "One Picture Worth Ten Thousand
Words" which is labeled a Chinese proverb.

Depict the kaleidoscopic multi-dimensional landscape of the internal
structure of hadrons including nucleons and nuclei.
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3D Tomography of Proton

Wigner distributions [Belitsky, Ji, Yuan, 2004] ingeniously encode all
quantum information of how partons are distributed inside hadrons.

Figure 2.2: Connections between di↵erent quantities describing the distribution of partons
inside the proton. The functions given here are for unpolarized partons in an unpolarized proton;
analogous relations hold for polarized quantities.

tum, and specific TMDs and GPDs quan-
tify the orbital angular momentum carried
by partons in di↵erent ways.

The theoretical framework we have
sketched is valid over a wide range of mo-
mentum fractions x, connecting in particular
the region of valence quarks with the one of
gluons and the quark sea. While the present
chapter is focused on the nucleon, the con-
cept of parton distributions is well adapted
to study the dynamics of partons in nuclei, as
we will see in Sec. 3.3. For the regime of small
x, which is probed in collisions at the highest
energies, a di↵erent theoretical description is
at our disposal. Rather than parton distribu-
tions, a basic quantity in this approach is the
amplitude for the scattering of a color dipole
on a proton or a nucleus. The joint distri-
bution of gluons in x and in kT or bT can
be derived from this dipole amplitude. This
high-energy approach is essential for address-
ing the physics of high parton densities and
of parton saturation, as discussed in Sec. 3.2.
On the other hand, in a regime of moder-
ate x, around 10�3 for the proton and higher

for heavy nuclei, the theoretical descriptions
based on either parton distributions or color
dipoles are both applicable and can be re-
lated to each other. This will provide us with
valuable flexibility for interpreting data in a
wide kinematic regime.

The following sections highlight the
physics opportunities in measuring PDFs,
TMDs and GPDs to map out the quark-
gluon structure of the proton at the EIC.
An essential feature throughout will be the
broad reach of the EIC in the kinematic
plane of the Bjorken variable x (see the Side-
bar on page 18) and the invariant momentum
transfer Q2 to the electron. While x deter-
mines the momentum fraction of the partons
probed, Q2 specifies the scale at which the
partons are resolved. Wide coverage in x
is hence essential for going from the valence
quark regime deep into the region of gluons
and sea quarks, whereas a large lever arm in
Q2 is the key for unraveling the information
contained in the scale evolution of parton dis-
tributions.

17

[Quasi PDFs, Y. Zhao, Y.Z. Liu and X. Gao]: PDFs and Mass.
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Understanding Nucleon Spin

Jaffe-Manohar decomposition

1
2

=
1
2

∆Σ + Lq
︸ ︷︷ ︸

Quark

+ ∆G + Lg︸ ︷︷ ︸
Gluon

Quark spin ∆Σ is only 30% of
proton spin.
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]: Gluon ∆G ' 0.25
Complementarity between EIC
and lattice.
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Spin flavor Structure at EicC
LO analysis of EicC data

π± and K± mesons
ep: 3.5 GeV × 20 GeV
eHe3: 3.5 GeV × 40/3 GeV
Luminosity ep 50 fb−1
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Understanding Proton MassPROBING THE GLUONIC STRUCTURE OF THE 
NUCLEON AND THE DYNAMIC ORIGIN OF ITS MASS
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Mass decomposition

M = Mq + Mm︸ ︷︷ ︸
Quark

+ Mg + Ma︸ ︷︷ ︸
Gluon

S. Joosten!2

▪ Fundamental building blocks of matter 
▪ Bound states of QCD Lagrangian 
▪ Three valence quarks needed to define 

quantum numbers contribute only ~1% of its 
mass

THE NUCLEON IN QCD
99% of the mass of the visible universe

u
u

d
d

u

d

Other
99%

Quark Mass
1%

[Somov, Joosten, Hatta, Yang]
Complementarity between EIC
and lattice. Matching?
Interesting connection to
pentaquark physics.
Challenges in QCD.
Pion and Kaon structure
functions. [Roberts]
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3D Distributions in Momentum Space

