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reduced Wigner distribution (GTMDs) 
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generalized parton distributions
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GPDs in exclusive reactions
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GPDs can be accessed through 
measurements of hard exclusive lepton-nucleon scattering processes.
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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

exclusive meson production
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ρ0 2u+d, 9g/4
ω 2u−d, 3g/4
φ s, g

ρ+ u−d

J/ψ g

π0 2Δu+Δd
η 2Δu−Δd

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, . . .

GK … S. Goloskokov & P. Kroll, e.g., EPJ C50 (2007) 829; C53 (2008) 367
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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”, “amplitude ratios”)

exclusive meson production
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ω 2u−d, 3g/4
φ s, g
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W (xB , Q
2
, t,�S ,�, cos ✓,')

W = WUU + PBWLU + SLWUL + PBSLWLL + STWUT + PBSTWLT

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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SDMEs from angular decay distribution
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666 Eur. Phys. J. C (2009) 62: 659–695

W U+L
(
W,Q2, t,Φ,φ, cosΘ

)

≡ dσfull

dt dΦ dφ d cosΘ

/
dσfull

dt
(36)

reveals the helicity structure of the γ ∗N → ρ0N transition.
Its integral over the variables Φ , φ, and cosΘ is equal to

unity. The W,Q2 and t dependences of W U+L are con-
tained in the corresponding dependences of the SDMEs
rα
λV λ′

V
. The full angular dependence of W U+L(Φ,φ, cosΘ),

as a linear function of the SDMEs rα
λV λ′

V
, is given in (37)–

(39) as derived in Ref. [26].

W U+L(Φ,φ, cosΘ) = W U(Φ,φ, cosΘ) + W L(Φ,φ, cosΘ), (37)

W U(Φ,φ, cosΘ) = 3
8π2

[
1
2

(
1 − r04

00
)
+ 1

2

(
3r04

00 − 1
)

cos2 Θ −
√

2 Re
{
r04

10
}

sin 2Θ cosφ − r04
1−1 sin2 Θ cos 2φ

− ϵ cos 2Φ
(
r1

11 sin2 Θ + r1
00 cos2 Θ −

√
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{
r1

10
}

sin 2Θ cosφ − r1
1−1 sin2 Θ cos 2φ

)

− ϵ sin 2Φ
(√
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}

sin 2Θ sinφ + Im
{
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}

sin2 Θ sin 2φ
)

+
√
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(
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11 sin2 Θ + r5
00 cos2 Θ −
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, (38)

W L(Φ,φ, cosΘ) = 3
8π2 Pbeam

[√
1 − ϵ2

(√
2 Im

{
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}

sin 2Θ sinφ + Im
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1−1
}
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+
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√
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10
}

sin 2Θ cosφ − r8
1−1 sin2 Θ cos 2φ

)]
. (39)

3.7 s-channel helicity conservation

The measurement of SDMEs allows the determination of the
extent to which s-channel helicity is conserved for a given
process and kinematic conditions. SCHC implies that the
contributions from all non-diagonal transitions FλV λ′

N ;λγ λN

with λγ ≠ λV are zero. In terms of NPE and UPE ampli-
tudes, only T00, T11, and U11 remain. As a consequence, all
spin density matrix elements vanish except the unpolarized
SDMEs r04

00 , r1
1−1, Im{r2

1−1}, Re{r5
10}, Im{r6

10}, and the po-
larized ones Im{r7

10} and Re{r8
10}, as can be seen from (A.1)–

(A.23) of Appendix A. If SCHC holds, SDMEs are not in-
dependent, as the following relations apply:

r1
1−1 = − Im

{
r2

1−1
}
, (40)

Re
{
r5

10
}

= − Im
{
r6

10
}
, (41)

Re
{
r8

10
}

= Im
{
r7

10
}
. (42)

The measurement of SDMEs also allows for the determi-
nation of the extent to which the unnatural-parity-exchange
mechanism is relevant for a given process and for given
kinematic conditions. If natural-parity exchange dominates,

so that the amplitude U11 can be neglected, an additional
relation is obtained:

1 − r04
00 = 2r1

1−1 = −2 Im
{
r2

1−1
}
. (43)

