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� µ2 = Q2 + M2

X

� �� � �
� µ2 =

Q2
+M2

X

4� �� � � � 
� µ2 = Q2
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 � 
 � � 

θ∗� Φ� ϕ ⇐⇒� �  � � �� � rij

kl ∝ Tλ′

ρλ′

γ
Tλρλγ

Tλρλγ

�

� � � �� � �� 
� 
 � � � � � ��

ϕ 

φ

e    

θ

e

VM

p γ  

decay plane

the hadronic centre 

of mass system

         hadronic centre of mass  

electron scattering plane                production plane                     

        VM rest frame

VM direction in

M−

M+

M+

M−

.

.

� � � � � �� � ��� � � 
 � T00 : γL → ρL

T11 : γT → ρT

 � 	 � � � � � 
 � T01 : γT → ρL

T10 : γL → ρT
� �� � � � � � 
 � T1−1 : γT → ρT

s� � � 
 	 	 � � � � � �� � ��� � � 	� �� � 
 � � � 	 �  � � � �
� T01 = T10 = T1−1 = 0

•  � � �
�

� � � 
 � � � 	 � � � 	 � � � � � 
 ∝
√

|t|� � �� � � � ∝ |t|

�

• 
 � � � � � �� 
� � �� �

|t| < Q2)� |T00| > |T11| > |T01| > |T10| > |T1−1|

θ∗ Φ ϕ ⇐⇒ rij
kl ∝ Tλ′

ρλ′

γ
Tλρλγ

Tλρλγ

W (cos θ∗, ϕ, φ) = 3

4π

{

1

2
(1 − r04

00
) + 1

2
(3 r04

00
− 1) cos2 θ∗

−
√

2 Re r04
10

sin 2θ∗ cos ϕ − r04
1−1

sin2 θ∗ cos 2ϕ

−ε cos 2φ
(

r1
11

sin2 θ∗ + r1
00

cos2 θ∗ −
√

2 Re r1
10

sin 2θ∗ cos ϕ

− r1
1−1

sin2 θ∗ cos 2ϕ
)

−ε sin 2φ
(√

2 Im r2
10

sin 2θ∗ sin ϕ + Im r2
1−1

sin2 θ∗ sin 2ϕ
)

+
√

2ε (1 + ε) cos φ
[

r5
11

sin2 θ∗ + r5
00

cos2 θ∗

−
√

2 Re r5
10

sin 2θ∗ cos ϕ − r5
1−1

sin2 θ∗ cos 2ϕ
]

+
√

2ε (1 + ε) sin φ
[ √

2 Im r6
10

sin 2θ∗ sin ϕ

+Im r6
1−1

sin2 θ∗ sin 2ϕ
] }

⇒
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ρ � � 	� �� 	 � � � � �


 � ��
� Q2
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0
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-0.1

-0.05

0 20

-0.05

0

0.05

0 20

r
04
00 Re r

04
10 r

04
1-1 r

1
00

r
1
11 Re r

1
10 r

1
1-1 Im r

2
10

Im r
2
1-1 r

5
00 r

5
11 Re r

5
10

r
5
1-1 Im r

6
10 Im r

6
1-1

Q2  [GeV2]

H1 ρ electroproduction
(preliminary)

H1 HERA-1 prel.

GK (GPD)

ZEUS

• r04
00

� 	� � � 
� �� 	 � � �

Q2

↔ � �� � � 
� � � �� � � � �� r1
1−1

�

� � r2
1−1

�

� � r5
10


 	 �

� � r6
10

� � 	  � � � �

↔ � 
 �� � �� � � � 
 � � � 	

�� � � � �� � � � � �� �� � � �

� � � � � � � � � �

• r5
00

�
� � � 
 � ��  � � � � � � 
 �

• � � � ��  � � � ' �
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� � 	� �� 	 � � � � � R = σL/σT

RSCHC = 1

ε

r04

00

1−εr04

00

= |T00|2
|T11|2

0

5

10

0 20 40
Q2 [GeV2]

R
 =

 σ
L
 / 

σ T γ∗ p → ρ Y
H1 HERA-1 prel.
H1 ZEUS

γ∗ p → φ Y
H1 HERA-1 prel.
H1 ZEUS

H1 ρ and φ electroproduction (preliminary)

0

1

2

3

4

5

0.6 0.8 1
mππ [GeV]

R
 =

 σ
L
 / 

σ T

γ∗ p → ρ Y
H1 HERA-1 prel.

