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extract 25 parameters. Use 4x3 cells in (Q2,-t’).
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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

⇠ = b5 b5 = �0.055 0.027 0.029

⇣ = 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

p
�t

0
b8 = 0.471 GeV�1 0.033 GeV�1 0.075 GeV�1

Im{t(1)01 } = b9

p
�t0
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

p
�t

0
b14 = �0.025 GeV�1 0.034 GeV�1 0.063 GeV�1

Im{t(1)10 } = b15

p
�t

0
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
(�t0)
Q b20 = �0.008 GeV�1 0.096 GeV�1 0.212 GeV�1

Im{t(1)1�1} = b21
(�t0)
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

Table 2. Parametrization of the helicity-amplitude ratios and parameter values extracted from the fit. The combinations of the
helicity-amplitude ratios ⇠ and ⇣ are defined in Eq. (54). An additional scale uncertainty of 8% originating from the uncertainty

on the target polarization is present for the ratios t

(2)
�V ��

, u(2)
�V ��

, ⇠ and ⇣, but not shown. An extra scale uncertainty of 2%

originating from the uncertainty on the beam polarization is present for the ratios Im{t(1)�V ��
}, Re{t(2)�V ��

}, Re{u(2)
�V ��

}, and ⇣,
but also not shown.The correlations between the 25 parameters are listed in Table 3 in Appendix C.

4.4 Systematic uncertainties

In this subsection, the sources of systematic uncertainties
and their e↵ect on the extracted amplitude ratios are dis-
cussed. All systematic uncertainties except the one due
to the uncertainty on the target and beam polarization
measurements are added in quadrature to calculate the
total systematic uncertainty. The statistical uncertainty
and the total systematic uncertainty are added in quadra-
ture 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
h|P

T

|i = 0.72 ± 0.06 [37, 38], i.e., the fractional uncer-
tainty of the target polarization amounts to 0.08. The

ratios t
(2)
�V ��

and u
(2)
�V ��

have a corresponding scale un-

certainty of 8%, since through their linear contribution

to the “transverse” SDMEs n
�V �

0
V

���
0
�

and s
�V �

0
V

���
0
�
, they are

multiplied by h|P
T

|i. 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 ex-
tracted from data taken with an unpolarized target (see
Ref. [26]), are e↵ectively insensitive to the uncertainty on
the target polarization.

The fractional uncertainty on the beam polarization
amounts to 2% [45]. This results in an additional scale

uncertainty on Im{u�V �

0
V

���
0
�
}, Re{n�V �

0
V

���
0
�
}, and Re{s�V �

0
V

���
0
�
}

of 2%, since these SDMEs enter the expression of the
angular 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 additional scale uncertainty of 2% for Im{t(1)
�V ��

},
Re{t(2)

�V ��
}, and Re{u(2)

�V ��
}, while the influence of the un-

certainty on the beam polarization can be neglected for

Re{t(1)
�V ��

}, Im{t(2)
�V ��

}, and Im{u(2)
�V ��

}. The scale uncer-
tainty arising from the uncertainty on the beam and tar-
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Fig. 2. Helicity-amplitude ratios obtained from the 25-parameter fit in the entire kinematic region, characterized by hW i = 4.73

GeV, hQ2i = 1.93 GeV2, h�t

0i = 0.132 GeV2. While the phase of u(1)
11 is fixed according to the results of Refs. [26, 43, 44], its

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

(2)
�V ��

, u(2)
�V ��

, but

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

}, Re{t(2)�V ��
} and Re{u(2)

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

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

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

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

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

5.3 Comparison to amplitudes calculated in a

GPD-based handbag model

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

L

! V
L

and �⇤
T

! V
T

transitions
are given by convolutions of appropriate subprocess am-

arXiv:1702.00345

hW i = 4.73 GeV

hQ2i = 1.93 GeV 2

h�t0i = 0.132 GeV 2

8% uncertainty target polarization

2% uncertainty beam polarization
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was not exploited in the analyses presented in Ref. [28].
While in Refs. [16] and [28] a total of 53 SDMEs could be
extracted, the amplitude method presented here allows
for the calculation of 71 SDMEs based on the extraction
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As seen from the figures, there is reasonable agree-
ment between SDMEs obtained with the SDME method
and those from the amplitude method. It is possible that
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Fig. 2. Helicity-amplitude ratios obtained from the 25-parameter fit in the entire kinematic region, characterized by hW i = 4.73

