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generalized parton distributions (GPDs)  …
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Generalized parton distributions

I believe Peter has done a good job this morning introducing 
generalized parton distributions (GPDs)  …

 … thanks!

… also to Erik Etzelmüller and Charlotte Van Hulse for 
“slides support”
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GPDs in exclusive reactions
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Experimentally GPDs can be accessed through measurements of hard exclusive 
lepton-nucleon scattering processes.

hard scattering 
process

(QED & QCD)

soft (non-perturbative) 
part

(GPDs)

deeply virtual Compton scattering hard exclusive meson production
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Real-photon production
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Real-photon production
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Real-photon production
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Amplitude of Bethe-Heitler scattering is dominant at HERMES kinematics

DVCS amplitude is amplified by 
BH in the interference term
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Azimuthal dependences in DVCS/BH

5

• beam polarization PB

• beam charge CB

• here: unpolarized target

|TBH|2 =
KBH

P1(�)P2(�)

2�

n=0

cBHn cos(n�)

Fourier expansion for φ:

calculable in QED 
(using form-factor measurements)
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bilinear (“DVCS”) or linear (“I”) in GPDs

Fourier expansion for φ:
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hermes The HERMES Spectrometer
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• Forward acceptance spectrometer: 40 mrad ≤ Θ ≤ 220 mrad

• Kinematic coverage: 0.02 ≤ x ≤ 0.8 for Q2 > 1 GeV2 and W > 2 GeV

• Tracking: 57 tracking planes: δP/P = (0.7 − 2.5)%, δΘ ≤ 1 mrad

• PID: Cherenkov (RICH after 1997), TRD, Preshower, Calorimeter

Gunar Schnell, HERMES Collaboration Warsaw, May 25
th
, 2004 – p. 11/36

HERMES (1998-2005) schematically

6

two (mirror-symmetric) halves
-> no homogenous azimuthal 
coverage 



hermes
PacSPIN 2015 - Taipei - Oct. 6th, 2015gunar.schnell @ desy.de

.

hermes The HERMES Spectrometer

1

0

2

-1

-2

m

LUMINOSITY

CHAMBERS

DRIFT

FC 1/2

TARGET

CELL
DVC

MC 1-3

HODOSCOPE H0

MONITOR

BC 1/2

BC 3/4 TRD

PROP.
CHAMBERS

FIELD CLAMPS

PRESHOWER (H2)

STEEL PLATE CALORIMETER

DRIFT CHAMBERS

TRIGGER HODOSCOPE H1

0 1 2 3 4 5 6 7 8 9 10

RICH
270 mrad

270 mrad

MUON HODOSCOPE

WIDE ANGLE

FRONT

MUON

HODO

MAGNET

m

IRON WALL

e+

27.5 GeV

140 mrad

170 mrad

170 mrad

140 mrad

MUON HODOSCOPES

SILICON

• Forward acceptance spectrometer: 40 mrad ≤ Θ ≤ 220 mrad

• Kinematic coverage: 0.02 ≤ x ≤ 0.8 for Q2 > 1 GeV2 and W > 2 GeV

• Tracking: 57 tracking planes: δP/P = (0.7 − 2.5)%, δΘ ≤ 1 mrad

• PID: Cherenkov (RICH after 1997), TRD, Preshower, Calorimeter

Gunar Schnell, HERMES Collaboration Warsaw, May 25
th
, 2004 – p. 11/36
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6

two (mirror-symmetric) halves
-> no homogenous azimuthal 
coverage 

Particle ID detectors allow for
- lepton/hadron separation
- RICH: pion/kaon/proton 
discrimination 2GeV<p<15GeV



hermes
PacSPIN 2015 - Taipei - Oct. 6th, 2015gunar.schnell @ desy.de

)
2

 (GeV2
xM 

0 10 20 30

D
IS

1
0

0
0

N
/N

0

0.1

0.2

0.3

)
2

 (GeV2
xM 

0 10 20 30

D
IS

1
0

0
0

N
/N

0

0.1

0.2

0.3  data+e

 data-e

MC sum

elastic BH

associated BH

semi-inclusive

Exclusivity: missing-mass technique

7

hermes

ep -> e 𝛄 X 
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X=p

hermes

ep -> e 𝛄 X 
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X=p

X=∆+

π0+…

hermes

ep -> e 𝛄 X 
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A wealth of azimuthal amplitudes
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 Beam-charge asymmetry: 
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constant term:

[higher twist]

[gluon leading twist]

ep � e�+�
Resonant fraction:

⇥ �Acos�C

� Re[F1H]

[Airapetian et al., JHEP 07 (2012) 032]

complete data set!
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A wealth of azimuthal amplitudes
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[higher twist]

ep � e�+�

Resonant fraction:

� Im[F1H]

complete data set!
[Airapetian et al., JHEP 07 (2012) 032]
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[higher twist]
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Resonant fraction:

� Im[F1H]

complete data set!
[Airapetian et al., JHEP 07 (2012) 032]
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[higher twist]

ep � e�+�

Resonant fraction:

� Im[F1H]

complete data set!
[Airapetian et al., JHEP 07 (2012) 032]

Resonant fraction:
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X=∆+,… 
hermes

ep -> e 𝛄 X 
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HERMES detector (2006/07)
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Enables the measurement of the recoiling charged particle and 
therefore full ep→epγ event reconstruction

14

The HERMES Recoil detector
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kinematic fitting

HERMES detector (2006/07)

– All particles in final state detected → 4 constraints from energy-momentum conservation

– Selection of pure BH/DVCS (ep→epγ) with high efficiency (~83%)

– Allows to suppress background from associated and semi-inclusive processes to a negligible 
level (<0.2%)
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p r o t o n

Missing mass:

Exclusivity with recoil detector
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basically no 
contamination 

-> clear interpretation

[A. Airapetian et al., JHEP 10 (2012) 042]
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[A. Airapetian et al., JHEP 10 (2012) 042]
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good agreement with models

Single-charge BSA with recoil proton 

18
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����
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Besides a better understanding of the unresolved sample, associated 
DVCS in principle also allows further access to GPDs.

In the large-Nc limit the remaining N→Δ GPDs can be related to the 

N→N iso-vector GPDs:

19

Beam-spin asymmetries ep→eγNπ
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Associated DVCS/BH (ep→eγpπ⁰) 85 ± 1
Elastic DVCS/BH (ep→eγp)  4.6 ± 0.1
SIDIS (ep→eXπ⁰) 11 ± 1

20

Shown amplitudes corrected for background 
(only overall fractions are listed here):
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Exclusive meson production

exclusive meson production
modified perturbative approach -Goloskokov, Kroll (2006)-

A ∝ F (x, ξ, t; µ2) ⊗ K(x, ξ, z; log(Q2/µ2) ⊗ Φ(z, k⊥; µ2)

t

−2ξ

x + ξ x − ξ

at leading-twist: H, E, eH, eE
H and eH conserve the nucleon helicity

E and eE describe the nucleon helicity flip

quantum numbers of final state selects different GPDs

vector mesons (γ∗
L → ρL, ωL, φL): H, E

pseudoscalar mesons (γ∗
L → π, η): eH, eE

factorization for σL (and ρL, ωL, φL ) only

σL − σT suppressed by 1/Q

σT suppressed by 1/Q2

power corrections: k⊥ is not neglected

regulate the singularity in the transverse

amplitude

γ∗
T → ρ0

T transitions can be calculated

(model dependent)

-Ami Rostomyan- – p. 2

H,E, H̃, Ẽ, . . .
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Exclusive meson production

23

exclusive meson production
modified perturbative approach -Goloskokov, Kroll (2006)-

A ∝ F (x, ξ, t; µ2) ⊗ K(x, ξ, z; log(Q2/µ2) ⊗ Φ(z, k⊥; µ2)

t

−2ξ

x + ξ x − ξ

at leading-twist: H, E, eH, eE
H and eH conserve the nucleon helicity

E and eE describe the nucleon helicity flip

quantum numbers of final state selects different GPDs

vector mesons (γ∗
L → ρL, ωL, φL): H, E

pseudoscalar mesons (γ∗
L → π, η): eH, eE

factorization for σL (and ρL, ωL, φL ) only

σL − σT suppressed by 1/Q

σT suppressed by 1/Q2

power corrections: k⊥ is not neglected

regulate the singularity in the transverse

amplitude

γ∗
T → ρ0

T transitions can be calculated

(model dependent)

-Ami Rostomyan- – p. 2

H,E, H̃, Ẽ, . . .
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GPDs convoluted with meson amplitude

Exclusive meson production

23
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GPDs convoluted with meson amplitude

access to various quark-flavor combinations

Exclusive meson production
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GPDs convoluted with meson amplitude

access to various quark-flavor combinations

factorization proven for longitudinal photons
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GPDs convoluted with meson amplitude

access to various quark-flavor combinations

factorization proven for longitudinal photons

generalized to transverse photons in GK model
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GPDs convoluted with meson amplitude

access to various quark-flavor combinations

factorization proven for longitudinal photons

generalized to transverse photons in GK model

vector-meson cross section:

look at various angular (decay) distributions to study helicity 
transitions (“spin-density matrix elements”)
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“Regge phenomenology”
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ρ0 SDMEs from HERMES 
Results on Meson SDMEs at Average Kinematics

Resulting SDMEs shown according to suggested hierarchy of helicity amplitudes:

scaled SDME
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( NPE amplitude,

L: , T: )

hierarchy ‘confirmed’

p and d data consistent

vertical line: SCHC

( -channel helicity conservation)

is violated on level

this data can/will be used to

constrain helicity amplitudes

and depend. measured for all 23 SDMEs; arXiv:0901.0701[hep-ex], acc. by EPJC

Wolf-Dieter Nowak, DIS 2009, Madrid, April 28, 2009 – p. 7

target-polarization independent SDMEs
25

[A. Airapetian et al., EPJ C62 (2009) 659]

http://dx.doi.org/10.1140/epjc/s10052-009-1082-3
http://dx.doi.org/10.1140/epjc/s10052-009-1082-3
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Fig. 4. Values of SDMEs, or combinations thereof, for a transversely polarized proton target and an unpolarized beam. The SDMEs are sorted into three categories, which
are separated from each other by the solid horizontal lines. From top to bottom: SDMEs containing s-channel helicity-conserving amplitudes, combinations containing at
least one s-channel helicity-changing amplitude, and SDMEs containing two s-channel helicity-changing amplitudes. Within the second category the combinations are sorted
into three groups associated with different virtual photon and ρ0 polarizations. The inner error bars represent the statistical uncertainties. The full error bars represent the
quadratic sum of the statistical and systematic uncertainties. In addition there is an overall scale uncertainty of 8.1% due to the uncertainty in the target polarization.

lations for the production of a longitudinally polarized ρ0 by a
longitudinal photon Asin(φ−φS )

UT ,γ ∗
L ,ρL

, which is given by Im(n0000)/u
00
00.

The sin(φ − φS ) amplitude for the production of transversely
polarized ρ0 mesons is given by

AT T ,sin(φ−φS )
UT = Im(n++

++ + n−−
++ + 2εn++

00 )

1− (u00
++ + εu00

00)
. (10)

The values for this asymmetry are shown in Fig. 5 (bottom). Also
these are zero within the error bars.

A few groups have performed GPD-based calculations of the
transverse target asymmetry for exclusive ρ0 production. In
Refs. [5,20] the quark GPD Eq is parametrized in terms of the value
of J u , taking J d = 0. Ref. [20] includes the contribution of gluons.
The calculated values of Asin(φ−φS )

UT ,γ ∗
L ,ρL

are in the range 0.15 to 0.00

for J u = 0.0 to 0.4. In Refs. [21,22] the GPDs are modelled using
data for nucleon form factors, sum rules and positivity constraints.
The results of both calculations are similar. Values of J u and J d of
approximately 0.22 and 0.00, respectively, are found, and the cal-
culated values of the asymmetry are very small (−0.03 to 0.02),
which is consistent with the present data. It must be realized that

[A. Airapetian et al., PLB 679 (2009) 100]
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Fig. 4. Values of SDMEs, or combinations thereof, for a transversely polarized proton target and an unpolarized beam. The SDMEs are sorted into three categories, which
are separated from each other by the solid horizontal lines. From top to bottom: SDMEs containing s-channel helicity-conserving amplitudes, combinations containing at
least one s-channel helicity-changing amplitude, and SDMEs containing two s-channel helicity-changing amplitudes. Within the second category the combinations are sorted
into three groups associated with different virtual photon and ρ0 polarizations. The inner error bars represent the statistical uncertainties. The full error bars represent the
quadratic sum of the statistical and systematic uncertainties. In addition there is an overall scale uncertainty of 8.1% due to the uncertainty in the target polarization.

lations for the production of a longitudinally polarized ρ0 by a
longitudinal photon Asin(φ−φS )

UT ,γ ∗
L ,ρL

, which is given by Im(n0000)/u
00
00.

The sin(φ − φS ) amplitude for the production of transversely
polarized ρ0 mesons is given by

AT T ,sin(φ−φS )
UT = Im(n++

++ + n−−
++ + 2εn++
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1− (u00
++ + εu00

00)
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The values for this asymmetry are shown in Fig. 5 (bottom). Also
these are zero within the error bars.

A few groups have performed GPD-based calculations of the
transverse target asymmetry for exclusive ρ0 production. In
Refs. [5,20] the quark GPD Eq is parametrized in terms of the value
of J u , taking J d = 0. Ref. [20] includes the contribution of gluons.
The calculated values of Asin(φ−φS )

UT ,γ ∗
L ,ρL

are in the range 0.15 to 0.00

for J u = 0.0 to 0.4. In Refs. [21,22] the GPDs are modelled using
data for nucleon form factors, sum rules and positivity constraints.
The results of both calculations are similar. Values of J u and J d of
approximately 0.22 and 0.00, respectively, are found, and the cal-
culated values of the asymmetry are very small (−0.03 to 0.02),
which is consistent with the present data. It must be realized that

[A. Airapetian et al., PLB 679 (2009) 100]
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Fig. 4. Values of SDMEs, or combinations thereof, for a transversely polarized proton target and an unpolarized beam. The SDMEs are sorted into three categories, which
are separated from each other by the solid horizontal lines. From top to bottom: SDMEs containing s-channel helicity-conserving amplitudes, combinations containing at
least one s-channel helicity-changing amplitude, and SDMEs containing two s-channel helicity-changing amplitudes. Within the second category the combinations are sorted
into three groups associated with different virtual photon and ρ0 polarizations. The inner error bars represent the statistical uncertainties. The full error bars represent the
quadratic sum of the statistical and systematic uncertainties. In addition there is an overall scale uncertainty of 8.1% due to the uncertainty in the target polarization.

lations for the production of a longitudinally polarized ρ0 by a
longitudinal photon Asin(φ−φS )

UT ,γ ∗
L ,ρL

, which is given by Im(n0000)/u
00
00.

