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HERMES:  
• exclusive electroproduction of   and  
• quark GPDs 
• target: 

• unpolarized protons and deuterons 
• transversely polarized protons 

• longitudinally polarized lepton beam
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W dependence
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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,
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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 polarized target: 

nucleon-helicity-flip GPDs E, E and HT.
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Helicity amplitude ratios and SDMEs
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Fit angular distribution of decay particles                    and extract either  
Spin Density Matrix Elements (SDMEs) or helicity amplitude ratios
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Angular distributions
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Fig. 1. Definition of angles in the process eN ! eN!, where
! ! ⇡

+
⇡

�
⇡

0. Here, � is the angle between the ! production
plane and the lepton scattering plane in the center-of-mass
system of the virtual photon and the target nucleon. The vari-
ables ⇥ and � are respectively the polar and azimuthal angles
of the unit vector normal to the decay plane in the !-meson
rest frame.

while the azimuthal angle � of the unit vector n is given
by

cos � =
(q ⇥ p0) · (p0 ⇥ n)

|q ⇥ p0| · |p0 ⇥ n| , (20)

sin � = � [(q ⇥ p0) ⇥ p0] · (n⇥ p0)

|(q ⇥ p0) ⇥ p0| · |n⇥ p0| . (21)

3 Data analysis

3.1 HERMES experiment

The data analyzed in this paper were accumulated with
the HERMES spectrometer during the running period of
1996 to 2007 using the 27.6 GeV longitudinally polarized
electron or positron beam of HERA, and gaseous hydro-
gen or deuterium targets. The HERMES forward spec-
trometer, which is described in detail in Ref. [22], was
built of two identical halves situated above and below the
lepton beam pipe. It consisted of a dipole magnet in con-
junction with tracking and particle identification detec-
tors. Particles were accepted when their polar angles were
in the range ±170 mrad in the horizontal direction and
±(40�140) mrad in the vertical direction. The spectrom-
eter permitted a precise measurement of charged-particle
momenta, with a resolution of 1.5%. A separation of lep-
tons was achieved with an average e�ciency of 98% and
a hadron contamination below 1%.

3.2 Selection of exclusively produced ! mesons

The following requirements were applied to select exclu-
sively produced ! mesons from reaction (1):
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Fig. 2. Two-photon invariant mass distribution after appli-
cation of all criteria to select exclusively produced ! mesons.
The Breit–Wigner fit to the mass distribution is shown as a
continuous line and the dashed line indicates the PDG value
of the ⇡

0 mass.

i) Exactly two oppositely charged hadrons, which are as-
sumed to be pions, and one lepton with the same charge
as the beam lepton are identified through the analysis of
the combined responses of the four particle-identification
detectors [22].
ii) A ⇡0 meson that is reconstructed from two calorime-
ter clusters as explained in Ref. [23] is selected requir-
ing the two-photon invariant mass to be in the interval
0.11 GeV < M(��) < 0.16 GeV. The distribution of
M(��) is shown in Fig. 2. This distribution is centered
at m⇡0 = 134.69± 19.94 MeV, which agrees well with the
PDG [24] value of the ⇡0 mass.
iii) The three-pion invariant mass is required to obey 0.71
GeV M(⇡+⇡�⇡0)  0.87 GeV.
iv) The kinematic requirements for exclusive production
of ! mesons are the following:
a) The scattered-lepton momentum lies above 3.5 GeV.
b) The constraint �t0 < 0.2 GeV2 is used.
c) For exclusive production the missing energy �E must
vanish. Here, the missing energy is calculated both for pro-

ton and deuteron as �E =
M2

X�M2
p

2Mp
, with Mp being the

proton mass and M2
X = (p + q � p⇡+ � p⇡� � p⇡0)2 the

missing mass squared, where p, q, p⇡+ , p⇡� , and p⇡0 are
the four-momenta of target nucleon, virtual photon, and
each of the three pions respectively. In this analysis, tak-
ing into account the spectrometer resolution, the missing
energy has to lie in the interval �1.0 GeV < �E < 0.8
GeV, which is referred to as “exclusive region” in the fol-
lowing.
d) The requirement Q2 > 1.0 GeV2 is applied in order to
facilitate the application of pQCD.
e) The requirement W > 3.0 GeV is applied in order to
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ground under the exclusive peak. This fraction is calcu-205

lated as the ratio of the number of background events to206

the total number of events and amounts to about 21%.207

After application of all these constraints, the sample208

contains 279 exclusively produced ! mesons. This data209

sample is referred to in the following as data in the “entire210

kinematic region”. The ⇡+⇡�⇡0 invariant-mass distribu-211

tion for this data sample is shown in Fig. 3. A Breit–212

Wigner fit yields 785.1 MeV (52.0 MeV) for the mass213

(width).214

Extraction of the asymmetry amplitudes215

The cross section for hard exclusive leptoproduction of216

a vector meson on a transversely polarized proton tar-217

get, written in terms of polarized photo-absorption cross218

sections and interference terms, is given by Eq. (34) in219

Ref. [19]. In this equation, the transverse-target-spin asym-220

metry A
UT

is decomposed into a Fourier series of terms221

involving sin(m� ± �
S

), with m = 0, ..., 3. The angles222

� and �
S

are the azimuthal angles of the !-production223

plane and of the component S? of the transverse nu-224

cleon polarization vector that is orthogonal to the virtual-225

photon direction. They are measured around the virtual–226

photon direction and with respect to the lepton-scattering227

plane (see Fig. 4). These definitions are in accordance228

with the Trento Conventions [20]. For the HERMES kine-229

matics and acceptance in exclusive ! production, sin ✓
�

⇤ <230

0.1 and cos ✓
�

⇤ > 0.99, which can be approximated by231

sin ✓
�

⇤ ⇡ 0 and cos ✓
�

⇤ ⇡ 1. Here the angle ✓
�

⇤ is be-232

tween the lepton-beam and virtual-photon directions.233
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Fig. 4. Lepton-scattering and !-production planes together
with the azimuthal angles � and �s, where Ph denotes the
three-momentum of the produced ! meson.

In this approximation, the angular-dependent part of234

Eq. (34) in Ref. [19] for an unpolarized beam reads:235

W(�,�
S

) = 1 +A
cos(�)

UU

cos(�) +A
cos(2�)

UU

cos(2�)

+ S?[A
sin(�+�S)
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sin(�+ �
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)
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sin(���S)

UT

sin(�� �
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)
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sin(�S)

UT
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)
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UT
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S

)
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sin(3���S)

UT

sin(3�� �
S

)],

(3)

where S? = |S?|. Here A
UU

and A
UT

denote the ampli-236

tudes of the corresponding cosine and sine modulations237

as given in their superscripts. The first letter in the sub-238

script denotes unpolarized beam and the second letter U239

(T ) denotes unpolarized (transversely polarized) target.240

The above approximation in conjunction with the addi-241

tional factor ✏/2 ⇡ 0.4, where ✏ is the ratio of fluxes of242

longitudinal and transverse virtual photons, allows one to243

neglect the contribution of the sin(2�+ �
S

) modulation.244

This approximation also makes the angular dependence245

of S? disappear (see Eq. (8) of Ref. [19]), and we use246

S? ' P
T

=0.72 in the following. We note that the modu-247

lation sin(���
S

) is the only one that appears at leading248

twist.249

For exclusive production of ! mesons decaying into250

three pions, the angular distribution of the latter can251

be decomposed into parts corresponding to longitudinally252

(L) and transversely (T) polarized ! mesons:253

W(�,�
S

, ✓) =
3

2
r04
00

cos2(✓)w
L

(�,�
S

)

+
3

4
(1� r04

00

) sin2(✓)w
T

(�,�
S

).