GeV, hQ2i = 1.93 GeV2, h�t

0i = 0.132 GeV2. While the phase of u(1)
11 is fixed according to the results of Refs. [26, 43, 44], its

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

(2)
�V ��

, u(2)
�V ��

, but

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

}, Re{t(2)�V ��
} and Re{u(2)

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

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

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

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

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

5.3 Comparison to amplitudes calculated in a

GPD-based handbag model

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

L

! V
L

and �⇤
T

! V
T

transitions
are given by convolutions of appropriate subprocess am-
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Fig. 2. Helicity-amplitude ratios obtained from the 25-parameter fit in the entire kinematic region, characterized by hW i = 4.73

GeV, hQ2i = 1.93 GeV2, h�t

0i = 0.132 GeV2. While the phase of u(1)
11 is fixed according to the results of Refs. [26, 43, 44], its

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

(2)
�V ��

, u(2)
�V ��

, but

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

}, Re{t(2)�V ��
} and Re{u(2)

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

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

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

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

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

5.3 Comparison to amplitudes calculated in a

GPD-based handbag model

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

L

! V
L

and �⇤
T

! V
T

transitions
are given by convolutions of appropriate subprocess am-
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, but
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SDME classes proposed in Refs. [16, 37].

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

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

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

5.3 Comparison to amplitudes calculated in a

GPD-based handbag model

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

L

! V
L

and �⇤
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T

transitions
are given by convolutions of appropriate subprocess am-
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Fig. 2. Helicity-amplitude ratios obtained from the 25-parameter fit in the entire kinematic region, characterized by hW i = 4.73

GeV, hQ2i = 1.93 GeV2, h�t

0i = 0.132 GeV2. While the phase of u(1)
11 is fixed according to the results of Refs. [26, 43, 44], its

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

(2)
�V ��

, u(2)
�V ��

, but

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

}, Re{t(2)�V ��
} and Re{u(2)

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

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

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

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

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

5.3 Comparison to amplitudes calculated in a

GPD-based handbag model

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

L

! V
L

and �⇤
T

! V
T

transitions
are given by convolutions of appropriate subprocess am-
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already obtained in EPJ C71 (2011) 1609

extracted for first time

• 5 classes of helicity amplitude ratios

• dominant amplitude: natural parity 
nucleon-helicity non-flip     (≠0 by >5σ)t(1)11

• Significant nucleon-helicity non-flip                   

         (≠0 by 5σ)Re t(1)01

• unnatural parity nucleon-helicity 
non-flip      ≠ 0 by 4σu(1)

11

Im t(2)01 , Im u(2)
11 ,• nucleon-helicity flip      


         ≠ 0 by 2σIm u(2)
108% uncertainty target polarization


2% uncertainty beam polarization
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unpolarized beam
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• Parameter space in two methods are ≠

➞	methods do not necessarily coincide

15

Im (u
+ -

0+ )

u
+ -

- +

Re (u
+ -

0+ )

Re (u
+0

- + )

u
00

- +

Im (u
- +

++ )

Im (u
0 -

0+- u
+0

0+ )

Re (u
++

- + )

Re(u
- +

+++εu
- +

00)

Re (u
0 -

0+- u
+0

0+ )

Im (u
- +

0+ )

Im (u
++

0++ u
- -

0+ )

Re (u
- +

0+ )

Re (u
++

0++ u
- -

0+ )

Im (u
0+

++- u
- 0

++ )

Im (u
00

0+ )

Re (u
0+

- + )

Re (u
00

0+ )

Im (u
0+

0+- u
- 0

0+ )

-Re (u
0+

0+- u
- 0

0+ )

u
- +

- +

u
00

+++ ε u
00 

00

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

Im (u
+ -

0+ )

u
+ -

- +

Re (u
+ -

0+ )

Re (u
+0

- + )

u
00

- +

Im (u
- +

++ )

Im (u
0 -

0+- u
+0

0+ )

Re (u
++

- + )

Re(u
- +

+++εu
- +

00)

Re (u
0 -

0+- u
+0

0+ )

Im (u
- +

0+ )

Im (u
++

0++ u
- -

0+ )

Re (u
- +

0+ )

Re (u
++

0++ u
- -

0+ )