4 The HERMES experiment

The HERMES experiment at DESY used a 27.6 GeV lon-
gitudinally polarized positron or electron beam impinging
on pure hydrogen or deuterium gas targets internal to the
HERA storage ring. Parts of the data set were collected with
longitudinally or transversely polarized targets, the polar-
ization of which was flipped approximately every minute.
The average over the target polarization values was con-
firmed to be consistent with zero, as required for the ex-
traction of SDMEs in this analysis. The lepton beam was
transversely self-polarized by the emission of synchrotron
radiation [42]. Longitudinal polarization at the interaction
point was achieved by spin rotators located upstream and
downstream of the HERMES apparatus. For both positive
and negative beam helicities, the beam polarization was con-
tinuously measured by two Compton polarimeters [43, 44].
The average beam polarization for the hydrogen (deuterium)

(angle definitions in backup)

unpolarized   long. polarized 
beam              beam  
☟                   ☟                       
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vector-meson production

V=ω, ρ0, φ, ...
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ρ,ω ...
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vector-meson production

V=ω, ρ0, φ, ...
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𝜋,a1 ...
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unnatural-parity exchange Jp = 0-, 1+,…  GPDs H&E˜ ˜

vector-meson production

V=ω, ρ0, φ, ...

☞ “pion-pole contribution”

natural-parity exchange Jp = 0+, 1-,…     GPDs H&E 
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unnatural-parity exchange Jp = 0-, 1+,…  GPDs H&E˜ ˜

vector-meson production

V=ω, ρ0, φ, ...

H: nucleon-helicity non-flip amplitudes
E: nucleon-helicity flip amplitudes 
    -> transverse target polarization

☞ “pion-pole contribution”

natural-parity exchange Jp = 0+, 1-,…     GPDs H&E 
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vector-meson production
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… helicities

Phenomenological description of reaction e + N → e′ + V + N ′

−Q2

e(k)

e’(k’)

tN(p) N’(p’)

γ∗

(v)ρo

2W

(q)

QED : e(λ) → e′(λ′) + γ∗(λγ),

QCD : γ∗(λγ)+N(λN) → V(λV)+N′(λ′
N).

The helicity amplitude of the reaction
γ∗ + N → V + N

FλV λ′
N

λγλN

= (−1)λγ⟨vλV p′λ′
N|Jσ

(h)|pλN⟩e(λγ)
σ .

Jσ
(h) is the electromagnetic current of hadrons;

e
(λγ)
σ is the photon polarization four-vector;

λγ = ±1 transverse virtual photon,
λγ = 0 longitudinal virtual photon.

E
(λV )
σ is the vecor meson polarization vector;

λV = ±1 transverse vector meson,
λV = 0 longitudinal vector meson.
Amplitude decomposition into Natural (NPE)
and Unnatural Parity Exchange (UPE)
Amplitudes (18=10+8)
FλV λ′

N
λγλN

= TλV λ′
N

λγλN
+ UλV λ′

N
λγλN

S.Manaenkov, DSPIN-17, Dubna, September 11–15, 2017 p. 4

expressed in terms of helicity amplitudes:

natural         unnatural
parity exchange

(NPE)             (UPE)

in total 10+8 complex helicity amplitudes



hermes
SPIN 2018 - Ferrara - Sept. 11th, 2018gunar.schnell @ desy.de

vector-meson production
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Phenomenological description of reaction e + N → e′ + V + N ′
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2W
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QED : e(λ) → e′(λ′) + γ∗(λγ),

QCD : γ∗(λγ)+N(λN) → V(λV)+N′(λ′
N).

The helicity amplitude of the reaction
γ∗ + N → V + N

FλV λ′
N

λγλN

= (−1)λγ⟨vλV p′λ′
N|Jσ

(h)|pλN⟩e(λγ)
σ .

Jσ
(h) is the electromagnetic current of hadrons;

e
(λγ)
σ is the photon polarization four-vector;

λγ = ±1 transverse virtual photon,
λγ = 0 longitudinal virtual photon.