The sin(φ − φS ) amplitude for the production of transversely
polarized ρ0 mesons is given by

AT T ,sin(φ−φS )
UT = Im(n++

++ + n−−
++ + 2εn++
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1− (u00
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00)
. (10)

The values for this asymmetry are shown in Fig. 5 (bottom). Also
these are zero within the error bars.

A few groups have performed GPD-based calculations of the
transverse target asymmetry for exclusive ρ0 production. In
Refs. [5,20] the quark GPD Eq is parametrized in terms of the value
of J u , taking J d = 0. Ref. [20] includes the contribution of gluons.
The calculated values of Asin(φ−φS )

UT ,γ ∗
L ,ρL

are in the range 0.15 to 0.00

for J u = 0.0 to 0.4. In Refs. [21,22] the GPDs are modelled using
data for nucleon form factors, sum rules and positivity constraints.
The results of both calculations are similar. Values of J u and J d of
approximately 0.22 and 0.00, respectively, are found, and the cal-
culated values of the asymmetry are very small (−0.03 to 0.02),
which is consistent with the present data. It must be realized that

HERMES Collaboration / Physics Letters B 679 (2009) 100–105 105

Fig. 5. The extracted amplitudes of the sin(φ − φS ) component of AUT for longitu-
dinally (top) and transversely polarized (bottom) ρ0 mesons. The inner error bars
represent the statistical uncertainties. The full error bars represent the quadratic
sum of the statistical and systematic uncertainties. In addition there is an overall
scale uncertainty of 8.1% from the uncertainty in the target polarization.

the results depend on the modelling of the relevant GPDs of both
quarks and gluons, and that the kinematic conditions of the cal-
culations are in several cases outside the kinematic range of the
present data.

In summary, the transverse target single-spin asymmetry was
measured for exclusive ρ0 electroproduction on a transversely po-
larized hydrogen target. Spin density matrix elements were de-
termined by using the angular distributions of the produced ρ0

mesons and their decay into two pions. Almost all of the SDMEs
describing transverse target polarization were found to be consis-
tent with zero. A notable exception is an SDME that corresponds
to the production of a longitudinally polarized ρ0 by a transverse
virtual photon. The fact that it is non-zero indicates a small viola-
tion of s-channel helicity conservation in the case of a transversely
polarized target. The amplitude of the sin(φ − φS) component of
the asymmetry for the production of longitudinally polarized ρ0

mesons was found to be small (−0.035 ± 0.103). Neglecting dou-
ble helicity changing SDMEs, this component can be identified
with the leading-twist term of the asymmetry. Calculations based
on generalized parton distributions predict small values, consistent
with the measured value.
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The exclusive electroproduction of ρ0 mesons was studied with the hermes spectrometer at the Desy
laboratory by scattering 27.6 GeV positron and electron beams off a transversely polarized hydrogen
target. Spin density matrix elements for this process were determined from the measured production-
and decay-angle distributions of the produced ρ0 mesons. These matrix elements embody information on
helicity transfer and the validity of s-channel helicity conservation in the case of a transversely polarized
target. From the spin density matrix elements, the leading-twist term in the single-spin asymmetry
was calculated separately for longitudinally and transversely polarized ρ0 mesons. Neglecting s-channel
helicity changing matrix elements, results for the former can be compared to calculations based on
generalized parton distributions, which are sensitive to the contribution of the total angular momentum
of the quarks to the proton spin.

© 2009 Elsevier B.V. All rights reserved.

Exclusive electroproduction of mesons can provide new infor-
mation about the structure of the nucleon because of its relation
to generalized parton distributions (GPDs) [1–3]. In Ref. [4] it has
been proven that the amplitude for hard exclusive electroproduc-
tion of mesons by longitudinal virtual photons can be factorized
into a hard-scattering part and a soft part that depends on the
structure of the nucleon and the produced meson. In the case of
exclusive vector meson production, also the produced meson is
longitudinally polarized (in addition to the virtual photon being
longitudinal). The amplitude for the soft part can be expressed in
terms of GPDs.

GPDs provide a three-dimensional representation of the struc-
ture of the nucleon at the partonic level, correlating the longitu-
dinal momentum fraction of a parton with its transverse spatial
coordinates. They are related to the standard parton distribution
functions and nucleon form factors [3,5–7]. At leading twist, meson
production is described by four types of GPDs: Hq,g , Eq,g , H̃q,g ,
and Ẽq,g , where q stands for a quark flavour and g for a gluon.
The GPDs are functions of t , x, and ξ , where t is the squared four-
momentum transfer to the nucleon, x the average, and ξ half the
difference of the longitudinal momentum fractions of the quark or
gluon in the initial and final state. The quantum numbers of the
produced meson determine the sensitivity to the various GPDs. In
particular, at leading twist, production of vector mesons is sensi-
tive only to the GPDs Hq, Eq, Hg , and Eg .

The transverse target-spin asymmetry in exclusive electropro-
duction of longitudinally polarized vector mesons by longitudinal
virtual photons is an important observable, because it depends
almost linearly on the GPD E [5]. This is in contrast to the un-
polarized cross section, where the contribution of E is generally
small compared to the contribution of H . At leading twist, the
asymmetry is proportional to sin(φ − φS ), where φ and φS are the
azimuthal angles about the virtual-photon direction of the hadron
production plane and the transverse part S⃗ T of the target spin, re-
spectively, with respect to the lepton scattering plane (see Fig. 1).

The cross section and asymmetry for exclusive ρ0 electropro-
duction e + p → e′ + ρ0 + p′ can conveniently be described using
spin density matrix elements [8–10]. By using the angular distri-
bution of the produced vector meson and of its decay products,
as described by the polar and azimuthal angles ϑ and ϕ (see
Fig. 2), one can separate the contributions of mesons with longi-
tudinal and transverse polarization to the measured asymmetries.
If s-channel helicity conservation (SCHC) holds, the helicity of the
virtual photon is transferred to the produced vector meson. In that
case studying the asymmetry for the production of longitudinally
polarized vector mesons is tantamount to selecting longitudinal

Fig. 1. The lepton scattering and hadron production planes together with the az-
imuthal angles φ and φS .

Fig. 2. The polar and azimuthal angles of the decay π+ of the ρ0 in the ρ0 rest
frame. The positive z-axis is taken opposite to the direction of the residual proton,
while the angle ϕ is defined with respect to the hadron production plane.

virtual photons. Measurements have shown that SCHC holds rea-
sonably well for exclusive electroproduction of ρ0 mesons on an
unpolarized target at Hermes kinematics [11]. Thus information on
the GPD E can be obtained from measurements of the transverse
target-spin asymmetry in exclusive ρ0 electroproduction.

Ultimately, these studies will help to understand the origin of
the nucleon spin, because it has been shown [3] that the x-mo-
ment in the limit t → 0 of the sum of the GPDs Hq and Eq is
related to the contribution J q of the total angular momentum of
the quark with flavour q to the nucleon spin.

In this Letter, measurements of exclusive ρ0 electroproduction
on transversely polarized protons are presented. For the first time,
values of the spin density matrix elements (SDMEs) and the trans-
verse target-spin asymmetry for this process were determined.

The data were collected with the Hermes spectrometer [12]
during the period 2002–2005. The 27.6 GeV Hera electron or
positron beam at Desy scattered off a transversely polarized hy-
drogen target [13] of which the spin direction was reversed every
1–3 minutes. The average magnitude of the target polarization was
|PT | = 0.724 ± 0.059. The lepton beam was longitudinally polar-
ized, the helicity being reversed periodically. The net polarization
for the selected data was 0.095±0.005, mainly because more data
were taken with positive helicity.

[A. Airapetian et al., PLB 679 (2009) 100]
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Fig. 4. Values of SDMEs, or combinations thereof, for a transversely polarized proton target and an unpolarized beam. The SDMEs are sorted into three categories, which
are separated from each other by the solid horizontal lines. From top to bottom: SDMEs containing s-channel helicity-conserving amplitudes, combinations containing at
least one s-channel helicity-changing amplitude, and SDMEs containing two s-channel helicity-changing amplitudes. Within the second category the combinations are sorted
into three groups associated with different virtual photon and ρ0 polarizations. The inner error bars represent the statistical uncertainties. The full error bars represent the
quadratic sum of the statistical and systematic uncertainties. In addition there is an overall scale uncertainty of 8.1% due to the uncertainty in the target polarization.

lations for the production of a longitudinally polarized ρ0 by a
longitudinal photon Asin(φ−φS )

UT ,γ ∗
L ,ρL

, which is given by Im(n0000)/u
00
00.

The sin(φ − φS ) amplitude for the production of transversely
polarized ρ0 mesons is given by

AT T ,sin(φ−φS )
UT = Im(n++

++ + n−−
++ + 2εn++

00 )

1− (u00
++ + εu00

00)
. (10)

The values for this asymmetry are shown in Fig. 5 (bottom). Also
these are zero within the error bars.

A few groups have performed GPD-based calculations of the
transverse target asymmetry for exclusive ρ0 production. In
Refs. [5,20] the quark GPD Eq is parametrized in terms of the value
of J u , taking J d = 0. Ref. [20] includes the contribution of gluons.
The calculated values of Asin(φ−φS )

UT ,γ ∗
L ,ρL

are in the range 0.15 to 0.00

for J u = 0.0 to 0.4. In Refs. [21,22] the GPDs are modelled using
data for nucleon form factors, sum rules and positivity constraints.
The results of both calculations are similar. Values of J u and J d of
approximately 0.22 and 0.00, respectively, are found, and the cal-
culated values of the asymmetry are very small (−0.03 to 0.02),
which is consistent with the present data. It must be realized that
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Fig. 5. The extracted amplitudes of the sin(φ − φS ) component of AUT for longitu-
dinally (top) and transversely polarized (bottom) ρ0 mesons. The inner error bars
represent the statistical uncertainties. The full error bars represent the quadratic
sum of the statistical and systematic uncertainties. In addition there is an overall
scale uncertainty of 8.1% from the uncertainty in the target polarization.

the results depend on the modelling of the relevant GPDs of both
quarks and gluons, and that the kinematic conditions of the cal-
culations are in several cases outside the kinematic range of the
present data.

In summary, the transverse target single-spin asymmetry was
measured for exclusive ρ0 electroproduction on a transversely po-
larized hydrogen target. Spin density matrix elements were de-
termined by using the angular distributions of the produced ρ0

mesons and their decay into two pions. Almost all of the SDMEs
describing transverse target polarization were found to be consis-
tent with zero. A notable exception is an SDME that corresponds
to the production of a longitudinally polarized ρ0 by a transverse
virtual photon. The fact that it is non-zero indicates a small viola-
tion of s-channel helicity conservation in the case of a transversely
polarized target. The amplitude of the sin(φ − φS) component of
the asymmetry for the production of longitudinally polarized ρ0

mesons was found to be small (−0.035 ± 0.103). Neglecting dou-
ble helicity changing SDMEs, this component can be identified
with the leading-twist term of the asymmetry. Calculations based
on generalized parton distributions predict small values, consistent
with the measured value.
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Exclusive electroproduction of mesons can provide new infor-
mation about the structure of the nucleon because of its relation
to generalized parton distributions (GPDs) [1–3]. In Ref. [4] it has
been proven that the amplitude for hard exclusive electroproduc-
tion of mesons by longitudinal virtual photons can be factorized
into a hard-scattering part and a soft part that depends on the
structure of the nucleon and the produced meson. In the case of
exclusive vector meson production, also the produced meson is
longitudinally polarized (in addition to the virtual photon being
longitudinal). The amplitude for the soft part can be expressed in
terms of GPDs.

GPDs provide a three-dimensional representation of the struc-
ture of the nucleon at the partonic level, correlating the longitu-
dinal momentum fraction of a parton with its transverse spatial
coordinates. They are related to the standard parton distribution
functions and nucleon form factors [3,5–7]. At leading twist, meson
production is described by four types of GPDs: Hq,g , Eq,g , H̃q,g ,
and Ẽq,g , where q stands for a quark flavour and g for a gluon.
The GPDs are functions of t , x, and ξ , where t is the squared four-
momentum transfer to the nucleon, x the average, and ξ half the
difference of the longitudinal momentum fractions of the quark or
gluon in the initial and final state. The quantum numbers of the
produced meson determine the sensitivity to the various GPDs. In
particular, at leading twist, production of vector mesons is sensi-
tive only to the GPDs Hq, Eq, Hg , and Eg .

The transverse target-spin asymmetry in exclusive electropro-
duction of longitudinally polarized vector mesons by longitudinal
virtual photons is an important observable, because it depends
almost linearly on the GPD E [5]. This is in contrast to the un-
polarized cross section, where the contribution of E is generally
small compared to the contribution of H . At leading twist, the
asymmetry is proportional to sin(φ − φS ), where φ and φS are the
azimuthal angles about the virtual-photon direction of the hadron
production plane and the transverse part S⃗ T of the target spin, re-
spectively, with respect to the lepton scattering plane (see Fig. 1).

The cross section and asymmetry for exclusive ρ0 electropro-
duction e + p → e′ + ρ0 + p′ can conveniently be described using
spin density matrix elements [8–10]. By using the angular distri-
bution of the produced vector meson and of its decay products,
as described by the polar and azimuthal angles ϑ and ϕ (see
Fig. 2), one can separate the contributions of mesons with longi-
tudinal and transverse polarization to the measured asymmetries.
If s-channel helicity conservation (SCHC) holds, the helicity of the
virtual photon is transferred to the produced vector meson. In that
case studying the asymmetry for the production of longitudinally
polarized vector mesons is tantamount to selecting longitudinal

Fig. 1. The lepton scattering and hadron production planes together with the az-
imuthal angles φ and φS .

Fig. 2. The polar and azimuthal angles of the decay π+ of the ρ0 in the ρ0 rest
frame. The positive z-axis is taken opposite to the direction of the residual proton,
while the angle ϕ is defined with respect to the hadron production plane.

virtual photons. Measurements have shown that SCHC holds rea-
sonably well for exclusive electroproduction of ρ0 mesons on an
unpolarized target at Hermes kinematics [11]. Thus information on
the GPD E can be obtained from measurements of the transverse
target-spin asymmetry in exclusive ρ0 electroproduction.

