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Fig. 1. Definition of angles in the process eN ! eN!, where
! ! ⇡

+
⇡

�
⇡

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

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

cos � =
(q ⇥ p0) · (p0 ⇥ n)

|q ⇥ p0| · |p0 ⇥ n| , (20)

sin � = � [(q ⇥ p0) ⇥ p0] · (n⇥ p0)

|(q ⇥ p0) ⇥ p0| · |n⇥ p0| . (21)

3 Data analysis

3.1 HERMES experiment

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

3.2 Selection of exclusively produced ! mesons

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

0 mass.

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

ton and deuteron as �E =
M2

X�M2
p

2Mp
, with Mp being the

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

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

• Spin Density Matrix Elements (SDMEs)

or

• helicity amplitude ratios

(�,�,⇥, )W
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Helicity amplitude ratios 
for exclusive ρ0
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• dominant amplitudes: natural parity 
nucleon-helicity non-flip


• also unnatural parity nucleon-helicity 
non-flip      ≠ 0 by 4σ


• nucleon-helicity-flip amplitudes:

small, consistent with 0

t(1)11
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Results helicity ρ0 amplitude ratios
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Phase of u(1)
11 from EPJ C29 (2003) 171

• 5 classes of helicity amplitude ratios

already obtained in EPJ C71 (2011) 1609

extracted for first time

• dominant amplitudes: natural parity 
nucleon-helicity non-flip


• also unnatural parity nucleon-helicity 
non-flip      ≠ 0 by 4σ


• nucleon-helicity-flip amplitudes:

small, consistent with 0

t(1)11

u(1)
11



Comparison with SDMEs: 
unpolarized target
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T
 → ρ -T

F: Double spin flip
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Phase of u(1)
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• 5 classes of helicity amplitude ratios

longitudinally polarized beam

unpolarized beam

• Overall good agreement between 

direct extraction of SDMEs and

SDMEs via helicity amplitude ratios


• Parameter space in two methods are ≠

➞	methods do not necessarily coincide



Comparison with SDMEs: 
transversely polarised target

22

Re (s+ -
0+ )
s00

++

Im (s+ -
- + )

Im (s+ -
0+ )

Im (s+0
- + )

Im (s00
- + )

Re (s- +
++ )

Re (s0 -
0+- s+0

0+ )
Im (s++

- + )
Im (s- +

+++εs-+
00)

Im (s0 -
0+- s+0

0+ )
Re (s- +

0+ )
Re (s++

0++s- -
0+ )

Im (s- +
0+ )

Im (s++
0++s- -

0+ )
Re (s0+

++- s- 0
++ )

Re (s00
0+ )

Im (s0+
- + )

Im (s00
0+ )

Re (s0+
0+- s- 0

0+ )
Im (s0+

0+- s- 0
0+ )

s++
++ + s- -

++

Im (s- +
- + )

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6

Re (s+ -
0+ )
s00

++

Im (s+ -
- + )

Im (s+ -
0+ )

Im (s+0
- + )

Im (s00
- + )

Re (s- +
++ )

Re (s0 -
0+- s+0

0+ )
Im (s++

- + )
Im (s- +

+++εs-+
00)

Im (s0 -
0+- s+0

0+ )
Re (s- +

0+ )
Re (s++

0++s- -
0+ )

Im (s- +
0+ )

Im (s++
0++s- -

0+ )
Re (s0+

++- s- 0
++ )

Re (s00
0+ )

Im (s0+
- + )

Im (s00
0+ )

Re (s0+
0+- s- 0

0+ )
Im (s0+

0+- s- 0
0+ )

s++
++ + s- -

++

Im (s- +
- + )

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6
SDME values

Phys. Lett. B679 (2009) 100
HERMES PRELIMINARY

ep↑ →  eρp
0.0 GeV2 < -t/ < 0.4 GeV2

1.0 GeV2 < Q2 < 7.0 GeV2

A:   γ* 
T
→ ρ T

B: Interference γ* 
L
→ ρ L & γ* 

T
 → ρ T

C: γ* 
T
 → ρ LIm (s0+

++-s-0
+++2εs0+

00)

D: γ* 
L
→ ρ T

E: γ* 
T
 → ρ -T

F: Double spin flip

Re (n+ -
0+ )

Im (n+ -
- + )

Im (n+ -
0+ )

Im (n+0
- + )

Im (n00
- + )

