
Guidance from 
QGP to Hadron Physics

RIKEN/RBRC
Itaru Nakagawa

1



Ques%on 1: Solve following equa%on for 𝑦 = 0

𝑦 = 𝑥! − 5𝑥 + 6
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Question 1: Solve following equation for 𝑦 = 0

𝑦 = 𝑥! − 5𝑥 + 6
= 𝑥 − 2 𝑥 − 3
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𝑥 = 2, 3

Factorization (因数分解）



4

History of Universe

Big Bang
13.7 billion years ago

Today



State of Matters

solid liquid gas plasma
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quark
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Quark-Gluon Plasma

5

Proton, Neutron

Confined
閉じ込め

Deconfined
閉じ込めからの解放h"p://kakudan.rcnp.osaka-u.ac.jp/jp/overview/world/QGP.html



Confined Status
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Inside proton or hadron
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Confined Status
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Quark-Gluon Plasma
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Default in Nature
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10Quark-Gluon Plasma is mysterious object !!
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Introduction to Hadron 
Physics
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Static Properties of Proton
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Breaking News of Proton Radius
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Which one to be trusted?



How do we measure proton radius?
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Which one to be trusted?



Ratherford’s Experiment
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Description of Atom

JJ. Tomson
Plum Pudding Model

a-Ray
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Cross Section



We can possibly know the feature of target object by observing scattering pattern
19



Electron Scattering
Point-like Charge

e- q

€ 

dσ

dΩ

 

 
 

 

 
 
exp

≠
dσ

dΩ

 

 
 

 

 
 
Mott

e-

None-point-like Charge

20

Energy E

Energy E’



Elastic Scattering
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Nucleus



Form Factor of Nucleus
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Question 1: Solve following equation for ! = 0

! = $! − 5$ + 6
= $ − 2 $ − 3

3
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Factorization (因数分解）
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Coulomb Distribution of Nucleus

Scattering Angle ∝ Momentum transfer 
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High Momentum Transfer
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Inelastic Scattering
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Wave Length and Resolution
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High Momentum Transfer
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Wave Length and Resolution
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Even Higher Momentum Transfer
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Discovery of Quark

︕ Novel Prize in 1990
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Semi Inclusive DIS

• HERA 
• 1990’s
• e-/e+ - proton collider
• 𝑠 = 320𝐺𝑒𝑉
• Luminosity ~ 1031 /cm2/s
• Unpolarized
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Flavor deptendent parton distribution functions

3333

z=Eh/n

Fragmentation Function

Beauty of Factorization 
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Flavor deptendent parton distribution functions
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Proton

Proton Spin 
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Polarized Deep Inelastic Scattering

Spin-polarized high-energy scattering of charged leptons on nucleons 7

leading twist is twist-2, with no such contributions,

Baryons are the fermionic bound states of the spin-1
2 quarks. All known baryons

have quantum numbers consistent with those of a set of three quarks of particular

flavours. (Bound states of 5 or more quarks are theoretically possible, and in fact such

wave function components may contribute to the ground states of ordinary baryons such

as the proton.) Soon after the conception of quarks as the constituents of the nucleon,
nonrelativistic models were constructed in which the mass the the nucleon was directly

attributed to three massive quarks. One of the successes of these models was considered

to be the remarkable consistency of the measured magnetic moments of many baryons

with a combination of Dirac magnetic moments of their three ‘constituent quarks’.

Then in the 1970’s, the internal spin structure of the proton came under

investigation via DIS of helicity-polarized lepton beams on hydrogenous targets
containing protons polarized with the beam axis as quantization axis, i.e. longitudinal

polarization. The exchanged virtual photon inherits the helicity of the beam lepton, to a

degree that depends on the lepton kinematics. Due to conservation of helicities in hard

or short-distance interactions, only quarks with the opposite spin direction (i.e. same

helicity) as the spin-1 photon can absorb it in the leading-order process γ∗q → q (see

figure 2). Hence the ‘polarized virtual-photon beam’ selects quarks of one helicity. From

Figure 2. Visualization of scattering of longitudinally polarized leptons and protons.

the difference in cross sections with same or opposite polarizations of beam and target,

it is therefore possible to extract the number densities of quarks having the same (q
→⇒
f )

or opposite (q
→⇐
f ) helicity as the target proton in the infinite momentum frame. Here the

symbol →(⇒) designates the helicity of the quark (target proton). The quark helicity

distribution ∆qf (x) is then defined as ∆qf (x) = q
→⇒
f (x)− q

→⇐
f (x), while the polarization-

averaged distribution qf(x) introduced above can be written qf(x) = q
→⇒
f (x) + q

→⇐
f (x).