(4)

Here, ✓ is the polar angle of the unit vector normal to the254

! decay plane in the !-meson rest frame, with the z-axis255

aligned opposite to the outgoing nucleon momentum [16].256

The pre-factors r04
00

and (1� r04
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) represent the fractional257

contribution to the full cross section by longitudinally258

and transversely polarized ! mesons, respectively [16].259
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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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exclusive ρ0 electroproduction, as a function of Q2. Also shown are values of b
obtained previously at lower Q2 values [10, 53]. The inner error bars indicate the
statistical uncertainty, the outer error bars represent the statistical and systematic
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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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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 32: Spin density matrix elements for the diffractive electroproduction of ρ mesons, as a
function of |t|, for two intervals in Q2: 2.5 ≤ Q2 < 5 GeV2 and 5 ≤ Q2 ≤ 60 GeV2. Where
appropriate, the dotted lines show the expected vanishing values of the matrix elements if only
the SCHC amplitudes are non-zero. The measurements are given in Table 42.
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Fig. 16. The Q2 and t′ dependence of u1 = 1 − r0400 +
2r041−1−2r111−2r11−1 for proton (filled squares) and deuteron
(filled circles) data. The values of u1 for yields integrated
over the range 1 GeV2 < Q2 < 7 GeV2 are shown as
open symbols. The inner (outer) error bars represent the
statistical (total) uncertainties.

indication of this behavior is observed in the lowest
t′ bin of the right section of Fig. 16, where u1 of the
proton exceeds that of the deuteron.

The HERMES results on u1, u2, and u3 are pre-
sented in Fig. 17 and in the top section of Tab. 11.
The value of u3 is measured here for the first time. The
combination of proton and deuteron data shows the ex-
istence of UPE amplitudes on the level of almost three
standard deviations in the total uncertainty: up+d

1 =
0.106 ± 0.036. In addition, results on u1 and u2 from
other experiments are given in Fig. 17 and in the bot-
tom panel of Tab. 11. While u2 is measured to be com-
patible with zero by all experiments, u1 is found to be
consistent with zero only for high values of W , as ex-
pected for π, a1, and b1 exchanges. For low values of
W , the averaged result from the older measurements,
ulowW
1 = 0.70± 0.16, is in agreement with the conclu-

sion that UPE amplitudes exist at HERMES kinemat-
ics.

It is worth recalling that the existence of unnatural-
parity exchange in ρ0production by a virtual photon,
with longitudinally polarized beam and target, results
in a double-spin asymmetry [21]. At HERMES [17] this
asymmetry was found to be non-zero for the proton,
with a significance of 1.7 standard deviations of the
total uncertainty; the asymmetry for the deuteron was
smaller, as discussed in Refs. [14,21].

We note that there is no agreement between the
HERMES measured value of u1 at Q2 = 3 GeV2 and
values of u1 calculated in variants of a GPD-based
model [35].

10 Contribution of the Helicity-Flip and
UPE Amplitudes to the Full Cross Section

Non-conservation of s-channel helicity arises from the
existence of non-zero helicity-single-flip and/or helicity-
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Fig. 17. Average values of u1, u2 and u3 calculated ac-
cording to (52-54) from HERMES proton (filled squares)
and deuteron (filled circles) SDMEs are shown together
with the values calculated from published SDMEs from
DESY [37], SLAC’79 [55], SLAC’74 [56], ZEUS BPS [9],
ZEUS DIS [10] and H1 [11]. For HERMES (other exper-
iments) systematic uncertainties are combined in quadra-
ture with (without) accounting for correlations between the
SDMEs. The HERMES deuteron and SLAC’74 data points
are presented with a small horizontal offset to improve their
visibility.

double-flip amplitudes. It can be quantified by mea-
suring ratios τij , of helicity-flip amplitudes Tij to the
square root of the sum of all amplitudes squared,

τij =
|Tij |√
N

, (58)

with N = ϵNL + NT as defined in Section 3. The
squared ratio τ2ij represents the fractional contribution
from the amplitude Tij to the full cross section. The
τij ’s can be expressed in terms of SDMEs, as shown in
Appendix C.

For the helicity-flip amplitude T01, describing the
transition γ∗T → ρ0L, the quantity τ01 is approximated
as:

τ01 ≈
√
ϵ

√
(r500)

2 + (r800)
2

√
2r0400

. (59)

For the helicity-flip amplitude T10, describing the tran-
sition γ∗L → ρ0T , the quantity τ10 is given by

τ10 ≈

√
(r511 + Im{r61−1})2 + (Im{r71−1}− r811)

2

√
2(r11−1 − Im{r21−1})

, (60)

Eur. Phys. J. C62 (2009) 659-695

HERMES

SDMEs – HERMES HERMES



Test of unnatural parity exchange

13

u1 = 1� r0400 + 2 r041�1 � 2 r111 � 2 r11�1

/ 2✏|U10|2 + |U11 + U�11|2

• ≠ 0 by 2σ for proton data 

• UPE for deuteron expected to be smaller because 
of absence of UPE for coherent scattering

22

0

0.1

0.2

0.3

1 2 3 4
Q2 (GeV2)

u1

( ) proton (integrated)
( ) deuteron (integrated)

0

0.1

0.2

0.3

0 0.1 0.2 0.3
-t/ (GeV2)

u1

Fig. 16. The Q2 and t′ dependence of u1 = 1 − r0400 +
2r041−1−2r111−2r11−1 for proton (filled squares) and deuteron
(filled circles) data. The values of u1 for yields integrated
over the range 1 GeV2 < Q2 < 7 GeV2 are shown as
open symbols. The inner (outer) error bars represent the
statistical (total) uncertainties.

indication of this behavior is observed in the lowest
t′ bin of the right section of Fig. 16, where u1 of the
proton exceeds that of the deuteron.

The HERMES results on u1, u2, and u3 are pre-
sented in Fig. 17 and in the top section of Tab. 11.
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1 =
0.106 ± 0.036. In addition, results on u1 and u2 from
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tom panel of Tab. 11. While u2 is measured to be com-
patible with zero by all experiments, u1 is found to be
consistent with zero only for high values of W , as ex-
pected for π, a1, and b1 exchanges. For low values of
W , the averaged result from the older measurements,
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1 = 0.70± 0.16, is in agreement with the conclu-

sion that UPE amplitudes exist at HERMES kinemat-
ics.

