
� �� � �� � � � � � � � � � �	 � 
� � �� �	 � � 


��� �� � � ���� �� ��� � � ��� � �� � �! � �" # � �! �" $ �% ! �" &('  � �) �* +-, � �" .* +

distribution
transverse

motion
orbital

longitud.
momentum

/ 0 12� ��" �! 12 ! 1 �

/ 3 �4 5 &" �6 � 2 � �"" �" . 7 � ! 1 � �! �8 � � $ � 6 �

9 :; <=> ?@ A B ?> BDC ? EF F AG HIJ K; <L ?MI

NG = KI L L I L OQP R S T U R VXW YZ[ \ ]

^_ & �� 2 �� �" ! � � �!

` �� �" 2 �,� �) � $� 1�" � �!a bc de

f� 1�" 8 �� g 1 � ) ��h � �! �6 �� � a

9 i F ?G A; H j> A @ ? KL ?> B; < => ? K L EG < K E < GI

� � $ �, 5 � �! �" 2 � $� 1�" � �" k 7 � �" 2� � 1 5ml

f� 1�" � 2 �! 12 ! 1 � �n 7 � �" n  � 6) " � 2) � 1! 7 � 2 � � � � � oqp r / s tu t r vwx

9 y < A> E < @z < K E < A E ?=> L ={ B; < => HI > L ? E j vwx{ G = @ ?> I ; A L E ? K H ?| G A K E ?=> OQP R S T U}

3 1 �" ! 16~ 12 ! 1 �! � �" �� / 5 � � �� 2 � �! � �"

4 &" �6 � 2 �� 6 � 5 ��



�	 � 
� � �� �	 � � 
 � � � �� � � � �	 � � 


Q2

1

1

10

100

x0.10.010.001

"Theoretical"
coverage

s =
 10

00

vacuum
fluct.

s =
 10

00
0

valence quarks
gluons

non−pert.
sea quarks
gluons

radiative
gluons/sea

pQCD
radiation

JLab 12 GeV

saturation

EIC

..
.
.
.

.

.

.. ..... . ... .... ..
.

...
...
.

...
.

.
.

9 � < K; I => ?> N AG E=> N ? K E < GI ?L A

� < A> E < @ @ A> j�� � = H j L j L EI @

4 �	 � �" ! 2 � 6 7�" �" ! � �n 
 �8 �n 1" 2 ! � �"

� 	 �2 ! �8 � 5 &" �6 � 2 �

9 i = @ N => I > EL NG = �I H ?> � � L K A E EI G ?> B

�� �� *  f � ` 8 �� �" 2 � g 1 � ) �

� � � � � � g 1 � ) � � $� 1�" � �

��� 5 � 7 �" 5 �" 2 �

9 � F j L ? K A; NG = NI G E ?I L

� �" $ � ! 1 5 �" �� 6 � 6 �" ! 16 5 �" �� ! � � �� ^4 � �

� �" �8 � � � � 7 �! � �� 5 � �! � � 1! � �" �� f ^4 � �

� � � ! �� 6 � ! � �" �" 5 2 �  �� �! � �" ��

� # 4 � � k_ � $_ � ! 
 � �! l

3 1 �" ! 16 ~ 12 ! 1 �! � �" � �



� � � � �� � � � � � � � � � 
 � � � � � � � �	 �

� � � � �� � � � � � � � �� � � �

J /ψ2

T∆
� �� �� �
	 		 		 	


 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
� � � � � � � � �� � � � � � � � �
φ

Q

N’GPDN

hard

10
−1

10
−2

10
−3

pion
cloud

diffusion

x

radiative
gluons

valence
gluons

HERA FNAL 82

. ... . ..
..
.
.

..
.
.

..
.

..
.
.

..
. .

.

.

.
. . .

.
9 :; < => @ = @ I > E < @ HI > L ? E ?I L �> = C >{ G = @ ?> K; < L ?MI � � � �I EL

` �� �" 2 � $� 1�" � �! a b c d e

9 � G A> L MI G L I L N A E ? A; H ?L EG ? � < E ?=> { G = @IJ K; <L ?MI W YZ A> H \ � ��� b ec �� �� �

�� � �" � �� 6 7� �� � �" �8 � � � 5 � �! � � 1! � �"5 � �2 !� &n  � 6 � � 5 � 7 �" 5 �" 2 �

� � �2 ! � �" 6 �2 _ �" � �6 � 3 � 4 5 � �2 � 7! � �"�! 1 5 � � 5 �! �� ��

9 � F jL ? K A; ?> EI GI L E

` �� �" 2 � $� 1�" � , 5 &" �6 � 2 �� � � $ �" �

� _ � �� 5 &" �6 � 2 � �! �� e  "! #

4 �	 1 �� �" �" 3 �4  � 5 � �! � �"

� � � �" ! � �� �" 7 1! n � � �! 1 �! � �" �

�$ � $� 1�" � % ! �" �8 � � � � � �

# �n � & &(' � � � � 2 � �6 � 2  � & 7_ & �� 2 �



� � � � �� � � � � � � � � 
 �	 
 � � �� � �

x

x > 0.1

gluons
valence−like

10-7

10-6

10-5

10-4

 0  0.5  1  1.5  2

dσ
T
 (

ep
 →

 e
’p

 J
/ψ

) 
/ d

x 
dQ

2  d
t 

 [
µb

 / 
G

eV
4 ]

-t  [GeV2]

sep = 1000 GeV2,  L = 1034 cm-2 s-1,  4 weeks

J/ψ  electroproduction
5 < Q2 < 10 GeV2

40 < W2 < 60 GeV2

80 < W2 < 100 GeV2

power-like (dipole)

x = 0.1

0.2

� �� � �� �

9 �� i � � G A> L MI G L I ?@ A B ?> B ={ M A; I > KI

B; < => L EF G = < B F IJ K; < L ?MI W YZ [ \

9 �I I HI H{ = G ?@ A B ?> B

� 1� � 	, 5 � �! � � 1! � �" / �� 1 � � 0 �" . �
 7�" �" ! � �� � ^� 
 � ,� �) � �! � 	 � b e �� �� �

� � �2 ! � 7 � 5 12 ! � �" 
 � ! _ ��� b ec �� �� �

� � �!  � �2 ! � �" 6 �2 _ �" � �6 � 2 � 6 7 � � 5 �	 � �" !2 _ �" " �� � � 2 �" ! �� � & �! �6 �! � 2 �

9 �J NI G ?@ I > E A; GI � < ?GI @ I > EL

� �2 � �� 5 �! �2 ! � �" n � �
 2� 1 ��8 � ! & � 	, 6 � � � 1 �6 �" ! �

� 16 �" � �� ! & � ec � ��
�� �
� �n � a b c de ��� �2 ! � 7 � 5 12 ! � �" � _ � $_ , 	

� � �! $� 1�" � 2 � 6 � $ � � �n " 12� ��" �! � � $ �a �



� � � � �� � � � � � � � � 
 �	 
 � � �� � �

Flux−tube
picture

Constituent
quark picture

9 �> EI G NGI E A E ?=> ?> H j> A @ ? K A; @ = HI ; L

�� 1 
 ! 1� � � f� 1�" � �� 5 k� �! 
 � �" l g 1 � ) � ��! 2 �" ! � �n " 12� ��"

��" �! � ! 1 �" ! g 1 � ) �� f� 1�" � �� 52 �" 2 �" ! �! � 5 � � 1" 5 g 1 � ) �

� �" �8 � � � 5 � �! � � 1! � �" � � ! � �� n  � $� � 1 �� &5 � �" � 5 �" 3 � 4 � �" � & �" ! � 7 �! �! � �"! _  � 1 $_ 6 � 5 �� ��

9 � G A> L MI G L I H ?L EG ? � < E ?=> ={ M A; I > KI

B; <=> L K A; K <; A �; I ?> ; A E E ? KI y i 

� � $ �a � # � 6 �" ! � / 5 � �! � � 1! � �"

0 � 
 3 �4 n � 6 1� �! � �" �n ! � 5 � ! � �" ��" 12� ��" �! 12 ! 1 � � 5 � � � ! _  � 1 $_ f ^4 �



� � � � �� � � � � � � � � � � � �� � � � � � �� 


x < 0.1

x

q−

gluons

q + singlet quarks

 0

 2

 4

 6

 8

10-4 10-3 10-2 10-1

t-
sl

op
e 

 B
  

[G
eV

-2
]

x

s = 10000 GeV2,  L = 1034 cm-2 s-1,  4 weeks

HERA H1

statistical errors only!

γ (DVCS)
8 < Q2 < 15 GeV2

J/ψ
5 < Q2 < 10 GeV2

��� � �� 	 � � �� � �� �

9  = L ?> B; I E � < AG �L A> H B; < => L F A MIEF I L A @ I EG A> L MI G L I H ?L EG ? � < E ?=> 


� �" ! �n  � 6 �� � � �

�  � � �� t �� � b �  � � � �

4 �	 � �" 2 � �
 7 �2 ! � 5n  � 6 2 _ � �� 5 &" �6 � 2 ��^ � �" 2� � 1 5 ���� �� �� �� � ��

0 � 5 �	 � �" 2 � � � � 16 � 5 �" 7 � � �" !