Ultimately, these studies will help to understand the origin of
the nucleon spin, because it has been shown [3] that the x-mo-
ment in the limit t → 0 of the sum of the GPDs Hq and Eq is
related to the contribution J q of the total angular momentum of
the quark with flavour q to the nucleon spin.

In this Letter, measurements of exclusive ρ0 electroproduction
on transversely polarized protons are presented. For the first time,
values of the spin density matrix elements (SDMEs) and the trans-
verse target-spin asymmetry for this process were determined.

The data were collected with the Hermes spectrometer [12]
during the period 2002–2005. The 27.6 GeV Hera electron or
positron beam at Desy scattered off a transversely polarized hy-
drogen target [13] of which the spin direction was reversed every
1–3 minutes. The average magnitude of the target polarization was
|PT | = 0.724 ± 0.059. The lepton beam was longitudinally polar-
ized, the helicity being reversed periodically. The net polarization
for the selected data was 0.095±0.005, mainly because more data
were taken with positive helicity.

[A. Airapetian et al., PLB 679 (2009) 100]
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Fig. 4. Values of SDMEs, or combinations thereof, for a transversely polarized proton target and an unpolarized beam. The SDMEs are sorted into three categories, which
are separated from each other by the solid horizontal lines. From top to bottom: SDMEs containing s-channel helicity-conserving amplitudes, combinations containing at
least one s-channel helicity-changing amplitude, and SDMEs containing two s-channel helicity-changing amplitudes. Within the second category the combinations are sorted
into three groups associated with different virtual photon and ρ0 polarizations. The inner error bars represent the statistical uncertainties. The full error bars represent the
quadratic sum of the statistical and systematic uncertainties. In addition there is an overall scale uncertainty of 8.1% due to the uncertainty in the target polarization.

lations for the production of a longitudinally polarized ρ0 by a
longitudinal photon Asin(φ−φS )

UT ,γ ∗
L ,ρL

, which is given by Im(n0000)/u
00
00.

The sin(φ − φS ) amplitude for the production of transversely
polarized ρ0 mesons is given by

AT T ,sin(φ−φS )
UT = Im(n++

++ + n−−
++ + 2εn++

00 )

1− (u00
++ + εu00

00)
. (10)

The values for this asymmetry are shown in Fig. 5 (bottom). Also
these are zero within the error bars.

A few groups have performed GPD-based calculations of the
transverse target asymmetry for exclusive ρ0 production. In
Refs. [5,20] the quark GPD Eq is parametrized in terms of the value
of J u , taking J d = 0. Ref. [20] includes the contribution of gluons.
The calculated values of Asin(φ−φS )

UT ,γ ∗
L ,ρL

are in the range 0.15 to 0.00

for J u = 0.0 to 0.4. In Refs. [21,22] the GPDs are modelled using
data for nucleon form factors, sum rules and positivity constraints.
The results of both calculations are similar. Values of J u and J d of
approximately 0.22 and 0.00, respectively, are found, and the cal-
culated values of the asymmetry are very small (−0.03 to 0.02),
which is consistent with the present data. It must be realized that

HERMES Collaboration / Physics Letters B 679 (2009) 100–105 105

Fig. 5. The extracted amplitudes of the sin(φ − φS ) component of AUT for longitu-
dinally (top) and transversely polarized (bottom) ρ0 mesons. The inner error bars
represent the statistical uncertainties. The full error bars represent the quadratic
sum of the statistical and systematic uncertainties. In addition there is an overall
scale uncertainty of 8.1% from the uncertainty in the target polarization.

the results depend on the modelling of the relevant GPDs of both
quarks and gluons, and that the kinematic conditions of the cal-
culations are in several cases outside the kinematic range of the
present data.

In summary, the transverse target single-spin asymmetry was
measured for exclusive ρ0 electroproduction on a transversely po-
larized hydrogen target. Spin density matrix elements were de-
termined by using the angular distributions of the produced ρ0

mesons and their decay into two pions. Almost all of the SDMEs
describing transverse target polarization were found to be consis-
tent with zero. A notable exception is an SDME that corresponds
to the production of a longitudinally polarized ρ0 by a transverse
virtual photon. The fact that it is non-zero indicates a small viola-
tion of s-channel helicity conservation in the case of a transversely
polarized target. The amplitude of the sin(φ − φS) component of
the asymmetry for the production of longitudinally polarized ρ0

mesons was found to be small (−0.035 ± 0.103). Neglecting dou-
ble helicity changing SDMEs, this component can be identified
with the leading-twist term of the asymmetry. Calculations based
on generalized parton distributions predict small values, consistent
with the measured value.
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Exclusive electroproduction of mesons can provide new infor-
mation about the structure of the nucleon because of its relation
to generalized parton distributions (GPDs) [1–3]. In Ref. [4] it has
been proven that the amplitude for hard exclusive electroproduc-
tion of mesons by longitudinal virtual photons can be factorized
into a hard-scattering part and a soft part that depends on the
structure of the nucleon and the produced meson. In the case of
exclusive vector meson production, also the produced meson is
longitudinally polarized (in addition to the virtual photon being
longitudinal). The amplitude for the soft part can be expressed in
terms of GPDs.

GPDs provide a three-dimensional representation of the struc-
ture of the nucleon at the partonic level, correlating the longitu-
dinal momentum fraction of a parton with its transverse spatial
coordinates. They are related to the standard parton distribution
functions and nucleon form factors [3,5–7]. At leading twist, meson
production is described by four types of GPDs: Hq,g , Eq,g , H̃q,g ,
and Ẽq,g , where q stands for a quark flavour and g for a gluon.
The GPDs are functions of t , x, and ξ , where t is the squared four-
momentum transfer to the nucleon, x the average, and ξ half the
difference of the longitudinal momentum fractions of the quark or
gluon in the initial and final state. The quantum numbers of the
produced meson determine the sensitivity to the various GPDs. In
particular, at leading twist, production of vector mesons is sensi-
tive only to the GPDs Hq, Eq, Hg , and Eg .

The transverse target-spin asymmetry in exclusive electropro-
duction of longitudinally polarized vector mesons by longitudinal
virtual photons is an important observable, because it depends
almost linearly on the GPD E [5]. This is in contrast to the un-
polarized cross section, where the contribution of E is generally
small compared to the contribution of H . At leading twist, the
asymmetry is proportional to sin(φ − φS ), where φ and φS are the
azimuthal angles about the virtual-photon direction of the hadron
production plane and the transverse part S⃗ T of the target spin, re-
spectively, with respect to the lepton scattering plane (see Fig. 1).

The cross section and asymmetry for exclusive ρ0 electropro-
duction e + p → e′ + ρ0 + p′ can conveniently be described using
spin density matrix elements [8–10]. By using the angular distri-
bution of the produced vector meson and of its decay products,
as described by the polar and azimuthal angles ϑ and ϕ (see
Fig. 2), one can separate the contributions of mesons with longi-
tudinal and transverse polarization to the measured asymmetries.
If s-channel helicity conservation (SCHC) holds, the helicity of the
virtual photon is transferred to the produced vector meson. In that
case studying the asymmetry for the production of longitudinally
polarized vector mesons is tantamount to selecting longitudinal

Fig. 1. The lepton scattering and hadron production planes together with the az-
imuthal angles φ and φS .

Fig. 2. The polar and azimuthal angles of the decay π+ of the ρ0 in the ρ0 rest
frame. The positive z-axis is taken opposite to the direction of the residual proton,
while the angle ϕ is defined with respect to the hadron production plane.

virtual photons. Measurements have shown that SCHC holds rea-
sonably well for exclusive electroproduction of ρ0 mesons on an
unpolarized target at Hermes kinematics [11]. Thus information on
the GPD E can be obtained from measurements of the transverse
target-spin asymmetry in exclusive ρ0 electroproduction.

Ultimately, these studies will help to understand the origin of
the nucleon spin, because it has been shown [3] that the x-mo-
ment in the limit t → 0 of the sum of the GPDs Hq and Eq is
related to the contribution J q of the total angular momentum of
the quark with flavour q to the nucleon spin.

In this Letter, measurements of exclusive ρ0 electroproduction
on transversely polarized protons are presented. For the first time,
values of the spin density matrix elements (SDMEs) and the trans-
verse target-spin asymmetry for this process were determined.

The data were collected with the Hermes spectrometer [12]
during the period 2002–2005. The 27.6 GeV Hera electron or
positron beam at Desy scattered off a transversely polarized hy-
drogen target [13] of which the spin direction was reversed every
1–3 minutes. The average magnitude of the target polarization was
|PT | = 0.724 ± 0.059. The lepton beam was longitudinally polar-
ized, the helicity being reversed periodically. The net polarization
for the selected data was 0.095±0.005, mainly because more data
were taken with positive helicity.

[A. Airapetian et al., PLB 679 (2009) 100]
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Results on Meson SDMEs at Average Kinematics

Resulting SDMEs shown according to suggested hierarchy of helicity amplitudes:
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(un)natural-parity exchange contributions

positive for omega -> large UPE contributions (unlike for rho)

can construct various UPE quantities:

30

NPE contributionUPE contribution

= r21�1 � r11�1 =
1

N
gX

(|U11|2 � |T11|2)

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

u2 = r511 + r51�1

u3 = r811 + r81�1
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Fig. 13 The Q2 and −t ′ dependences of u1, u2, and u3. The open symbols represent the values over the entire kinematic region. Otherwise as for
Fig. 7

The phase difference δN between the NPE amplitudes T11
and T00 can be calculated as follows [20]:

cos δN = 2
√

ϵ(Re{r5
10} − Im{r6

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

. (41)

The phase differences obtained for the entire kinematic
region are |δN | = (51 ± 5 ± 14) degrees and |δN | =
(50 ± 7 ± 16) degrees for proton and deuteron data, respec-
tively. Using polarized SDMEs, in principle also the sign of
δN can be determined from the following equation:

sin δN = 2
√

ϵ(Re{r8
10} + Im{r7

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

, (42)

which is given in Ref. [20]. For the present data, the large
experimental uncertainties of the polarized SDMEs make it
impossible to determine the sign of δN .

5.6 Longitudinal-to-transverse cross-section ratio

Usually, the longitudinal-to-transverse virtual-photon differ-
ential cross-section ratio

R = dσL(γ ∗
L → V )

dσT (γ ∗
T → V )

is experimentally determined from the measured SDME r04
00

using the approximated equation [20]

R ≈ 1
ϵ

r04
00

1 − r04
00

. (43)

This relation is exact in the case of SCHC. The Q2 depen-
dence of R for the ω meson is shown in the left panel of

Fig. 14, where also for comparison the same dependence for
the ρ0 meson [20] is shown. For ω mesons produced in the
entire kinematic region, it is found that R = 0.25 ± 0.03 ±
0.07 for the proton and R = 0.24 ± 0.04 ± 0.07 for the
deuteron data. Compared to the case of exclusive ρ0 produc-
tion, this ratio is about four times smaller, and for the ω meson
this ratio is almost independent of Q2. The −t ′ dependence
of R is shown in the right panel of Fig. 14. The compari-
son of the proton data to the GK model calculations with and
without inclusion of the pion-pole contribution demonstrates
the clear need to include the pion pole. The data are well
described by the model and appear to follow the −t ′ depen-
dence suggested by the model when the pion-pole contribu-
tion is included. This implies that transverse and longitudinal
virtual-photon cross sections have different −t ′ dependences.
Hence the usual high-energy assumption that their ratio can
be identified with the corresponding ratio of the integrated
cross sections does not hold in exclusive ω electroproduction
at HERMES kinematics, due to the pion-pole contribution.
The GK model appears to fully account for the unnatural-
parity contribution to R and shows rather good agreement
with the data.

5.7 The UPE-to-NPE asymmetry of the transverse cross
section

The UPE-to-NPE asymmetry of the transverse differential
cross section is defined as [29]

P = dσ N
T − dσU

T

dσ N
T + dσU

T

≡ dσ N
T /dσU

T − 1

dσ N
T /dσU

T + 1

= (1 + ϵR)(2r1
1−1 − r1

00), (44)

where σ N
T and σU

T denote the part of the cross section due to
NPE and UPE, respectively. Substituting Eq. (43) in Eq. (44)
leads to the approximate relation

123
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The phase difference δN between the NPE amplitudes T11
and T00 can be calculated as follows [20]:

cos δN = 2
√

ϵ(Re{r5
10} − Im{r6

10})√
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00 (1 − r04
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1−1 − Im{r2
1−1})

. (41)

The phase differences obtained for the entire kinematic
region are |δN | = (51 ± 5 ± 14) degrees and |δN | =
(50 ± 7 ± 16) degrees for proton and deuteron data, respec-
tively. Using polarized SDMEs, in principle also the sign of
δN can be determined from the following equation:

sin δN = 2
√

ϵ(Re{r8
10} + Im{r7

10})√
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00 (1 − r04
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1−1 − Im{r2
1−1})

, (42)

which is given in Ref. [20]. For the present data, the large
experimental uncertainties of the polarized SDMEs make it
impossible to determine the sign of δN .

5.6 Longitudinal-to-transverse cross-section ratio

Usually, the longitudinal-to-transverse virtual-photon differ-
ential cross-section ratio

R = dσL(γ ∗
L → V )

dσT (γ ∗
T → V )

is experimentally determined from the measured SDME r04
00

using the approximated equation [20]

R ≈ 1
ϵ

r04
00

1 − r04
00

. (43)

This relation is exact in the case of SCHC. The Q2 depen-
dence of R for the ω meson is shown in the left panel of

Fig. 14, where also for comparison the same dependence for
the ρ0 meson [20] is shown. For ω mesons produced in the
entire kinematic region, it is found that R = 0.25 ± 0.03 ±
0.07 for the proton and R = 0.24 ± 0.04 ± 0.07 for the
deuteron data. Compared to the case of exclusive ρ0 produc-
tion, this ratio is about four times smaller, and for the ω meson
this ratio is almost independent of Q2. The −t ′ dependence
of R is shown in the right panel of Fig. 14. The compari-
son of the proton data to the GK model calculations with and
without inclusion of the pion-pole contribution demonstrates
the clear need to include the pion pole. The data are well
described by the model and appear to follow the −t ′ depen-
dence suggested by the model when the pion-pole contribu-
tion is included. This implies that transverse and longitudinal
virtual-photon cross sections have different −t ′ dependences.
Hence the usual high-energy assumption that their ratio can
be identified with the corresponding ratio of the integrated
cross sections does not hold in exclusive ω electroproduction
at HERMES kinematics, due to the pion-pole contribution.
The GK model appears to fully account for the unnatural-
parity contribution to R and shows rather good agreement
with the data.