From these definitions, the obvious ‘positivity limit’ arises: |∆qf (x)| < qf(x) The

distribution qf(x) [∆qf (x)] is sometimes written as f q
1 (x) [gq

1(x)], although this is

arguably confusing, because the spin structure functions f1 and g1 are defined to be

functions of the observable kinematic quantity xB, while the parton distributions are
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Longitudinally Polarized 
Proton + Proton Collision
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protonproton

parton

Collision products (jets, p, …)



p0

Gluon Spin Component of Proton Spin
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More details were discussed in Yuji’s talk



Summary
• Hadron physics aims to explore internal

structure of hadron using well established 
factorization scheme to interpret observed 
cross section.
• By increasing resolution (= higher Q2) of the 

probe, the fine structure of hadron can be 
observed like partons
• Lepton scattering and proton-proton reactions 

compensate each other to explore quarks or 
gluons by taking advantage of each sensitivities.
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Question 1: Solve following equation for ! = 0

! = $! − 5$ + 6
= $ − 2 $ − 3

3

$ = 2, 3

Factorization (因数分解）



Role of EIC in Gluon Spin

41
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Figure 1-3: ALL vs. xT for inclusive jet production at mid-
rapidity in 200 GeV (blue circles) [6] and 510 GeV (red 
squares) [7] p+p collisions, compared to NLO predictions 
[8,9] for three recent NLO global analyses [10,11,12] 
(blue curves for 200 GeV and red curves for 510 GeV). 

Figure 1-4: ALL vs. xT for π0-meson production at mid 
rapidity with the point-to-point uncertainties in 200 GeV 
(blue circles) [13] and 510 GeV (red squares) [14] p+p 
collisions, compared to NLO predictions [15] for three 
recent NLO global analyses [10,11,12] (blue curves for 
200 GeV and red curves for 510 GeV). The gray/gold 
bands give the correlated systematic uncertainties. 

 

 

 
 
 
Figure 1-5: The running integral for Δg as a function of 
xmin at Q2 = 10 GeV2 as obtained in the DSSV global 
analysis framework. The different uncertainty bands at 
90% C.L. are estimated from the world DIS and SIDIS 
data, with and without including the combined set of pro-
jected pseudo-data for preliminary and RHIC measure-
ments up to Run-2015, respectively as well as including 
EIC DIS pseudo data (taken from Ref. [16]). 

 
The production of W± bosons in longitudinally 

polarized proton-proton collisions serves as a 
powerful and elegant tool [17] to access valence 
and sea quark helicity distributions at a high 
scale, Q∼MW, and without the additional input of 
fragmentation functions as in semi-inclusive DIS. 
While the valence quark helicity densities are 
already well known at intermediate x from DIS, 
the sea quark helicity PDFs are only poorly con-
strained. The latter are of special interest due to 
the differing predictions in various models of 
nucleon structure (see Ref. [18, 19]). The 2011 
and the high statistics 2012 longitudinally polar-
ized p+p data sets provided the first results for 
W± with substantial impact on our knowledge of 
the light sea (anti-) quark polarizations (see Fig-

ure 1-7 (left)). With the complete data from 2011 
to 2013 analyzed by both the PHENIX (see Fig-
ure 1-6 (right)) and STAR experiments the final 
uncertainties will allow one to measure the inte-
grals of the ∆! and ∆! helicity in the accessed x 
range above 0.05. The uncertainty on the flavor 
asymmetry for the polarized light quark sea 
∆! − ∆!  will also be further reduced and a 
measurement at the 2σ level will be possible (see 
Figure 1-7 (right)). These results demonstrate 
that the RHIC W program will lead, once all the 
recorded data are fully analyzed, to a substantial 
improvement in the understanding of the light 
sea quark and antiquark polarization in the 
nucleon. 
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The Spin and Flavor Structure of the
Nucleon
An intensive and worldwide experimental
program over the past two decades has shown
that the spin of quarks and antiquarks is only
responsible for ∼ 30% of the proton spin.
Recent RHIC results indicate that the glu-
ons’ spin contribution in the currently ex-
plored kinematic region is non-zero, but not
yet sufficient to account for the missing 70%.
The partons’ total helicity contribution to
the proton spin is very sensitive to their min-
imum momentum fraction x accessible by
the experiments. With the unique capabil-
ity to reach two orders of magnitude lower in
x and to span a wider range of momentum
transfer Q than previously achieved, the EIC
would offer the most powerful tool to pre-
cisely quantify how the spin of gluons and
that of quarks of various flavors contribute
to the protons spin. The EIC would re-
alize this by colliding longitudinally polar-
ized electrons and nucleons, with both inclu-
sive and semi-inclusive DIS measurements.
In the former, only the scattered electron is
detected, while in the latter, an additional
hadron created in the collisions is to be de-
tected and identified.