E
(λV )
σ is the vecor meson polarization vector;

λV = ±1 transverse vector meson,
λV = 0 longitudinal vector meson.
Amplitude decomposition into Natural (NPE)
and Unnatural Parity Exchange (UPE)
Amplitudes (18=10+8)
FλV λ′

N
λγλN

= TλV λ′
N

λγλN
+ UλV λ′

N
λγλN

S.Manaenkov, DSPIN-17, Dubna, September 11–15, 2017 p. 4

expressed in terms of helicity amplitudes:

SDMEs:    bilinear in helicity amplitudes

helicity-amplitude ratios: e.g., normalized to dominant T0, 1
2 ,0, 1
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The HERMES experiment (1995-2007)

.

hermes HERMES at DESY

27.5 GeV e+/e− beam of HERA

forward-acceptance spectrometer

⇒ 40mrad< θ <220mrad

high lepton ID efficiency and purity

excellent hadron ID thanks to dual-radiator RICH

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 14/50

10

novel (pure) gas target:

internal to HERA 27.6 GeV e± ring

unpolarized (1H … Xe) 

longitudinally polarized: 1H, 2H, 3He  

transversely polarized: 1H
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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

11

two (mirror-symmetric) halves
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two (mirror-symmetric) halves
 

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

12

hermes

ep -> e 𝝆0 X 

The HERMES Experiment

∆E distribution for ρ0 meson production
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7% < fraction of background < 23% for increasing −t′ is subtracted, < fbg >= 11%.

S.Manaenkov, DSPIN-17, Dubna, September 11–15, 2017 p. 8

The HERMES Experiment

ρ0-meson production by longitudinally polarized beam on transversely polarized proton

• Longitudinally polarized electron/positron beam with energy of 27.6 GeV.
0.15 < |PB| < 0.80.

• 6.3 GeV > W > 3.0 GeV, < W >= 4.73 GeV;
Q2 > 1 GeV2, < Q2 >= 1.93 GeV2;
−t′ = −(t − tmin) < 0.4 GeV2, < −t′ >= 0.132 GeV2.

• Recoil nucleon was not detected. Missing mass criterion was used.

∆E =
M2

X−M2
p

2Mp
; −1.0 GeV < ∆E < 0.8 GeV;

MX mass of recoil system; Mp proton mass.

• 8741 events with exclusive ρ0-mesons produced with unpolarized and longitudinally polarized beam

(< |PB| >≈ 0.3 ± 0.02) on transversely polarized proton (|P⃗T | ≈ 0.72 ± 0.06) were obtained.

S.Manaenkov, DSPIN-17, Dubna, September 11–15, 2017 p. 7

recoiling proton not registered

MX … mass of recoiling 
system 

missing energy vanishes 
when X=proton

fraction of BG estimate 
based on PYTHIA MC 
tuned to HERMES
☞ subtracted

7% to 23% for increasing 
t’ = -(t-tmin) in case of 𝝆0

Pythia MC

↳ 𝞹+𝞹- 
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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

proton

deuteron

A:  γ 
*
L  →  ρ 

0
L

γ 
*
T  →  ρ 

0
T

B: Interference  γ 
*
L  →  ρ 

0
L  &  γ 

*
T  →  ρ 

0
T

C:  γ 
*
T  →  ρ 

0
L

D:  γ 
*
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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
13

[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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helicity non-flip much 
larger than helicity-flip and 

double helicity-flip

13

[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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clear breaking of s-channel 
helicity conservation

[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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target-polarization independent SDMEs
“transverse” SDMEs
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104 HERMES Collaboration / Physics Letters B 679 (2009) 100–105

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

[PLB 679 (2009) 100]

[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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target-polarization independent SDMEs
“transverse” SDMEs
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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 ∗
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, which is given by Im(n0000)/u
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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

[PLB 679 (2009) 100]

GPD E
[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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ρ0 SDMEs from HERMES 

“transverse” SDMEs
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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.
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, which is given by Im(n0000)/u
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The values for this asymmetry are shown in Fig. 5 (bottom). Also
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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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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.
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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.

[PLB 679 (2009) 100]



hermes
SPIN 2018 - Ferrara - Sept. 11th, 2018gunar.schnell @ desy.de

ρ0 SDMEs from HERMES 

“transverse” SDMEs
15

tr
an

sv
er

se
ρ

0  
  l

on
gi

tu
di

na
lρ

0

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

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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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
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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.
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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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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.