H1 ρ electroproduction (preliminary)

ZEUS

Mππ (GeV)

R
=σ

L
/σ

T

ZEUS 120 pb-1

<Q2>=3 GeV2

<Q2>=10 GeV2

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3

• � 
 � � � R ∝ Q2/M2� � � � � � � � 
 � � � � �

Q2

•  �� � � 
� R

� �� φ 
 	 �

ρ

•  �� � 	 � � 	 � 
� � 
 	 � � 
� � � � 
 � 	 � � 	� � � 	 ρ � 
� �
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� � 	� �� 	 � � � � �

� � � � � � 	 � � �� ��
� Q2


 � � �
� • |T11|/|T00| ∼ M

Q
1+γ

γ

• |T01|/|T00| ∼
√

|t|
Q

1√
2γ

• |T10|/|T00| ∼ −M
√

|t|
Q2

√
2

γ

γ � � �� � 	 
 	 �� 
 � �� � � �� �

|T11| / |T00|

0.25

0.5

0.75

1

0 20
Q2 [GeV2]

H1 ρ prel.
H1 φ prel.

|T01| / |T00|

0

0.2

0.4

0 20
Q2 [GeV2]

H1 ρ prel.
H1 φ prel.

|T10| / |T00|

-0.2

-0.1

0

0.1

0.2

0 20
Q2 [GeV2]

H1 ρ prel.
H1 φ prel.

|T-11| / |T00|

-0.2

-0.1

0

0.1

0.2

0 20
Q2 [GeV2]

H1 ρ prel.
H1 φ prel.

• |T11|/|T00| � �� � � 
� �� 	 � � �

Q2 ↔ σL/σT

� 	� � � 
� �� 	 � � �

Q2

• |T01|/|T00| > 0 ↔  � � �
�

� � � 
 � � � 	

• |T10|/|T00| 
 	 � |T−11|/|T00| 
� � � � 
 � �

⇒ |T00| > |T11| > |T01| > |T10|, |T−11| ↔ � � �� 
� � �� � �� �� � � �
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� � 	� �� 	 � � � � �

� � � � � � 	 � � �� ��
� |t|


 � � �
� • |T11|/|T00| ∼ M

Q
1+γ

γ

• |T01|/|T00| ∼
√

|t|
Q

1√
2γ

• |T10|/|T00| ∼ −M
√

|t|
Q2

√
2

γ

γ � � �� � 	 
 	 �� 
 � �� � � �� �

|T11| / |T00|

0.25

0.5

0.75

1

0 1
|t| [GeV2]

H1 ρ prel.
H1 φ prel.

|T01| / |T00|

0

0.2

0.4

0 1
|t| [GeV2]

H1 ρ prel.
H1 φ prel.

|T10| / |T00|

-0.2

-0.1

0

0.1

0.2

0 1
|t| [GeV2]

H1 ρ prel.
H1 φ prel.

|T-11| / |T00|

-0.2

-0.1

0

0.1

0.2

0 1
|t| [GeV2]

H1 ρ prel.
H1 φ prel.

• |T11|/|T00| � � � � � 
� �� 	 � � � |t|
• |T01|/|T00| � 	� � � 
� �� 	 � � � |t|↔  � � �

�
� � � 
 � � � 	 � 	� � � 
� �� 	 � � � |t|

• |T10|/|T00| 
 	 � |T−11|/|T00| 
� � � � 
 � � ��� � � �� � |t| � � 
 � 	 � � 	� �

• |T11|/|T00| � � � � � 
� � 
 
� � � 
 �� 
� �� 
 � 	� 
 � � � �� |T01|/|T00| � 	� � � 
� �

⇒ σL/σT

�� � � � � �� � � � � � 
 
� � � 
 � � �� 
 � 	� 
 � � � 	�
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� � 	� �� 	 � � � � � R = σL/σT

� �� � �� t

RSCHC+T01
= |T00|2

|T11+T01|2

0

2

4

6

8

10

0 1
|t| [GeV2]

R
 =

 σ
L
 / 

σ T

H1 ρ HERA-1H1 ρ HERA-1 prelim.
Q2 = 3.4 GeV2

Q2 = 9.0 GeV2

ZEUS

<Q2> = 3 GeV2

<Q2> = 10 GeV2

ZEUS 120 pb-1

|t| (GeV2)

 r
0004

 =
 σ

L
 / 

σ to
t

0.4

0.6

0.8

0 0.2 0.4 0.6 0.8 1

• �� � R

� � 
 � 	 �� � 	 t

� �� � 
� � � Q2 ⇒ bL < bT

� � � �

σL

� �� � 
 �� � � � � 
 	 σT

�

• � � � � � � 	 �� � � � 

• �� � � � � � � �� � 	 �

ρ′ � 
� � �� �� 	 � �� � 
 � �� � 	 �
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ρ 	 � φ � � 	� �� 	 � � � � � � �� � � � �� � � � ��

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

10
-2
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-1

1

10

10 2

10 3

1 10

Q2+M2 [GeV2]

W = 75 GeV

γ∗L p → ρ p

 σ
L
 [n

b
]

H1 ρ and φ electroproduction (preliminary)

H1 HERA-1 prel.