Re (n- +
++ )

Re (n0 -
0+- n+0

0+ )
Im (n++

- + )
Im (n- +

+++εn-+
00)

Im (n0 -
0+- n+0

0+ )
Re (n- +

0+ )
Re (n++

0++n- -
0+ )

Im (n- +
0+ )

Im (n++
0++n- -

0+ )
Re (n0+

++-n-0
++)

Re (n00
0+)

Im (n0+
- + )

Im (n00
0+)

Re (n0+
0+- n- 0

0+ )
Im (n0+

0+- n- 0
0+ )

Im (n- +
- + )

Im (n00
+++εn00

00)

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6

Re (n+ -
0+ )

Im (n+ -
- + )

Im (n+ -
0+ )

Im (n+0
- + )

Im (n00
- + )

Re (n- +
++ )

Re (n0 -
0+- n+0

0+ )
Im (n++

- + )
Im (n- +

+++εn-+
00)

Im (n0 -
0+- n+0

0+ )
Re (n- +

0+ )
Re (n++

0++n- -
0+ )

Im (n- +
0+ )

Im (n++
0++n- -

0+ )
Re (n0+

++-n-0
++)

Re (n00
0+)

Im (n0+
- + )

Im (n00
0+)

Re (n0+
0+- n- 0

0+ )
Im (n0+

0+- n- 0
0+ )

Im (n- +
- + )

Im (n00
+++εn00

00)

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6
SDME values

Phys. Lett. B679 (2009) 100
HERMES PRELIMINARY

ep↑ →  eρp
0.0 GeV2 < -t/ < 0.4 GeV2

1.0 GeV2 < Q2 < 7.0 GeV2
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F: Double spin flip

• Overall good agreement between two methods 

• Newly obtained SDMEs



Spin density matrix 
elements from exclusive ω
γ*

e e

N(p) N(p')t

ω
• unpolarized H and D targets
• 2260/1332 exclusive-ω events from H/D
• 23-parameter fit



Results helicity �0 amplitude ratios
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• 5 classes of helicity amplitude ratiosResults ω SDMEs 
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Eur. Phys. J. C 74 (2014) 3110

• 5 classes of SDMEs

• unpolarized and polarized SDMEs

• proton & deuteron similar
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• 5 classes of SDMEs

• unpolarized and polarized SDMEs

• proton & deuteron similar

by        for p(d)

• s-channel helicity conservation (          ):

• fulfilled for class A & B

• class C - slight violation: 

• class D - slight violation:

r500 6= 0 3(2)�

r511 + r51�1 �=r61�1 6=
by          for p(d)3(2.5)�

��⇤ = �!

}
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• ω:            and 


• ρ:             and

r11�1 < 0

r11�1 > 0

=r21�1 > 0

=r21�1 < 0

exclusive ρ0: Eur. Phys. J. C 62 (2009) 659

Eur. Phys. J. C 74 (2014) 3110

• ω: large unnatural parity exchange

• ρ: large natural parity exchange
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Test of unnatural-parity exchange

• large unnatural parity exchange seen

• model for protons - S. Goloskokov and P. Kroll, Eur. Phys. J A 50 146 (2014)


without pion-pole contribution

with pion-pole contribution

pion-pole contribution seems to account completely 

for unnatural-parity exchange

talk Tue 09h40 

by S. Goloskokov

γ*

N(p) N(p')t

ω

π0
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• model for protons - S. Goloskokov and P. Kroll, Eur. Phys. J. A 50 146 (2014)


without pion-pole contribution

with pion-pole contribution

pion-pole contribution seems to account completely 

for unnatural-parity exchange
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Test of unnatural-parity exchange

• large unnatural parity exchange seen

• model for protons - S. Goloskokov and P. Kroll, Eur. Phys. J. A 50 146 (2014)


without pion-pole contribution

with pion-pole contribution

pion-pole contribution seems to account completely 

for unnatural-parity exchange
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• large unnatural parity exchange seen

• model for protons - S. Goloskokov and P. Kroll, Eur. Phys. J. A 50 146 (2014)
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with pion-pole contribution

pion-pole contribution seems to account completely 
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Test of unnatural-parity exchange

• large unnatural parity exchange seen

• model for protons - S. Goloskokov and P. Kroll, Eur. Phys. J. A 50 146 (2014)


without pion-pole contribution

with pion-pole contribution

pion-pole contribution seems to account completely 

for unnatural-parity exchange
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Kinematic dependencies
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class A:          and 
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• no pronounced kinematic dependence observed