[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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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

[A. Airapetian et al., EPJ C62 (2009) 659]
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amplitude ratios at HERMES for 
ρ mesons challenges GPD-based 

calculations (giving small values)
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Fig. 6. The Q2 dependence of the phase difference δ11 (left panel) and δ01 (right panel, see Sec. 7.4) between the amplitudes T11

and T01, respectively, and T00 obtained for proton and deuteron data. Points show the phase differences δ11 and δ01 calculated
from ratios of amplitudes given in Tabs. 2 and 3 after averaging over −t′ bins. Inner error bars show the statistical uncertainty
and the outer ones show the statistical and systematic uncertainties added in quadrature. The fitted parameterization is given
by Eqs. (70) and (78) respectively for δ11 and δ01. The parameters of the curves are given in Tabs. 4 and 6 for combined proton
and deuteron data. The central lines are calculated with the fitted values of the parameters, while the dashed lines correspond
to one standard deviation in the uncertainty of the curve parameter.
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(un)natural-parity exchange contributions

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

can construct various UPE quantities:

18

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
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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

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})√
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
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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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

123

pion pole

[EPJ C74 (2014) 3110]

http://dx.doi.org/10.1140/epja/i2014-14146-2
http://dx.doi.org/10.1140/epja/i2014-14146-2
http://dx.doi.org/10.1140/epjc/s10052-014-3110-1
http://dx.doi.org/10.1140/epjc/s10052-014-3110-1


hermes
SPIN 2018 - Ferrara - Sept. 11th, 2018gunar.schnell @ desy.de

impact of pion-pole contr. on SDMEs

“class-A” - helicity-conserving transitions

20

Eur. Phys. J. C (2014) 74:3110 Page 9 of 25 3110

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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1

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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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

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. 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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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

7

-0.4

-0.2

-0

0.2

0 2 4

Q2 [GeV2
]

A
 s

in
 (

φ
 +

 φ
s)

U
T

,T
  
  
  
  
  
  
  
  
  
  
  
  
  
 

-0.4

-0.2

0

0.2

0.4

0 2 4

Q2 [GeV2
]

A
 s

in
 (

φ
 -

 φ
s)

U
T

,T
  
  
  
  
  
  
  
  
  
  
  
  
 

-0.4

-0.2

0

0.2

0.4

0 2 4

Q2 [GeV2
]

A
 s

in
 (

φ
s)

U
T

,T
  
  
  
  
  
  
  

-0.2

-0.1

-0

0.1

0.2

0.3

0 2 4

Q2 [GeV2
]

A
 s

in
 (

2
φ
 -

 φ
s)

U
T

,T
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 

-0.2

-0.1

-0

0.1

0.2

0.3

0 2 4

Q2 [GeV2
]

A
 s

in
 (

3
φ
 -

 φ
s)

U
T

,T
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 

-0.4

-0.2

-0

0.2

0 0.2

-t' [GeV2
]

A
 s

in
 (

φ
 +

 φ
s)

U
T

,T
  
  
  
  
  
  
  
  
  
  
  
  
  
 

-0.6

-0.4

-0.2

-0

0.2

0.4

0 0.2

-t' [GeV2
]

A
 s

in
 (

φ
 -

 φ
s)

U
T

,T
  
  
  
  
  
  
  
  
  
  
  
  
 

-0.4

-0.2

0

0.2

0.4

0 0.2

-t' [GeV2
]

A
 s

in
 (

φ
s)

U
T

,T
  
  
  
  
  
  
  

-0.2

-0.1

-0

0.1

0.2

0.3

0 0.2

-t' [GeV2
]

A
 s

in
 (

2
φ
 -

 φ
s)

U
T

,T
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 

-0.2

-0.1

-0

0.1

0.2

0.3

0 0.2

-t' [GeV2
]

A
 s

in
 (

3
φ
 -

 φ
s)

U
T

,T
  
  
  
  
  
  
  
  
  
  
  
  
  
  
 

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
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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., EPJ C75 (2015) 600]

sensitive, in principle, to sign of 𝛑𝟂 
transition FF
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helicity-amplitude ratios - formalism
NPE:
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nucleon-helicity non-flip / flip amplitudes:

17 (complex amplitude) ratios in total:

for longitudinally polarized beam and transversely polarized target 
25 parameters can be reliably extracted 

phase shifts of        and        are fixed from previous HERMES data

amplitude ratios parametrized according to low-t behavior
24
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Table 2 Parametrization of the
helicity-amplitude ratios and
parameter values extracted from
the fit. The combinations of the
helicity-amplitude ratios ξ and ζ
are defined in Eq. (58). An
additional scale uncertainty of
8% originating from the
uncertainty on the target
polarization is present for the
ratios t (2)λV λγ

, u(2)λV λγ
, ξ and ζ , but

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

}, Re{t (2)λV λγ
},

Re{u(2)λV λγ
}, and ζ , but also not

shown.The correlations between
the 25 parameters are listed in
Table 3 in Appendix C

Parametrization Value of parameter Statistical uncertainty Total uncertainty

Re{t (1)11 } = b1/Q b1 = 1.145 GeV 0.033 GeV 0.081 GeV

|u(1)11 | = b2 b2 = 0.333 0.016 0.088

Re{u(2)11 } = b3 b3 = −0.074 0.036 0.054

Im{u(2)11 } = b4 b4 = 0.080 0.022 0.037

ξ = b5 b5 = −0.055 0.027 0.029

ζ = b6 b6 = −0.013 0.033 0.044

Im{t (2)00 } = b7 b7 = 0.040 0.025 0.030

Re{t (1)01 } = b8
√

−t ′ b8 = 0.471 GeV−1 0.033 GeV−1 0.075 GeV−1

Im{t (1)01 } = b9

√
−t ′
Q b9 = 0.307 0.148 0.354

Re{t (2)01 } = b10 b10 = −0.074 0.060 0.080

Im{t (2)01 } = b11 b11 = −0.067 0.026 0.036

Re{u(2)01 } = b12 b12 = 0.032 0.060 0.072

Im{u(2)01 } = b13 b13 = 0.030 0.026 0.033

Re{t (1)10 } = b14
√

−t ′ b14 = −0.025 GeV−1 0.034 GeV−1 0.063 GeV−1

Im{t (1)10 } = b15
√

−t ′ b15 = 0.080 GeV−1 0.063 GeV−1 0.118 GeV−1

Re{t (2)10 } = b16 b16 = −0.038 0.026 0.030

Im{t (2)10 } = b17 b17 = 0.012 0.018 0.019

Re{u(2)10 } = b18 b18 = −0.023 0.030 0.039

Im{u(2)10 } = b19 b19 = −0.045 0.018 0.026

Re{t (1)1−1} = b20
(−t ′)
Q b20 = −0.008 GeV−1 0.096 GeV−1 0.212 GeV−1

Im{t (1)1−1} = b21
(−t ′)
Q b21 = −0.577 GeV−1 0.196 GeV−1 0.428 GeV−1

Re{t (2)1−1} = b22 b22 = 0.059 0.036 0.047

Im{t (2)1−1} = b23 b23 = 0.020 0.022 0.026

Re{u(2)1−1} = b24 b24 = −0.047 0.035 0.039

Im{u(2)1−1} = b25 b25 = 0.007 0.022 0.029

4.4 Systematic uncertainties

In this subsection, the sources of systematic uncertainties
and their effect on the extracted amplitude ratios are dis-
cussed. All systematic uncertainties except the one due to
the uncertainty on the target and beam polarization measure-
ments are added in quadrature to calculate the total systematic
uncertainty. The statistical uncertainty and the total system-
atic uncertainty are added in quadrature to form the total
uncertainty.

4.4.1 Systematic uncertainties due to beam and target
polarization uncertainties

The measured mean value of the target polarization is
⟨|PT |⟩ = 0.72± 0.06 [38,39], i.e., the fractional uncertainty
of the target polarization amounts to 0.08. The ratios t (2)λV λγ

and u(2)λV λγ
have a corresponding scale uncertainty of 8%,

since through their linear contribution to the “transverse”

SDMEs n
λV λ′

V
λγ λ′

γ
and s

λV λ′
V

λγ λ′
γ

, they are multiplied by ⟨|PT |⟩. It

was checked that the amplitude ratios t (1)11 , t (1)10 , t (1)1−1, t (1)01 ,

and |u(1)11 |, which can be extracted from data taken with an
unpolarized target (see Ref. [27]), are effectively insensitive
to the uncertainty on the target polarization.