5.7 The UPE-to-NPE asymmetry of the transverse cross
section

The UPE-to-NPE asymmetry of the transverse differential
cross section is defined as [29]

P = dσ N
T − dσU

T

dσ N
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T

≡ dσ N
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T − 1
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T + 1
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00), (44)

where σ N
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T denote the part of the cross section due to
NPE and UPE, respectively. Substituting Eq. (43) in Eq. (44)
leads to the approximate relation
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Fig. 13 The Q2 and −t ′ dependences of u1, u2, and u3. The open symbols represent the values over the entire kinematic region. Otherwise as for
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The phase difference δN between the NPE amplitudes T11
and T00 can be calculated as follows [20]:

cos δN = 2
√

ϵ(Re{r5
10} − Im{r6

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

. (41)

The phase differences obtained for the entire kinematic
region are |δN | = (51 ± 5 ± 14) degrees and |δN | =
(50 ± 7 ± 16) degrees for proton and deuteron data, respec-
tively. Using polarized SDMEs, in principle also the sign of
δN can be determined from the following equation:

sin δN = 2
√

ϵ(Re{r8
10} + Im{r7

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

, (42)

which is given in Ref. [20]. For the present data, the large
experimental uncertainties of the polarized SDMEs make it
impossible to determine the sign of δN .

5.6 Longitudinal-to-transverse cross-section ratio

Usually, the longitudinal-to-transverse virtual-photon differ-
ential cross-section ratio

R = dσL(γ ∗
L → V )

dσT (γ ∗
T → V )

is experimentally determined from the measured SDME r04
00

using the approximated equation [20]

R ≈ 1
ϵ

r04
00

1 − r04
00

. (43)

This relation is exact in the case of SCHC. The Q2 depen-
dence of R for the ω meson is shown in the left panel of

Fig. 14, where also for comparison the same dependence for
the ρ0 meson [20] is shown. For ω mesons produced in the
entire kinematic region, it is found that R = 0.25 ± 0.03 ±
0.07 for the proton and R = 0.24 ± 0.04 ± 0.07 for the
deuteron data. Compared to the case of exclusive ρ0 produc-
tion, this ratio is about four times smaller, and for the ω meson
this ratio is almost independent of Q2. The −t ′ dependence
of R is shown in the right panel of Fig. 14. The compari-
son of the proton data to the GK model calculations with and
without inclusion of the pion-pole contribution demonstrates
the clear need to include the pion pole. The data are well
described by the model and appear to follow the −t ′ depen-
dence suggested by the model when the pion-pole contribu-
tion is included. This implies that transverse and longitudinal
virtual-photon cross sections have different −t ′ dependences.
Hence the usual high-energy assumption that their ratio can
be identified with the corresponding ratio of the integrated
cross sections does not hold in exclusive ω electroproduction
at HERMES kinematics, due to the pion-pole contribution.
The GK model appears to fully account for the unnatural-
parity contribution to R and shows rather good agreement
with the data.

5.7 The UPE-to-NPE asymmetry of the transverse cross
section

The UPE-to-NPE asymmetry of the transverse differential
cross section is defined as [29]

P = dσ N
T − dσU

T

dσ N
T + dσU

T

≡ dσ N
T /dσU

T − 1

dσ N
T /dσU

T + 1

= (1 + ϵR)(2r1
1−1 − r1

00), (44)

where σ N
T and σU

T denote the part of the cross section due to
NPE and UPE, respectively. Substituting Eq. (43) in Eq. (44)
leads to the approximate relation
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The phase difference δN between the NPE amplitudes T11
and T00 can be calculated as follows [20]:

cos δN = 2
√

ϵ(Re{r5
10} − Im{r6

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

. (41)

The phase differences obtained for the entire kinematic
region are |δN | = (51 ± 5 ± 14) degrees and |δN | =
(50 ± 7 ± 16) degrees for proton and deuteron data, respec-
tively. Using polarized SDMEs, in principle also the sign of
δN can be determined from the following equation:

sin δN = 2
√

ϵ(Re{r8
10} + Im{r7

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

, (42)

which is given in Ref. [20]. For the present data, the large
experimental uncertainties of the polarized SDMEs make it
impossible to determine the sign of δN .

5.6 Longitudinal-to-transverse cross-section ratio

Usually, the longitudinal-to-transverse virtual-photon differ-
ential cross-section ratio

R = dσL(γ ∗
L → V )

dσT (γ ∗
T → V )

is experimentally determined from the measured SDME r04
00

using the approximated equation [20]

R ≈ 1
ϵ

r04
00

1 − r04
00

. (43)

This relation is exact in the case of SCHC. The Q2 depen-
dence of R for the ω meson is shown in the left panel of

Fig. 14, where also for comparison the same dependence for
the ρ0 meson [20] is shown. For ω mesons produced in the
entire kinematic region, it is found that R = 0.25 ± 0.03 ±
0.07 for the proton and R = 0.24 ± 0.04 ± 0.07 for the
deuteron data. Compared to the case of exclusive ρ0 produc-
tion, this ratio is about four times smaller, and for the ω meson
this ratio is almost independent of Q2. The −t ′ dependence
of R is shown in the right panel of Fig. 14. The compari-
son of the proton data to the GK model calculations with and
without inclusion of the pion-pole contribution demonstrates
the clear need to include the pion pole. The data are well
described by the model and appear to follow the −t ′ depen-
dence suggested by the model when the pion-pole contribu-
tion is included. This implies that transverse and longitudinal
virtual-photon cross sections have different −t ′ dependences.
Hence the usual high-energy assumption that their ratio can
be identified with the corresponding ratio of the integrated
cross sections does not hold in exclusive ω electroproduction
at HERMES kinematics, due to the pion-pole contribution.
The GK model appears to fully account for the unnatural-
parity contribution to R and shows rather good agreement
with the data.

5.7 The UPE-to-NPE asymmetry of the transverse cross
section

The UPE-to-NPE asymmetry of the transverse differential
cross section is defined as [29]

P = dσ N
T − dσU

T

dσ N
T + dσU

T

≡ dσ N
T /dσU

T − 1

dσ N
T /dσU

T + 1

= (1 + ϵR)(2r1
1−1 − r1

00), (44)

where σ N
T and σU

T denote the part of the cross section due to
NPE and UPE, respectively. Substituting Eq. (43) in Eq. (44)
leads to the approximate relation
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The phase difference δN between the NPE amplitudes T11
and T00 can be calculated as follows [20]:

cos δN = 2
√

ϵ(Re{r5
10} − Im{r6

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

. (41)

The phase differences obtained for the entire kinematic
region are |δN | = (51 ± 5 ± 14) degrees and |δN | =
(50 ± 7 ± 16) degrees for proton and deuteron data, respec-
tively. Using polarized SDMEs, in principle also the sign of
δN can be determined from the following equation:

sin δN = 2
√

ϵ(Re{r8
10} + Im{r7

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

, (42)

which is given in Ref. [20]. For the present data, the large
experimental uncertainties of the polarized SDMEs make it
impossible to determine the sign of δN .

5.6 Longitudinal-to-transverse cross-section ratio

Usually, the longitudinal-to-transverse virtual-photon differ-
ential cross-section ratio

R = dσL(γ ∗
L → V )

dσT (γ ∗
T → V )

is experimentally determined from the measured SDME r04
00

using the approximated equation [20]

R ≈ 1
ϵ

r04
00

1 − r04
00

. (43)

This relation is exact in the case of SCHC. The Q2 depen-
dence of R for the ω meson is shown in the left panel of

Fig. 14, where also for comparison the same dependence for
the ρ0 meson [20] is shown. For ω mesons produced in the
entire kinematic region, it is found that R = 0.25 ± 0.03 ±
0.07 for the proton and R = 0.24 ± 0.04 ± 0.07 for the
deuteron data. Compared to the case of exclusive ρ0 produc-
tion, this ratio is about four times smaller, and for the ω meson
this ratio is almost independent of Q2. The −t ′ dependence
of R is shown in the right panel of Fig. 14. The compari-
son of the proton data to the GK model calculations with and
without inclusion of the pion-pole contribution demonstrates
the clear need to include the pion pole. The data are well
described by the model and appear to follow the −t ′ depen-
dence suggested by the model when the pion-pole contribu-
tion is included. This implies that transverse and longitudinal
virtual-photon cross sections have different −t ′ dependences.
Hence the usual high-energy assumption that their ratio can
be identified with the corresponding ratio of the integrated
cross sections does not hold in exclusive ω electroproduction
at HERMES kinematics, due to the pion-pole contribution.
The GK model appears to fully account for the unnatural-
parity contribution to R and shows rather good agreement
with the data.

5.7 The UPE-to-NPE asymmetry of the transverse cross
section

The UPE-to-NPE asymmetry of the transverse differential
cross section is defined as [29]

P = dσ N
T − dσU

T

dσ N
T + dσU

T

≡ dσ N
T /dσU

T − 1

dσ N
T /dσU

T + 1

= (1 + ϵR)(2r1
1−1 − r1

00), (44)

where σ N
T and σU

T denote the part of the cross section due to
NPE and UPE, respectively. Substituting Eq. (43) in Eq. (44)
leads to the approximate relation
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Fig. 13 The Q2 and −t ′ dependences of u1, u2, and u3. The open symbols represent the values over the entire kinematic region. Otherwise as for
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The phase difference δN between the NPE amplitudes T11
and T00 can be calculated as follows [20]:

cos δN = 2
√

ϵ(Re{r5
10} − Im{r6

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

. (41)

The phase differences obtained for the entire kinematic
region are |δN | = (51 ± 5 ± 14) degrees and |δN | =
(50 ± 7 ± 16) degrees for proton and deuteron data, respec-
tively. Using polarized SDMEs, in principle also the sign of
δN can be determined from the following equation:

sin δN = 2
√

ϵ(Re{r8
10} + Im{r7

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

, (42)

which is given in Ref. [20]. For the present data, the large
experimental uncertainties of the polarized SDMEs make it
impossible to determine the sign of δN .

5.6 Longitudinal-to-transverse cross-section ratio

Usually, the longitudinal-to-transverse virtual-photon differ-
ential cross-section ratio

R = dσL(γ ∗
L → V )

dσT (γ ∗
T → V )

is experimentally determined from the measured SDME r04
00

using the approximated equation [20]

R ≈ 1
ϵ

r04
00

1 − r04
00

. (43)

This relation is exact in the case of SCHC. The Q2 depen-
dence of R for the ω meson is shown in the left panel of

Fig. 14, where also for comparison the same dependence for
the ρ0 meson [20] is shown. For ω mesons produced in the
entire kinematic region, it is found that R = 0.25 ± 0.03 ±
0.07 for the proton and R = 0.24 ± 0.04 ± 0.07 for the
deuteron data. Compared to the case of exclusive ρ0 produc-
tion, this ratio is about four times smaller, and for the ω meson
this ratio is almost independent of Q2. The −t ′ dependence
of R is shown in the right panel of Fig. 14. The compari-
son of the proton data to the GK model calculations with and
without inclusion of the pion-pole contribution demonstrates
the clear need to include the pion pole. The data are well
described by the model and appear to follow the −t ′ depen-
dence suggested by the model when the pion-pole contribu-
tion is included. This implies that transverse and longitudinal
virtual-photon cross sections have different −t ′ dependences.
Hence the usual high-energy assumption that their ratio can
be identified with the corresponding ratio of the integrated
cross sections does not hold in exclusive ω electroproduction
at HERMES kinematics, due to the pion-pole contribution.
The GK model appears to fully account for the unnatural-
parity contribution to R and shows rather good agreement
with the data.

5.7 The UPE-to-NPE asymmetry of the transverse cross
section

The UPE-to-NPE asymmetry of the transverse differential
cross section is defined as [29]

P = dσ N
T − dσU

T

dσ N
T + dσU

T

≡ dσ N
T /dσU

T − 1

dσ N
T /dσU

T + 1

= (1 + ϵR)(2r1
1−1 − r1

00), (44)

where σ N
T and σU

T denote the part of the cross section due to
NPE and UPE, respectively. Substituting Eq. (43) in Eq. (44)
leads to the approximate relation
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The phase difference δN between the NPE amplitudes T11
and T00 can be calculated as follows [20]:

cos δN = 2
√

ϵ(Re{r5
10} − Im{r6

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

. (41)

The phase differences obtained for the entire kinematic
region are |δN | = (51 ± 5 ± 14) degrees and |δN | =
(50 ± 7 ± 16) degrees for proton and deuteron data, respec-
tively. Using polarized SDMEs, in principle also the sign of
δN can be determined from the following equation:

sin δN = 2
√

ϵ(Re{r8
10} + Im{r7

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

, (42)

which is given in Ref. [20]. For the present data, the large
experimental uncertainties of the polarized SDMEs make it
impossible to determine the sign of δN .

5.6 Longitudinal-to-transverse cross-section ratio

Usually, the longitudinal-to-transverse virtual-photon differ-
ential cross-section ratio

R = dσL(γ ∗
L → V )

dσT (γ ∗
T → V )

is experimentally determined from the measured SDME r04
00

using the approximated equation [20]

R ≈ 1
ϵ

r04
00

1 − r04
00

. (43)

This relation is exact in the case of SCHC. The Q2 depen-
dence of R for the ω meson is shown in the left panel of

Fig. 14, where also for comparison the same dependence for
the ρ0 meson [20] is shown. For ω mesons produced in the
entire kinematic region, it is found that R = 0.25 ± 0.03 ±
0.07 for the proton and R = 0.24 ± 0.04 ± 0.07 for the
deuteron data. Compared to the case of exclusive ρ0 produc-
tion, this ratio is about four times smaller, and for the ω meson
this ratio is almost independent of Q2. The −t ′ dependence
of R is shown in the right panel of Fig. 14. The compari-
son of the proton data to the GK model calculations with and
without inclusion of the pion-pole contribution demonstrates
the clear need to include the pion pole. The data are well
described by the model and appear to follow the −t ′ depen-
dence suggested by the model when the pion-pole contribu-
tion is included. This implies that transverse and longitudinal
virtual-photon cross sections have different −t ′ dependences.
Hence the usual high-energy assumption that their ratio can
be identified with the corresponding ratio of the integrated
cross sections does not hold in exclusive ω electroproduction
at HERMES kinematics, due to the pion-pole contribution.
The GK model appears to fully account for the unnatural-
parity contribution to R and shows rather good agreement
with the data.