It is worth recalling that the existence of unnatural-
parity exchange in ρ0production by a virtual photon,
with longitudinally polarized beam and target, results
in a double-spin asymmetry [21]. At HERMES [17] this
asymmetry was found to be non-zero for the proton,
with a significance of 1.7 standard deviations of the
total uncertainty; the asymmetry for the deuteron was
smaller, as discussed in Refs. [14,21].
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HERMES measured value of u1 at Q2 = 3 GeV2 and
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visibility.

double-flip amplitudes. It can be quantified by mea-
suring ratios τij , of helicity-flip amplitudes Tij to the
square root of the sum of all amplitudes squared,

τij =
|Tij |√
N

, (58)

with N = ϵNL + NT as defined in Section 3. The
squared ratio τ2ij represents the fractional contribution
from the amplitude Tij to the full cross section. The
τij ’s can be expressed in terms of SDMEs, as shown in
Appendix C.

For the helicity-flip amplitude T01, describing the
transition γ∗T → ρ0L, the quantity τ01 is approximated
as:

τ01 ≈
√
ϵ

√
(r500)

2 + (r800)
2

√
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. (59)

For the helicity-flip amplitude T10, describing the tran-
sition γ∗L → ρ0T , the quantity τ10 is given by
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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

! V
L

and �⇤
T

! V
T

transitions
are given by convolutions of appropriate subprocess am-
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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�t

0i = 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

! V
L

and �⇤
T

! V
T

transitions
are given by convolutions of appropriate subprocess am-
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• unnatural parity nucleon-helicity non-flip                              

      ≠ 0 by 4σ

HERMEShelicity amplitude ratio – HERMES u(1)
11 = U (1)
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Test of unnatural parity exchange
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u1 = 1� r0400 + 2 r041�1 � 2 r111 � 2 r11�1

/ 2✏|U10|2 + |U11 + U�11|2

• ≠ 0 by 2σ for proton data 

• UPE for deuteron expected to be smaller because 
of absence of UPE for coherent scattering

22
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Fig. 16. The Q2 and t′ dependence of u1 = 1 − r0400 +
2r041−1−2r111−2r11−1 for proton (filled squares) and deuteron
(filled circles) data. The values of u1 for yields integrated
over the range 1 GeV2 < Q2 < 7 GeV2 are shown as
open symbols. The inner (outer) error bars represent the
statistical (total) uncertainties.

indication of this behavior is observed in the lowest
t′ bin of the right section of Fig. 16, where u1 of the
proton exceeds that of the deuteron.

The HERMES results on u1, u2, and u3 are pre-
sented in Fig. 17 and in the top section of Tab. 11.
The value of u3 is measured here for the first time. The
combination of proton and deuteron data shows the ex-
istence of UPE amplitudes on the level of almost three
standard deviations in the total uncertainty: up+d

1 =
0.106 ± 0.036. In addition, results on u1 and u2 from
other experiments are given in Fig. 17 and in the bot-
tom panel of Tab. 11. While u2 is measured to be com-
patible with zero by all experiments, u1 is found to be
consistent with zero only for high values of W , as ex-
pected for π, a1, and b1 exchanges. For low values of
W , the averaged result from the older measurements,
ulowW
1 = 0.70± 0.16, is in agreement with the conclu-

sion that UPE amplitudes exist at HERMES kinemat-
ics.

It is worth recalling that the existence of unnatural-
parity exchange in ρ0production by a virtual photon,
with longitudinally polarized beam and target, results
in a double-spin asymmetry [21]. At HERMES [17] this
asymmetry was found to be non-zero for the proton,
with a significance of 1.7 standard deviations of the
total uncertainty; the asymmetry for the deuteron was
smaller, as discussed in Refs. [14,21].

We note that there is no agreement between the
HERMES measured value of u1 at Q2 = 3 GeV2 and
values of u1 calculated in variants of a GPD-based
model [35].

10 Contribution of the Helicity-Flip and
UPE Amplitudes to the Full Cross Section

Non-conservation of s-channel helicity arises from the
existence of non-zero helicity-single-flip and/or helicity-
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Fig. 17. Average values of u1, u2 and u3 calculated ac-
cording to (52-54) from HERMES proton (filled squares)
and deuteron (filled circles) SDMEs are shown together
with the values calculated from published SDMEs from
DESY [37], SLAC’79 [55], SLAC’74 [56], ZEUS BPS [9],
ZEUS DIS [10] and H1 [11]. For HERMES (other exper-
iments) systematic uncertainties are combined in quadra-
ture with (without) accounting for correlations between the
SDMEs. The HERMES deuteron and SLAC’74 data points
are presented with a small horizontal offset to improve their
visibility.

double-flip amplitudes. It can be quantified by mea-
suring ratios τij , of helicity-flip amplitudes Tij to the
square root of the sum of all amplitudes squared,

τij =
|Tij |√
N

, (58)

with N = ϵNL + NT as defined in Section 3. The
squared ratio τ2ij represents the fractional contribution
from the amplitude Tij to the full cross section. The
τij ’s can be expressed in terms of SDMEs, as shown in
Appendix C.

For the helicity-flip amplitude T01, describing the
transition γ∗T → ρ0L, the quantity τ01 is approximated
as:

τ01 ≈
√
ϵ

√
(r500)

2 + (r800)
2

√
2r0400

. (59)

For the helicity-flip amplitude T10, describing the tran-
sition γ∗L → ρ0T , the quantity τ10 is given by

τ10 ≈

√
(r511 + Im{r61−1})2 + (Im{r71−1}− r811)

2

√
2(r11−1 − Im{r21−1})

, (60)

Eur. Phys. J. C62 (2009) 659-695
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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�t

0i = 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

! V
L

and �⇤
T

! V
T

transitions
are given by convolutions of appropriate subprocess am-
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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�t

0i = 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)
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, u(2)
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, 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

! V
L

and �⇤
T

! V
T

transitions
are given by convolutions of appropriate subprocess am-
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1
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other hand, the model with the large wave function gives a rather good description of these four
elements, but fails badly for r0400 . In addition, both wave functions predict too low values for r500,
also in the regime with Q2 > 10 GeV2.

For φ mesons (Fig. 31) with less statistics, the picture is slightly different for the INS
model [65], where the use of a large wave function gives a better description of all matrix
elements, including r0400, than the compact wave function.

6.2 Nature of the exchange

6.2.1 Natural parity exchange

PNPE,T
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Figure 35: Asymmetry PNPE,T between natural and unnatural parity exchange for transverse
photons: (a)-(b) ρ mesons, as a function of Q2 and |t|; (c)-(d) φ mesons. The dotted lines
indicate the value 1 expected for NPE. The measurements are given in Table 47.

The observation at low energy [29, 30, 34] of dominant natural parity exchange (NPE) sup-
ports the attribution of the vacuum quantum numbers (JPC = 0++) to the pomeron; the recent
observation by the HERMES collaboration [33] of the presence at low energy of a small con-
tribution (about 6%) of unnatural parity exchange is attributed to quark exchange (π, a1 or b1
exchange). At high energy, the modeling of diffraction as two gluon exchange implies a NPE
character, in particular in the GK GPD model [61].