& & # � $ �" � �! � �n � � � � �

9 �� i � :; < => L ?�I { G = @ W Y Z �L ?> B; I E � < AG � L ?�I { G = @ � i �

a , 5 � 7 �" 5 �" 2 � � 3 1 � ) 8 �� $� 1�"5 �	 1 �� �" �" 
 �8 �n 1" 2 ! � �"

4 �! � �� � 5 �" �� & �� �� � � / 0� � ��� �� � �� �� � ��

4 �! � �� � 5 5 �	 � �" ! � �� � 6 � $ � � �n" 12� ��" � � 7 � ! �" � 2 �! 12 ! 1 �



� � � � �� � � � � � � � � � � � 	 � � � � � 
 � �

< Mπ MNx /

Mπb ~1 /

Chiral component

"Core"

� � � � � � � �� � � � � � � �� � � � � � � �� � � � � � � �

ππ

N N

 0  0.1  0.2  0.3  0.4  0.5

dσ
/d

t (
ex

cl
)

 [
ar

b.
 u

ni
ts

]

|t|  [GeV2]

core

chiral component

Mπ
2

9 � AG BI � H ?L E A> KI K= @ N => I > E ={

B; < => HI > L ? E j A E� � � Y�� 	{ G = @ K F ?G A; H j> A @ ? KL ��
 � ?=> K; = < H�

# � 5 �� , �" 5 � 7 �" 5 �" ! n � �! 1 �

���� �� � � �� � �� � ��

� �� �! � �" ! � ! �" �8 � � � 2 _ � $ � 5 �" �� ! � � �� � ! � �" � 5n  � 6 " 12� ��" �� � �! � 2 � � �

�� � � �� ��
� �" 
 � � � � � ! �" �
 2� 1 ��8 �

op t r / �  � t r �

9 �J NI G ?@ I > E A; GI � < ?GI @ I > EL

� 2 2 1 �! � 6 � � � 1 �6 �" ! �n 	, 5 � �! � � 1! � �"n � 8 �� 1 � � � 	 �� ! � # � c dc � f � `�

� � � % _ � 1� 5 � � �! 1 5 � � 5n � � � � �



� � � � �� � � � � � � � �� � � � � 	 �� � � � � 	 
 � � 
 �

� � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � �� � �� � �� � �� � �� � �� � �� � �� � �
� � �� � �� � �� � �� � �� � �� � �� � �

2

� �� �� �
� �� �� �

� � � � � �� � � � � �� � � � � �� � � � � �
VQ

t
N

GPD

N

π

N

π tπ

� � � �� � � �� � � �� � � �
	 	 	 		 	 	 		 	 	 		 	 	 	
 

 



 

� �� �

� �

� � � � � �� � � � � �� � � � � �

               

� 1 7 7 � � � � 5 �

9 � AG HI J K; < L ?MI NG = KI L L => N ?=>I @ ? E EI H � j> < K; I => ���� �� � � �� � ��

�� # � ! � # g 1 � �� . � ��

� � g 1 � � �a � ! #  "! � � c d e

9 � ?> I @ A E ? KL C ? EF �� V�� ]�� �� V R ]L < N NGI L L I L NG = H < K E ?=> => > < K; I =>

� # � � � 	 � ��n ! � ! _ �" �� � # � 	 �

9 � G = �I B; < => : �  ?> N ?=> A E ��� 	 � � � � !#"

� 1" 5 �6 �" ! �� �" ! � � �!

# � 6 �" ! � 2 �� 2 1� ��� � �" � �! ! � 2 � 3 �4

9 �J NI G ?@ I > E A; GI � < ?GI @ I > EL � I EI K E ?=> ={

{ = GC AG H> < K; I => A> H @ = HI G A EI � �� N ?=>

4 � �2 ! 7 � � � �n 2 _ � ��2 � 6 7�" �" ! �n 7 � ! �" � 2 �! 12 ! 1 ��



� � � � � � � �	 � � � � �� � � � �  �	 � � � 
 � � � �� 	 � � � �� �

�

...� � � � �� � � � �
� �� �� �

� �� �� �
� �� �� �

� �� �� �

� � �� � �� � �
� � �� � �� � �γ V∗

... � � � � � � �� � � � � � �� � � � � � �� � � � � � �

	 	 	 	 	 	 		 	 	 	 	 	 		 	 	 	 	 	 		 	 	 	 	 	 	