5.7 The UPE-to-NPE asymmetry of the transverse cross
section

The UPE-to-NPE asymmetry of the transverse differential
cross section is defined as [29]

P = dσ N
T − dσU

T

dσ N
T + dσU

T

≡ dσ N
T /dσU

T − 1

dσ N
T /dσU

T + 1

= (1 + ϵR)(2r1
1−1 − r1

00), (44)

where σ N
T and σU

T denote the part of the cross section due to
NPE and UPE, respectively. Substituting Eq. (43) in Eq. (44)
leads to the approximate relation
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Fig. 13 The Q2 and −t ′ dependences of u1, u2, and u3. The open symbols represent the values over the entire kinematic region. Otherwise as for
Fig. 7

The phase difference δN between the NPE amplitudes T11
and T00 can be calculated as follows [20]:

cos δN = 2
√

ϵ(Re{r5
10} − Im{r6

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

. (41)

The phase differences obtained for the entire kinematic
region are |δN | = (51 ± 5 ± 14) degrees and |δN | =
(50 ± 7 ± 16) degrees for proton and deuteron data, respec-
tively. Using polarized SDMEs, in principle also the sign of
δN can be determined from the following equation:

sin δN = 2
√

ϵ(Re{r8
10} + Im{r7

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

, (42)

which is given in Ref. [20]. For the present data, the large
experimental uncertainties of the polarized SDMEs make it
impossible to determine the sign of δN .

5.6 Longitudinal-to-transverse cross-section ratio

Usually, the longitudinal-to-transverse virtual-photon differ-
ential cross-section ratio

R = dσL(γ ∗
L → V )

dσT (γ ∗
T → V )

is experimentally determined from the measured SDME r04
00

using the approximated equation [20]

R ≈ 1
ϵ

r04
00

1 − r04
00

. (43)

This relation is exact in the case of SCHC. The Q2 depen-
dence of R for the ω meson is shown in the left panel of

Fig. 14, where also for comparison the same dependence for
the ρ0 meson [20] is shown. For ω mesons produced in the
entire kinematic region, it is found that R = 0.25 ± 0.03 ±
0.07 for the proton and R = 0.24 ± 0.04 ± 0.07 for the
deuteron data. Compared to the case of exclusive ρ0 produc-
tion, this ratio is about four times smaller, and for the ω meson
this ratio is almost independent of Q2. The −t ′ dependence
of R is shown in the right panel of Fig. 14. The compari-
son of the proton data to the GK model calculations with and
without inclusion of the pion-pole contribution demonstrates
the clear need to include the pion pole. The data are well
described by the model and appear to follow the −t ′ depen-
dence suggested by the model when the pion-pole contribu-
tion is included. This implies that transverse and longitudinal
virtual-photon cross sections have different −t ′ dependences.
Hence the usual high-energy assumption that their ratio can
be identified with the corresponding ratio of the integrated
cross sections does not hold in exclusive ω electroproduction
at HERMES kinematics, due to the pion-pole contribution.
The GK model appears to fully account for the unnatural-
parity contribution to R and shows rather good agreement
with the data.

5.7 The UPE-to-NPE asymmetry of the transverse cross
section

The UPE-to-NPE asymmetry of the transverse differential
cross section is defined as [29]

P = dσ N
T − dσU

T

dσ N
T + dσU

T

≡ dσ N
T /dσU

T − 1

dσ N
T /dσU

T + 1

= (1 + ϵR)(2r1
1−1 − r1

00), (44)

where σ N
T and σU

T denote the part of the cross section due to
NPE and UPE, respectively. Substituting Eq. (43) in Eq. (44)
leads to the approximate relation
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The phase difference δN between the NPE amplitudes T11
and T00 can be calculated as follows [20]:

cos δN = 2
√

ϵ(Re{r5
10} − Im{r6

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

. (41)

The phase differences obtained for the entire kinematic
region are |δN | = (51 ± 5 ± 14) degrees and |δN | =
(50 ± 7 ± 16) degrees for proton and deuteron data, respec-
tively. Using polarized SDMEs, in principle also the sign of
δN can be determined from the following equation:

sin δN = 2
√

ϵ(Re{r8
10} + Im{r7

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

, (42)

which is given in Ref. [20]. For the present data, the large
experimental uncertainties of the polarized SDMEs make it
impossible to determine the sign of δN .

5.6 Longitudinal-to-transverse cross-section ratio

Usually, the longitudinal-to-transverse virtual-photon differ-
ential cross-section ratio

R = dσL(γ ∗
L → V )

dσT (γ ∗
T → V )

is experimentally determined from the measured SDME r04
00

using the approximated equation [20]

R ≈ 1
ϵ

r04
00

1 − r04
00

. (43)

This relation is exact in the case of SCHC. The Q2 depen-
dence of R for the ω meson is shown in the left panel of

Fig. 14, where also for comparison the same dependence for
the ρ0 meson [20] is shown. For ω mesons produced in the
entire kinematic region, it is found that R = 0.25 ± 0.03 ±
0.07 for the proton and R = 0.24 ± 0.04 ± 0.07 for the
deuteron data. Compared to the case of exclusive ρ0 produc-
tion, this ratio is about four times smaller, and for the ω meson
this ratio is almost independent of Q2. The −t ′ dependence
of R is shown in the right panel of Fig. 14. The compari-
son of the proton data to the GK model calculations with and
without inclusion of the pion-pole contribution demonstrates
the clear need to include the pion pole. The data are well
described by the model and appear to follow the −t ′ depen-
dence suggested by the model when the pion-pole contribu-
tion is included. This implies that transverse and longitudinal
virtual-photon cross sections have different −t ′ dependences.
Hence the usual high-energy assumption that their ratio can
be identified with the corresponding ratio of the integrated
cross sections does not hold in exclusive ω electroproduction
at HERMES kinematics, due to the pion-pole contribution.
The GK model appears to fully account for the unnatural-
parity contribution to R and shows rather good agreement
with the data.

5.7 The UPE-to-NPE asymmetry of the transverse cross
section

The UPE-to-NPE asymmetry of the transverse differential
cross section is defined as [29]

P = dσ N
T − dσU

T

dσ N
T + dσU

T

≡ dσ N
T /dσU

T − 1

dσ N
T /dσU

T + 1

= (1 + ϵR)(2r1
1−1 − r1

00), (44)

where σ N
T and σU

T denote the part of the cross section due to
NPE and UPE, respectively. Substituting Eq. (43) in Eq. (44)
leads to the approximate relation
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The phase difference δN between the NPE amplitudes T11
and T00 can be calculated as follows [20]:

cos δN = 2
√

ϵ(Re{r5
10} − Im{r6

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

. (41)

The phase differences obtained for the entire kinematic
region are |δN | = (51 ± 5 ± 14) degrees and |δN | =
(50 ± 7 ± 16) degrees for proton and deuteron data, respec-
tively. Using polarized SDMEs, in principle also the sign of
δN can be determined from the following equation:

sin δN = 2
√

ϵ(Re{r8
10} + Im{r7

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

, (42)

which is given in Ref. [20]. For the present data, the large
experimental uncertainties of the polarized SDMEs make it
impossible to determine the sign of δN .

5.6 Longitudinal-to-transverse cross-section ratio

Usually, the longitudinal-to-transverse virtual-photon differ-
ential cross-section ratio

R = dσL(γ ∗
L → V )

dσT (γ ∗
T → V )

is experimentally determined from the measured SDME r04
00

using the approximated equation [20]

R ≈ 1
ϵ

r04
00

1 − r04
00

. (43)

This relation is exact in the case of SCHC. The Q2 depen-
dence of R for the ω meson is shown in the left panel of

Fig. 14, where also for comparison the same dependence for
the ρ0 meson [20] is shown. For ω mesons produced in the
entire kinematic region, it is found that R = 0.25 ± 0.03 ±
0.07 for the proton and R = 0.24 ± 0.04 ± 0.07 for the
deuteron data. Compared to the case of exclusive ρ0 produc-
tion, this ratio is about four times smaller, and for the ω meson
this ratio is almost independent of Q2. The −t ′ dependence
of R is shown in the right panel of Fig. 14. The compari-
son of the proton data to the GK model calculations with and
without inclusion of the pion-pole contribution demonstrates
the clear need to include the pion pole. The data are well
described by the model and appear to follow the −t ′ depen-
dence suggested by the model when the pion-pole contribu-
tion is included. This implies that transverse and longitudinal
virtual-photon cross sections have different −t ′ dependences.
Hence the usual high-energy assumption that their ratio can
be identified with the corresponding ratio of the integrated
cross sections does not hold in exclusive ω electroproduction
at HERMES kinematics, due to the pion-pole contribution.
The GK model appears to fully account for the unnatural-
parity contribution to R and shows rather good agreement
with the data.

5.7 The UPE-to-NPE asymmetry of the transverse cross
section

The UPE-to-NPE asymmetry of the transverse differential
cross section is defined as [29]

P = dσ N
T − dσU

T

dσ N
T + dσU

T

≡ dσ N
T /dσU

T − 1

dσ N
T /dσU

T + 1

= (1 + ϵR)(2r1
1−1 − r1

00), (44)

where σ N
T and σU

T denote the part of the cross section due to
NPE and UPE, respectively. Substituting Eq. (43) in Eq. (44)
leads to the approximate relation
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The phase difference δN between the NPE amplitudes T11
and T00 can be calculated as follows [20]:

cos δN = 2
√

ϵ(Re{r5
10} − Im{r6

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

. (41)

The phase differences obtained for the entire kinematic
region are |δN | = (51 ± 5 ± 14) degrees and |δN | =
(50 ± 7 ± 16) degrees for proton and deuteron data, respec-
tively. Using polarized SDMEs, in principle also the sign of
δN can be determined from the following equation:

sin δN = 2
√

ϵ(Re{r8
10} + Im{r7

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

, (42)

which is given in Ref. [20]. For the present data, the large
experimental uncertainties of the polarized SDMEs make it
impossible to determine the sign of δN .

5.6 Longitudinal-to-transverse cross-section ratio

Usually, the longitudinal-to-transverse virtual-photon differ-
ential cross-section ratio

R = dσL(γ ∗
L → V )

dσT (γ ∗
T → V )

is experimentally determined from the measured SDME r04
00

using the approximated equation [20]

R ≈ 1
ϵ

r04
00

1 − r04
00

. (43)

This relation is exact in the case of SCHC. The Q2 depen-
dence of R for the ω meson is shown in the left panel of

Fig. 14, where also for comparison the same dependence for
the ρ0 meson [20] is shown. For ω mesons produced in the
entire kinematic region, it is found that R = 0.25 ± 0.03 ±
0.07 for the proton and R = 0.24 ± 0.04 ± 0.07 for the
deuteron data. Compared to the case of exclusive ρ0 produc-
tion, this ratio is about four times smaller, and for the ω meson
this ratio is almost independent of Q2. The −t ′ dependence
of R is shown in the right panel of Fig. 14. The compari-
son of the proton data to the GK model calculations with and
without inclusion of the pion-pole contribution demonstrates
the clear need to include the pion pole. The data are well
described by the model and appear to follow the −t ′ depen-
dence suggested by the model when the pion-pole contribu-
tion is included. This implies that transverse and longitudinal
virtual-photon cross sections have different −t ′ dependences.
Hence the usual high-energy assumption that their ratio can
be identified with the corresponding ratio of the integrated
cross sections does not hold in exclusive ω electroproduction
at HERMES kinematics, due to the pion-pole contribution.
The GK model appears to fully account for the unnatural-
parity contribution to R and shows rather good agreement
with the data.

5.7 The UPE-to-NPE asymmetry of the transverse cross
section

The UPE-to-NPE asymmetry of the transverse differential
cross section is defined as [29]

P = dσ N
T − dσU

T

dσ N
T + dσU

T

≡ dσ N
T /dσU

T − 1

dσ N
T /dσU

T + 1

= (1 + ϵR)(2r1
1−1 − r1

00), (44)

where σ N
T and σU

T denote the part of the cross section due to
NPE and UPE, respectively. Substituting Eq. (43) in Eq. (44)
leads to the approximate relation
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The phase difference δN between the NPE amplitudes T11
and T00 can be calculated as follows [20]:

cos δN = 2
√

ϵ(Re{r5
10} − Im{r6

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

. (41)

The phase differences obtained for the entire kinematic
region are |δN | = (51 ± 5 ± 14) degrees and |δN | =
(50 ± 7 ± 16) degrees for proton and deuteron data, respec-
tively. Using polarized SDMEs, in principle also the sign of
δN can be determined from the following equation:

sin δN = 2
√

ϵ(Re{r8
10} + Im{r7

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

, (42)

which is given in Ref. [20]. For the present data, the large
experimental uncertainties of the polarized SDMEs make it
impossible to determine the sign of δN .

5.6 Longitudinal-to-transverse cross-section ratio

Usually, the longitudinal-to-transverse virtual-photon differ-
ential cross-section ratio

R = dσL(γ ∗
L → V )

dσT (γ ∗
T → V )

is experimentally determined from the measured SDME r04
00

using the approximated equation [20]

R ≈ 1
ϵ

r04
00

1 − r04
00

. (43)

This relation is exact in the case of SCHC. The Q2 depen-
dence of R for the ω meson is shown in the left panel of

Fig. 14, where also for comparison the same dependence for
the ρ0 meson [20] is shown. For ω mesons produced in the
entire kinematic region, it is found that R = 0.25 ± 0.03 ±
0.07 for the proton and R = 0.24 ± 0.04 ± 0.07 for the
deuteron data. Compared to the case of exclusive ρ0 produc-
tion, this ratio is about four times smaller, and for the ω meson
this ratio is almost independent of Q2. The −t ′ dependence
of R is shown in the right panel of Fig. 14. The compari-
son of the proton data to the GK model calculations with and
without inclusion of the pion-pole contribution demonstrates
the clear need to include the pion pole. The data are well
described by the model and appear to follow the −t ′ depen-
dence suggested by the model when the pion-pole contribu-
tion is included. This implies that transverse and longitudinal
virtual-photon cross sections have different −t ′ dependences.
Hence the usual high-energy assumption that their ratio can
be identified with the corresponding ratio of the integrated
cross sections does not hold in exclusive ω electroproduction
at HERMES kinematics, due to the pion-pole contribution.
The GK model appears to fully account for the unnatural-
parity contribution to R and shows rather good agreement
with the data.