With unpolarised beams and for a single value of the beam energies, the only accessible
information about the parity of the exchange is the asymmetry PNPE,T = (σN

T −σU
T ) / (σ

N
T +σU

T )
between natural (σN

T ) and unnatural (σU
T ) parity exchange for transverse photons, using Eq. (43)

of the Appendix. Measurements of PNPE,T as a function of Q2 and |t| for ρ and φ mesons are
presented in Fig. 35. They are globally compatible with 1, which supports NPE for transverse
photons. Natural parity exchange is assumed in the following.

6.2.2 Helicity conserving amplitudes; SCHC approximation

Inspection of Figs. 30 and 31 shows that, for both ρ and φ meson electroproduction, the five
matrix elements listed in Eq. (44) of the Appendix (r0400, r11−1, Im r21−1, Re r510, Im r610), which
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directly from the two cross sections if they can be ex-
tracted separately from the data using, e.g., the Rosen-
bluth decomposition technique [57]. For given values
of Q2 and W (or Q2 and xB), this requires data sets
at different values of ϵ, so that measurements at dif-
ferent beam energies are necessary [23]. No data on
vector meson production using such a decomposition
have been published.

11.1 Approximations for R

A common approximation to the ratio R is experimen-
tally determined from the measured SDME r0400 :

R04 =
1

ϵ

r0400
1− r0400

. (69)

The quantity R04 represents the ratio of cross sections
for longitudinal and transverse ρ0 polarization, and it
is not identical to the true R that represents the ratio
of the cross sections with respect to the polarization
of the virtual photon. The relation between R04 and
R is obtained by comparing (69,77) with (34,28,27):

R = R04 − η(1 + ϵR04)

ϵ(1 + η)
, (70)

with

η =
(1 + ϵR04)

N

×
∑̃

{|T01|2 + |U01|2 − 2ϵ(|T10|2 + |U10|2)} (71)

(see Appendix D). In the case of SCHC, η = 0 and
R04 = R. The quantity R04 can be either smaller or
larger than R, depending on the sign of the small pa-
rameter η. The latter can be calculated from data by
neglecting the small contributions of the helicity-flip
UPE amplitudes U10, U01 in (71):

η ≈ (1 + ϵR04)(τ201 − 2ϵτ210) , (72)

where τ01 and τ10 are given in (59-60).
Regge phenomenology suggests that contributions

of unnatural-parity exchange are more significant at
the lower energies typical of this experiment, and de-
crease at collider energies. In order to allow a com-
parison of HERMES results on R with those at high
energy and also with GPD-based calculations, the ra-
tio RNPE is determined from R04 by subtracting the
contributions of all UPE amplitudes. The dependence
of the difference ∆RUPE = R04 −RNPE on |Uij |2 can
be determined in a linear approximation as

∆RUPE =
∑

ij

∂R04

∂|Uij |2
|Uij |2 .
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Fig. 19. Q2 dependence of the longitudinal-to-transverse
cross section ratio measured at HERMES. Results from
proton (deuteron) data are shown in the left (right) panel.
Filled symbols represent the value of R04 calculated from
r0400 (69), open symbols correspond to the true value of
R calculated according to (70,72), and crosses (diamonds)
represent RNPE (75). Total uncertainties are shown, cal-
culated by combining the statistical and systematic uncer-
tainties in quadrature. The data points for R and RNPE

are presented with a small horizontal offset to improve their
visibility.

Assuming the hierarchy (57) of UPE amplitudes, this
can be approximated by retaining only U11:

∆RUPE ≈ ∂R04

∂|U11|2
|U11|2 . (73)

According to (70) and (71), R04 can be approximated
by R = NL/NT , which yields, along with (27,28),

∆RUPE ≈ −NL

N 2
T

∑̃
|U11|2

= −R ·
∑̃

|U11|2

NT + ϵNL
· NT + ϵNL

NT

≈ −R04 · u1

2
· (1 + ϵR04) . (74)

Here u1 ≈ 2
∑̃

|U11|2/(NT + ϵNL) is used instead of
(55). The final approximate formula forRNPE = R04−
∆RUPE is

RNPE ≈ R04[1 +
u1

2
(1 + ϵR04)] . (75)

11.2 HERMES Results on R

Evaluations of R from HERMES data are performed
for the entire interval 0 GeV2 < −t′ < 0.4 GeV2.
The Q2 dependences of the quantities R04 (69) and
R (70,72) are presented in Fig. 19. In the HERMES
kinematic conditions, at ϵ ≈ 0.8, the value of η is about
0.1 (−0.1) for the proton (deuteron), and the magni-
tude of the difference between R and R04 is small, of
the order of 0.1.
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Figure 37: Q2 dependence of the ratio R = σL/σT of the longitudinal to transverse cross sec-
tions measured using Eq. (29) for (a) ρ meson production; (b) φ production. Measurements of
R in the SCHC approximation, for ρ photoproduction by H1 [3] and ZEUS [17] and for ρ and
φ electroproduction by ZEUS [17,19,24] are also shown. The superimposed curves are predic-
tions of the models of GK [61] (shaded bands), INS [65] with the compact (solid lines) and the
large (dashed lines) wave functions, MRT with the CTEQ6.5M PDF parameterisation [45] (dot-
ted lines) and KMW [59] (dash-dotted lines). The present measurements are given in Table 49.

6.3.1 Q2 dependence

The measurements of R presented in Fig. 37 show a strong increase withQ2, which is tamed at
large Q2, a feature already noted in previous H1 [4] and ZEUS [19] publications.

For ρ production, the GK GPD model [61], the MRT model [45] and the INS model [65]
with the compact wave function give a good description of the measurements, whereas the
KMW [59] predictions are too high and the INS model with the large wave function is ruled
out. The predictions of the MPS model [62] (not shown) are very similar to those of KMW
up to 10 GeV2, and then slightly lower. The Q2 dependence of the IK [48] model (not shown)
is similar to that of the MRT model, since it is derived in a similar way. For φ production, the
KMWmodel gives a good description while the MRT predictions are too low; within the quoted
uncertainty, the GK model describes the data; for the INS model, the large wave function gives
a slightly better description than the compact wave function; the predictions of the MPS model
(not shown) are again similar to those of KMW, although slightly higher at lowQ2.

Rmeasurements for ρ, φ and J/ψ mesons are presented as a function of the scaling variable
Q2/M2

V in Fig. 38. The improved approximation, Eq. (29), is used for the present data whereas
the SCHC approximation is used for the other data, which makes little difference for the t
integrated measurements. A smooth and common behaviour is observed for the three VMs over
the full Q2/M2

V range and the full energy range, from the fixed target experiments to the HERA
collider measurements.

63
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directly from the two cross sections if they can be ex-
tracted separately from the data using, e.g., the Rosen-
bluth decomposition technique [57]. For given values
of Q2 and W (or Q2 and xB), this requires data sets
at different values of ϵ, so that measurements at dif-
ferent beam energies are necessary [23]. No data on
vector meson production using such a decomposition
have been published.