|n 〉 〉 n|

nG

R 
 � 2 �" �! � R

~ 12 ! 1 �! �" $ }

9 � < K; I => � < A> E < @ @ A> j�� � = H j L j L EI @ �

� AG E=> ? KC A MI { <> K E ?=> F A L K= @ N => I > ELC ? EF H ?|I GI > E N AG E ? K; I > < @ �I G L ?�I �I E K�

 � 1 �� 4 �% 6 � � � 1 � � �8 � � $ �7 � ! �" 5 �" �� ! & �� ��� � � � �

� �" 
 � � � � � 8 � g 1 �" ! 16 ~ 12 ! 1 �! � �" � �

�� � � �� �� � � ���� �� � � �� � �� ��� � � � � ��� �� ���� �� � �� �� � ��

9 � AG H H ?| G A K E ?MI NG = KI L L I L A E L @ A; ; �

� 6 7� � ! 1 5 � 5 � � $�" �� �" 7 � ! �" � 2 �! �! � � �! � �7 � 7� ! � �" �� ! � $� 1�" 5 �" �� ! & 
 �

�� 12 ! 1 �! � �" � �n 
 �� � � 5 ! � 5 � � �� 2 � �! � �"

� � � "# � � ��$ � � � �� #� � % # # � � � � � � �� & � � �� �� �� � �� � � � � '�� � � �

( )+* � 
� �-, � 
 ��
� 
 ��

� ./  . 	 � op r / s0 �

./  . 	 � op r / s r �
1111 23 4

� 1" 5 �6 �" ! �� 2 _ � �2 ! � � �! � 2 �n 6 �" &, � � 5 & � & �! �6 �



� � � � � � � �	 � � � � �� � � � � � � � �	 � � � � � 
 �

lower
density

higher
density

fluctuates

 0

 0.1

 0.2

 0.3

10-4 10-3 10-2 10-1

ω
g

x

Q2 [GeV2] = 3

10

100

1000

9 �J A @ N; I � � K A; ?> B @ = HI ;

� � # " � �� #� �� � " �� # " " � �� � � � �$ �� �

�� 12 ! 1 �! � �" � �n " 12� ��" ��h �2 _ �" $ �" � 6 �� �h �! � �" �2 �� � �n" �" . 7 � ! 1 � �! �8 � $� 1�" 5 �" �� ! &

�� � $� 1�" 5 �" �� ! & � � � ��

4 f� � ^ �8 �� 1! � �" � 4 � � 7 � �� �" �n

$� 1�" 5 �" �� ! & 2 _ �" $ � � 
 � ! _ a � ��

��" �� �! �" ! 
 � ! _ �� � � 5 �! � �� � $ � 1" 2 � ! � �" ! � � � � 1" 7 1�� � �_ � 5

9 �J NI G ?@ I > E A; GI � < ?GI @ I > EL

4 �! �2 ! � �" �n �� � �! � 2 �" 5� � 
 , 6 � � �5 �	  �2 ! �8 � �! �! � � �!a � c dc e

� 2 2 1 �! � 	 6 � � � 1 �6 �" ! �n � �
 ! � 7�� �! � �" 	 / c



� � � � � �

9 :; <=> ? K L EG < K E < GI ={ > < K; I => ; AG BI ; j <> I J N; = GI H

� � � E F I GI ?L @ < K F = < E EF I GI E= �I ; I AG> I H�

9 � G A> L MI G L I H ?L EG ? � < E ?=> ={ M A; I > KI B; < => L �; I A H ?> B EC ?L E �K A; K <; A �; I ?> ; A E E ? KI y i  � ?> EI G NGI E A �; I ?> H j> A @ ? K A; @ = HI ; L

9 i F ?G A; K= @ N => I > E ={ B; < => ? K L EG < K E < GI K A> �I NG = �I H?> L @ A; ; � � IJ K; < L ? MI A> H �> = K �= < E NG = KI L L I L

�" ! � � �! �" $ 2 �" " �2 ! � �" 
 � ! _ � � 
 . �" � $ & 2 _ � �� 7_ & �� 2 � � � ! � 2 � 6 6 1" � ! &

9 � E < H j ={ � < A> E < @ z < K E < A E ?=> L ={ N AG E=> HI > L ? E ?I L

> I J E L EI N A{ EI G @ A N N ?> B ={ A MI G A BI HI > L ? E ?I L � : �  L �


