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Analysis Idea

Find an intuitive description of

structure functions

Fit structure function distribution

using function:

F2(x, Q2) = a(x)

[

ln

(

Q2

Λ2

)]κ(x)

with Λ = 0.35 GeV

a(x) shows hadronic structure at

low momentum transfer

Q2 = e · Λ2 = 0.3 GeV2

=⇒ F2(x, e · Λ2) = a(x) · 1

κ(x) shows scaling violations

H1/ZEUS combined e
+

p data:

]2 [GeV2 Q
1 10 210 310 410 510

i
 2⋅ 2F

-110

1

10

210

310

410

510

610 x = 0.00008    i = 19
x = 0.00013    i = 18

x = 0.0002    i = 17

x = 0.00032    i = 16

x = 0.0005    i = 15
x = 0.0008    i = 14

x = 0.0013    i = 13

x = 0.002    i = 12

x = 0.0032    i = 11

x = 0.005    i = 10

x = 0.008    i = 9

x = 0.013    i = 8

x = 0.02    i = 7

x = 0.032    i = 6

x = 0.05    i = 5

x = 0.08    i = 4

x = 0.13    i = 3

x = 0.18    i = 2

x = 0.25    i = 1

x = 0.4    i = 0

p+   Data H1ZEUS e
   Fit
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Motivation

Extend the Publication:

“On the Structure of the Proton, the Pho-

ton, and the Colour Singlet Exchange” by

M. Erdmann, Phys.Lett.B488:131-137, 2000,

hep-ex/0007058

Use new more precise data from HERA I

(H1, ZEUS)

for Proton, Diffractive Exchange

New data from LEP since the last

publication (L3, ALEPH, OPAL, DELPHI)

for Photon

New: add charm contribution to proton

structure function (HERA I, II)
Fit model allows intuitive de-

scription of hadronic structure
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Analysis Strategy

Consider all published F2 data for NC processes

Restrict analysis for

y < 0.6

2 GeV2 < Q2 < 1000 GeV2

Take into account combined statistical and systematic errors

If only reduced cross section provided: estimate F
D(3)
2 using R = 0.25

(for diffractive data)

Cut on xIP < 0.005 for diffractive data (Pomeron-like region)

Make x - binning if needed

Plot a and κ if

more than 2 points for a given x-bin available (2 parameters)

δa < 0.2 and δκ < 1.0
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Proton Hadronic Structure

NC process at HERA:

γ (Z)

p

e
e’

Considered data:

Combined H1/ZEUS HERA I e
+
p and

e
−

p data

BCDMS data

EMC data

Find a and κ from the fit:

F2(x, Q2) = a(x)
[

ln
(

Q2

Λ2

)]κ(x)

H1/ZEUS combined e−p data:

]2 [GeV2 Q

210 310 410

i
 2⋅ 2F

-110

1

10

210

310
x = 0.005    i = 10

x = 0.008    i = 9

x = 0.013    i = 8

x = 0.02    i = 7

x = 0.032    i = 6

x = 0.05    i = 5

x = 0.08    i = 4

x = 0.13    i = 3

x = 0.18    i = 2

x = 0.25    i = 1

x = 0.4    i = 0

p-   Data H1ZEUS e
   Fit
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Proton Hadronic Structure

valence quarks at x ∼ 1/3

low x: sea quarks

typical value for hadronic

structure at small x: a = 0.1

positive and negative scaling

violations

Hadronic Structure of Proton:

x
-410 -310 -210 -110 1

a

0

0.2

0.4

0.6 EMC
BCDMS
H1ZEUS e+p
H1ZEUS e-p

Scaling Violations:

x
-410 -310 -210 -110 1

 κ

-2

-1

0

1

EMC
BCDMS
H1ZEUS e+p
H1ZEUS e-p

0.3
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Diffractive Exchange Structure

NC diffractive process at HERA:

IP

xβ =

x

Considered data:

H1 and ZEUS HERA I diffractive data

for Pomeron-like region:

xIP < 0.005

Find a and κ from the fit:

F2(x, Q2) = a(x)
[

ln
(

Q2

Λ2

)]κ(x)

]2 [GeV2Q

1 10 210 310 410

i
 4⋅ 

D
(3

)

2
 F⋅ 

IPx

-110

1

10

> = 0.06   i = 3β<

> = 0.15   i = 2β<

> = 0.35   i = 1β<

> = 0.7   i = 0β<

 = 0.003
IP

  Data H1 2006, x

  Fit
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Diffractive Exchange Structure

high density at large par-

ton momentum, for exam-

ple 2 gluons where one

carries a high momentum

fraction

mostly positive scaling vi-

olations

Hadronic Structure:

β
-210 -110

IP
 x⋅

a 

0

0.05

0.1
 = 0.003

IP
   H1 2006, x

 = 0.004
IP

   H1 2006, x

 = 0.0038
IP

   ZEUS 2008, x

Scaling Violations:

β
-210 -110

κ

-1

0

1

2

3  = 0.003
IP

   H1 2006, x

 = 0.004
IP

   H1 2006, x

 = 0.0038
IP

   ZEUS 2008, x
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Photon Structure

Photon structure results from fluctuations

of a photon into a colour neutral and

flavour neutral hadronic state

NC process for photon structure in e+e−

collider:

e

e
γ

Considered data:

LEP: L3, ALEPH, OPAL, DELPHI

JADE, TASSO, etc.

Find a and κ from the fit:

F2(x, Q2) = a(x)
[

ln
(

Q2

Λ2

)]κ(x)

All available e+e− data:

]2 [GeV2Q

1 10 210 310 410 510

 +
 i

α/γ 2F
2

4

6

8

10

 L3
 ALEPH
 OPAL
 DELPHI

 AMY
 TOPAZ
 JADE
 TASSO

 PLUTO
 TPC
 Fit

<x> = 0.851    i = 1

<x> = 0.65    i = 2

<x> = 0.5    i = 3

<x> = 0.35    i = 4

<x> = 0.25    i = 5

<x> = 0.15    i = 6

<x> = 0.065    i = 7

<x> = 0.015    i = 8
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Photon Structure

no evidence of valence quarks

low x: hadronic-like structure as

for proton: a ∼ 0.1

hadronic fall plus point-like rise?

watch out: correlation between a

and κ

positive scaling violations

κ(x) ∼ 1 as expected from QCD

calculations

Hadronic Structure of Photon:

x

-310 -210 -110 1

a

0

0.05

0.1

0.15

Scaling Violations for Photon:

x

-310 -210 -110 1

κ

0

0.5

1

1.5

2
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Charm Contribution to Proton Structure

NC processes at HERA:

Considered data:

inclusive H1 HERA I/II data

D-meson HERA I data from H1 and

ZEUS

EMC charm data

Find a and κ from the fit:

F2(x, Q2) = a(x)
[

ln
(

Q2

Λ2

)]κ(x)

H1 HERA II charm inclusive measurements:

]2 [GeV2Q

10 210 310 410

i
 4⋅ c c 2F

-110

1

10

210

310

 Data HERA II

 Fit

x = 0.013      i = 0

x = 0.005      i = 1

x = 0.002      i = 2

x = 0.0013      i = 3

x = 0.0008      i = 4

x = 0.0005      i = 5
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Charm Contribution to Proton Structure

negligible charm in the

proton when probing with

static resolution scale of

Q2= 0.3 GeV2

strong positive scaling

violations

consistent with charm result-

ing from fluctuations

Hadronic Structure:

x

-510 -410 -310 -210 -110 1

a

-610

-510

-410

-310

-210

-110

1

10  (EMC)c c
 (ZEUS Dmeson)c c
 (H1 Dmeson)c c
 (H1 incl.)c c

Scaling Violations:

x

-510 -410 -310 -210 -110 1

κ

0

2

4

6

8

10  (EMC)c c
 (ZEUS Dmeson)c c
 (H1 Dmeson)c c
 (H1 incl.)c c
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Comparison I: Proton and Charm Contribution