5.7 The UPE-to-NPE asymmetry of the transverse cross
section

The UPE-to-NPE asymmetry of the transverse differential
cross section is defined as [29]

P = dσ N
T − dσU

T

dσ N
T + dσU

T

≡ dσ N
T /dσU

T − 1

dσ N
T /dσU

T + 1

= (1 + ϵR)(2r1
1−1 − r1

00), (44)

where σ N
T and σU

T denote the part of the cross section due to
NPE and UPE, respectively. Substituting Eq. (43) in Eq. (44)
leads to the approximate relation
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The phase difference δN between the NPE amplitudes T11
and T00 can be calculated as follows [20]:

cos δN = 2
√

ϵ(Re{r5
10} − Im{r6

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

. (41)

The phase differences obtained for the entire kinematic
region are |δN | = (51 ± 5 ± 14) degrees and |δN | =
(50 ± 7 ± 16) degrees for proton and deuteron data, respec-
tively. Using polarized SDMEs, in principle also the sign of
δN can be determined from the following equation:

sin δN = 2
√

ϵ(Re{r8
10} + Im{r7

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

, (42)

which is given in Ref. [20]. For the present data, the large
experimental uncertainties of the polarized SDMEs make it
impossible to determine the sign of δN .

5.6 Longitudinal-to-transverse cross-section ratio

Usually, the longitudinal-to-transverse virtual-photon differ-
ential cross-section ratio

R = dσL(γ ∗
L → V )

dσT (γ ∗
T → V )

is experimentally determined from the measured SDME r04
00

using the approximated equation [20]

R ≈ 1
ϵ

r04
00

1 − r04
00

. (43)

This relation is exact in the case of SCHC. The Q2 depen-
dence of R for the ω meson is shown in the left panel of

Fig. 14, where also for comparison the same dependence for
the ρ0 meson [20] is shown. For ω mesons produced in the
entire kinematic region, it is found that R = 0.25 ± 0.03 ±
0.07 for the proton and R = 0.24 ± 0.04 ± 0.07 for the
deuteron data. Compared to the case of exclusive ρ0 produc-
tion, this ratio is about four times smaller, and for the ω meson
this ratio is almost independent of Q2. The −t ′ dependence
of R is shown in the right panel of Fig. 14. The compari-
son of the proton data to the GK model calculations with and
without inclusion of the pion-pole contribution demonstrates
the clear need to include the pion pole. The data are well
described by the model and appear to follow the −t ′ depen-
dence suggested by the model when the pion-pole contribu-
tion is included. This implies that transverse and longitudinal
virtual-photon cross sections have different −t ′ dependences.
Hence the usual high-energy assumption that their ratio can
be identified with the corresponding ratio of the integrated
cross sections does not hold in exclusive ω electroproduction
at HERMES kinematics, due to the pion-pole contribution.
The GK model appears to fully account for the unnatural-
parity contribution to R and shows rather good agreement
with the data.

5.7 The UPE-to-NPE asymmetry of the transverse cross
section

The UPE-to-NPE asymmetry of the transverse differential
cross section is defined as [29]

P = dσ N
T − dσU

T

dσ N
T + dσU

T

≡ dσ N
T /dσU

T − 1

dσ N
T /dσU

T + 1

= (1 + ϵR)(2r1
1−1 − r1

00), (44)

where σ N
T and σU

T denote the part of the cross section due to
NPE and UPE, respectively. Substituting Eq. (43) in Eq. (44)
leads to the approximate relation
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The phase difference δN between the NPE amplitudes T11
and T00 can be calculated as follows [20]:

cos δN = 2
√

ϵ(Re{r5
10} − Im{r6

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

. (41)

The phase differences obtained for the entire kinematic
region are |δN | = (51 ± 5 ± 14) degrees and |δN | =
(50 ± 7 ± 16) degrees for proton and deuteron data, respec-
tively. Using polarized SDMEs, in principle also the sign of
δN can be determined from the following equation:

sin δN = 2
√

ϵ(Re{r8
10} + Im{r7

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

, (42)

which is given in Ref. [20]. For the present data, the large
experimental uncertainties of the polarized SDMEs make it
impossible to determine the sign of δN .

5.6 Longitudinal-to-transverse cross-section ratio

Usually, the longitudinal-to-transverse virtual-photon differ-
ential cross-section ratio

R = dσL(γ ∗
L → V )

dσT (γ ∗
T → V )

is experimentally determined from the measured SDME r04
00

using the approximated equation [20]

R ≈ 1
ϵ

r04
00

1 − r04
00

. (43)

This relation is exact in the case of SCHC. The Q2 depen-
dence of R for the ω meson is shown in the left panel of

Fig. 14, where also for comparison the same dependence for
the ρ0 meson [20] is shown. For ω mesons produced in the
entire kinematic region, it is found that R = 0.25 ± 0.03 ±
0.07 for the proton and R = 0.24 ± 0.04 ± 0.07 for the
deuteron data. Compared to the case of exclusive ρ0 produc-
tion, this ratio is about four times smaller, and for the ω meson
this ratio is almost independent of Q2. The −t ′ dependence
of R is shown in the right panel of Fig. 14. The compari-
son of the proton data to the GK model calculations with and
without inclusion of the pion-pole contribution demonstrates
the clear need to include the pion pole. The data are well
described by the model and appear to follow the −t ′ depen-
dence suggested by the model when the pion-pole contribu-
tion is included. This implies that transverse and longitudinal
virtual-photon cross sections have different −t ′ dependences.
Hence the usual high-energy assumption that their ratio can
be identified with the corresponding ratio of the integrated
cross sections does not hold in exclusive ω electroproduction
at HERMES kinematics, due to the pion-pole contribution.
The GK model appears to fully account for the unnatural-
parity contribution to R and shows rather good agreement
with the data.

5.7 The UPE-to-NPE asymmetry of the transverse cross
section

The UPE-to-NPE asymmetry of the transverse differential
cross section is defined as [29]

P = dσ N
T − dσU

T

dσ N
T + dσU

T

≡ dσ N
T /dσU

T − 1

dσ N
T /dσU

T + 1

= (1 + ϵR)(2r1
1−1 − r1

00), (44)

where σ N
T and σU

T denote the part of the cross section due to
NPE and UPE, respectively. Substituting Eq. (43) in Eq. (44)
leads to the approximate relation
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The phase difference δN between the NPE amplitudes T11
and T00 can be calculated as follows [20]:

cos δN = 2
√

ϵ(Re{r5
10} − Im{r6

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

. (41)

The phase differences obtained for the entire kinematic
region are |δN | = (51 ± 5 ± 14) degrees and |δN | =
(50 ± 7 ± 16) degrees for proton and deuteron data, respec-
tively. Using polarized SDMEs, in principle also the sign of
δN can be determined from the following equation:

sin δN = 2
√

ϵ(Re{r8
10} + Im{r7

10})√
r04

00 (1 − r04
00 + r1

1−1 − Im{r2
1−1})

, (42)

which is given in Ref. [20]. For the present data, the large
experimental uncertainties of the polarized SDMEs make it
impossible to determine the sign of δN .

5.6 Longitudinal-to-transverse cross-section ratio

Usually, the longitudinal-to-transverse virtual-photon differ-
ential cross-section ratio

R = dσL(γ ∗
L → V )

dσT (γ ∗
T → V )

is experimentally determined from the measured SDME r04
00

using the approximated equation [20]

R ≈ 1
ϵ

r04
00

1 − r04
00

. (43)

This relation is exact in the case of SCHC. The Q2 depen-
dence of R for the ω meson is shown in the left panel of

Fig. 14, where also for comparison the same dependence for
the ρ0 meson [20] is shown. For ω mesons produced in the
entire kinematic region, it is found that R = 0.25 ± 0.03 ±
0.07 for the proton and R = 0.24 ± 0.04 ± 0.07 for the
deuteron data. Compared to the case of exclusive ρ0 produc-
tion, this ratio is about four times smaller, and for the ω meson
this ratio is almost independent of Q2. The −t ′ dependence
of R is shown in the right panel of Fig. 14. The compari-
son of the proton data to the GK model calculations with and
without inclusion of the pion-pole contribution demonstrates
the clear need to include the pion pole. The data are well
described by the model and appear to follow the −t ′ depen-
dence suggested by the model when the pion-pole contribu-
tion is included. This implies that transverse and longitudinal
virtual-photon cross sections have different −t ′ dependences.
Hence the usual high-energy assumption that their ratio can
be identified with the corresponding ratio of the integrated
cross sections does not hold in exclusive ω electroproduction
at HERMES kinematics, due to the pion-pole contribution.
The GK model appears to fully account for the unnatural-
parity contribution to R and shows rather good agreement
with the data.

5.7 The UPE-to-NPE asymmetry of the transverse cross
section

The UPE-to-NPE asymmetry of the transverse differential
cross section is defined as [29]

P = dσ N
T − dσU

T

dσ N
T + dσU

T

≡ dσ N
T /dσU

T − 1

dσ N
T /dσU

T + 1

= (1 + ϵR)(2r1
1−1 − r1

00), (44)

where σ N
T and σU

T denote the part of the cross section due to
NPE and UPE, respectively. Substituting Eq. (43) in Eq. (44)
leads to the approximate relation
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Fig. 7 Q2 and −t ′ dependences
of class-A SDMEs. Proton data
are denoted by squares and
deuteron data by circles. Data
points for deuteron data are
slightly shifted horizontally for
legibility. The representation of
the uncertainties follows that of
Fig. 6. The proton data are
compared to calculations of a
phenomenological model [17],
where solid (dashed) lines
denote results with (without)
pion-pole contributions
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SDMEs, to which the same small double-helicity-flip ampli-
tudes contribute linearly, no SCHC violation is observed.
In addition, class-B SDMEs contain the contribution of the
two small products T0± 1

2 1 1
2
T ∗

1± 1
2 0 1

2
(U0± 1

2 1 1
2
U∗

1± 1
2 0 1

2
). As the

SCHC hypothesis is fulfilled, all these contributions are con-
cluded to be negligibly small compared to the experimental
uncertainties. This validates the assumption made in Sect. 2.2
that the double-helicity-flip amplitudes can be neglected.

All SDMEs of class C to E have to be zero in the case of
SCHC. The class-C SDME r5

00 deviates from zero by about
three standard deviations for the proton and two standard
deviations for the deuteron (see Fig. 6). Since the numerator
of the equation for r5

00 [20],

r5
00 =

Re
{

T0− 1
2 1 1

2
T ∗

0− 1
2 0 1

2
+ T0 1

2 1 1
2
T ∗

0 1
2 0 1

2

}

N
, (27)

contains two amplitude products, at least one product is
nonzero. However, without an amplitude analysis of the pre-
sented data it cannot be concluded which contribution to r5

00
dominates. Both amplitudes T0− 1

2 1 1
2

and T0 1
2 1 1

2
have to be

zero if the SCHC hypothesis holds.
Figure 6 shows that out of the six SDMEs of class D three,

i.e., r5
11, r5

1−1, and Im{r6
1−1}, slightly differ from zero (see

Table 1). As will be discussed in Sects. 5.4 and 5.8, the
largest UPE amplitudes in ω production are U11 and U10,
and |U11| ≫ |U10|. The main term of the first two SDMEs is
proportional to Re[U10U∗

11], while Im{r6
1−1} is proportional

to −Re[U10U∗
11]. The calculated linear combination of these

three SDMEs, r5
11+r5

1−1−Im{r6
1−1}, is −0.14 ± 0.03 ± 0.04

for the proton and −0.10 ± 0.03 ± 0.03 for the deuteron.
These values differ from zero by about three standard devi-
ations of the total uncertainty for the proton. This, together
with the experimental information on measured class-C and
class-D SDMEs, indicates a violation of the SCHC hypoth-
esis in exclusive ω production.

5.3 Dependences of SDMEs on Q2 and −t ′ and
comparison to a phenomenological model

In the following sections, kinematic dependences of the mea-
sured SDMEs and certain combinations of them are presented
and interpreted wherever possible. In particular, the proton
data presented in this paper are compared to the calculations
of the phenomenological GK model described in Sect. 1. In
each case, model calculations are shown with and without
inclusion of the pion-pole contribution. In order to stay in
the framework of handbag factorization and to avoid large
1/Q2 corrections, model calculations are only shown for
Q2 > 2 GeV2, which leaves for the Q2 dependence only two
data points that can be compared to the model calculation.
This paucity of comparable points makes it sometimes dif-
ficult to draw useful conclusions about the data-model com-
parison.

The kinematic dependences of SDMEs on Q2 and −t ′

are presented in three bins of Q2 with ⟨Q2⟩ = 1.28 GeV2,
⟨Q2⟩ = 2.00 GeV2, ⟨Q2⟩ = 4.00 GeV2, and t ′ with ⟨−t ′⟩ =
0.021 GeV2, ⟨−t ′⟩ = 0.072 GeV2, ⟨−t ′⟩ = 0.137 GeV2.
Table 7 shows the average value of Q2 and −t ′ for bins in
−t ′ and Q2, respectively.

The Q2 and −t ′ dependences of class-A SDMEs are
shown and compared to the model calculations in Fig. 7.
All three SDMEs clearly show the need for the unnatural-
parity contribution of the pion pole and the measured −t ′

dependence is well reproduced both in shape and magnitude.
The same holds for the two unpolarized class-B SDMEs that
are shown in Fig. 8. For the polarized class-B SDMEs as
well as for all class-C SDMEs, which are shown in Fig. 9,
the pion-pole contribution has little or no effect, and the
model describes the magnitude of the data reasonably well.
The class-D and E SDMEs are shown in Figs. 10 and 11,
respectively. These SDMEs are expected to be zero if the
pion-pole contribution is not included. When comparing the
−t ′ dependences of the three unpolarized class-D SDMEs to
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Fig. 7 Q2 and −t ′ dependences
of class-A SDMEs. Proton data
are denoted by squares and
deuteron data by circles. Data
points for deuteron data are
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legibility. The representation of
the uncertainties follows that of
Fig. 6. The proton data are
compared to calculations of a
phenomenological model [17],
where solid (dashed) lines
denote results with (without)
pion-pole contributions
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SDMEs, to which the same small double-helicity-flip ampli-
tudes contribute linearly, no SCHC violation is observed.
In addition, class-B SDMEs contain the contribution of the
two small products T0± 1

2 1 1
2
T ∗

1± 1
2 0 1

2
(U0± 1

2 1 1
2
U∗

1± 1
2 0 1

2
). As the

SCHC hypothesis is fulfilled, all these contributions are con-
cluded to be negligibly small compared to the experimental
uncertainties. This validates the assumption made in Sect. 2.2
that the double-helicity-flip amplitudes can be neglected.