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

Semi-inclusive Deep Inelastic Scattering

Semi-inclusive hadron production in deep inelastic scattering (SIDIS) provides a power-
ful probe of the transverse momentum dependent (TMD) quark distributions of nucleons.
Common kinematic variables have been described in the DIS section (see the Sidebar on
page 18). In SIDIS, the kinematics of the final state hadrons can be specified as follows

x

y

z

φS

�

Ph

S⊥

k

k

q

Figure 2.11: Semi-inclusive hadron production
in DIS processes: e + N ! e0 + h + X, in the
target rest frame. P hT and S? are the trans-
verse components of P h and S with respect to
the virtual photon momentum q = k � k0.

�h, �s Azimuthal angles of the final state
hadron and the transverse polarization
vector of the nucleon with respect to
the lepton plane.

PhT Transverse momentum of the final state
hadron with respect to the virtual pho-
ton in the center-of-mass of the virtual
photon and the nucleon.

z = Ph · P/q · P gives the momentum frac-
tion of the final state hadron with re-
spect to the virtual photon.
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Figure 2.12: Leading
twist TMDs classified ac-
cording to the polarizations
of the quark (f, g, h)
and nucleon (U, L, T).

The distributions f?,q
1T and

h?,q
1 are called naive-time-

reversal-odd TMDs. For glu-
ons a similar classification of
TMDs exists.

The di↵erential SIDIS cross section can be written as a convolution of the transverse
momentum dependent quark distributions f(x, kT ), fragmentation functions D(z, pT ), and
a factor for a quark or antiquark to scatter o↵ the photon. At the leading power of 1/Q,
we can probe eight di↵erent TMD quark distributions as listed in Fig. 2.12. These distri-
butions represent various correlations between the transverse momentum of the quark kT ,
the nucleon momentum P , the nucleon spin S, and the quark spin sq.
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子 aA.Aa 产生的数据，我们可以分离全部轻味夸
克,Ԥ ԓ Ԣ Ԥ۽ ԓ۽ Ԣ۽ 的贡献。

图 e 三维夸克分布函数@ aBp2`b 函数的投影模拟。灰色区域代表对世
界上已有实验数据的拟合结果。红色区域代表加入了 1B+* 模拟数据后
的拟合结果。1B+* 的模拟数据包含积分亮度 ΘЈ Βͣȯ 电子@质子散射
数据和积分亮度为 ΘЈ Βͣȯ 电子@氦@j 散射数据。其中电子束能量 jX8
:2o；质子束能量 ky:2o，极化率 dyW；氦@j 束能量 9yfj :2o（每
核子动能），极化率 dyW。这里 1B+* 的数据只包含了统计误差。

1B+* 的 aA.Aa 实验与 CG�# Rk :2o la 1A*
实验相结合可以对海夸克、价夸克和胶子的 hJ.

进行全面的测量，提供一个完整的三维动量空间的
核子结构图像。另外，它们共同对运动学区域更完
整的覆盖为研究 hJ.的演化效应提供了良好的实
验基础。

8 核子的三维成像：广义部分子分布函数

另外一组描述核子三维结构的分布函数称为广
义部分子分布（:2M2`�HBx2/ S�`iQM .Bbi`B#miBQMb，
:S.）(kNĜjj)。在领头扭度下每个夸克或胶子存在
八个 :S. 函数（如图 d所示）。:S. 函数（比如ӽ）对 ԣ变量的傅里叶变换，在偏差度（英文：bF2r@
M2bb）ᅹ 为零时就是三维的部分子分布函数（比如ԕ	ԧ b
），它们直接描述了核子内部的夸克在二维
横向坐标空间和一维纵向动量空间中的分布。

