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The reaction e e → e e X
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The world data on F γ
2,QED
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The dependence of F γ
2,QED

on P 2 and mμ
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The P 2 dependence is clearly observed in the data.
The muon mass can be determined to about ±15%.



The description of the

hadronic final state
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There are significant differences between the data and
the Monte Carlo predictions (OPAL ’96)
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The contributions to F γ
2 (x, Q2)
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The world data on F γ
2
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Data description by existing pdf’s
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Charm production tagged by D�s
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The first measurement of F γ
2,c
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The Q2 evolution of F γ
2 for nf = 4

Q2 [GeV2]

F
2γ  / 

α 
+ 

N

0.0055

0.055

0.15

0.25

0.35

0.50

0.70

0.90

< x >

 1

 2

 3

 4

 5

 6

 7

 8

 N

OPAL
L3
DELPHI (prl)
ALEPH (prl)

JADE
PLUTO
TASSO

AMY
TOPAZ
TPC

GRV (LO)
ASYM
SaS1D

0

2

4

6

8

10

12

10
-1

1 10 10
2

10
3

The general trend of the data is followed by the
parametrisations.



Q2 evolution compared to linear fits
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Q2 evolution after charm subtraction
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The future of the F γ
2 measurements
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F γ
2 for virtual photons
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The cross-section for double tags

for ee → eeγ�γ� → eeμ+μ−
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QED agrees well with the data and the
presence of the interference terms is clearly

seen for the first time.



D
o

u
b

le
ta

g
h

ad
ro

n
ic

cr
o

ss
-s

ec
ti

o
n

05010
0

15
0

0.
5

1
05010
0

15
0

20
40

05010
0

15
0

20
0

0
0.

5

E
ta

g/
E

be
am

Entries/0.04

D
at

a(
18

9-
20

2G
eV

)
P

ho
je

t
B

kg

Q
2  (

G
eV

2 )

Entries/2GeV
2

y

Entries/0.05

Y
=

ln
(S

/S
0)

Events/0.5

020406080

1.
5

4.
5

7.
5

L
3

p
re

lim
in

ar
y

Y
=

ln
(S

/S
0)

dσee/dY (pb)

L3
 p

re
lim

in
ar

y
18

3G
eV

18
9-

20
2G

eV
P

H
O

JE
T

Q
P

M

10
-2

10
-11

2
3

4
5

6

≈
ln

(
W

2
√ Q

2 1
Q

2 2

)
�



BFKL interpretation of σγ�γ�
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Leading order diagrams
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W distributions for anti-tagged events

10
-1

1

10

10 2

10 3

10 4

10 5

10 6

50 100 150 200
Wvis [GeV]

nu
m

be
r 

of
 e

ve
nt

s 
/ 5

 G
eV

189 GeV L3 data
PHOJET
PYTHIA
background

0

0.5

1

20 40 60 80 100 120 140
W [GeV]

N
se

l/N
ge

n

OPAL√see = 183 GeV
PHOJET
PYTHIA

all↑

diffractive↓

The acceptance for diffractive and elastic events is
very different for the PHOJET and PYTHIA models



The total hadronic cross-section σγγ
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A clear rise of the total cross-section is observed in
the data.



Inclusive charm production
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Clean charm tags can be obtained using leptons from
the semileptonic decays or D� mesons.



Differential D� cross-section
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Compilation by S. Söldner-Rembold

For pD�

T ≥ 3 GeV the data agree well and they are
satisfactorily described by he NLO QCD calculations.



The heavy quark cross-sections
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The direct production of charm quarks is insufficient.

The prediction for bottom quarks is much too low.



Charm cross-section as a function of W
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The charm cross-section rises faster than the total
hadronic cross-section.



Jet production from ZEUS

The predictions are too low at medium x



T
h

e
co

n
ce

p
t

o
f

ef
fe

ct
iv

e
p

ar
to

n
d

is
tr

ib
u

ti
o

n
fu

n
ct

io
n

s

d
5
σ

d
z
d
x

γ
d
x

p
d

co
s
θ

�
d
P

2
∝

1 z

d
2
N

T γ

d
z
d
P

2

f̃
γ
(x

γ
,
Q

2
,
P

2
)

x
γ

f̃
p
(x

p
,
Q

2
)

x
p

|M
S
E
S
(c

os
θ

�
)|2

w
it

h
: f̃

p
(x

p
,
Q

2
)

≡
n
f ∑ k

=
1

[ q
p k
(x

p
,
Q

2
)

+
q̄
p k
(x

p
,
Q

2
)
] +

9 4
g
p
(x

p
,
Q

2
)

f̃
γ
(x

γ
,
Q

2
,
P

2
)

≡
n
f ∑ k

=
1

[ q
γ k
(x

γ
,
Q

2
,
P

2
)
+

q̄
γ k
(x

γ
,
Q

2
,
P

2
)] +

9 4
g

γ
(x

γ
,
Q

2
,
P

2
)

f̃
γ

=
f̃

T γ
+

2(
1

−
z
)

1
+

(1
−

z
)2

f̃
L γ

d
2
N

T γ

d
z
d
P

2
=

α 2π

[ 1+
(1

−
z
)2

z

1 P
2

−
2

m
2 e

z

P
4

]



Structure of quasi-real photons from H1

The hadron-like part is too low for all x, and the quark
part is not sufficient ⇒ gluons are needed.
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The gluon rises towards low x, and is small at large x



Structure of virtual photons from H1
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A strong suppression with increasing photon virtuality
is observed.



Conclusions

1. The photon is a very interesting object, and our

present knowledge is based on complementary

information from different reactions.

2. The QED and the hadronic structure of quasi-real

and virtual photons has been investigated using

many observables.

3. A rather consistent picture emerges and the

general features of the photon structure can be

accounted for by the theoretical predictions.

4. However, there is still a long way to go until we

reach precise measurements of all features of the

structure of the photon.

Due to the limited amount of time not all

measurements concerning the photon structure could

be shown and a personal selection has been made.
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