11.1 Approximations for R

A common approximation to the ratio R is experimen-
tally determined from the measured SDME r0400 :

R04 =
1

ϵ

r0400
1− r0400

. (69)

The quantity R04 represents the ratio of cross sections
for longitudinal and transverse ρ0 polarization, and it
is not identical to the true R that represents the ratio
of the cross sections with respect to the polarization
of the virtual photon. The relation between R04 and
R is obtained by comparing (69,77) with (34,28,27):

R = R04 − η(1 + ϵR04)

ϵ(1 + η)
, (70)

with

η =
(1 + ϵR04)

N

×
∑̃

{|T01|2 + |U01|2 − 2ϵ(|T10|2 + |U10|2)} (71)

(see Appendix D). In the case of SCHC, η = 0 and
R04 = R. The quantity R04 can be either smaller or
larger than R, depending on the sign of the small pa-
rameter η. The latter can be calculated from data by
neglecting the small contributions of the helicity-flip
UPE amplitudes U10, U01 in (71):

η ≈ (1 + ϵR04)(τ201 − 2ϵτ210) , (72)

where τ01 and τ10 are given in (59-60).
Regge phenomenology suggests that contributions

of unnatural-parity exchange are more significant at
the lower energies typical of this experiment, and de-
crease at collider energies. In order to allow a com-
parison of HERMES results on R with those at high
energy and also with GPD-based calculations, the ra-
tio RNPE is determined from R04 by subtracting the
contributions of all UPE amplitudes. The dependence
of the difference ∆RUPE = R04 −RNPE on |Uij |2 can
be determined in a linear approximation as

∆RUPE =
∑

ij

∂R04

∂|Uij |2
|Uij |2 .
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Fig. 19. Q2 dependence of the longitudinal-to-transverse
cross section ratio measured at HERMES. Results from
proton (deuteron) data are shown in the left (right) panel.
Filled symbols represent the value of R04 calculated from
r0400 (69), open symbols correspond to the true value of
R calculated according to (70,72), and crosses (diamonds)
represent RNPE (75). Total uncertainties are shown, cal-
culated by combining the statistical and systematic uncer-
tainties in quadrature. The data points for R and RNPE

are presented with a small horizontal offset to improve their
visibility.

Assuming the hierarchy (57) of UPE amplitudes, this
can be approximated by retaining only U11:

∆RUPE ≈ ∂R04

∂|U11|2
|U11|2 . (73)

According to (70) and (71), R04 can be approximated
by R = NL/NT , which yields, along with (27,28),

∆RUPE ≈ −NL

N 2
T

∑̃
|U11|2

= −R ·
∑̃

|U11|2

NT + ϵNL
· NT + ϵNL

NT

≈ −R04 · u1

2
· (1 + ϵR04) . (74)

Here u1 ≈ 2
∑̃

|U11|2/(NT + ϵNL) is used instead of
(55). The final approximate formula forRNPE = R04−
∆RUPE is

RNPE ≈ R04[1 +
u1

2
(1 + ϵR04)] . (75)

11.2 HERMES Results on R

Evaluations of R from HERMES data are performed
for the entire interval 0 GeV2 < −t′ < 0.4 GeV2.
The Q2 dependences of the quantities R04 (69) and
R (70,72) are presented in Fig. 19. In the HERMES
kinematic conditions, at ϵ ≈ 0.8, the value of η is about
0.1 (−0.1) for the proton (deuteron), and the magni-
tude of the difference between R and R04 is small, of
the order of 0.1.
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Fig. 20. Q2 dependence of the longitudinal-to-transverse cross section ratio for exclusive ρ0 production on the proton.
Left panel: R04 calculated from the SDME r0400 according to (69). HERMES proton data (filled squares) are compared to
measurements of CLAS [58,59], Cornell [60], E665 [61], H1 [11], and ZEUS [9,10]. The more recent CLAS data [59] (small
squares) are from a narrow bin in xB with approximately the same ⟨xB⟩ as the HERMES data, which are integrated
over the xB acceptance. Right panel: R04 for ZEUS (triangles) and RNPE for HERMES (squares), fitted separately
according to (76). For all data points, total uncertainties are shown. Theoretical calculations [35] of R0 = |T00|2/|T11|2
are shown as dashed line at W= 5 GeV; the uncertainties arising from the uncertainties in the parton distribution
functions are shown as a shaded band [35].

In section 10 it was shown that by analyzing the
amplitudes that comprise the SDMEs, a statistically
significant, non-zero UPE contribution to the cross
section exists. At the intermediate energy of the HER-
MES experiment this contribution is small. If it is
caused by exchange of π, a1, or b1, this contribution
would be negligible at higher energies [8]. In order to
compare the HERMES results on R with those of ex-
periments at higher energy, it is appropriate to correct
R04 for the UPE contribution and considerRNPE . The
value of ∆RUPE is about −0.11 (−0.08) for the pro-
ton (deuteron) at HERMES kinematics. The resulting
values of RNPE are shown in Fig. 19 and Tab. 13.

11.3 Comparison to World Data and Models

Results for R from different experiments can be com-
pared only if either R is independent of t′, or the t′ de-
pendences of the cross sections dσL

dt and dσT

dt and the t′

intervals of the measurements of R are the same. The
t′ dependence of R is determined essentially by the t′

dependence of the SDME r0400 (see (77)), which is found
to be approximately flat in t′ both at HERMES (see
Fig. 10) and at H1 [11] and ZEUS [10] kinematics. For
this case, the ratio of the total cross sections coincides
with the ratio of the cross sections that are differential
in t (see (34)).

The left panel of Fig. 20 shows HERMES results
on the Q2 dependence of R04, as measured on the pro-
ton, in comparison to world data. Given the experi-
mental uncertainties, there is no discrepancy with the
data at lower energies from CLAS [58,59] and COR-
NELL [60]. The HERMES data at intermediate en-
ergies are not expected to agree exactly with those
at high energies because of the UPE contributions ob-
served in the HERMES data, as discussed in sections 9
and 10. We note that SCHC violating amplitudes are
also observed in the new CLAS data [59]. Additional
reasons may be the importance of valence-quark ex-
change for NPE amplitudes and also a generally differ-
ent W dependence of the longitudinal and transverse
cross sections, as recently discussed in Ref. [35] in the
context of a GPD-based model.

The right panel of Fig. 20 presents the HERMES
results on the longitudinal-to-transverse cross section
ratio RNPE , which is corrected for the UPE contribu-
tions shown in the previous section to be of substantial
size at intermediate energy. The HERMES data are
compared to the recent high energy data on R04 from
ZEUS [10], for which the UPE contribution is expected
to be strongly suppressed.

In order to investigate a possible W dependence of
the longitudinal-to-transverse cross section ratio, the
HERMES and ZEUS data are fitted separately to a
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Figure 37: Q2 dependence of the ratio R = σL/σT of the longitudinal to transverse cross sec-
tions measured using Eq. (29) for (a) ρ meson production; (b) φ production. Measurements of
R in the SCHC approximation, for ρ photoproduction by H1 [3] and ZEUS [17] and for ρ and
φ electroproduction by ZEUS [17,19,24] are also shown. The superimposed curves are predic-
tions of the models of GK [61] (shaded bands), INS [65] with the compact (solid lines) and the
large (dashed lines) wave functions, MRT with the CTEQ6.5M PDF parameterisation [45] (dot-
ted lines) and KMW [59] (dash-dotted lines). The present measurements are given in Table 49.