Figure 1.2 (Right) shows the reduction in
uncertainties of the contributions to the nu-
cleon spin from the spin of the gluons, quarks
and antiquarks, evaluated in the x range
from 0.001 to 1.0. This would be achieved
by the EIC in its early stage of operation.
At the later stage, the kinematic range could
be further extended down to x ∼ 0.0001 re-
ducing significantly the uncertainty on the
contributions from the unmeasured small-x
region. While the central values of the he-
licity contributions in Fig. 1.2 are derived
from existing data, they could change as new
data become available in the low- x region.
The uncertainties calculated here are based
on the state-of-the art theoretical treatment
of all available data related to the nucleon
spin puzzle. Clearly, the EIC will make
a huge impact on our knowledge of these
quantities, unmatched by any other existing
or anticipated facility. The reduced uncer-
tainties would definitively resolve the ques-
tion of whether parton spin preferences alone
can account for the overall proton spin, or
whether additional contributions are needed
from the orbital angular momentum of par-
tons in the nucleon.
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Figure 1.2: Left: The range in parton momentum fraction x vs. the square of the momentum
transferred by the electron to the proton Q2 accessible with the EIC in e+p collisions at two
different center-of-mass energies, compared to existing data. Right: The projected reduction
in the uncertainties of the gluon’s helicity contribution ∆G vs. the quark helicity contribution
∆Σ/2 to the proton spin from the region of parton momentum fractions x > 0.001 that would
be achieved by the EIC for different center-of-mass energies.
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The Spin and Flavor Structure of the 
Nucleon

Polarized Gluon Distribution Integrated Gluon vs. Quark Spin

5

図 5: photon-gluon-fusion（PGF)。γ∗が核子からのグ
ルーオンと結合し, クォークペアを生ずる。核子内部の
グルーオンの状態をプローブできる。
る。COMPASSでは,図 5のように γ∗ が核子からのグ
ルーオンと結合し,クォークペアを生ずる photon-gluon-

fusion（PGF）を選択した。この時, γ∗の偏極度はQED

で計算され, グルーオンの偏極度を仮定すると pQCDに
よって PGFのスピン非対称度も決定される。逆に測定
したスピン非対称度からグルーオンの偏極度を決めるこ
とができる。ただし, このとき pQCDが適用できるよ
うに gqq̄バーテックスで大きな運動量移行を要求する。
その条件を満たすため charmペアからチャーム中間子
( D0/D∗±)が生ずる open-charmや大きな PT を持つ異符号のハドロンペアを捉える high PT hadron pairを抽
出する。open-charmでは終状態にチャーム中間子を 1つ
捉えるだけでプロセスを確定できるのでイベントの純度
は高いが, high PT hadron pairではQCD-COMPTON

や DIS 由来のバックグラウンドが存在し, それらから
の寄与をモンテカルロを使って適切に推定する必要があ
る。このようにして得られたグルーオン偏極度は図 6の
ように測定誤差の範囲で 0と矛盾しない結果 [16] となっ
た。少なくともグルーオンのBjorken-x, xgが 0.04−0.3

の範囲でのグルーオンスピン寄与は少ない。

3.5.2 inclusive hadronでのグルーオンスピン寄与
上記のグルーオン偏極度測定では特徴的なイベントを

抽出するため, 統計を上げることは難しい。一方, single

hadronを inclusiveに捉えるだけでもグルーオンの効果
を見ることができ, この場合,長年蓄積されたデータに
よってかなりの統計を期待できる。およそ 10年間にわた
る陽子・重陽子標的でのデータを解析したところ inclu-

sive hadron channelでの非対称度が得られた [17]。これ
をグルーオン偏極を含むモデル計算と比べると, gluon-

resummationを行わなくてもよい高い η 領域での計算
とつじつまが合い, xg が 0.05− 0.2で少なくともグルー
オンスピンの負の寄与はなさそうな結論となった。