:S. 函数测量的另一个重要应用是帮助我们
了解质子自旋的构成。质子自旋可分解为夸克和胶
子的总角动量，其中夸克的总角动量可进一步分解
为夸克自旋和夸克轨道角动量：�� � ӿ � ӿւ � ��ငဋ � ԁ � ӿւ� UkV

季向东首次指出了夸克（胶子）总角动量为其 :S.
函数的二阶梅林矩的二分之一(j9)：ӿӴւ � �� ௷φφ ԓԧԧ<ӽӴւ	ԧ ᅹ �
 � ӺӴւ	ԧ ᅹ �
>� UjV

所以 :S. 函数的测量可以提供各类夸克和胶子的
总角动量。再结合对夸克自旋的测量，我们可以了
解夸克的轨道角动量对质子自旋的贡献。
再次，对 :S. 函数 ӽ 的精确测量还可以研

究核子的力学性质。核子最基本的力学性质可以通
过其能动量张量的引力形状因子来表征。引力形状
因子之一 ԓφ	ԣ
 是夸克所受到的切向应力空间分布
的傅里叶变换，包含有核子的内部压力分布信息。
一种间接但相对简单地探测 ԓφ	ԣ
 的方案是通过测
量康普顿形状因子 ෧ 的实、虚部并利用色散关系
来抽取。康普顿形状因子෧（*QKTiQM 6Q`K 6�+@
iQ`，*66）是 :S. 函数 ӽ 对 ԧ 的复变函数积
分(jk-j8)。质子内部压力分布 ԟ	ԡ
的球贝塞尔函数

yyyyyy@e
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3D Imaging: GPD from DVCS and DVMP

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

Ji Sum Rule:

1
2

= Jq + Jg

Jq =
1
2

∆Σ + Lq =
1
2

∫
dxx (Hq + Eq) ,

Jg =
1
4

∫
dx (Hg + Eg) .

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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Neutron and Deuteron structure functions

DIS on deuteron [JLab BONus exp, Phys. Rev. C 89 , 045206 (2014).]

26
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CJ band

FIG. 20. (Color online) Results for the neutron structure
function F n

2 (x) (integrated over Q2 > 1 GeV2/c2 while re-
quiring W ⇤ > 1.8 GeV/c2) from the Monte Carlo method
(labeled “Analysis 1”) and ratio method (labeled “Analysis
2”). The range of F n

2 from the CJ fit [13] is shown by the
two solid lines. Systematic uncertainties for the Monte Carlo
method are shown as the shaded band. The two analysis
results are cross-normalized to the average of the CJ fit at
x = 0.32.
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p 2
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FIG. 21. (Color online) Results for the ratio of the neutron to
proton structure functions F n

2 /F p
2 (x) (integrated over Q2 > 1

GeV2/c2 and three di↵erent minimum values for W ⇤) from
the ratio method. The uncertainty range from the CJ fit [13] is
shown by the (yellow) shaded band. Systematic uncertainties
are shown as the (red) shaded band at the bottom. Our data
are cross-normalized to the average of the CJ fit at x = 0.32.
The inset shows the average Q2 for each data point, separately
for the three lower W ⇤ limits.

identified, however, at higher momenta. The results for
the dependence on the spectator proton angle tend to
agree with expectations from target fragmentation mod-
els [19, 36], with the data showing an enhancement in
the region of forward ✓pq, as well as with final-state in-
teraction models [22] which predict a dip in the vicinity

of ✓pq = 90�.
Within the kinematic region of its applicability, the

spectator model allows us to extract the ratio Fn
2 /F d

2

of the free neutron structure function to the deuteron
one over a wide range in x or W and Q2. Compari-
son to a new, preliminary fit for this ratio from inclusive
deuteron data using Fermi-smearing models [69] shows
overall good agreement, but with some room for improve-
ment in the detailed description of the resonance struc-
tures present in the data. In the DIS region, our data
agree well with existing PDF parametrizations [13] out
to x ⇡ 0.65, where uncertainties become large.

