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Measurements at H1 and ZEUS
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• unpolarised 920 GeV proton beam

• effectively unpolarised 27 GeV lepton beam

• exclusive production of

    


• dissociative diffraction of 
γ, ρ, ω, ϕ, J/ψ, ψ(2S), Υ

ρ, ω, ϕ, J/ψ, ψ(2S), Υ

10−4 ≤ xB ≤ 10−2

2 GeV2 ≤ Q2 ≤ 100 GeV2 (DIS)

25 GeV ≤ W ≤ 305 GeV

• far-forward tiggers and calorimeters: 

    separation elastic and dissociative events

• far-forward proton spectrometers: 

    detection of scattered proton with few % acceptance 

    for elastic events



Exclusive vector-meson production
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Target polarization state

• unpolarized target: 


nucleon-helicity-non-flip GPDs H, H and 

ET=2HT+ET.


• transversely polarised target:

nucleon-helicity-flip GPDs E, E and HT.
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Exclusive vector-meson production

3

Target polarization state

• unpolarized target: 


nucleon-helicity-non-flip GPDs H, H and 

ET=2HT+ET.


• transversely polarised target:

nucleon-helicity-flip GPDs E, E and HT.
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unnatural parity exchange
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Helicity amplitude ratios and spin-density matrix elements (SDMEs)
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Dissociative production
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average cross section

average amplitude over target configurations:

probes average distributions

Incoherent 

= difference between both:

probes event-by-event fluctuations
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Dissociative production

5

average cross section

average amplitude over target configurations:

probes average distributions

Incoherent 

= difference between both:

probes event-by-event fluctuations

<latexit sha1_base64="2rnxLBdLcTrnal5zbUmweBYesKI=">AAACFnicbVBNSwMxEM36WetX1aOXYBG8WHZF0WPVi8cKtha6tWTTaQ0m2SWZFcu2v8KLf8WLB0W8ijf/jWntQa0PBl7emyEzL0qksOj7n97U9Mzs3HxuIb+4tLyyWlhbr9k4NRyqPJaxqUfMghQaqihQQj0xwFQk4TK6OR36l7dgrIj1BfYSaCrW1aIjOEMntQq7oRVdxVpZiHCHGcY4GDhJ0VAy3ZVA+8f9qz0amtGrVSj6JX8EOkmCMSmSMSqtwkfYjnmqQCOXzNpG4CfYzJhBwSUM8mFqIWH8hnWh4ahmCmwzG501oNtOadNObFxppCP150TGlLU9FblOxfDa/vWG4n9eI8XOUTMTOkkRNP/+qJNKijEdZkTbwgBH2XOEcSPcrpRfM8M4uiTzLoTg78mTpLZXCg5K/vl+sXwyjiNHNskW2SEBOSRlckYqpEo4uSeP5Jm8eA/ek/fqvX23TnnjmQ3yC977F1+eoBc=</latexit>

�tot ⇠ h|A|2i

<latexit sha1_base64="h+nBVM32p74bIfAMkhdvqtKl3u0=">AAACIXicbZDLSgMxFIYz3q23qks3wSK4KjNF0aWXjUsFawudWjLpmWlokhmSM2IZ+ypufBU3LhRxJ76Mae3C2w+Bj/+cw8n5o0wKi77/7k1Nz8zOzS8slpaWV1bXyusbVzbNDYc6T2VqmhGzIIWGOgqU0MwMMBVJaET901G9cQPGilRf4iCDtmKJFrHgDJ3VKR+GViSKdYoQ4RYLnvaGQ2cpGkqI8S6UTCcS6DENzZhCI5Ie3l3XOuWKX/XHon8hmECFTHTeKb+F3ZTnCjRyyaxtBX6G7YIZFFzCsBTmFjLG+yyBlkPNFNh2Mb5wSHec06VxatzTSMfu94mCKWsHKnKdimHP/q6NzP9qrRzjw3YhdJYjaP61KM4lxZSO4qJdYYCjHDhg3Aj3V8p7zDCOLtSSCyH4ffJfuKpVg/2qf7FXOTqZxLFAtsg22SUBOSBH5Iyckzrh5J48kmfy4j14T96r9/bVOuVNZjbJD3kfn318pOk=</latexit>

�coh ⇠ |hAi|2

<latexit sha1_base64="9CHvzXKsgqtZgHmENv5bgHfLhYQ="></latexit>

�incoh ⇠
X

f 6=i

|hf |A|ii|2

<latexit sha1_base64="WlfEsw0lIEjsE9mBMQuQ94dr+vY=">AAACUHicbZFLTwIxFIXv4Avxhbp000hM3EhmjEY3Jqgbl5jII2GQdEpnaOh0Jm3HhAA/0Q07f4cbFxotMCQI3KTp6fl60/bUizlT2rY/rMza+sbmVnY7t7O7t3+QPzyqqiiRhFZIxCNZ97CinAla0UxzWo8lxaHHac3rPo557Y1KxSLxonsxbYY4EMxnBGtjtfLBnauSsOW7HIuAU8QG9wPflZPFq9vGAZoR3xCWEnSB0HwHW9kxT1r5gl20J4WWhZOKAqRVbuVHbjsiSUiFJhwr1XDsWDf7WGpGOB3m3ETRGJMuDmjDSIFDqpr9SSBDdGacNvIjaYbQaOLOd/RxqFQv9MzOEOuOWmRjcxVrJNq/bfaZiBNNBZke5Ccc6QiN00VtJinRvGcEJpKZuyLSwRITbf4gZ0JwFp+8LKqXRee6aD9fFUoPaRxZOIFTOAcHbqAET1CGChB4h0/4hh9rZH1ZvxlrunU2wzH8q0zuD3rxtTk=</latexit>

=
X

f

hi|A|fi†hf |A|ii � hi|A|ii†hi|A|ii

<latexit sha1_base64="Q4TcJ33a/gSq/uvyPT7uBtb0QO4=">AAACLnicbVDLSgMxFM34tr6qLt0Ei1AXlhlRdCP4QHCpYK3QqSWT3mmDmcyQ3BFK6xe58Vd0IaiIWz/DdFpBWw8ETs45l+SeIJHCoOu+OmPjE5NT0zOzubn5hcWl/PLKlYlTzaHMYxnr64AZkEJBGQVKuE40sCiQUAluT3p+5Q60EbG6xHYCtYg1lQgFZ2ilev70gPoSQiz6kqmmBNo96t5sU19nt63M6/54Rz+6r0WzhTbYJ5v1fMEtuRnoKPEGpEAGOK/nn/1GzNMIFHLJjKl6boK1DtMouIT7nJ8aSBi/ZU2oWqpYBKbWyda9pxtWadAw1vYopJn6e6LDImPaUWCTEcOWGfZ64n9eNcVwv9YRKkkRFO8/FKaSYkx73dGG0MBRti1hXAv7V8pbTDOOtuGcLcEbXnmUXG2XvN2Se7FTODwe1DFD1sg6KRKP7JFDckbOSZlw8kCeyBt5dx6dF+fD+exHx5zBzCr5A+frGw8AqJg=</latexit>

=
⇣
h|A|2i � |hAi|2

⌘

12

�1

0

1

y[
fm

]
�1 0 1

x[fm]

�1

0

1

y[
fm

]
�1 0 1

x[fm]

0.2

0.4

1.0 � 1
Nc

Re Tr V (x, y), �y = [0.0, 1.8, 3.5, 5.3]

FIG. 9: Example of the proton density profile (illustrated as

a trace of the Wilson line) evolution over 5.3 units of rapidity.

The initial condition is MV model (v = 0).

FIG. 10: Example of the proton density profile evolution over

5.3 units of rapidity with ultraviolet modes suppressed in the

initial condition by v = 0.3GeV
�1

.

FIG. 11: Total coherent di↵ractive J/ photoproduction

cross section as a function of center-of-mass energy W and

compared with H1 [5, 93], ZEUS [6] and ALICE [12] data.

by g4µ2 by requiring that we get a good description of
the H1 spectra at W = 75 GeV [93]. Because of the prob-
lem with non-perturbative contributions from large r to
the di↵ractive cross section, this normalization is di↵er-
ent from what the fit to the reduced charm cross section
would require. Consequently, the parameter set used in
Refs. [15, 16] also cannot reproduce the normalization of

FIG. 12: Coherent (thick lines) and incoherent (thin lines)

J/ photoproduction cross section at W = 75GeV where the

proton parametrization is fixed by the H1 data [93]. Note that

the proton color charge density is also fixed by the J/ data.

The results with and without UV damping in the initial con-

dition are shown.

the charm production data.5

We study the evolution of the di↵ractive cross sections

5 Fortunately, some observables, like the incoherent to coherent
cross section ratio, are rather insensitive to this normalization,
as we will show below.
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compared with H1 [5, 93], ZEUS [6] and ALICE [12] data.

by g4µ2 by requiring that we get a good description of
the H1 spectra at W = 75 GeV [93]. Because of the prob-
lem with non-perturbative contributions from large r to
the di↵ractive cross section, this normalization is di↵er-
ent from what the fit to the reduced charm cross section
would require. Consequently, the parameter set used in
Refs. [15, 16] also cannot reproduce the normalization of

FIG. 12: Coherent (thick lines) and incoherent (thin lines)

J/ photoproduction cross section at W = 75GeV where the

proton parametrization is fixed by the H1 data [93]. Note that

the proton color charge density is also fixed by the J/ data.

The results with and without UV damping in the initial con-

dition are shown.

the charm production data.5

We study the evolution of the di↵ractive cross sections

5 Fortunately, some observables, like the incoherent to coherent
cross section ratio, are rather insensitive to this normalization,
as we will show below.

12

�1

0

1
y[

fm
]

�1 0 1
x[fm]

�1

0

1

y[
fm

]

�1 0 1
x[fm]

0.2

0.4

1.0 � 1
Nc

Re Tr V (x, y), �y = [0.0, 1.8, 3.5, 5.3]

FIG. 9: Example of the proton density profile (illustrated as

a trace of the Wilson line) evolution over 5.3 units of rapidity.

The initial condition is MV model (v = 0).

FIG. 10: Example of the proton density profile evolution over

5.3 units of rapidity with ultraviolet modes suppressed in the

initial condition by v = 0.3GeV
�1

.

FIG. 11: Total coherent di↵ractive J/ photoproduction

cross section as a function of center-of-mass energy W and

compared with H1 [5, 93], ZEUS [6] and ALICE [12] data.

by g4µ2 by requiring that we get a good description of
the H1 spectra at W = 75 GeV [93]. Because of the prob-
lem with non-perturbative contributions from large r to
the di↵ractive cross section, this normalization is di↵er-
ent from what the fit to the reduced charm cross section
would require. Consequently, the parameter set used in
Refs. [15, 16] also cannot reproduce the normalization of

FIG. 12: Coherent (thick lines) and incoherent (thin lines)

J/ photoproduction cross section at W = 75GeV where the

proton parametrization is fixed by the H1 data [93]. Note that

the proton color charge density is also fixed by the J/ data.

The results with and without UV damping in the initial con-

dition are shown.

the charm production data.5

We study the evolution of the di↵ractive cross sections

5 Fortunately, some observables, like the incoherent to coherent
cross section ratio, are rather insensitive to this normalization,
as we will show below.

H. Mäntysaari and B. Schenke.
Phys. Rev. D 98, 034013 (2018)

See Michael Winn’s talk

σdiss

σel



Angular distributions

6

e+N ! e+N + ⇢0

⇢0 ! ⇡+ + ⇡�

Fit angular distribution of decay pions/muons                  and extract either 

Spin Density Matrix Elements (SDMEs) or helicity amplitude ratios

W(�,�,⇥)

ρo

ρo

Φ φ

e
e

lepton

N N
*

ρo

π
+

γ

π

θ

Nz

xy

+

π

π−

−

φ

Z
Y X

scattering plane

 decay plane

 production plane



W dependence of elastic production
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addition, different reactions exhibit strongly different W dependences. The total photoproduc-
tion cross section and the photoproduction of light VM show weak energy dependences, typical
of soft, hadron–hadron processes. In contrast, increasingly steep W dependences are observed
with increasing mass or Q2. In detail, theW dependences are investigated using a parameterisa-
tion inspired by Regge theory, in the form of a power law with a linear parameterisation of the
effective trajectory

σ ∝ W δ, δ = 4 (αIP − 1), αIP (t) = αIP (0) + α′ · t. (1)
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Fig. 3: W dependences of (left) total and VM photoproduction cross sections; (right) ρ electroproduction for several
values of Q2. The lines show fits to the formW δ.

The intercept αIP (0) of the effective trajectory quantifies the energy dependence of the
reaction for t = 0. The evolution of αIP (0) with µ2 is shown in Fig. 4-left. Light VM production
at small µ2 gives values of αIP (0) <

∼ 1.1, similar to those measured for soft hadron–hadron
interactions [33]. In contrast larger values, αIP (0) >∼ 1.2, are observed for DVCS, for light VM
at largeQ2 and for heavy VM at allQ2. This increase is related to the large parton densities in the
proton at small x, which are resolved in the presence of a hard scale: theW dependences of the
cross section is governed by the hard x−λ evolution of the gluon distribution, with λ $ 0.2 for
Q2 $ M2

J/ψ . TheW dependences of VM cross sections, measured for different Q2 values, are
reasonably well described by pQCD models (not shown). In detail these are however sensitive
to assumptions on the imput gluon densities in the domain 10−4 <

∼ x <
∼ 10−2 which is poorly

constrained by inclusive data [25, 34].
The slope α′ in eq. (1) describes the correlation between the t andW dependences of the

cross section. The measurement of the evolution with t of the δ exponent can be parameterised
as a W dependence of the b slopes, with b = b0 + 4α′ lnW/W0. In hadron–hadron scattering,

addition, different reactions exhibit strongly different W dependences. The total photoproduc-
tion cross section and the photoproduction of light VM show weak energy dependences, typical
of soft, hadron–hadron processes. In contrast, increasingly steep W dependences are observed
with increasing mass or Q2. In detail, theW dependences are investigated using a parameterisa-
tion inspired by Regge theory, in the form of a power law with a linear parameterisation of the
effective trajectory
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values of Q2. The lines show fits to the formW δ.

The intercept αIP (0) of the effective trajectory quantifies the energy dependence of the
reaction for t = 0. The evolution of αIP (0) with µ2 is shown in Fig. 4-left. Light VM production
at small µ2 gives values of αIP (0) <

∼ 1.1, similar to those measured for soft hadron–hadron
interactions [33]. In contrast larger values, αIP (0) >∼ 1.2, are observed for DVCS, for light VM
at largeQ2 and for heavy VM at allQ2. This increase is related to the large parton densities in the
proton at small x, which are resolved in the presence of a hard scale: theW dependences of the
cross section is governed by the hard x−λ evolution of the gluon distribution, with λ $ 0.2 for
Q2 $ M2

J/ψ . TheW dependences of VM cross sections, measured for different Q2 values, are
reasonably well described by pQCD models (not shown). In detail these are however sensitive
to assumptions on the imput gluon densities in the domain 10−4 <

∼ x <
∼ 10−2 which is poorly

constrained by inclusive data [25, 34].
The slope α′ in eq. (1) describes the correlation between the t andW dependences of the

cross section. The measurement of the evolution with t of the δ exponent can be parameterised
as a W dependence of the b slopes, with b = b0 + 4α′ lnW/W0. In hadron–hadron scattering,
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Figure 21: t dependence of the γ∗p elastic (a)-(c) and proton dissociative (b)-(d) production
cross sections for several values of Q2: (a)-(b) ρ production; (c)-(d) φ production. Some distri-
butions are multiplied by constant factors to improve the readability of the figures. The overall
normalisation errors, not included in the error bars, are the same as in Fig. 12. The superim-
posed curves correspond to exponential fits to the data (solide lines), to predictions from the
MPS model [62] (dashed lines), and to fits of Eq. (20) parameterising the two-gluon form factor
in the FS model [54] (dotted lines). The measurements are given in Tables 26-29.
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Figure 21: t dependence of the γ∗p elastic (a)-(c) and proton dissociative (b)-(d) production
cross sections for several values of Q2: (a)-(b) ρ production; (c)-(d) φ production. Some distri-
butions are multiplied by constant factors to improve the readability of the figures. The overall
normalisation errors, not included in the error bars, are the same as in Fig. 12. The superim-
posed curves correspond to exponential fits to the data (solide lines), to predictions from the
MPS model [62] (dashed lines), and to fits of Eq. (20) parameterising the two-gluon form factor
in the FS model [54] (dotted lines). The measurements are given in Tables 26-29.
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cross sections for several values of Q2: (a)-(b) ρ production; (c)-(d) φ production. Some distri-
butions are multiplied by constant factors to improve the readability of the figures. The overall
normalisation errors, not included in the error bars, are the same as in Fig. 12. The superim-
posed curves correspond to exponential fits to the data (solide lines), to predictions from the
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Figure 30: Spin density matrix elements for the diffractive electroproduction of ρ mesons, as
a function of Q2. The notag (|t| ≤ 0.5 GeV2) and tag (|t| ≤ 3 GeV2) samples are combined.
ZEUS results [19] are also shown. Where appropriate, the dotted lines show the expected
vanishing values of the matrix elements if only the SCHC amplitudes are non-zero. The shaded
bands are predictions of the GK GPD model [61] for the elements which are non-zero in the
SCHC approximation; the curves are predictions of the INS kt-unintegrated model [65] for
the compact (solid lines) and large (dashed lines) wave functions, respectively. The present
measurements are given in Table 37.
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Figure 30: Spin density matrix elements for the diffractive electroproduction of ρ mesons, as
a function of Q2. The notag (|t| ≤ 0.5 GeV2) and tag (|t| ≤ 3 GeV2) samples are combined.
ZEUS results [19] are also shown. Where appropriate, the dotted lines show the expected
vanishing values of the matrix elements if only the SCHC amplitudes are non-zero. The shaded
bands are predictions of the GK GPD model [61] for the elements which are non-zero in the
SCHC approximation; the curves are predictions of the INS kt-unintegrated model [65] for
the compact (solid lines) and large (dashed lines) wave functions, respectively. The present
measurements are given in Table 37.
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Figure 30: Spin density matrix elements for the diffractive electroproduction of ρ mesons, as
a function of Q2. The notag (|t| ≤ 0.5 GeV2) and tag (|t| ≤ 3 GeV2) samples are combined.
ZEUS results [19] are also shown. Where appropriate, the dotted lines show the expected
vanishing values of the matrix elements if only the SCHC amplitudes are non-zero. The shaded
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measurements are given in Table 37.
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Figure 30: Spin density matrix elements for the diffractive electroproduction of ρ mesons, as
a function of Q2. The notag (|t| ≤ 0.5 GeV2) and tag (|t| ≤ 3 GeV2) samples are combined.
ZEUS results [19] are also shown. Where appropriate, the dotted lines show the expected
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Fig. 2. Helicity-amplitude ratios obtained from the 25-parameter fit in the entire kinematic region, characterized by hW i = 4.73

GeV, hQ2i = 1.93 GeV2, h�t0i = 0.132 GeV2. While the phase of u(1)
11 is fixed according to the results of Refs. [26, 43, 44], its

modulus is fit so that the two crosses represent the results of fitting one free parameter. The value of Im{t(1)11 } (open diamond)
represents the result of Ref. [26]; the error bar shows the total uncertainty. For all other points, the inner error bars represent the
statistical uncertainty, while the outer ones represent statistical and systematic uncertainties added in quadrature. An additional
scale uncertainty of 8% originating from the uncertainty on the target polarization is present for the ratios t(2)�V ��

, u(2)
�V ��

, but

not shown. An extra scale uncertainty of 2% originating from the uncertainty on the beam polarization is present for the ratios
Im{t(1)�V ��

}, Re{t(2)�V ��
} and Re{u(2)

�V ��
}, but also not shown. The shaded area corresponds to results that were also obtained

in Ref. [26], while all other points are obtained for the first time. The helicity-amplitude ratios are ordered according to the
SDME classes proposed in Refs. [16, 37].

was not exploited in the analyses presented in Ref. [28].
While in Refs. [16] and [28] a total of 53 SDMEs could be
extracted, the amplitude method presented here allows
for the calculation of 71 SDMEs based on the extraction
of 25 parameters.

As seen from the figures, there is reasonable agree-
ment between SDMEs obtained with the SDME method
and those from the amplitude method. It is possible that
the values of the SDMEs obtained in these two methods
do not coincide, becasue the parameter space for SDMEs
in the SDME method is di↵erent from that in the am-
plitude method. Indeed, the SDMEs should belong to a
special region in the 71-dimensional real space to give
a non-negative angular distribution. However, at present
the equations determining the boundaries of this region
are unknown. The physical SDMEs can be represented in
terms of 17 helicity-amplitude ratios. This restricts the
region in the 71-dimensional space. This requirement is

not taken into account in the SDME method, but it sup-
presses statistical fluctuations especially when a SDME
value is close to the boundary of the allowed region. Note
that the positivity requirement on the angular distribu-
tion is inherent to the amplitude method, while it is not
to the SDME method, where it is usually imposed artifi-
cially.

5.3 Comparison to amplitudes calculated in a
GPD-based handbag model

Within the handbag approach (see, e.g., Refs. [15, 46]),
the amplitudes for �

⇤
L ! VL and �

⇤
T ! VT transitions

are given by convolutions of appropriate subprocess am-
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was not exploited in the analyses presented in Ref. [28].
While in Refs. [16] and [28] a total of 53 SDMEs could be
extracted, the amplitude method presented here allows
for the calculation of 71 SDMEs based on the extraction
of 25 parameters.
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the values of the SDMEs obtained in these two methods
do not coincide, becasue the parameter space for SDMEs
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plitude method. Indeed, the SDMEs should belong to a
special region in the 71-dimensional real space to give
a non-negative angular distribution. However, at present
the equations determining the boundaries of this region
are unknown. The physical SDMEs can be represented in
terms of 17 helicity-amplitude ratios. This restricts the
region in the 71-dimensional space. This requirement is

not taken into account in the SDME method, but it sup-
presses statistical fluctuations especially when a SDME
value is close to the boundary of the allowed region. Note
that the positivity requirement on the angular distribu-
tion is inherent to the amplitude method, while it is not
to the SDME method, where it is usually imposed artifi-
cially.

5.3 Comparison to amplitudes calculated in a
GPD-based handbag model

Within the handbag approach (see, e.g., Refs. [15, 46]),
the amplitudes for �
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Figure 39: Dependence, for ρ meson production, of the ratio R = σL/σT of the longitudinal to
the transverse cross sections, determined using Eq. (29), on (a) W ; (b) |t|; (c) mππ, separately
for 2.5 ≤ Q2 < 5 GeV2 and for 5 ≤ Q2 ≤ 60 GeV2; for W , the latter bin is divided into
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The measurements are given in Tables 50-52.
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geometric picture:

large b1  large impact parameter 

b2 


double peripheral process:

interference of three diagrams

→ ⟨r2⟩ ≈ (1.6Rp)2

→⟨r2⟩ ≈ (0.5 fm)2

ℒ = 1.16 pb−1



Deeply virtual Compton scattering
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Figure 6: Differential J/ photoproduction cross sections d�/dt as a function of the negative
squared four-momentum transfer at the proton vertex, �t, as obtained in the high-energy data
set for the (a) elastic regime and the (b) proton-dissociative regime and as obtained for the low-
energy data set shown in (c) and (d). The error bars represent the total errors. Also shown by
the curves is a simultaneous fit to this measurement and [24] of the form d�/dt = Nele�bel|t| for
the elastic cross sections and d�/dt = Npd(1 + (bpd/n)|t|)�n for the proton-dissociative cross
sections. The fit uncertainty is represented by the spread of the shaded bands.
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Figure 6: Differential J/ photoproduction cross sections d�/dt as a function of the negative
squared four-momentum transfer at the proton vertex, �t, as obtained in the high-energy data
set for the (a) elastic regime and the (b) proton-dissociative regime and as obtained for the low-
energy data set shown in (c) and (d). The error bars represent the total errors. Also shown by
the curves is a simultaneous fit to this measurement and [24] of the form d�/dt = Nele�bel|t| for
the elastic cross sections and d�/dt = Npd(1 + (bpd/n)|t|)�n for the proton-dissociative cross
sections. The fit uncertainty is represented by the spread of the shaded bands.
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squared four-momentum transfer at the proton vertex, �t, as obtained in the high-energy data
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Q2 and W dependence of t slope 
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Figure 6: Differential cross-sections dσ/dt (a) over the entire Q2 range and
(b)-(d) for three bins of Q2, for 30 < W < 220GeV and |t| < 1GeV 2. The full
lines are the results of a fit to the form dσ/dt = dσ/dt|t=0 · e−b|t| and the dashed
line is the result of a fit using an elastic form factor assuming two-gluon exchange:
dσ/dt ∝ (1−t/m2

2g)
−4. (e) The slope b, as a function of Q2, compared to the ZEUS

photoproduction and H1 results. The mean value of b is indicated by the horizontal
line. The inner error bars represent the statistical uncertainty, the outer bars the
statistical and systematic uncertainties added in quadrature.
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Figure 10: The values of the t slope parameter b(Wγp) as a function of Wγp in the range |t| <
1.2 GeV2 for a) photoproduction and b) electroproduction. 〈Q2〉 indicates the bin centre value
in the Q2 range considered. The data points are the results of one-dimensional fits of the form
dσ/dt ∝ ebt in Wγp bins. The inner error bars show the statistical errors, while the outer error
bars show the statistical and systematic uncertainties added in quadrature. The solid lines show
the results of the two-dimensional fits (equation 2) as in figure 9. In a) the data are compared
with results from the ZEUS collaboration [6].
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Figure 12: Spin-density matrix elements as functions of Q2 (a-e) and |t| (f-j) for the range
40 < Wγp < 160 GeV. The data points are the results of fits of equations 4- 7 to the data shown
in figure 11. The inner error bars show the fit result including only the statistical error, while
the outer error bars also include the systematic uncertainties. The expectations from SCHC are
shown as solid lines. The results from the ZEUS collaboration are also shown, ( a), c) and
f) [6, 16] and b) [5, 15]).
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the outer error bars also include the systematic uncertainties. The expectations from SCHC are
shown as solid lines. The results from the ZEUS collaboration are also shown, ( a), c) and
f) [6, 16] and b) [5, 15]).
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SCHC and NPE:

r11�1 =
1

2

�
1� r0400

�

|t| 〈|t|〉 αIP (t)

(GeV2) (GeV2)

0.0 - 0.1 0.046 1.22± 0.04+0.03
−0.04

0.1 - 0.3 0.186 1.17± 0.04+0.02
−0.02

0.3 - 0.9 0.483 1.17± 0.03+0.02
−0.04

0.9 - 2.0 1.123 1.13± 0.04+0.03
−0.04

Table 5: The Pomeron trajectory αIP (t) measured in four t bins, in the range
2 < Q2 < 100GeV 2 at a mean value 〈Q2〉 = 6.8GeV 2. The first uncertainty is
statistical and the second systematic.

Q2 〈Q2〉 r0400 r11−1 R = σL/σT r11−1 − 1
2 (1− r0400)

(GeV2) (GeV2)

2 - 5 3.1 0.12± 0.08+0.13
−0.15 0.34± 0.09+0.03

−0.06 0.13± 0.11+0.09
−0.16 −0.10± 0.09+0.08

−0.06

5 - 10 6.8 0.25± 0.09+0.10
−0.06 0.44± 0.09+0.06

−0.07 0.33± 0.16+0.19
−0.11 0.06± 0.10+0.08

−0.06

10 -100 16 0.54± 0.10+0.06
−0.03 0.26± 0.09+0.09

−0.04 1.19± 0.51+0.28
−0.14 0.03± 0.11+0.07

−0.02

Table 6: The spin-density matrix elements, r0400 and r11−1, the ratio of cross
sections of longitudinally and transversely polarised photons, R, and the quantity
r11−1 − 1

2 (1− r0400) measured in bins of Q2. The first uncertainty is statistical and
the second systematic.

W 〈W 〉 r0400 R = σL/σT

(GeV) (GeV)

30 - 55 43.5 0.21±0.16+0.32
−0.18 0.27±0.26+0.45

−0.17

55 - 80 68.1 0.24±0.13+0.10
−0.10 0.31±0.23+0.26

−0.22

80 - 120 95.6 0.25±0.09+0.09
−0.05 0.33±0.16+0.15

−0.07

120 - 160 128.1 0.12±0.11+0.11
−0.05 0.14±0.15+0.12

−0.05

160 - 220 184.4 0.36±0.16+0.12
−0.10 0.56±0.40+0.23

−0.16

Table 7: The spin density matrix element r0400 and the ratio of cross sections of
longitudinally and transversely polarised photons, R, measured in bins of W , in the
range 2 < Q2 < 100GeV 2 at a mean value 〈Q2〉 = 6.8GeV 2. The first uncertainty
is statistical and the second systematic.
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Figure 2: The exclusive Υ(1S) photoproduction cross section as a function of W .
The full squares are the ZEUS data from this measurement in the kinematic region
Q2 < 1 GeV 2, and two W ranges, 60 < W < 130 GeV, and 130 < W < 220 GeV.
The inner bars indicate the statistical uncertainties, the outer bars are the statistical
and systematic uncertainties added in quadrature. The earlier measurements of
ZEUS [2] and H1 [3], are also shown. The shaded area denotes predictions of
NLO MNRT [6]. The long-dashed line is the prediction of the FMS model [5].
The dashed-dotted (dotted) line is the prediction of the IKS [7] using a scale of 1.3
GeV (7 GeV). The small-dashed line (small-dashed three-dots) is the prediction of
RSS [8], using a Gaussian-like (Coulomb-like) wave function.
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Q2 ⇡ 0
Phys. Lett. B 680 (2009) 4–12

RSS: kT factorisation + LCWF Gaussian- or Couloumb-like

IKS: NLO W=f( )

FMS:  dipole+2-gluon exchange (CTEQ4L)

MNRT NLO+gPDF from HERA 

μ
qq̄

J/ψ



Q2+M2 dependence of b: elastic

b = bVM + bp

bVM ∼
1

Q2 + M2
VM

bp  size of gluon area → ⟨r⟩g

< proton radius (0.84 fm)

Phys. Lett. B 708 (2012) 14–20

⟨rg⟩ ≈ 0.6 fm



Flavour dependence: universality



Summary
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• W dependence: soft and hard interactions


• Diffractive electroproduction of : NPE and global SCHC


• Disentanglement of longitudinal and transverse cross section:

    rise of longitudinal cross section with Q2


•  evolution of vector mesons:

    towards sole sensitivity of proton size with increasing  

ρ, ω ϕ, J/ψ, ψ(2S), and Υ

Q2 + M2
V

Q2 + M2
V