The fractional uncertainty on the beam polarization
amounts to 2% [47]. This results in an additional scale

uncertainty on Im{uλV λ′
V

λγ λ′
γ
}, Re{nλV λ′

V
λγ λ′

γ
}, and Re{sλV λ′

V
λγ λ′

γ
} of

2%, since these SDMEs enter the expression of the angu-
lar distribution of final-state particles multiplied by the beam
polarization [6]. From the expression of SDMEs in terms
of helicity-amplitude ratios, it follows that there is an addi-
tional scale uncertainty of 2% for Im{t (1)λV λγ

}, Re{t (2)λV λγ
}, and

Re{u(2)λV λγ
}, while the influence of the uncertainty on the beam

polarization can be neglected for Re{t (1)λV λγ
}, Im{t (2)λV λγ

}, and

Im{u(2)λV λγ
}. The scale uncertainty arising from the uncer-
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  (for reference ;-)

extracted using 2d 
binning in (t’, Q2)  

3 GeV < W < 6.3 GeV

1 GeV2 < Q2 < 7 GeV2

t’ < 0.4 GeV2 

[EPJ C77 (2017) 378]

http://dx.doi.org/10.1140/epjc/s10052-017-4899-1
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 helicity-amplitude ratios
shaded: without 
nucleon-helicity flip
[previously already 
extracted and 
published in EPJ C71 
(2011) 1609] 

blue points from or 
extracted using 
previous results

most nucleon-helicity 
flip amplitudes small,  
consistent with zero

indications of non-
vanishing helicity-flip 
t01, u10  and u11
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 helicity-amplitude ratios
comparison with GK model 
[EPJ C77 (2017) 378] 

where missing, set to zero 
in GK model

two sets of calculations 
using opposite signs for 
𝞹𝝆 transition form 
factors

data clearly favors 
positive sign

good agreement for most 
ratios, but clearly off for 
some

problems with phases 
known already
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 comparison with SDMEs
amplitude ratios 
used to calculate 
SDMEs

compared to directly 
extracted SDMEs 
[EPJ C62 (2009) 
659] 

complimentary 
extractions and fully 
consistent

note that SDME fits 
can not take into 
account underlying 
correlations (e.g., 
when involving same 
amplitudes)
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 comparison with SDMEs

transverse-target SDMEs [from Phys. Lett. B679 (2009) 100]

“transverse SDMEs” involving beam polarization measured here for first time 
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summary
exclusive vector-meson electroproduction in DIS studied at HERMES 
using a longitudinally polarized 27.6 GeV e± beam and unpolarized p/d or 
transversely polarized p targets 

SDMEs for 𝝆0 confirm dominance of NPE, while large UPE contributions 
for ω  -> important role of pion pole

AUT for ω favors positive sign of 𝞹ω form factor

for first time, amplitude analysis performed for 𝝆0 electroproduction on 
transversely polarized protons 

important role of pion pole for UPE amplitudes 

positive sign of 𝞹𝝆 form factor

re-calculated SDMEs in good agreement with those extracted directly
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Fig. 3 Definition of angles in the process γ ⋆N → ρ0N ′ →
π+π−N ′ [40]. Here Φ is the angle between the ρ0-production plane
and the lepton scattering plane in the “hadronic” center-of-mass system
of virtual photon and target nucleon. Θ and φ are polar and azimuthal
angles of the decay π+ in the vector meson rest frame

in the “hadronic” center-of-mass system of virtual photon
and target nucleon, where the Z-axis is directed along the
virtual-photon three-momentum q. The Y -axis of the right-
handed system is parallel to q × v. It is the normal to the ρ0

production plane spanned by the three-momenta q and v, of
the virtual photon and ρ0-meson, respectively. The angle Φ

between the ρ0-production plane and the lepton-scattering
plane in the “hadronic” center-of-mass system is specified
by

cosΦ = (q × v) · (k × k′)
|q × v| · |k × k′| ,

sinΦ = [(q × v) × (k × k′)] · q
|q × v| · |k × k′| · |q| .