Structure functions extracted from the BONuS exper-
iment using two di↵erent analysis methods are in agree-
ment with each other, indicating that systematic uncer-
tainties are under control. The complete data set for
Fn

2 /F d
2 over all bins in (W ⇤, Q2) is available from the

CLAS database [73] and as supplemental information to
this paper [71]. It will aid the improvement of exist-
ing models and parametrizations of neutron structure
functions. These parametrizations in turn are crucial
for other experimental goals, such as the extraction of
neutron spin structure functions from polarization asym-
metries, more precise studies of the nuclear EMC e↵ect
via comparisons of nuclear cross sections with the free
proton and neutron cross sections, as well as reducing un-
certainties in PDFs used for extracting information from
collider measurements. Our data will also provide con-
straints on the isospin dependence of nucleon resonant
excitations and the non-resonant background, as well as
tests of quark-hadron duality.

A future experiment with the energy-upgraded accel-
erator at Je↵erson Lab will allow us to improve both the
statistical precision and to extend the range in x [72].
This experiment will finally settle the question about the
asymptotic behavior of the d/u ratio in the limit x ! 1.
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No free neutron target.

Use d and 3He

d/u ratio at large x provides insights into
the structure of nucleons. [Accardi et al,
1602.03154]
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FIG. 3: Comparison of the Fn
2 /F d

2 structure function ratio from the BONuS experiment in Je↵erson

Lab (JLab) Hall B [21] with the CJ15 fit, as a function of the invariant mass W 2 for fixed Q2, with

the corresponding x ranges indicated (note x decreases with increasing W 2). The data have been

scaled by a factor 2i, from i = 0 for Q2 = 4.0 GeV2 to i = 5 for Q2 = 1.7 GeV2, and the PDF

uncertainties correspond to a 90% CL.
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Quark-gluons in cold nuclear medium

0

0.5

1

1.5

2

2.5

3

0 0.2 0.4 0.6 0.8 1

z

D
(z

)

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

19 

Parton energy loss 

h

h

γ∗

γ∗

0.30

0.50

0.70

0.90

1.10

1.30

1.50

R
a
tio

 o
f 
p
a
rt

ic
le

s 
p
ro

d
u
ce

d
 in

 le
ad

 o
ve

r 
p

ro
to

n
 D0 mesons (lower energy)

Pions (lower energy)
D0 mesons (higher energy)
Pions (higher energy)
Wang, pions (lower energy)
Wang, pions (higher energy)

 0.01 < y < 0.85, x > 0.1, 10 fb -1
 

 Higher energy : 25 GeV
2
< Q

2
< 45 GeV

2
, 140 GeV < < 150 GeV 

 Lower energy : 8 GeV2< Q2<12 GeV2, 32.5 GeV< < 37.5 GeV

1-  D0
systematic

uncertainty

1-  pion 
systematic
uncertainty

v
v

0.0 0.2 0.4 0.6 0.8 1.0
Z

Figure 1.7: Left: A schematic illustrating the interaction of a parton moving through cold
nuclear matter: the hadron is formed outside (top) or inside (bottom) the nucleus. Right: The
ratio of the semi-inclusive cross-section for producing a pion (red) composed of light quarks,
and a D0 meson (blue) composed of heavy quarks in e+lead collisions to e+deuteron collisions,
plotted as a function of z, the ratio of the momentum carried by the produced hadron to that
of the virtual photon (γ∗), as shown in the plots on the left.

much lower value of x, approaching the re-
gion of gluon saturation. In addition, the

EIC could for the first time reliably quantify
the nuclear gluon distribution over a wide
range of momentum fraction x.