All SDMEs of class C to E have to be zero in the case of
SCHC. The class-C SDME r5

00 deviates from zero by about
three standard deviations for the proton and two standard
deviations for the deuteron (see Fig. 6). Since the numerator
of the equation for r5

00 [20],

r5
00 =

Re
{

T0− 1
2 1 1

2
T ∗

0− 1
2 0 1

2
+ T0 1

2 1 1
2
T ∗

0 1
2 0 1

2

}

N
, (27)

contains two amplitude products, at least one product is
nonzero. However, without an amplitude analysis of the pre-
sented data it cannot be concluded which contribution to r5

00
dominates. Both amplitudes T0− 1

2 1 1
2

and T0 1
2 1 1

2
have to be

zero if the SCHC hypothesis holds.
Figure 6 shows that out of the six SDMEs of class D three,

i.e., r5
11, r5

1−1, and Im{r6
1−1}, slightly differ from zero (see

Table 1). As will be discussed in Sects. 5.4 and 5.8, the
largest UPE amplitudes in ω production are U11 and U10,
and |U11| ≫ |U10|. The main term of the first two SDMEs is
proportional to Re[U10U∗

11], while Im{r6
1−1} is proportional

to −Re[U10U∗
11]. The calculated linear combination of these

three SDMEs, r5
11+r5

1−1−Im{r6
1−1}, is −0.14 ± 0.03 ± 0.04

for the proton and −0.10 ± 0.03 ± 0.03 for the deuteron.
These values differ from zero by about three standard devi-
ations of the total uncertainty for the proton. This, together
with the experimental information on measured class-C and
class-D SDMEs, indicates a violation of the SCHC hypoth-
esis in exclusive ω production.

5.3 Dependences of SDMEs on Q2 and −t ′ and
comparison to a phenomenological model

In the following sections, kinematic dependences of the mea-
sured SDMEs and certain combinations of them are presented
and interpreted wherever possible. In particular, the proton
data presented in this paper are compared to the calculations
of the phenomenological GK model described in Sect. 1. In
each case, model calculations are shown with and without
inclusion of the pion-pole contribution. In order to stay in
the framework of handbag factorization and to avoid large
1/Q2 corrections, model calculations are only shown for
Q2 > 2 GeV2, which leaves for the Q2 dependence only two
data points that can be compared to the model calculation.
This paucity of comparable points makes it sometimes dif-
ficult to draw useful conclusions about the data-model com-
parison.

The kinematic dependences of SDMEs on Q2 and −t ′

are presented in three bins of Q2 with ⟨Q2⟩ = 1.28 GeV2,
⟨Q2⟩ = 2.00 GeV2, ⟨Q2⟩ = 4.00 GeV2, and t ′ with ⟨−t ′⟩ =
0.021 GeV2, ⟨−t ′⟩ = 0.072 GeV2, ⟨−t ′⟩ = 0.137 GeV2.
Table 7 shows the average value of Q2 and −t ′ for bins in
−t ′ and Q2, respectively.

The Q2 and −t ′ dependences of class-A SDMEs are
shown and compared to the model calculations in Fig. 7.
All three SDMEs clearly show the need for the unnatural-
parity contribution of the pion pole and the measured −t ′

dependence is well reproduced both in shape and magnitude.
The same holds for the two unpolarized class-B SDMEs that
are shown in Fig. 8. For the polarized class-B SDMEs as
well as for all class-C SDMEs, which are shown in Fig. 9,
the pion-pole contribution has little or no effect, and the
model describes the magnitude of the data reasonably well.
The class-D and E SDMEs are shown in Figs. 10 and 11,
respectively. These SDMEs are expected to be zero if the
pion-pole contribution is not included. When comparing the
−t ′ dependences of the three unpolarized class-D SDMEs to
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Fig. 8 Q2 and −t ′ dependences of class-B SDMEs. Otherwise as for Fig. 7

the model calculation, also here the unnatural-parity pion-
exchange contribution seems to be required. The two unpo-
larized class-E SDMEs are measured with reasonable preci-
sion, and agreement with the model calculation can be seen.

Within experimental uncertainties, the SDMEs measured
on the proton are seen to be very similar to those measured
on the deuteron. This can be understood by considering the
different contributions to exclusive omega production. The
pion-pole contribution is seen to be substantial [17]. For the
NPE amplitudes, the dominant contribution comes from glu-
ons and sea quarks, which are the same for protons and neu-
trons, while the valence-quark contribution is different. Thus
altogether, only small differences between the proton and
deuteron SDMEs are expected for incoherent scattering. As
coherence effects are difficult to estimate, one can not exclude
that they are of the size of the valence-quark effects. There-
fore, the deuteron SDMEs are presently difficult to calculate
reliably.

5.4 UPE in ω-meson production

In Fig. 12, the comparison of ω and ρ0 [20] SDMEs is shown.
One can see that the SDMEs r1

1−1 and Im{r2
1−1} of class A

have opposite sign for ω and ρ0. The SDME r1
1−1 is negative

for the ω meson and positive for ρ0, while Im{r2
1−1} is posi-

tive for ω and negative for ρ0. In terms of helicity amplitudes,
these two SDMEs are written [20] as

r1
1−1 = 1

2N
∑̃

(|T11|2 + |T1−1|2 − |U11|2 − |U1−1|2),
(28)

Im{r2
1−1} = 1

2N
∑̃

(−|T11|2 + |T1−1|2

+|U11|2 − |U1−1|2). (29)

The difference between Eqs. (29) and (28) reads

Im{r2
1−1} − r1

1−1 = 1
N

∑̃
(−|T11|2 + |U11|2). (30)

For the entire kinematic region, this difference is clearly pos-
itive for the ω meson, hence

∑̃|U11|2 >
∑̃|T11|2, while for

the ρ0 meson
∑̃|T11|2 >

∑̃|U11|2 [20]. This suggests a large
UPE contribution in exclusive ω-meson production. Apply-
ing Eq. (11) to relation (30), the latter can be rewritten as

Im{r2
1−1} − r1

1−1 = 1
N

(−|T1 1
2 1 1

2
|2 − |T1− 1

2 1 1
2
|2 + |U1 1

2 1 1
2
|2

+ |U1− 1
2 1 1

2
|2). (31)

The amplitudes with nucleon helicity flip, T1− 1
2 1 1

2
and

U1− 1
2 1 1

2
, should be zero at t ′ = 0 and are proportional to√

−t ′ at small t ′ (see Eq. (9) and Ref. [4]). The small con-
tribution of |T1− 1

2 1 1
2
|2 will be neglected from now on. As it

was established above, the UPE contribution is larger than
the NPE one. This means that if the dominant UPE helicity-
flip amplitude is U1− 1

2 1 1
2
, expression (31) would increase

proportionally to −t ′. However, the experimental values of
(Im{r2

1−1} − r1
1−1) (see Tables 3 and 5) do not demonstrate

such an increase; the values for the proton data even decrease
smoothly with −t ′. Hence the dominant UPE amplitude is
U1 1

2 1 1
2
, and it holds |U11|2 > |T11|2.

The existence of UPE in ω production on the proton
and deuteron can also be tested with linear combinations
of SDMEs such as

u1 = 1 − r04
00 + 2r04

1−1 − 2r1
11 − 2r1

1−1, (32)

u2 = r5
11 + r5

1−1, (33)

u3 = r8
11 + r8

1−1. (34)
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Fig. 8 Q2 and −t ′ dependences of class-B SDMEs. Otherwise as for Fig. 7

the model calculation, also here the unnatural-parity pion-
exchange contribution seems to be required. The two unpo-
larized class-E SDMEs are measured with reasonable preci-
sion, and agreement with the model calculation can be seen.

Within experimental uncertainties, the SDMEs measured
on the proton are seen to be very similar to those measured
on the deuteron. This can be understood by considering the
different contributions to exclusive omega production. The
pion-pole contribution is seen to be substantial [17]. For the
NPE amplitudes, the dominant contribution comes from glu-
ons and sea quarks, which are the same for protons and neu-
trons, while the valence-quark contribution is different. Thus
altogether, only small differences between the proton and
deuteron SDMEs are expected for incoherent scattering. As
coherence effects are difficult to estimate, one can not exclude
that they are of the size of the valence-quark effects. There-
fore, the deuteron SDMEs are presently difficult to calculate
reliably.

5.4 UPE in ω-meson production

In Fig. 12, the comparison of ω and ρ0 [20] SDMEs is shown.
One can see that the SDMEs r1

1−1 and Im{r2
1−1} of class A

have opposite sign for ω and ρ0. The SDME r1
1−1 is negative

for the ω meson and positive for ρ0, while Im{r2
1−1} is posi-

tive for ω and negative for ρ0. In terms of helicity amplitudes,
these two SDMEs are written [20] as

r1
1−1 = 1

2N
∑̃

(|T11|2 + |T1−1|2 − |U11|2 − |U1−1|2),
(28)

Im{r2
1−1} = 1

2N
∑̃

(−|T11|2 + |T1−1|2

+|U11|2 − |U1−1|2). (29)

The difference between Eqs. (29) and (28) reads

Im{r2
1−1} − r1

1−1 = 1
N

∑̃
(−|T11|2 + |U11|2). (30)

For the entire kinematic region, this difference is clearly pos-
itive for the ω meson, hence

∑̃|U11|2 >
∑̃|T11|2, while for

the ρ0 meson
∑̃|T11|2 >

∑̃|U11|2 [20]. This suggests a large
UPE contribution in exclusive ω-meson production. Apply-
ing Eq. (11) to relation (30), the latter can be rewritten as
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The amplitudes with nucleon helicity flip, T1− 1
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and
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, should be zero at t ′ = 0 and are proportional to√

−t ′ at small t ′ (see Eq. (9) and Ref. [4]). The small con-
tribution of |T1− 1

2 1 1
2
|2 will be neglected from now on. As it

was established above, the UPE contribution is larger than
the NPE one. This means that if the dominant UPE helicity-
flip amplitude is U1− 1

2 1 1
2
, expression (31) would increase

proportionally to −t ′. However, the experimental values of
(Im{r2

1−1} − r1
1−1) (see Tables 3 and 5) do not demonstrate

such an increase; the values for the proton data even decrease
smoothly with −t ′. Hence the dominant UPE amplitude is
U1 1

2 1 1
2
, and it holds |U11|2 > |T11|2.

The existence of UPE in ω production on the proton
and deuteron can also be tested with linear combinations
of SDMEs such as

u1 = 1 − r04
00 + 2r04

1−1 − 2r1
11 − 2r1

1−1, (32)

u2 = r5
11 + r5

1−1, (33)

u3 = r8
11 + r8

1−1. (34)
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significantly smaller for 𝜔 than for 𝝆

important contribution from pion pole
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Fig. 14 The Q2 (left) and −t ′ (right) dependences of the longitudinal-
to-transverse virtual-photon differential cross-section ratio for exclusive
ω and ρ0 electroproduction at HERMES, where the −t ′ bin covers the
interval [0.0–0.2] GeV2 for ω production and [0.0–0.4] GeV2 for ρ0

production [20]. The symbols that are parenthesized in the legend rep-
resent the value of R in the entire kinematic region. Otherwise as for
Fig. 7

P ≈ 2r1
1−1 − r1

00

1 − r04
00

. (45)

The value of P obtained in the entire kinematic region is
−0.42 ± 0.06 ± 0.08 and −0.64 ± 0.07 ± 0.12 for proton
and deuteron, respectively. This means that a large part of the
transverse cross section is due to UPE. In Fig. 15, the Q2 and
−t ′ dependences of the UPE-to-NPE asymmetry of the trans-
verse differential cross section for exclusive ω production are
presented. Again, the GK model calculation appears to fully
account for the unnatural-parity contribution and shows very
good agreement with the data both in shape and magnitude.

5.8 Hierarchy of amplitudes

In order to develop a hierarchy of amplitudes, in the following
a number of relations between individual helicity amplitudes
is considered. The resulting hierarchy is given in Eqs. (62)
and (64) below.

5.8.1 U10 versus U11

From Eqs. (35) and (37), the relation
√

2(u2
2 + u2

3)

u1
≈ |U11U∗

10|
|U11|2 + 2ϵ|U10|2

= |U10/U11|
1 + 2ϵ|U10/U11|2

(46)

is obtained. Using the measured values of those SDMEs that
determine u1, u2, and u3, the following amplitude ratio is
estimated:

|U10|
|U11|

≈

√
2(u2

2 + u2
3)

u1
≈ 0.2. (47)
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P

Fig. 15 The Q2 and −t ′ dependences of the UPE-to-NPE asymmetry
P of the transverse differential cross section for exclusive ω electropro-
duction at HERMES. The open symbols represent the values over the
entire kinematic region. Otherwise as for Fig. 7

In order to reach the best possible accuracy for such esti-
mates, the mean values of SDMEs for the proton and deuteron
are used and preference will be given to quantities that do
not contain polarized SDMEs, which have much less experi-
mental accuracy than the unpolarized SDMEs. The relatively
large value for the ratio |U10/U11| is due to the large mea-
sured value of u3. However, as this value is compatible with
zero within about one standard deviation of the total uncer-
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Fig. 5. The five amplitudes describing the strength of the sine modulations of the cross section for hard exclusive !-meson
production. The full circles show the data in two bins of Q2 or �t

0. 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) ⇡! 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(�+�S)

UT �0.06 ± 0.20 ± 0.02

A

sin(���S)

UT �0.12 ± 0.19 ± 0.03

A

sin(�S)

UT 0.26 ± 0.27 ± 0.05

A

sin(2���S)

UT 0.03 ± 0.16 ± 0.01

A

sin(3���S)

UT 0.13 ± 0.15 ± 0.03

A

cos(�)
UU �0.01 ± 0.11 ± 0.10

A

cos(2�)
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

eN (R) =

NMCX

j=1

W(R;�j ,�j

S

) (7)

is determined using N
MC

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

A
corr

=
A

meas

� f
bg

A
bg

1� f
bg

, (8)

whereA
corr

is the corrected asymmetry amplitude,A
meas

is the measured asymmetry amplitude, f
bg

is the frac-
tion of the SIDIS background and A

bg

is its asymmetry
amplitude. While A

meas

is evaluated in the exclusive re-
gion, A

bg

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, �A

corr

=
A

corr

� A
meas

, is due to the correction by background
amplitudes. In the most conservative approach adopted
here, it is estimated as the di↵erence between the asym-
metry amplitudes A

corr

and A
meas

. This approach also
covers the small uncertainty on f

bg

. The second compo-
nent accounts for e↵ects from detector acceptance, e�-
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 A
UT

and two A
UU

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 �t0, with the definition of intervals
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Fig. 6. As Fig. 5, but only for transversely polarized ! mesons.