Im (u
0+

++- u
- 0

++ )

Im (u
00

0+ )

Re (u
0+

- + )

Re (u
00

0+ )

Im (u
0+

0+- u
- 0

0+ )

-Re (u
0+

0+- u
- 0

0+ )

u
- +

- +

u
00

+++ ε u
00 

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 (u
0+

++-u
-0

+++2εu
0+

00)

SDME method

Amplitude method

A: γ* 
L
→ ρ L,  γ

* 
T
→ ρ T

B: Interference of
γ* 

L
→ ρ L & γ* 

T
 → ρ T

C: γ* 
T
 → ρ L
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F: Double spin flip

SDMEs

Fig. 3. Comparison of the SDMEs u
�V �0

V
���0

�
obtained from the amplitude method (red circles) and from the SDME method (blue

triangles). The SDMEs are extracted in the entire kinematic region. For the amplitude method a 25-parameter fit is used, while
the results of the SDME method are taken from the HERMES data in Ref. [16]. The points in the shaded area show SDMEs
that can be obtained only if the beam is longitudinally polarized. An additional scale uncertainty of 2% originating from the
uncertainty on the beam polarization is present for these SDMEs, but not shown. The inner (outer) error bars represent the
statistical (total) uncertainty. The SDMEs are ordered according to the SDME classes proposed in Refs. [16, 37].

the amplitude ratios that can be compared to the ones
discussed above. The phase convention from Eq. (9) is
taken into account.

Figure 6 shows the comparison of all amplitude ratios
determined by fitting the HERMES data to those cal-
culated using the GK model. As shown by the following
detailed comparison, good overall agreement is found.

t
(1)
11 : Contributions come from GPDs H � ⇠2/(1� ⇠2)E '

H. Good agreement is observed for the real part, which
is by far the largest amplitude ratio. The calculated
imaginary part appears to be too small. Note that a
part of this di↵erence is due to the known underes-
timation of the relative phase between the �⇤

T

! V
T

and �⇤
L

! V
L

amplitudes in the GK model [16].

u
(1)
11 : Contributions come from GPDs eH and the pion pole.

The GK calculations underestimate the unnatural-
parity contribution to the �⇤

T

! V
T

amplitude, which
is related to the small unnatural-parity cross section
used in the GK model [49]. It may be traced back to
the neglect of the non-pole contribution of the GPD
eE or to a too small value for the ⇡�⇢ transition form
factor in the GK model.

t
(2)
11 : Contributions come from GPDs E. The calculated

imaginary part agrees with the measurement.

u
(2)
11 : In GK calculations only the pion pole contributes

since eE is neglected, so that the GK result is mirror
symmetric upon sign change of the ⇡ � ⇢ transition
form factor. Good agreement with the data is seen for
the positive sign.

t
(2)
00 : Contributions come from GPDs E. Agreement is ob-

served with the measurement.
t
(1)
01 : Contributions come from GPDs Ē

T

. Agreement is ob-
served with the measurement.

t
(2)
01 : Contributions from GPDs H

T

. There is no pion-pole
contribution to this ratio, hence data cannot decide on
the sign of the form factor. The measured imaginary
part seems to be lower than the GK calculation.

u
(2)
01 : Contributions from GPDsH

T

. Since these GPDs have

no specific parity, u(2)
01 is equal to �t

(2)
01 in the GK

calculation.
u
(2)
10 : Contributions come from the pion pole only, so that

the GK result is mirror symmetric upon sign change
of the ⇡ � ⇢ transition form factor. The positive sign
is favored by the data.

The �⇤
T

! V�T

amplitudes, corresponding to the am-

plitude ratios t
(1)
1�1, t

(2)
1�1, and u

(2)
1�1, are neglected in the

GK model. This is seen to be in reasonable agreement
with the data. Only gluon transversity GPDs could con-
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Fig. 4. Comparison of the SDMEs n
�V �0

V
���0

�
obtained from the amplitude method (red circles) and from the SDME method (blue

squares). The SDMEs are extracted in the entire kinematic region. For the amplitude method a 25-parameter fit is used, while
the results of the SDME method are taken from the HERMES data in Ref. [28]. The points in the shaded area show SDMEs
that can be obtained only if the beam is longitudinally polarized in addition to the transverse target polarization required for
all SDMEs here. An additional scale uncertainty of 2% originating from the uncertainty on the beam polarization is present
for these SDMEs, but not shown. The inner (outer) error bars represent the statistical (total) uncertainty. An additional scale
uncertainty of 8% originating from the uncertainty on the target polarization is present, but not shown. The SDMEs are ordered
according to the SDME classes proposed in Refs. [16, 37].

tribute and the contribution from the pion pole is sup-
pressed by 1/Q3 as compared to the longitudinal ampli-
tudes. Both are neglected in the GK model.