(10)

The angle φ between the ρ0-production plane and ρ0-
decay plane is defined by

cosφ = (q × v) · (v × pπ+)

|q × v| · |v × pπ+| ,

sinφ = [(q × v) × v] · (pπ+ × v)

|(q × v) × v| · |pπ+ × v| ,

(11)

where pπ+ is the three-momentum of the positive decay pion
in the “hadronic” center-of-mass system.

The polar angle Θ of the decay π+ in the vector meson
rest frame, with the z-axis aligned opposite to the outgoing
nucleon momentum P′ and the y-axis parallel to Y and di-
rected along P′ × q, is defined by

cosΘ = −P′ · Pπ+

|P′| · |Pπ+| , (12)

where Pπ+ is the three-momentum of the positive decay
pion.

Note that the relation between this notation and the nota-
tions of the so-called “Trento convention” [41] and Ref. [28]
is: Φ = −φ[28] = −φh[41], φ = ϕ[28], Θ = ϑ[28].

3 Formalism

3.1 Helicity amplitudes

Exclusive vector meson leptoproduction (1) is commonly
described by helicity amplitudes FλV λ′

N ;λγ λN
, defined in the

“hadronic” center-of-mass system of virtual photon and tar-
get nucleon [26] (see Fig. 3). Helicity indices λγ and λV

describe the spin states of virtual photon and ρ meson, re-
spectively, while λN (λ′

N ) is the helicity of the initial (scat-
tered) nucleon. The helicity amplitude can be expressed as
the scalar product of the matrix element of the electromag-
netic current vector Jµ and the virtual-photon polarization
vector e

(λγ )
µ :

FλV λ′
N ;λγ λN

= (−1)λγ ⟨vλV ;p′λ′
N |Jµ|pλN ⟩e(λγ )

µ , (13)

where e
(±1)
µ describes the transverse and e

(0)
µ the longi-

tudinal polarization of the virtual photon. The ket vector
|pλN ⟩ corresponds to the incident nucleon and the bra vec-
tor ⟨vλV ;p′λ′

N | describes the final state of the ρ0 meson and
scattered nucleon. The amplitudes depend on Q2, W and t .
For convenience, these dependences may be omitted in the
following.

The amplitudes obey the relation [26]

F−λV −λ′
N ;−λγ −λN

= (−1)(λV −λ′
N )−(λγ −λN )FλV λ′

N ;λγ λN
, (14)

which is a consequence of parity conservation in the strong
and electromagnetic interactions.

3.2 Natural and unnatural-parity-exchange amplitudes

A helicity amplitude F can be decomposed into an ampli-
tude T for natural-parity exchange and an amplitude U for
unnatural-parity exchange:

FλV λ′
N ;λγ λN

= TλV λ′
N ;λγ λN

+ UλV λ′
N ;λγ λN

, (15)

with

TλV λ′
N ;λγ λN

= 1
2

(
FλV λ′

N ;λγ λN
+ (−1)−λV +λγ F−λV λ′

N ;−λγ λN

)
, (16)
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Phenomenological description of reaction e + N → e′ + V + N ′

−Q2

e(k)

e’(k’)

tN(p) N’(p’)

γ∗

(v)ρo

2W

(q)

QED : e(λ) → e′(λ′) + γ∗(λγ),

QCD : γ∗(λγ)+N(λN) → V(λV)+N′(λ′
N).

The helicity amplitude of the reaction
γ∗ + N → V + N

FλV λ′
N

λγλN

= (−1)λγ⟨vλV p′λ′
N|Jσ

(h)|pλN⟩e(λγ)
σ .

Jσ
(h) is the electromagnetic current of hadrons;

e
(λγ)
σ is the photon polarization four-vector;

λγ = ±1 transverse virtual photon,
λγ = 0 longitudinal virtual photon.

E
(λV )
σ is the vecor meson polarization vector;

λV = ±1 transverse vector meson,
λV = 0 longitudinal vector meson.
Amplitude decomposition into Natural (NPE)
and Unnatural Parity Exchange (UPE)
Amplitudes (18=10+8)
FλV λ′

N
λγλN

= TλV λ′
N

λγλN
+ UλV λ′

N
λγλN
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