6.3.1 Q2 dependence

The measurements of R presented in Fig. 37 show a strong increase withQ2, which is tamed at
large Q2, a feature already noted in previous H1 [4] and ZEUS [19] publications.

For ρ production, the GK GPD model [61], the MRT model [45] and the INS model [65]
with the compact wave function give a good description of the measurements, whereas the
KMW [59] predictions are too high and the INS model with the large wave function is ruled
out. The predictions of the MPS model [62] (not shown) are very similar to those of KMW
up to 10 GeV2, and then slightly lower. The Q2 dependence of the IK [48] model (not shown)
is similar to that of the MRT model, since it is derived in a similar way. For φ production, the
KMWmodel gives a good description while the MRT predictions are too low; within the quoted
uncertainty, the GK model describes the data; for the INS model, the large wave function gives
a slightly better description than the compact wave function; the predictions of the MPS model
(not shown) are again similar to those of KMW, although slightly higher at lowQ2.

Rmeasurements for ρ, φ and J/ψ mesons are presented as a function of the scaling variable
Q2/M2

V in Fig. 38. The improved approximation, Eq. (29), is used for the present data whereas
the SCHC approximation is used for the other data, which makes little difference for the t
integrated measurements. A smooth and common behaviour is observed for the three VMs over
the full Q2/M2

V range and the full energy range, from the fixed target experiments to the HERA
collider measurements.
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V ) dependence of (a) longitudinal and (b) transverse γ∗p cross sections for

elastic ρ and φ meson production withW = 75 GeV. Overall normalisation errors of 3.9% for
ρ and 4.6% for φmesons are not included in the error bars. The superimposed curves are model
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(dashed lines), MRT [45] with CTEQ6.5M PDFs [77] and the same normalisation as in Fig. 12
(dotted lines) and KMW [59] with GW saturation [73] (dash-dotted lines). The measurements
are given in Tables 19-20.

n constant
σL(ρ) σT (ρ)

2.17± 0.09+0.07
−0.07 2.86± 0.07+0.11

−0.12

σL(φ) σT (φ)

2.06± 0.49+0.09
−0.09 2.97± 0.52+0.14

−0.16

Table 9: (Q2+M2
V ) dependence of the longitudinal and transverse cross sections for ρ and φ

meson elastic production, parameterised in the form 1/(Q2+M2
V )

n with n constant.
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−0.16

Table 9: (Q2+M2
V ) dependence of the longitudinal and transverse cross sections for ρ and φ

meson elastic production, parameterised in the form 1/(Q2+M2
V )
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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�t

0i = 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

! V
L

and �⇤
T

! V
T

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.

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 �⇤
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and �⇤
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transitions
are given by convolutions of appropriate subprocess am-
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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�t

0i = 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

! V
L

and �⇤
T

! V
T

transitions
are given by convolutions of appropriate subprocess am-
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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�t

0i = 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

! V
L

and �⇤
T

! V
T

transitions
are given by convolutions of appropriate subprocess am-
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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
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, but

not shown. An extra scale uncertainty of 2% originating from the uncertainty on the beam polarization is present for the ratios
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}, Re{t(2)�V ��
} and Re{u(2)

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

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
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transitions
are given by convolutions of appropriate subprocess am-
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Figure 37: Q2 dependence of the ratio R = σL/σT of the longitudinal to transverse cross sec-
tions measured using Eq. (29) for (a) ρ meson production; (b) φ production. Measurements of
R in the SCHC approximation, for ρ photoproduction by H1 [3] and ZEUS [17] and for ρ and
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6.3.1 Q2 dependence

The measurements of R presented in Fig. 37 show a strong increase withQ2, which is tamed at
large Q2, a feature already noted in previous H1 [4] and ZEUS [19] publications.

For ρ production, the GK GPD model [61], the MRT model [45] and the INS model [65]
with the compact wave function give a good description of the measurements, whereas the
KMW [59] predictions are too high and the INS model with the large wave function is ruled
out. The predictions of the MPS model [62] (not shown) are very similar to those of KMW
up to 10 GeV2, and then slightly lower. The Q2 dependence of the IK [48] model (not shown)
is similar to that of the MRT model, since it is derived in a similar way. For φ production, the
KMWmodel gives a good description while the MRT predictions are too low; within the quoted
uncertainty, the GK model describes the data; for the INS model, the large wave function gives
a slightly better description than the compact wave function; the predictions of the MPS model
(not shown) are again similar to those of KMW, although slightly higher at lowQ2.

Rmeasurements for ρ, φ and J/ψ mesons are presented as a function of the scaling variable
Q2/M2

V in Fig. 38. The improved approximation, Eq. (29), is used for the present data whereas
the SCHC approximation is used for the other data, which makes little difference for the t
integrated measurements. A smooth and common behaviour is observed for the three VMs over
the full Q2/M2

V range and the full energy range, from the fixed target experiments to the HERA
collider measurements.
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are given in Tables 19-20.

n constant
σL(ρ) σT (ρ)

2.17± 0.09+0.07
−0.07 2.86± 0.07+0.11

−0.12

σL(φ) σT (φ)

2.06± 0.49+0.09
−0.09 2.97± 0.52+0.14

−0.16

Table 9: (Q2+M2
V ) dependence of the longitudinal and transverse cross sections for ρ and φ

meson elastic production, parameterised in the form 1/(Q2+M2
V )

n with n constant.
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Erratum to: Eur. Phys. J. C (2014) 74:3110
DOI 10.1140/epjc/s10052-014-3110-1

It has been found that three of the spin-density matrix ele-
ments (SDMEs) in Fig. 6 of the published paper were incor-
rectly labeled. The labels have been fixed, while none of the
results or conclusions have changed.

Fig. 6 The 23 SDMEs for
exclusive ω electroproduction
extracted in the entire HERMES
kinematic region with
⟨Q2⟩ = 2.42 GeV2,
⟨W ⟩ = 4.8 GeV,
⟨−t ′⟩ = 0.080 GeV2. Proton
data are denoted by squares and
deuteron data by circles. The
inner error bars represent the
statistical uncertainties, while
the outer ones indicate the
statistical and systematic
uncertainties added in
quadrature. Unpolarized
(polarized) SDMEs are
displayed in the unshaded
(shaded) areas
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from ω SDMEs
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• no pronounced kinematic dependence observed 
• again, need for pion-pole contribution observed
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• no pronounced kinematic dependence observed
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Fig. 5. The five amplitudes describing the strength of the sine modulations of the cross section for hard exclusive ω-meson
production. The full circles show the data in two bins of Q2 or −t′. The open squares represent the results obtained for the
entire kinematic region. The inner error bars represent the statistical uncertainties, while the outer ones indicate the statistical
and systematic uncertainties added in quadrature. The results receive an additional 8.2% scale uncertainty corresponding to
the target polarization uncertainty. The solid (dash-dotted) lines show the calculation of the GK model [11,21] for a positive
(negative) πω transition form factor, and the dashed lines are the model results without the pion pole.