• again, need for pion-pole contribution observed
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Kinematic dependencies
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class B: interference          and 

• no pronounced kinematic dependence observed

• need for pion-pole contribution observed for unpolarized SDMEs
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Longitudinal-to-transverse 
cross-section ratio 
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• R(ω) 4 times smaller than R(ρ)

• no pronounced kinematic dependence observed

• need for pion-pole contribution
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• transversely polarized H target
• 279 exclusive-ω events

Transverse-target spin asymmetry 
in exclusive ω production



Transverse target-spin asymmetry 
AUT in exclusive ω production
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Fig. 5. The five amplitudes describing the strength of the sine modulations of the cross section for hard exclusive ω-meson
production. The full circles show the data in two bins of Q2 or −t′. The open squares represent the results obtained for the
entire kinematic region. The inner error bars represent the statistical uncertainties, while the outer ones indicate the statistical
and systematic uncertainties added in quadrature. The results receive an additional 8.2% scale uncertainty corresponding to
the target polarization uncertainty. The solid (dash-dotted) lines show the calculation of the GK model [11,21] for a positive
(negative) πω transition form factor, and the dashed lines are the model results without the pion pole.

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

amplitude

A
sin(φ+φS)
UT −0.06 ± 0.20 ± 0.02

A
sin(φ−φS)
UT −0.12 ± 0.19 ± 0.03

A
sin(φS)
UT 0.26 ± 0.27 ± 0.05

A
sin(2φ−φS)
UT 0.03 ± 0.16 ± 0.01

A
sin(3φ−φS)
UT 0.13 ± 0.15 ± 0.03

A
cos(φ)
UU −0.01 ± 0.11 ± 0.10

A
cos(2φ)
UU −0.17 ± 0.11 ± 0.05

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

Ñ (R) =
NMC∑

j=1

W(R;φj ,φj
S) (7)

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

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

Acorr =
Ameas − fbgAbg

1− fbg
, (8)

whereAcorr is the corrected asymmetry amplitude, Ameas

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

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

Results

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

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

• large unnatural parity exchange seen

• model for protons - S. Goloskokov and P. Kroll, Eur. Phys. J A 50 146 (2014)


without pion-pole contribution

with pion-pole contribution: πω transition FF > 0

with pion-pole contribution: πω transition FF < 0

Positive πω transition FF favoured

γ*

N(p) N(p')t

ω

π0

8.2% scale uncertainty
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Fig. 6. As Fig. 5, but only for transversely polarized ω 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(φ+φS)
UT,K −0.16 ± 0.92 ± 0.02 −0.14 ± 0.29 ± 0.05

A
sin(φ−φS)
UT,K −0.60 ± 0.81 ± 0.16 0.07 ± 0.27 ± 0.04

A
sin(φS)
UT,K −0.08 ± 1.06 ± 0.03 0.21 ± 0.38 ± 0.01

A
sin(2φ−φS)
UT,K −0.38 ± 0.71 ± 0.11 0.10 ± 0.21 ± 0.02

A
sin(3φ−φS)
UT,K 0.21 ± 0.56 ± 0.10 0.07 ± 0.20 ± 0.01

A
cos(φ)
UU,K 0.53 ± 0.40 ± 0.08 −0.16 ± 0.15 ± 0.12

A
cos(2φ)
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 differential cross section d3σ

dQ2dtdx
and

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

λ1λ2
or alternatively in terms

of the Schilling–Wolf SDMEs rnij [26] as

Acosφ
UU = −2

√
ϵ(1 + ϵ)Re[u0+]

=
√
2ϵ(1 + ϵ) [2r511 + r500], (9)

Acos 2φ
UU = −ϵRe[u−+]

= −ϵ [2r111 + r100]. (10)

Here, the abbreviated notation

uλ1λ2
= u++

λ1λ2
+ u−−

λ1λ2
+ u00

λ1λ2
(11)

8.2% scale uncertainty
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Summary
• ρ0 helicity amplitude ratios:


• New: nucleon-helicity-flip amplitudes. They are consistent with zero


• Good agreement with direct extraction of SDMEs


• ω SDMEs:


• Large unnatural parity contribution. 


• Importance of pion pole


• ω AUT:


• positive sign for πωform factor favoured
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