1.2.3 Physics Possibilities at the Intensity Frontier

The subfield of Fundamental Symmetries in nuclear physics has an established history of
key discoveries, enabled by either the introduction of new technologies or the increase in
energy and luminosity of accelerator facilities. While the EIC is primarily being proposed for
exploring new frontiers in QCD, it offers a unique new combination of experimental probes
potentially interesting to the investigations in Fundamental Symmetries. For example,
the availability of polarized beams at high energy and high luminosity, combined with a
state-of-the-art hermetic detector, could extend Standard Model tests of the running of
the weak-coupling constant far beyond the reach of the JLab12 parity violation program,
namely toward the Z-pole scale previously probed at LEP and SLC.

10

1.2.3 Physics Possibilities at the Intensity Frontier

h

h

γ∗

γ∗

0.30

0.50

0.70

0.90

1.10

1.30

1.50

R
a

tio
 o

f 
p

a
rt

ic
le

s 
p

ro
d

u
ce

d
 in

 le
ad

 o
ve

r 
p

ro
to

n
 D0 mesons (lower energy)

Pions (lower energy)
D0 mesons (higher energy)
Pions (higher energy)
Wang, pions (lower energy)
Wang, pions (higher energy)

 0.01 < y < 0.85, x > 0.1, 10 fb -1
 

 Higher energy : 25 GeV
2
< Q

2
< 45 GeV

2
, 140 GeV < < 150 GeV 

 Lower energy : 8 GeV2< Q2<12 GeV2, 32.5 GeV< < 37.5 GeV

1-  D0
systematic

uncertainty

1-  pion 
systematic
uncertainty

v
v

0.0 0.2 0.4 0.6 0.8 1.0
Z

Figure 1.7: Left: A schematic illustrating the interaction of a parton moving through cold
nuclear matter: the hadron is formed outside (top) or inside (bottom) the nucleus. Right: The
ratio of the semi-inclusive cross-section for producing a pion (red) composed of light quarks,
and a D0 meson (blue) composed of heavy quarks in e+lead collisions to e+deuteron collisions,
plotted as a function of z, the ratio of the momentum carried by the produced hadron to that
of the virtual photon (γ∗), as shown in the plots on the left.

much lower value of x, approaching the re-
gion of gluon saturation. In addition, the

EIC could for the first time reliably quantify
the nuclear gluon distribution over a wide
range of momentum fraction x.

1.2.3 Physics Possibilities at the Intensity Frontier

The subfield of Fundamental Symmetries in nuclear physics has an established history of
key discoveries, enabled by either the introduction of new technologies or the increase in
energy and luminosity of accelerator facilities. While the EIC is primarily being proposed for
exploring new frontiers in QCD, it offers a unique new combination of experimental probes
potentially interesting to the investigations in Fundamental Symmetries. For example,
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key discoveries, enabled by either the introduction of new technologies or the increase in
energy and luminosity of accelerator facilities. While the EIC is primarily being proposed for
exploring new frontiers in QCD, it offers a unique new combination of experimental probes
potentially interesting to the investigations in Fundamental Symmetries. For example,
the availability of polarized beams at high energy and high luminosity, combined with a
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EIC prediction 
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Propagation of a color charge in cold nuclear matter 
q  Two mechanisms of parton propagating in nucleus 

4

the vacuum fragmentation functions at Q2
0. We also use the

corresponding averaged values of Q2 and ν for each bin of z
according to that in the HERMES experiment. The calculated
results agree with the HERMES data quite well for pions and
kaons for small and intermediate values of z. At large values
of z the agreement is not so good, possibly due to other effects
such as hadronic interaction [46, 47] that are not considered in
our study. The theoretical results also over-estimate the sup-
pression for protons and under-estimate the suppression for

anti-protons. This might be related to the non-perturbative
baryon transport in hadronic processes [48] and hadronic in-
teraction since baryons’ formation can be shorter than that for
pions and kaons. We have also neglected quark- anti-quark an-
nihilation contribution to the mDGLAP evolution equations.
These processes will affect the medium modification of anti-
quarks and will likely improve the modification factor for anti-
proton spectra.
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FIG. 2: (color online) The z dependence of calculated Rh
A for pions (top), kaons (middle), protons and anti-protons (bottom panel) with the

convoluted initial condition for different values of q̂0 compared with HERMES data[42] for Ne, Kr and Xe targets. For clarity, values of Rh
A

for Kr and Xe targets are displaced by -0.05 and -0.2, respectively.