Table 1. The amplitudes of the five sine and two cosine mod-
ulations as determined in the entire kinematic region. The first
uncertainty is statistical, the second systematic. The results
receive an additional 8.2% scale uncertainty corresponding to
the target polarization uncertainty.

amplitude

A
sin(φ+φS)
UT −0.06 ± 0.20 ± 0.02

A
sin(φ−φS)
UT −0.12 ± 0.19 ± 0.03

A
sin(φS)
UT 0.26 ± 0.27 ± 0.05

A
sin(2φ−φS)
UT 0.03 ± 0.16 ± 0.01

A
sin(3φ−φS)
UT 0.13 ± 0.15 ± 0.03

A
cos(φ)
UU −0.01 ± 0.11 ± 0.10

A
cos(2φ)
UU −0.17 ± 0.11 ± 0.05

Here, R denotes the set of 7 asymmetry amplitudes of
the unseparated fit or 14 asymmetry amplitudes of the
longitudinal-to-transverse separated fit and the sum runs
over the N experimental-data events. The normalization
factor

Ñ (R) =
NMC∑

j=1

W(R;φj ,φj
S) (7)

is determined using NMC events from a PYTHIA Monte-
Carlo simulation, which are generated according to an
isotropic angular distribution and processed in the same
way as experimental data. The number of Monte-Carlo
events in the exclusive region amounts to about 40,000.

Each asymmetry amplitude is corrected for the back-
ground asymmetry according to

Acorr =
Ameas − fbgAbg

1− fbg
, (8)

whereAcorr is the corrected asymmetry amplitude, Ameas

is the measured asymmetry amplitude, fbg is the frac-
tion of the SIDIS background and Abg is its asymmetry
amplitude. While Ameas is evaluated in the exclusive re-
gion, Abg is obtained by extracting the asymmetry from
the experimental SIDIS background in the region 2 GeV
< ∆E < 20 GeV.

The systematic uncertainty is obtained by adding in
quadrature two components. The first one, ∆Acorr =
Acorr − Ameas, is due to the correction by background
amplitudes. In the most conservative approach adopted
here, it is estimated as the difference between the asym-
metry amplitudes Acorr and Ameas. This approach also
covers the small uncertainty on fbg. The second compo-
nent accounts for effects from detector acceptance, effi-
ciency, smearing, and misalignment. It is determined as
described in Ref. [16]. An additional scale uncertainty
arises because of the systematic uncertainty on the tar-
get polarization, which amounts to 8.2%.

Results

The results for the five AUT and two AUU amplitudes,
as determined in the entire kinematic region, are shown
in Table 1. These results are presented in Table 3 in two
intervals of Q2 and −t′, with the definition of intervals

Eur. Phys. J. C 75 (2015) 600

• Model S. Goloskokov and P. Kroll, Eur. Phys. J A 50 146 (2014) 
without pion-pole contribution 
with pion-pole contribution: πω transition FF > 0 
with pion-pole contribution: πω transition FF < 0

γ*

N(p) N(p')t

ω

π0

8.2% scale uncertainty

• Positive πω transition FF favoured
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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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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
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statistical and systematic uncertainties added in quadrature.
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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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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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|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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Fig. 6. Normalised differential cross sections 1/σ · dσ/dt as a function of |t| for events (a) in the J/ψ mass window without a signal in the
forward detectors (untagged), (b) in the J/ψ mass window with a signal in the forward detectors (tagged), (c) untagged and (d) tagged events in
the ψ(2S) mass window for direct decays to lepton pairs, (e) untagged and (f) tagged ψ(2S) events with cascade decays. The solid lines show
the results of the fits described in the text. The dashed (dotted) curves show the contributions from the elastic (proton dissociative) processes,
respectively. For the direct decays into leptons (a)–(d) the contributions from the non-resonant background (dashed-dotted curves) are also
shown. The shaded bands indicate the fit regions.
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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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RSS [8], using a Gaussian-like (Coulomb-like) wave function.
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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,

Q2 ⇡ 0
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Summary

• Exclusive measurements in electroproduction and photoproduction of  

• W dependence: soft and hard interactions 

• 71 SDMEs; 17 helicity amplitude ratios:                                                
unpolarized and transversely polarized target, beam polarization 

• Disentanglement of longitudinal and transverse cross section 

• t dependence: size of interacting systems, color distribution in hadron 

• Natural and unnatural parity exchange 

• Q2+MV comparison of vector mesons2
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Helicity amplitude ratios

content (ρ : φ : J/ψ = 9 : 2 : 8) 3. This supports the dipole approach of VM production at high
energy.

The cross sections are roughly described by power laws 1/(Q2+M2
V )

n, with n ≃ 2.2−2.5.
The simple n = 3 dependence expected in a two-gluon approach for the dominant longitudinal
cross sections is modified not only by an additional factor 1/Q2 in the transverse amplitudes, but
also by the Q2 dependence of the gluon distribution at small x, described by the DGLAP evo-
lution equations. Calculations using the kt-unintegrated gluon distribution model of MRT [23]
or the GPD model [28] (not shown) give reasonable descriptions of the (Q2+M2

V ) dependences.
However, in detail, a good description necessitates the precise modelisation of the Q2 depen-
dence of the longitudinal to transverse cross section ratio R, with non-perturbative effects affect-
ing σT . Dipole models using different saturation and WF parameterisations, e.g. the FSS [15],
KMW [16] and DF [17] models, attempt at describing VM production over the full Q2 range,
including photoproduction, with reasonable success.

5 Matrix elements and σL/σT

Measurements of the VM production and decay angular distributions give access to spin density
matrix elements, which are related to the helicity amplitudes TλV λγ [38]. Analyses of ρ, φ and
J/ψ photo- and electroproduction indicate the dominance of the two s-channel helicity conserv-
ing (SCHC) amplitudes, the transverse T11 and the longitudinal T00 amplitudes, In the accessible
Q2 ranges, J/ψ production is mostly transverse, whereas for light VM electroproduction the
longitudinal amplitude T00 dominates (see Fig. 6a and Fig. 7a). In ρ and φ electroproduction, a
significant contribution of the transverse to longitudinal helicity flip amplitude T01 is observed.
The amplitude ratio T01/T00 decreases with Q2 (Fig. 6b) and increases with |t| (Fig. 6d), as
expected (see e.g. [24]); the SCHC amplitude ratio T11/T00 decreases with |t| (Fig. 6c) .
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Fig. 6: Amplitude ratios T11/T00 and T01/T00 as a function ofQ2 and |t| (for two bins inQ2), for ρ electroproduction.
The dotted lines represent the SCHC approximation.