γ∗L p → φ p

H1 HERA-1 prel.
GK (GPD)

INS (kt fact)

MPS (Sat)

10
-2

10
-1

1

10

10 2

10 3

1 10

Q2+M2 [GeV2]

W = 75 GeV

γ∗T p → ρ p

H1 ρ and φ electroproduction (preliminary)

 σ
T
 [n

b
]

H1 HERA-1 prel.

γ∗T p → φ p

H1 HERA-1 prel.

GK (GPD)

INS (kt fact)

MPS (Sat)

• � � � �� � 	 �

Q2 + M2

� � 
 � 	 � � 	� �� � � σL


 	 �

σT

�

σL = 0 
 �

Q2 � � �

• � �� � � �� � � � 
 � � � 	 � � σL

�� � � � � � � � � � � � � � σT

	 � � � �� � � � � � �
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J/ψ � � 	� �� 	 � � � �

J/ψ

 � � �
�� Q2 
 	 �

t�
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γ∗ p → J/Ψ Y

H1 ZEUS

• J/ψ

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

�� � �� � �

•

� �� � � 	 � � � 
 �
� �� � � � R � �� 
 � � � �

�� � Q2M2
ρ /M

2
V M

• J/ψ � �� � �� ��� 
 	� � �� � �
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 � � � � �� � � � 	 � � � �

• � �� � �� �

Q2 � � 
 � 	 � � 	� � � � � � � 
� � 
 
�

� 
 � �� 
 	 � � � b � 	 � � � � � �� � � � � � � � 	 �

S =

√

σDV CS Q4 b(Q2)

(1 + ρ2)

• � � � 	 � 	 � � 
� � �� � 
� �� 	 � �

R =
Im A(γ∗p→ γp)

Im A(γ∗p→ γ∗p)

=
4

√

π σDV CS b(Q2)

σT (γ∗ p→ X)
√

(1 + ρ2)
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Q2 [GeV2]
R

(Q
2 )

H1 HERA I
H1 HERA II e-p

GPD model
GPD model (only kinematical skewing)

10 102

� σT (γ∗ p→ X)

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

⇒

�� 
 �� � 
 	 � � � � 	 � 	 � � 
� � ��
⇒ Q2 � � � �� � � � 	 � � �� � � � � � � � 	 � � � ��  � 
 � � � � � � � � �
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� 	 	� � � � � � �

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

pb−1 � � � � � � � � � 
 � 
 �

e+ 
 	 �

e−

� �
•

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

BCA ≡
σ(e+p)− σ(e−p)

σ(e+p) + σ(e−p)
∼ p1cos(Φ)

 (degrees)bel.Φ
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 +
 

+
σ
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 -
 

+
σ

B
C

A
 =

 (
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H1 H1 data (prelim.)
)bel.Φ cos(

1
p

0.05 < |t| < 1

� � �2� � � � �� � � � � � 	 � � �� � � � 	 �� � � � φ � �� � �� � � � 	 �
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� �� � �� � � ��

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

• ρ, φ, J/ψ,Υ, γ

•

� 
� � � � � 	 �� 
 � �� � �� 
 � 	 � 	 Q2,W, t

• � � �� � � �� � � � 	��

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

� � �

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

• 
� �� �� � � 	 � 	 � � � � � � � � � � 
� � ��� 
 	� � � � � 	 � W
� � 
 �� t

� � 
 �

• � � �� � �
� � � � � � � 
 � ��� 
 	 �

L/T � � 
 
� 
 � � � 	

• � 
 	� � � � � �� �

� � �
�

� � � �
�

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

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

� � � � 
 	� � � 
 	 � � � 
 � �
� � � �� � � 
 � � � 	 � � � � � � 
� � � 	 �
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� � �� � � � � � 	 � � 	� 	 � kT

� 	� � �� �� 	 � � � �

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

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

� � �� �� �  ! "!# $ " $ %

• σqq̄−p

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

F2

� 	 � � � � � �� � �� ��

� � 
 � � 	 � �

•

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

� � � �� � � � 	 
 � � � � �

Q2 �

kT

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

� ��� � � ���� �� &
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