We can also calculate Rh
A as a function of initial quark en-

ergy E for a given range of z and Q2. Again, the range of z
and Q2 varies with the value of E. The results are compared
with the HERMES experimental data in Fig. 3. The agree-

HERMES 

27.6 GeV electron beam on fixed target 

v  Pin down the mechanisms of a color charge propagating in nuclear medium. 
v  Study medium size dependence of nuclear effects by preparing various

 species of initial state nuclei.  
v  Probing flavor dependence of nuclear effects by tagging different final state

 hadrons. 

The BDMPS formalism: the transport coefficient of cold nuclear matter
q̂ ∼ 0.02GeV2/fm

−∆E ∼ 2GeV
(

L2

10fm

)2

Use heavy nuclei as femtometer detectors to study nuclear medium.
Energy loss of light meson and heavy meson in SIDIS.
Use different hadron to do flavor separation.
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The EMC effect and short range correlations

DIS on nuclear tagets [EMC, 1983.] [CLAS, PRL, 96 (2006) 082501]

EMC Region Fermi Motion(Anti) 
Shadowing

EMC Effect: 
Quarks move “slower” in nuclei

Aubert et al., PLB (1983); Ashman et al., PLB (1988); Arneodo et al., PLB (1988); Allasia et al., PLB 
(1990); Gomez et al., PRD (1994); Seely et al., PRL (2009); Schmookler et al., Submitted (2018)

EMC suggests: quarks move slower in nuclei.

One of the possible explanations is SRC: pairs of
nucleons with overlapping wavefunctions, with
higher relative momentum and lower center of
mass momentum than two unpaired nucleons.

xB ≡ Q2

2mNν
can be larger than 1 in eA collisions.

18

EMC - SRC Correlation

# SRC pairs
[(e,e’) ratios for xB ≥ 1.4]

EM
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e
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35
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 X
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7

Hen et al., RMP (2017); Hen et al., IJMPE (2013); Hen et al., PRC (2012);  
Weinstein, Piasetzky, Higinbotham, Gomez, Hen, and Shneor, PRL (2011). 

EMC effects and SRCs – JLab12 

!  Inclusive nuclear DIS cross section at x > 1:  

! Many new approved expts at JLab12:  

A with different  
EMC slops 

kinematic  
reach 
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The EMC effect and short range correlations

[Xu, Yuan]: FCC̄
2 and sub-threshold J/Ψ productions to probe SRC.2

EMC EFFECTS IN CHARM STRUCTURE
FUNCTION F cc̄

2 .

According to the universality of the SRC, we can pa-
rameterize the nuclear gluon distribution in the EMC
region as that for the structure function [18, 21, 23],

gA(x, Q2) = Agp(x, Q2) + 2nA
src�g̃(x, Q2) , (1)

where nsrc represents the SRC ratio in nucleus. In the
above equation, we have applied the charge symmetry be-
tween the gluon distributions in the proton and neutron,
i.e., gp(x, Q2) = gn(x, Q2) (see, for example, experimen-
tal measurement of this in Ref. [34]), and �g̃(x, Q2) repre-
sents the di↵erence between the gluon distribution in the
proton-neutron pair in the SRC and the free nucleon. In
practive, we can also parameterize nuclear modification
of the gluon distribution in term of the gluon distirbution
in a free nucleon,

RA
g =

gA(x, Q2)

Agp(x, Q2)
, (2)

and from this, we have

�g̃(x, Q2)

gp(x, Q2)
=

RA
g (x, Q2) � 1

2nA
src/A

. (3)

The universality of the SRC contribution leads to a uni-
versal function in the left hand side of the above equa-
tion, meaning that the right hand side does not depend
on the type of nucleus. Therefore, we can parameterize
the gluon distribution in nucleus A in terms of that in B,

RA
g (x, Q2) =

aA
2

aB
2

⇥
RB

g (x, Q2) � 1
⇤
+ 1 , (4)

where a2 is defined as aA
2 = (nA

src/A)/(nd
src/2) and rep-

resents the SRC ratio of nucleus A respect to that of
deuteron. In the literature aA

2 is also labeled as a2(A/d).
This ratio can also be measured through the nuclear
structure function beyond xB ⇠ 1 region [9–12].

Similar to Ref. [31], we compute the reduced cross sec-
tion for Charm structure functions,

�cc̄
red(xB , Q2) =

✓
d�cc̄

dxBdQ2

◆
xBQ4

2⇡↵2[1 + (1 � y)2]
(5)

= F cc̄
2 (xB , Q2) � y2

1 + (1 � y)2
F cc̄

L (xB , Q2) ,

where F2 and FL are Charm structure functions depend-
ing on the gluon distribution functions. In our numeric
calculations, we apply the leading order perturbative re-
sults to illustrate the main physics sensitivities at an
IEEIC. For the typical kinematics of Q2 ⇠ 10GeV2 and
x ⇠ 0.1 we find that the reduced cross section for ep
is about 10�3 which corresponds to a total cross sec-
tion of 104fb/GeV2 at the kinematics of an EIC in China

FIG. 1. Universality of EMC e↵ects in the Charm struc-
ture function measurements at future intermediate energy
EIC: (upper) Rcc̄

A (x, Q2) defined in Eq.(6) and (lower)⇥
Rcc̄

A � 1
⇤
/aA

2 for di↵erent aA
2 : the solid red, orange and blue

lines correspond to aAu
2 = 5.16, aA

2 = 4 and aA
2 = 2 respec-

tively.

(EicC) [24]. This shows that the EicC has a great po-
tential to explore the nuclear EMC e↵ects for the gluon
distributions.

From the cross sections for ep and eA collisions, we can
evaluate the nuclear modification,

Rcc̄
A (x, Q2) =

�cc̄
A/red(x, Q2)

A�cc̄
red(x, Q2)

. (6)

As an example, in Fig. 1 we show the above ratio for
the gold nucleus, where we follow the EPS16 parameter-
ization [25] to illustrate the sensitivity. Notice that we
do not have strong constraints on the gluon EMC e↵ects
from previous experiments. Therefore, the parameteriza-
ztion from EPS16 is only for illustration purpose. From
this plot, we find that the nuclear factor 1.1 to 0.8 in the
range of xB = 0.1 � 0.4. It is important to note that
the actual momentum fraction carried by the gluon is
larger than xB . This can be estiamted as x ⇡ xB⌧ with
⌧ = (1 + 4m2

c/Q2). Therefore, the real EMC region is
from 0.15 to 0.35 in this plot.

To investigate the universality of Eq. (3), we need to
explore di↵erent nuclei. For this, we parameterize the
gluon distribution functions in two nuclei with di↵erent
SRC factors: aA

2 = 4 and 2, and compute the Rcc̄
A ratios

accordingly. We have plotted these ratios in Fig. 1 as

2

EMC EFFECTS IN CHARM STRUCTURE
FUNCTION F cc̄

2 .
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The universality of the SRC contribution leads to a uni-
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This ratio can also be measured through the nuclear
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where F2 and FL are Charm structure functions depend-
ing on the gluon distribution functions. In our numeric
calculations, we apply the leading order perturbative re-
sults to illustrate the main physics sensitivities at an
IEEIC. For the typical kinematics of Q2 ⇠ 10GeV2 and
x ⇠ 0.1 we find that the reduced cross section for ep
is about 10�3 which corresponds to a total cross sec-
tion of 104fb/GeV2 at the kinematics of an EIC in China
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Example of Cross Sections 

8/22/19 25 EMC effect for different
nuclei seems to be described
by the universal SRC pairs.
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