Figure 7 presents measurements of the longitudinal to transverse cross ratioR = σL/σT ≃
|T00|2/|T11|2 (in the SCHC approximation). The behaviour R ∝ Q2/M2

V predicted for two-
gluon exchange is qualitatively verified for all VM production, in fixed target and HERA ex-

3For detailed comparisons, modifications due to WF effects, as observed in VM electronic decay widths, may need
to be taken into account.

JHEP 1005(2010)032
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Cross section ratios
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Figure 14. Ratios of ω, φ and J/ψ to ρ elastic production cross sections, scaled according to the
quark charge contents, ρ : ω : φ : J/ψ = 9 : 1 : 2 : 8, plotted as a function of (a) Q2; (b) (Q2+M2

V ).
The ρ cross section has been parameterised as described in table 8(b). The ratios are determined
for the H1 φ (this analysis) and J/ψ [13] measurements, and from the ZEUS ρ [24], ω [27], φ [29]
and J/ψ [30, 31] studies.

slightly above 1. Scaling factors obtained from the VM decay widths into electrons [56,

57, 82] are expected to encompass wave function and soft effects; the use of the factors

given in [82] modifies the scaled φ to ρ ratio very little and brings the scaled J/ψ to ρ ratio

slightly below 1.

5.4 Q2 dependence of the polarised cross sections

The separate study of the polarised (longitudinal and transverse) cross sections sheds light

on the dynamics of the process and on the Q2 dependence of the total cross section. Soft

physics contributions, related to large transverse dipoles, are predicted to play a significant

role in transverse cross sections, whereas hard features should be significant in longitudinal

amplitudes. At relatively low values of the scale, (Q2+M2
V )/4 <∼ 3 GeV2, soft, “finite size”

effects are however expected to also affect longitudinal cross sections.

The extraction of the polarised cross sections presented in this section implies the use

of the measurement of the cross section ratio R = σL/σT , which is performed using angular

distributions and is discussed in section 6.3.

5.4.1 Cross section measurements

The total γ∗ p cross section can be expressed as the sum of the contributions of transversely

and longitudinally polarised virtual photons:

σtot(γ∗ + p → V + Y ) = σT + ε σL = σT (1 + εR), (5.8)

where ε is the photon polarisation parameter, ε ≃ (1−y)/(1−y+y2/2), with 0.91 < ε < 1.00

and ⟨ε⟩ = 0.98 in the kinematic domain corresponding to the present measurement.

– 34 –
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δ 

in Fig 5. Also included in this figure are values of δ from other measurements [4] for the ρ0
as well as those for φ [5], J/ψ [6] and γ [7] (Deeply Virtual Compton Scattering (DVCS)). In
this case the results are plotted as a function of Q2 + M2, where M is the mass of the vector
meson. One sees a universal behaviour, showing an increase of δ as the scale becomes larger, in
agreement with the expectations mentioned in the introduction. The value of δ at low scale is the
one expected from the soft Pomeron intercept [2], while the one at large scale is in accordance
with twice the logarithmic derivative of the gluon density with respect toW .
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Fig. 4: The W dependence of the cross section for exclu-
sive ρ0 electroproduction, for different Q2 values, as indi-
cated in the figure. The lines are the result of a fit of the
formW δ to the data.
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Fig. 5: A compilation of the value of δ from a fit of the
formW δ for exclusive vector-meson electroproduction, as
a function of Q2 +M2. It includes also the DVCS results.

3 t dependence of the cross section
The differential cross section, dσ/dt, has been parameterised by an exponential function e−b|t|

and fitted to the data of exclusive vector meson electroproduction and also to DVCS. The result-
ing values of b as a function of the scale Q2 +M2 are plotted in Fig. 6. As expected, b decreases
to a universal value of about 5 GeV−2 as the scale increases.

The value of b can be related via a Fourier transform to the impact parameter. Assuming
that the process of exclusive electroproduction of vector mesons is hard and dominated by gluons,
one can use the relation < r2 >= b(h̄c)2 to obtain the radius of the gluon density in the proton.
The value of about 5 GeV−2 corresponds to a value of< r >g∼ 0.6 fm, smaller than the value of
the charge density of the proton (< r >p∼ 0.8 fm), indicating that the gluons are well-contained
within the charge-radius of the proton.

One can study the W dependence of dσ/dt for fixed t values and extract the effective
Pomeron trajectory αIP (t). This was done in case of the ρ0 for two Q2 values and the trajectory
was fitted to a linear form to obtain the intercept αIP (0) and the slope α′

IP . These values are

� / W �
�p

arXiv:0711.0737
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t slope low and high |t|
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Figure 4: a) Total cross section for elastic J/ψ production as a function of Q2 in the range
|t| < 1.2 GeV2 at Wγp = 90 GeV. The inner error bars show the statistical errors, while
the outer error bars show the statistical and systematic uncertainties added in quadrature. The
solid line is a fit to the H1 data of the form σγp ∝ (M2

ψ + Q2)−n. Data from the ZEUS
experiment [6, 16] are also shown. b) The ratio of the MRT calculations [26] to the fit from
a). The MRT QCD predictions are based on different gluon distributions [48–51]. The curves
are individually normalised to the measurements across the complete Q2 range yielding factors
between 1.5 and 2.8. The shaded band represents the uncertainty of the fit result.
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uncertainty on the target polarization is present for the ratios t

(2)
�V ��

, u(2)
�V ��
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},
but also not shown. The amplitude ratios are ordered according to the classes proposed in Refs. [16, 37]. The red, filled circles
correspond to the extracted amplitude ratios and the blue, open triangles (squares) represent the result of the GK model
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A Longitudinal double-spin asymmetry

The phase �
u

can be determined using the HERMES
data [43,44] taken with a longitudinally polarized hydro-
gen target with better accuracy than using measurements
with a transversely polarized hydrogen target. The lon-
gitudinal double-spin asymmetry in exclusive ⇢0-meson
electroproduction is defined as [43]

A⇢

1 =
d� 1

2
/dt� d� 3

2
/dt

d� 1
2
/dt+ d� 3

2
/dt

⇡
|F1 1

2 1
1
2
|2 � |F1� 1

2 1�
1
2
|2

|F1 1
2 1

1
2
|2 + |F1� 1

2 1�
1
2
|2 ⌘ 2Re{t(1)11 u

⇤(1)
11 }

|t(1)11 |2 + |u(1)
11 |2

. (67)

Here, d� 1
2
/dt and d� 3

2
/dt denote the di↵erential cross

section for ⇢0-meson production with a transverse virtual
photon, where 1/2 and 3/2 are the total projections of
the spins of �⇤ and p onto the photon momentum in the
�⇤p CM system, respectively. For the transformations in
Eq. (67), Eqs. (12), (15-16) and (25-26) are used. Equa-
tion (67) can be rewritten in terms of the phase �

u

and
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• GPD H. 
• GPD H. 
• GPD H + pion pole. ~
• GPD E. 
• Only pion pole. Positive form factor.

• GPD E. 

• GPD ET. 

• GPD HT.

• Only pion pole. Positive form factor.

g⇡⇢ ' eu + ed
eu � ed

g⇡!
γ*

N(p) N(p')t

ω

π0

ρ0