Table 4. Results on the five asymmetry amplitudes AUT and two amplitudes AUU in the entire kinematic region, but separated
into longitudinal and transverse parts. The first column (K = L) gives the results for the longitudinal components, while the
second column, (K = T ), shows the results for the transverse components. The first uncertainty is statistical, the second
systematic. The results receive an additional 8.2% scale uncertainty corresponding to the target polarization uncertainty.

amplitude longitudinal (K = L) transverse (K = T )

A

sin(�+�S)

UT,K �0.16 ± 0.92 ± 0.02 �0.14 ± 0.29 ± 0.05

A

sin(���S)

UT,K �0.60 ± 0.81 ± 0.16 0.07 ± 0.27 ± 0.04

A

sin(�S)

UT,K �0.08 ± 1.06 ± 0.03 0.21 ± 0.38 ± 0.01

A

sin(2���S)

UT,K �0.38 ± 0.71 ± 0.11 0.10 ± 0.21 ± 0.02

A

sin(3���S)

UT,K 0.21 ± 0.56 ± 0.10 0.07 ± 0.20 ± 0.01

A

cos(�)
UU,K 0.53 ± 0.40 ± 0.08 �0.16 ± 0.15 ± 0.12

A

cos(2�)
UU,K 0.60 ± 0.39 ± 0.17 �0.37 ± 0.15 ± 0.10
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Relations between azimuthal asymmetry am-

plitudes and spin-density matrix elements

The full information on vector-meson leptoproduction is

contained in the di↵erential cross section d

3
�

dQ

2
dtdx

and

the SDMEs in the Diehl representation [25]. Therefore,
the azimuthal asymmetry amplitudes can be expressed
in terms of the SDMEs. For scattering o↵ an unpolar-
ized target, the asymmetry amplitudes can be written in
terms of the Diehl SDMEs uµ1µ2

�1�2
or alternatively in terms

of the Schilling–Wolf SDMEs rn
ij

[26] as

Acos�

UU

= �2
p
✏(1 + ✏)Re[u

0+

]

=
p
2✏(1 + ✏) [2r5

11

+ r5
00

], (9)

Acos 2�

UU

= �✏Re[u�+

]

= �✏ [2r1
11

+ r1
00

]. (10)

Here, the abbreviated notation

u
�1�2 = u++

�1�2
+ u��

�1�2
+ u00

�1�2
(11)

tr
an

sv
er

se
 𝝎

slight preference for positive 𝛑𝟂 transition FF (red/full line)
vs. negative one (magenta/dash-dotted line) 
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The exclusive electroproduction of ρ0 mesons was studied with the hermes spectrometer at the Desy
laboratory by scattering 27.6 GeV positron and electron beams off a transversely polarized hydrogen
target. Spin density matrix elements for this process were determined from the measured production-
and decay-angle distributions of the produced ρ0 mesons. These matrix elements embody information on
helicity transfer and the validity of s-channel helicity conservation in the case of a transversely polarized
target. From the spin density matrix elements, the leading-twist term in the single-spin asymmetry
was calculated separately for longitudinally and transversely polarized ρ0 mesons. Neglecting s-channel
helicity changing matrix elements, results for the former can be compared to calculations based on
generalized parton distributions, which are sensitive to the contribution of the total angular momentum
of the quarks to the proton spin.

© 2009 Elsevier B.V. All rights reserved.

Exclusive electroproduction of mesons can provide new infor-
mation about the structure of the nucleon because of its relation
to generalized parton distributions (GPDs) [1–3]. In Ref. [4] it has
been proven that the amplitude for hard exclusive electroproduc-
tion of mesons by longitudinal virtual photons can be factorized
into a hard-scattering part and a soft part that depends on the
structure of the nucleon and the produced meson. In the case of
exclusive vector meson production, also the produced meson is
longitudinally polarized (in addition to the virtual photon being
longitudinal). The amplitude for the soft part can be expressed in
terms of GPDs.

GPDs provide a three-dimensional representation of the struc-
ture of the nucleon at the partonic level, correlating the longitu-
dinal momentum fraction of a parton with its transverse spatial
coordinates. They are related to the standard parton distribution
functions and nucleon form factors [3,5–7]. At leading twist, meson
production is described by four types of GPDs: Hq,g , Eq,g , H̃q,g ,
and Ẽq,g , where q stands for a quark flavour and g for a gluon.
The GPDs are functions of t , x, and ξ , where t is the squared four-
momentum transfer to the nucleon, x the average, and ξ half the
difference of the longitudinal momentum fractions of the quark or
gluon in the initial and final state. The quantum numbers of the
produced meson determine the sensitivity to the various GPDs. In
particular, at leading twist, production of vector mesons is sensi-
tive only to the GPDs Hq, Eq, Hg , and Eg .

The transverse target-spin asymmetry in exclusive electropro-
duction of longitudinally polarized vector mesons by longitudinal
virtual photons is an important observable, because it depends
almost linearly on the GPD E [5]. This is in contrast to the un-
polarized cross section, where the contribution of E is generally
small compared to the contribution of H . At leading twist, the
asymmetry is proportional to sin(φ − φS ), where φ and φS are the
azimuthal angles about the virtual-photon direction of the hadron
production plane and the transverse part S⃗ T of the target spin, re-
spectively, with respect to the lepton scattering plane (see Fig. 1).

The cross section and asymmetry for exclusive ρ0 electropro-
duction e + p → e′ + ρ0 + p′ can conveniently be described using
spin density matrix elements [8–10]. By using the angular distri-
bution of the produced vector meson and of its decay products,
as described by the polar and azimuthal angles ϑ and ϕ (see
Fig. 2), one can separate the contributions of mesons with longi-
tudinal and transverse polarization to the measured asymmetries.
If s-channel helicity conservation (SCHC) holds, the helicity of the
virtual photon is transferred to the produced vector meson. In that
case studying the asymmetry for the production of longitudinally
polarized vector mesons is tantamount to selecting longitudinal

Fig. 1. The lepton scattering and hadron production planes together with the az-
imuthal angles φ and φS .

Fig. 2. The polar and azimuthal angles of the decay π+ of the ρ0 in the ρ0 rest
frame. The positive z-axis is taken opposite to the direction of the residual proton,
while the angle ϕ is defined with respect to the hadron production plane.

virtual photons. Measurements have shown that SCHC holds rea-
sonably well for exclusive electroproduction of ρ0 mesons on an
unpolarized target at Hermes kinematics [11]. Thus information on
the GPD E can be obtained from measurements of the transverse
target-spin asymmetry in exclusive ρ0 electroproduction.

Ultimately, these studies will help to understand the origin of
the nucleon spin, because it has been shown [3] that the x-mo-
ment in the limit t → 0 of the sum of the GPDs Hq and Eq is
related to the contribution J q of the total angular momentum of
the quark with flavour q to the nucleon spin.

In this Letter, measurements of exclusive ρ0 electroproduction
on transversely polarized protons are presented. For the first time,
values of the spin density matrix elements (SDMEs) and the trans-
verse target-spin asymmetry for this process were determined.

The data were collected with the Hermes spectrometer [12]
during the period 2002–2005. The 27.6 GeV Hera electron or
positron beam at Desy scattered off a transversely polarized hy-
drogen target [13] of which the spin direction was reversed every
1–3 minutes. The average magnitude of the target polarization was
|PT | = 0.724 ± 0.059. The lepton beam was longitudinally polar-
ized, the helicity being reversed periodically. The net polarization
for the selected data was 0.095±0.005, mainly because more data
were taken with positive helicity.

!

[A. Airapetian et al., arXiv:1508.07612]

sensitive, in principle, to sign of 𝛑𝟂 
transition FF

http://arxiv.org/abs/arXiv:1508.07612
http://arxiv.org/abs/arXiv:1508.07612


summary



hermes
PacSPIN 2015 - Taipei - Oct. 6th, 2015gunar.schnell @ desy.de

indication of larger amplitudes for
pure sample

-> assoc. DVCS in “traditional” 
analysis mainly dilution, supported by 
recent results from HERMES 
[JHEP 01 (2014) 077]:

DVCS @ HERMES
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data with recoil-proton detection 
allows clean interpretation

Amplitude Value
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HERMES analyzed a wealth of DVCS-
related asymmetries on nucleon and 
nuclear targets

assoc. DVCS results consistent with 
zero but also with model prediction
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HEMP @ HERMES
extensive data set on 
unpolarized and polarized 
SDMEs in vector-meson 
production

(not shown:) cross section 
and AUT for excl. 𝛑+ 

essential input in model 
building

recent results on omega 
production require pion-
pole contributions with a 
preference for positive 
𝛑𝟂 transition FF 
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* 
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* 
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 →VMT

B: Interference

γ
* 
L
 →VML & γ

* 
T
 →VMT

C: γ
* 
T
 →VML

D: γ
* 
L
 →VMT

E: γ
* 
T
 →VM-T

[A. Airapetian et al., EPJ C74 (2014) 3110, EPJ C62 (2009) 659]

http://dx.doi.org/10.1140/epjc/s10052-014-3110-1
http://dx.doi.org/10.1140/epjc/s10052-014-3110-1
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Our results for the beam spin asymmetry Asinφ
LU,I are shown in Fig. 4-left and compared to

the HERMES data [97]. The agreement between predictions and data is not as good in this
case, our results differ by about 40% (≃ 0.1 in absolute value) from experiment. Recently
the HERMES collaboration has published data on the sinφ harmonic of the beam spin
asymmetry using a recoil detector and a positron beam [98]. In this experiment all three
final state particles are detected and therefore the resonant background severely reduced.
In so far the recoil data are closer to the exclusive process lp → lpγ to which our theory
applies. The data were taken at about the same average values of xB and Q2. In order
to compare to recoil data, we computed A+

LU using Eq. (49) with ALU,I and AC from the
non-recoil data and ALU,DV CS = 0 (exact at twist 2 and in agreement with experimental
results from Ref. [97]). Then the sinφ coefficient is :

A+sinφ
LU ≃

Asinφ
LU,I

1 + Acos 0φ
C

(58)

On the right hand side of Fig. 4 we therefore show both A+sinφ
LU from the non-recoil and

the recoil data. We observe that the recoil data are significantly larger in absolute value,
yielding very good agreement with our predictions. Similar effects for other DVCS ob-
servables may occur but with the exception of the beam spin asymmetry, there are no
measurements with the recoil detector available. The effect of the resonant background in
other observables is unknown. Note that Asinφ

LU vanishes for forward scattering, t = tmin.
The trend towards zero is however only visible for t of order tmin = −4m2ξ2/(1− ξ2) which
is very small, about −0.02 GeV2 for HERMES kinematics.

Figure 4: Left plot: Asinφ
LU,I as a function of −t measured by the HERMES collaboration

[97]–Tab. 5. Right plot: A+,sinφ
LU versus −t obtained from the non-recoil data on Asinφ

LU,I and

Acos 0φ
C measured by the HERMES collaboration [97] –Tab. 5 and 6 (solid circles, see text

for details) and the more recent recoil data [98] (open squares). For other notations and
the values of the averaged kinematic variables, refer to Fig. 3.

The CLAS collaboration published accurate data on the beam helicity asymmetry in a

21

[P. Kroll, H. Moutarde, F. Sabatie, 
EPJ C73 (2013) 2278]
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5.8 cm away from lepton beam, 1.5 cm gap

sensor thickness 295 𝝻m - 315 𝝻m

charge divider

pitch adapter

se
ns

or

helix

va
cu

um
fe

ed
 th

ro
ug

h

p-side hybrid

n-side hybridva
cu

um

HLCU

LV

HADC

HV

ACC

thickness of target cell 75 𝝻m

SSD (silicon strip detector)
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Schematic design of the 
scintillating fibre tracker (SFT)

42

Sketch of front- and backside of a 
silicon strip detector module (SSD)

The HERMES recoil detector
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The scintillating fibre tracker (SFT)

43

The silicon strip detector (SSD)

The HERMES recoil detector
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11.5 cm (18.5 cm) inner (outer) radius

1318+1320 (2198+2180) fibers with a diameter of 1 mm each

readout by 64-channel Hamamatsu H7546B MAPMTs
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SFT (scintillating fibre tracker)
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Scintillating fibre tracker (SFT) and silicon strip 
detector (SSD) complement each other

45

SFT

SSD

MC MC

Kinematic coverage of the HERMES RD
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taking energy loss into account improves momentum resolution for low p
azimuthal-angle resolution: 4 mrad
polar-angle resolution: 10 mrad          (for p>0.5 GeV)
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Recoil-detector tracking
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χ²-value of interest penalty term constraints
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• 4-momentum conservation as constraints

• lowest χ²-value in case of multiple 

recoil tracks per event

• minimum of 1 % fit probability required, 

which corresponds to χ² < 13.7

Kinematic event fitting
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discrimination between protons and positively charged pions

parent distributions were crucial and determined experimentally
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ep→eγp SIDIS

49

ep→eγpπ⁰

ep→eγpπ⁰ hypothesis ep→eγp hypothesis
χ²ep→eγpπ⁰ < 4.6 χ²ep→eγp > 50

Using powerful kinematic fitting of ep→eγp hypothesis
 is crucial for the ep→eγNπ analysis

Kinematic fitting for ep→eγpπ⁰
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ep→eγpπ⁰ ep→eγnπ⁺

Additional selection criteria:

• Recoil PID information

• Lower-cut on ep→eγp 

hypothesis

Uncharged particle 
remains undetected

Kinematic fitting in case 

of ep→eγNπ hypothesis 

therefore not as strong

Selection of associated events