図 6: 核子内グルーオン偏極度の測定値。横軸はグルー
オンの Bjorken-x。COMPASSでの測定値以外に SMC

とHERMESによる測定値も示してある。すべての測定
値がほぼ 0となっている。
ちなみにグルーオンスピン寄与の研究は偏極 ppコラ
イダーRHICのPHENIXと STARでも精力的に進めら
れてきた。これまでにグルーオンスピン偏極に感度があ
ると考えられる p↑+p↑ → π0+Xや p↑+p↑ → jet+X

の非対称度 ALL が得られている [18] 。これらのデータ
は, COMPASSのデータとともにグローバル解析の貴重
なインプットとなっており, グルーオンスピン寄与への
制限が与えられている。例えば, NNPDFpol1.1 [19] で
は Q2 = 10 GeV2 において xg = [0.05, 0.2] の ∆g(x)

の x 積分値は ∆G[0.05, 0.2] = +0.17 ± 0.06 と正の寄
与を与えるが, グルーオンスピン寄与を最終的に与える
xg = [0, 1]の全域での積分値は∆G[0, 1] = +0.03±3.24

という具合に全く決まっていないのが実情である。グ
ルーオンスピン寄与の探求は将来の EIC（電子原子核/

陽子コライダー）での重要な課題として残されている。

3.6 クォーク軌道角運動量寄与の研究
核子スピンへの寄与としてクォークのOAMも考えら

れるようになってきたため, COMPASSでは研究の重点
をこちら移してきた。クォークOAMの効果が現れる量
としてクォークの TMDを考える。最低次（twist-2) 14

に限ると図 7に示すように核子のスピン (S) とクォー
クのスピン (sq)および横運動量 (k⊥)に対応して 8種
類の TMD を考えることができる。これらのうち, ヘリ
シティ分布関数と transversity分布関数（横偏極分布関
数）はクォークのスピン寄与と関係し, Sivers分布関数
とBoer-Mulders（BM）分布関数はクォークOAMに関
連づけられる。

14pQCD を用いて断面積を考える場合, 断面積が 1/Qt−2 に比例するならば「twist-t」と呼び, 最低の tは 2で「twist-2」, tが 3以上の場合, higher-twist と呼ばれ, Q が大きくなると反応が抑制される。
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Figure 18: Nuclear Parton Distribution Functions of gluons as functions of Q2 for various x values obtained by
multiplying the gluon distribution in the proton extracted by the CTEQ collaboration to NLO [6] with the nuclear
modification ratio for gluons extracted by EPPS16 [57]. The PDFs are cut o↵ at the kinematic limits imposed by
the indicated energies of

p
s = 40 GeV (left) and 90 GeV (right), proposed for e+A collisions at an EIC. We will

show later in Fig. 24 that these uncertainties will be greatly constrained by EIC data. For instance, at x = 10�3

they are reduced by a factor of ⇠ 5.

flect the combined uncertainties from both distri-
butions. In contrast to the e+p case shown in
Fig. 3 of Section 2.4, the DGLAP evolution gen-
erates gluon distributions to good accuracy only
for high values of x. At x ⇠ 10�2 the limited lever
arm in Q2 complicates the precise extraction of the
gluon density at

p
s = 40 GeV. It is only when in-

creasing the energy by a factor of 2 or more that
one can access the higher Q2 where the gluon den-
sity can be reliably determined. Furthermore, the
reach of the insu�ciently explored low-x domain
is feasible only at

p
s = 90 GeV center-of-mass

energy. We will show later that the uncertainties
from current world data on nuclear gluon distri-
butions will be significantly reduced by EIC data.
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Figure 19: Charm pair production via photon-gluon
fusion.

Therefore, an EIC with a wide lever arm in x
and Q2 is critical for unambiguous determination
of the parton structure of nuclei. Such a determi-
nation is an important first step towards a deeper
examination of outstanding questions regarding i)
how color is confined in a nucleus as opposed to a
proton, ii) the nature of the residual color forces
that bind nucleons together at short distances, and
iii) the response of the nuclear medium to colored
probes.