Proton:

valence quarks at x ∼ 1/3

low x: sea quarks

positive and negative scaling vio-

lations

Charm in Proton:

strong positive scaling violations

no charm in the proton when

probing with static resolution

scale of Q2= 0.3 GeV2

all charm at higher Q2 results

from fluctuations

Hadronic Structure:

x
-410 -310 -210 -110 1

a

-610

-510

-410

-310

-210

-110
1

p, BCDMS)+ Proton (H1ZEUS e
 (H1, ZEUS, EMC)c c

Scaling Violations:

x
-410 -310 -210 -110 1

κ

-2

0

2

4

6
p, BCDMS)+ Proton (H1ZEUS e

 (H1, ZEUS, EMC)c c
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Comparison II: Charm, Colour Singlet, Photon
Charm in Proton:

strong positive scaling violations

no charm at Q2= 0.3 GeV2

charm from fluctuations at higher Q2

Colour Singlet Exchange:

a devided by 10 for comparison

high density at large x: suggestive

of gluon-gluon system with 1 gluon

carrying most of the momentum

mostly positive scaling violations

Photon:

only sea quarks

κ(x) ∼ 1 as expected from QCD

calculations

Hadronic Structure:

x
-410 -310 -210 -110 1

a

0

0.5

1

1.5

2 Photon
 0.1)⋅Diffractive (H1, ZEUS) (

 (H1, ZEUS, EMC)c c

Scaling Violations:

x
-410 -310 -210 -110 1

κ

0

2

4

6
Photon
Diffractive (H1, ZEUS)

 (H1, ZEUS, EMC)c c
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Summary

Wealth of new data from ep collisions at HERA

and e+e− collisions at LEP

Hadronic structures extrapolated to

Q2 = 0.3 GeV2:

Proton shows valence quarks at x ∼ 0.3, at

low x sea quarks with negligible heavy quark

contributions

Photon: similar level of sea quarks as the

proton

Diffractive exchange: similar level of sea

contribution at low x, increase towards

x = 1 (gluons)

Scaling violations: strongly positive for charm,

photon, proton at low x, diffractive exchange (ex-

cept for x = 1), negative for proton at high x

Hadronic Structure:

x
-410 -310 -210 -110 1

a

0

0.5

1

1.5

2 p, BCDMS)+ Proton (H1ZEUS e
 (H1, ZEUS, EMC)c c

 0.1)⋅ Diffractive (H1, ZEUS) (
 Photon

Scaling Violations:

x
-410 -310 -210 -110 1

κ

-2

0

2

4

6

p, BCDMS)+ Proton (H1ZEUS e
 (H1, ZEUS, EMC)c c

 Diffractive (H1, ZEUS)
 Photon
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Backup Slides
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Fits of combined H1/ZEUS e+p data
 2

F

0

0.5

1

1.5

x = 0.00008

0

0.5

1

1.5

x = 0.0005

0

0.5

1

1.5

x = 0.0032

0

0.5

1

1.5

x = 0.02

1 10 210 310
0

0.5

1

1.5

x = 0.13

0

0.5

1

1.5

x = 0.00013

0

0.5

1

1.5

x = 0.0008

0

0.5

1

1.5

x = 0.005

0

0.5

1

1.5

x = 0.032

1 10 210 310
0

0.5

1

1.5

x = 0.18

0

0.5

1

1.5

x = 0.0002

0

0.5

1

1.5

x = 0.0013

0

0.5

1

1.5

x = 0.008

0

0.5

1

1.5

x = 0.05

1 10 210 310
0

0.5

1

1.5

x = 0.25

0

0.5

1

1.5

x = 0.00032

0

0.5

1

1.5

x = 0.002

0

0.5

1

1.5

x = 0.013

0

0.5

1

1.5

x = 0.08

]2 [GeV2 Q
1 10 210 310

0

0.5

1

1.5

x = 0.4

p+   Data H1ZEUS e
   Fit
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Fits of combined H1/ZEUS e−p data
 2

F

0

0.5

1

1.5 x = 0.005

0

0.5

1

1.5 x = 0.02

0

0.5

1

1.5 x = 0.08

210 310
0

0.5

1

1.5 x = 0.25

0

0.5

1

1.5 x = 0.008

0

0.5

1

1.5 x = 0.032

0

0.5

1

1.5 x = 0.13

210 310
0

0.5

1

1.5 x = 0.4

0

0.5

1

1.5 x = 0.013

0

0.5

1

1.5 x = 0.05

0

0.5

1

1.5 x = 0.18

]2 [GeV2 Q

210 310
0

0.5

1

1.5

p-   Data H1ZEUS e
   Fit
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Fits of BCDMS data
 2

F

0

0.2

0.4
x = 0.07

0

0.2

0.4
x = 0.18

0

0.2

0.4
x = 0.35

10 210
0

0.2

0.4
x = 0.65

0

0.2

0.4
x = 0.1

0

0.2

0.4
x = 0.225

0

0.2

0.4
x = 0.45

10 210
0

0.2

0.4
x = 0.75

0

0.2

0.4
x = 0.14

0

0.2

0.4
x = 0.275

0

0.2

0.4
x = 0.55

]2 [GeV2 Q
10 210

0

0.2

0.4

   Data BCDMS
   Fit
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Fits of EMC data
 2

F

0

0.2

0.4
x = 0.0175

0

0.2

0.4
x = 0.08

0

0.2

0.4
x = 0.25

10 210
0

0.2

0.4
x = 0.55

0

0.2

0.4
x = 0.03

0

0.2

0.4
x = 0.125

0

0.2

0.4
x = 0.35

10 210
0

0.2

0.4
x = 0.65

0

0.2

0.4
x = 0.05

0

0.2

0.4
x = 0.175

0

0.2

0.4
x = 0.45

]2 [GeV2 Q
10 210

0

0.2

0.4
x = 0.75

   Data EMC
   Fit
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Fits of diffractive data (H1, DESY 06-048) I
D

(3
)

2
 F⋅ 

IPx 0.05

0.1

   Data
   Fit

0.05

0.1

0.05

0.1

0.05

0.1

 = 0.0011IPx
 = 0.35β

1 10 210

0.05

0.1

 = 0.0011IPx
 = 0.7β

0.05

0.1

0.05

0.1

 = 0.004IPx
 = 0.06β

0.05

0.1

 = 0.004IPx
 = 0.15β

0.05

0.1

 = 0.004IPx
 = 0.35β

1 10 210

0.05

0.1

 = 0.004IPx
 = 0.7β

0.05

0.1

 = 0.01IPx
 = 0.02β

0.05

0.1

 = 0.01IPx
 = 0.06β

0.05

0.1

 = 0.01IPx
 = 0.15β

0.05

0.1

 = 0.01IPx
 = 0.35β

1 10 210

0.05

0.1

0.05

0.1

 = 0.022IPx
 = 0.02β

0.05

0.1

 = 0.022IPx
 = 0.06β

0.05

0.1

 = 0.022IPx
 = 0.15β

0.05

0.1

1 10 210

0.05

0.1

0.05

0.1

 = 0.045IPx
 = 0.02β

0.05

0.1

 = 0.045IPx
 = 0.06β

0.05

0.1

0.05

0.1

1 10 210

0.05

0.1

0.05

0.1

 = 0.08IPx
 = 0.02β

0.05

0.1

 = 0.08IPx
 = 0.06β

0.05

0.1

0.05

0.1

]2 [GeV2Q

1 10 210

0.05

0.1
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Fits of diffractive data (H1, DESY 06-048) II

xIP β a δa κ δκ χ2/ndf

0.01 0.02 0.002 0.003 1.602 0.924 0.001/1

0.022 0.02 0.001 0.001 1.945 0.527 0.051/2

0.045 0.02 0.002 0.001 1.754 0.495 0.164/2

0.08 0.02 0.003 0.003 1.523 0.675 1.62/2

0.004 0.06 0.005 0.006 0.762 0.882 0.104/1

0.01 0.06 0.002 0.002 1.49 0.629 0.129/2

0.022 0.06 0.001 0.001 1.757 0.527 0.469/2

0.045 0.06 0.002 0.002 1.553 0.871 0.507/1

0.08 0.06 0.002 0.006 1.726 2.203 2.694/1
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Fits of diffractive data (H1, DESY 06-048) III

xIP β a δa κ δκ χ2/ndf

0.004 0.15 0.003 0.002 1.16 0.503 1.409/2

0.01 0.15 0.006 0.005 0.619 0.571 0.878/2

0.022 0.15 0.009 0.013 0.452 0.961 0.126/1

0.0011 0.35 0.009 0.006 0.748 0.563 0.77/1

0.004 0.35 0.004 0.003 1.006 0.548 0.416/2

0.01 0.35 0.001 0.003 1.697 1.37 0.318/1

0.0011 0.7 0.018 0.021 0.484 0.814 0.006/1

0.004 0.7 0.016 0.022 0.502 0.904 0.0/1
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Fits of diffractive data (H1, DESY 06-049) I
D

(3
)

2
 F⋅ 

IPx 0.05

0.1

   Data
   Fit

0.05
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0.05

0.1

 = 0.01IPx
> = 0.06β<
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> = 0.02β<
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1 10 210
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Fits of diffractive data (H1, DESY 06-049) II

xIP β a δa κ δκ χ2/ndf

0.01 0.02 0.003 0.001 1.59 0.22 14.355/13

0.03 0.02 0.005 0.001 1.285 0.21 11.495/29

0.003 0.06 0.003 0.002 1.351 0.377 2.367/6

0.01 0.06 0.003 0.001 1.308 0.142 27.716/16

0.03 0.06 0.004 0.002 1.31 0.336 5.915/15

0.001 0.15 0.006 0.003 1.194 0.408 1.575/6

0.003 0.15 0.004 0.001 1.292 0.153 8.876/13

0.01 0.15 0.004 0.001 1.207 0.19 13.604/16

0.03 0.15 0.006 0.005 0.888 0.5 3.39/10
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Fits of diffractive data (H1, DESY 06-049) III

xIP β a δa κ δκ χ2/ndf

0.0003 0.35 0.001 0.001 2.729 0.762 4.96/2

0.001 0.35 0.005 0.002 1.293 0.274 1.629/4

0.003 0.35 0.006 0.001 1.01 0.136 24.783/18

0.01 0.35 0.008 0.005 0.657 0.347 5.968/6

0.03 0.35 0.004 0.015 0.999 1.913 3.554/4

0.0003 0.7 0.009 0.008 1.347 0.636 0.312/3

0.001 0.7 0.014 0.003 0.72 0.127 46.23/16

0.003 0.7 0.039 0.021 -0.012 0.325 3.74/7

0.01 0.7 0.032 0.024 -0.043 0.426 13.109/8
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Fits of diffractive data (ZEUS 2008 LRG) I
D

(3
)

2
 F⋅ 
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   Data
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Fits of diffractive data (ZEUS 2008 LRG) II

xIP β a δa κ δκ χ2/ndf

0.0038 0.025 0.01 0.002 0.538 0.161 40.81/4

0.0073 0.025 0.002 0.0 1.797 0.118 51.755/7

0.0005 0.125 0.053 0.052 -0.41 0.82 0.003/1

0.001 0.125 0.011 0.005 0.62 0.379 0.471/3

0.002 0.125 0.006 0.001 0.965 0.14 14.203/10

0.0038 0.125 0.004 0.0 1.206 0.069 58.196/16

0.0073 0.125 0.004 0.0 1.084 0.057 53.606/16

0.014 0.125 0.005 0.001 1.052 0.1 16.783/15

0.0003 0.4 0.06 0.043 -0.268 0.557 0.422/3

0.0005 0.4 0.011 0.004 0.957 0.285 0.501/5

0.001 0.4 0.007 0.001 1.083 0.138 3.151/10

0.002 0.4 0.007 0.001 0.918 0.076 24.762/14
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Fits of diffractive data (ZEUS 2008 LRG) III

xIP β a δa κ δκ χ2/ndf

0.0038 0.4 0.008 0.001 0.75 0.053 47.777/17

0.0073 0.4 0.01 0.001 0.567 0.051 83.159/21

0.014 0.4 0.026 0.008 0.039 0.166 8.9/17

0.001 0.7 0.253 0.365 -1.135 0.879 0.177/1

0.002 0.7 0.039 0.025 -0.067 0.376 4.028/5

0.0038 0.7 0.024 0.009 0.135 0.212 13.012/7

0.0073 0.7 0.079 0.024 -0.599 0.173 8.49/9

0.014 0.7 0.093 0.033 -0.703 0.198 5.798/10

0.002 0.905 1.358 3.185 -2.158 1.31 2.408/2

0.0038 0.905 0.939 1.196 -2.049 0.697 4.886/8

0.0073 0.905 4.618 4.697 -3.012 0.553 6.837/10

0.014 0.905 6.423 8.048 -3.241 0.68 20.001/10
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Fits of photon data I
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Fits of photon data II

x a δa κ δκ χ2/ndf

0.015 0.085 0.025 0.824 0.204 26.65/19

0.065 0.076 0.009 0.874 0.077 106.539/48

0.15 0.072 0.008 1.031 0.07 57.489/53

0.25 0.072 0.013 1.118 0.114 27.169/25

0.35 0.063 0.012 1.264 0.125 23.623/18

0.5 0.045 0.006 1.477 0.081 56.96/38

0.65 0.062 0.026 1.307 0.245 10.073/15

0.851 0.059 0.029 1.345 0.277 14.723/14
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Fits of charm data (H1 inclusive) I
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Fits of charm data (H1 inclusive) II

x a δa κ δκ χ2/ndf

0.0005 0.005 0.008 2.561 1.077 0.519/1

0.0008 0.001 0.002 3.305 0.947 0.363/1

0.0013 0.004 0.005 2.416 0.651 1.525/2

0.002 0.003 0.003 2.581 0.563 2.279/2

0.005 0.027 0.052 1.092 1.015 0.017/1

0.013 0.004 0.007 1.89 1.005 0.084/1
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Fits of charm data (ZEUS D meson) I
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Fits of charm data (ZEUS D meson) II

x a δa κ δκ χ2/ndf

0.0002 0.005 0.003 2.829 0.591 2.294/2

0.0004 0.002 0.001 3.385 0.542 0.639/2

0.0006 0.001 0.002 3.495 0.859 0.963/1

0.001 0.001 0.0 3.802 0.585 0.0/1

0.0015 0.001 0.001 3.413 0.722 1.345/2

0.003 0.002 0.002 2.677 0.89 1.384/2
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Fits of charm data (H1 D meson) I
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Fits of charm data (H1 D meson) II

x a δa κ δκ χ2/ndf

0.0005 0.001 0.001 3.992 0.945 0.031/2

0.002 0.007 0.017 2.173 1.465 0.147/1
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Fits of charm data (EMC) I
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Fits of charm data (EMC) II

x a δa κ δκ χ2/ndf

0.0247 0.0 0.0 5.486 0.671 0.239/1

0.0439 0.0 0.0 4.65 0.878 0.253/1

0.0781 0.0 0.0 5.626 0.947 3.448/1

0.139 0.0 0.0 4.668 1.815 0.005/1

0.247 0.0 0.0 8.497 4.54 0.678/1
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