In DIS processes, the fully inclusive reduced
cross-section can be written in terms of the struc-
ture functions F2 and FL as

�reduced = F2(x,Q
2)� y2

1 + (1� y)2
FL(x,Q

2), (4)

where F2 is sensitive to the sum of the quark and
anti-quark momentum distributions and FL is sen-
sitive to the gluon distribution. For EIC kinemat-
ics, up to 10�15% of the inclusive cross-section is
from production of charm quarks–the charm struc-
ture function can be measured in nuclei for the
first time. Since the dominant process is the pro-
duction of charm-anticharm pairs through photon-
gluon fusion (illustrated in Fig. 19) the measure-
ment of this cross-section allows for an indepen-
dent extraction of the gluon distribution in nuclei.

Simultaneous measurements of the F2, FL, and
F cc̄
L structure functions are key to uniquely con-

strain PDFs. The current theoretical description,
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Thanks to the high luminosity of EIC, DG precision can be further improved!
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What EIC can do for Orbital Angular Momentum?
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Figure 14: Diagrams depicting deeply virtual Compton scattering (left) and exclusive vector meson production
(right) in terms of GPDs, represented by the yellow blobs. The upper filled oval in the right figure represents the
meson wave function. The symbol ⇠ reflects the asymmetry in the longitudinal momentum fraction of the struck
parton in the initial and final state.

dimensional structure of polarized protons. Fa-
mously, the second moment of one set of quark
GPDs gives the total quark angular momentum of
the proton, and another set of gluon GPDs can
identically be related to the total gluon angular
momentum. From the “Ji sum rule” [24], the pro-
ton’s spin can be expressed as the sum of these
total angular momenta. In Sec 3.1, we discussed
the Ja↵e-Manohar spin sum rule that decomposes
the spin of the proton into the sum of the quark
and gluon helicities, and their respective angular
momenta. Therefore, in principle, GPD measure-
ments can be combined with the direct measure-
ments of quark and gluon spin helicities, to pro-
vide further insight into quark and gluon orbital
momenta. However, there are a number of subtle
issues that need to be resolved before this program
can be realized fully [25, 26].

At present, our empirical knowledge about
GPDs from DVCS data is mostly limited to the
valence quark region, from the HERMES [27–31]
experiment at HERA, the Je↵erson Lab 6 GeV ex-
periments [32–34] and COMPASS [35] at CERN.
In the near future, one anticipates results from
the Je↵erson Lab 12 GeV experiments. There is
also limited relatively low precision HERA data
on sea quarks and gluons from the H1 [36,37] and
ZEUS [38] experiments, and in the near future, a
glimpse into sea quark distributions will be pro-
vided by COMPASS. A high energy, high lumi-
nosity EIC will extract sea quark and gluon GPDs
with unprecedented reach and precision. Trans-
verse spatial distribution of quarks and gluons, in
both protons and complex nuclei, will be extracted

through precise measurements of the t-dependence
of DVCS and exclusive cross-sections for produc-
tion of J/ , �, ⇡, K and other mesons. For pro-
tons, the interval 0 ⇡ |t|  1.5 GeV2 will enable
one to map out parton distributions down to an
impact parameter of ⇠ 0.1 fm.

Figure 15 shows the precision that an EIC can
provide for imaging of quarks as obtained by a
Fourier transform of the unpolarized DVCS cross-
sections as a function of t. These simulated data
are based on GPDs extracted from a fit to the
world DVCS data. Bearing in mind the x,Q2 kine-
matic coverage shown in Fig. 2, each bin can be
accessed either only at lower center-of-mass energy
(blue band) or at higher energy (red band). The
purple band represents a region typically reachable
at both low and high energies. The impact pa-
rameter dependent parton distribution functions
obtained show clearly the growth of parton distri-
butions at low x and high Q2, where sea quarks
are important. The evolution in x and Q2 can
therefore teach us about the relative spatial dis-
tributions of valence quarks, the quark sea and
gluons. The plot in Fig. 15 demonstrates that a
wide window in Q2 resolution is available at the
high center-of-mass energy for x ⇠ 10�3. Such a
Q2 reach at fixed x is important to extract the
gluon spatial distribution through the scaling vi-
olation of the DVCS cross-section, just as is the
case for the g1 and F2 structure functions.

From these data, one can also extract the mean
squared radius hb2T i of partons in the proton as a
function of Bjorken x. This is shown in Fig. 16.
At small x, this dependence is closely related to

16

Deeply Virtual Compton Scattering
(DVCS)

Deeply Virtual Meson Production
(DVMP)

e

e'

e

e' b

bExclusive Process



Generalized Parton Distribution (GPD)
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Probing Gluons by EC
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