As discussed in Section 4.3, the ratios u
(1)
01 , u

(1)
10 and

u
(1)
1�1 cannot be determined experimentally in the present

analysis and are hence put equal to zero. In the GK

model, u(1)
01 and u

(1)
1�1 are also set equal to zero, while

u
(1)
10 is non-zero due to a contribution from the pion pole,

but small. Apart from the �⇤
T

! V�T

amplitudes, u(1)
01

and u
(1)
1�1, also t

(1)
10 and t

(2)
10 are set equal to zero. This is

consistent with what is extracted from the data.

As the unnatural-parity amplitudes depend on the
sign of the ⇡ � ⇢ transition form factor, a conclusion on
the sign of the latter can be drawn when comparing the
calculated GK amplitude ratios to the data. Only the am-

plitude ratios u
(2)
11 and u

(2)
10 appear sensitive to the sign

of the form factor and are hence used to calculate the
�2 per degree of freedom, i.e., ndf = 4. For the positive
sign �2/ndf = 1.8/4 is obtained and for the negative sign
�2/ndf = 30.3/4. Hence the positive sign of this form
factor is clearly favored.

6 Summary and conclusions

Exclusive electroproduction of ⇢0 mesons is studied in
the HERMES experiment, using data collected with a
27.6 GeV longitudinally polarized electron/positron beam
and a transversely polarized hydrogen target in the kine-
matic region 1.0 GeV2 < Q2 < 7.0 GeV2, 3.0 GeV <
W < 6.3 GeV, and �t0 < 0.4 GeV2. The fit to these data
using an unbinned maximum-likelihood method with 25
free parameters permits the extraction of ratios of natural-
parity-exchange amplitudes T

�V �

0
N���N

without nucleon-
helicity flip (�0

N

= �
N

) and, for the first time, both the
natural-parity-exchange and unnatural-parity-exchange
amplitudes (T

�V �

0
N���N

and U
�V �

0
N���N

) with nucleon-
helicity flip (�0

N

6= �
N

), all obtained relative to the am-
plitude T0 1

2 0
1
2
, which is the largest amplitude in the kine-

matic region of Q2 > 1 GeV here considered. In particu-
lar, the modulus of the amplitude ratio U1 1

2 1
1
2
/T0 1

2 0
1
2
,

the real part of T1 1
2 1

1
2
/T0 1

2 0
1
2

as well as the real and

imaginary parts of the amplitude ratios T1 1
2 0

1
2
/T0 1

2 0
1
2
,

T1 1
2�1 1

2
/T0 1

2 0
1
2
and T0 1

2 1
1
2
/T0 1

2 0
1
2
are extracted. They were

also obtained in the previous HERMES analysis [26] and
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Fig. 5. Comparison of the SDMEs s
�V �0

V
���0

�
obtained from the amplitude method (red circles) and from the SDME method (blue

squares). The SDMEs are extracted in the entire kinematic region. For the amplitude method a 25-parameter fit is used, while
the results of the SDME method are taken from the HERMES data in Ref. [28]. The points in the shaded area show SDMEs
that can be obtained only if the beam is longitudinally polarized in addition to the transverse target polarization required for
all SDMEs here. An additional scale uncertainty of 2% originating from the uncertainty on the beam polarization is present
for these SDMEs, but not shown. The inner (outer) error bars represent the statistical (total) uncertainty. An additional scale
uncertainty of 8% originating from the uncertainty on the target polarization is present, but not shown. The SDMEs are ordered
according to the SDME classes proposed in Refs. [16, 37].

the amplitude ratios are in a good agreement with one
another. The values of Im{T1 1

2 1
1
2
/T0 1

2 0
1
2
} and the phase

of the ratio U1 1
2 1

1
2
/T0 1

2 0
1
2
are taken from the HERMES

results [16,26,43,44]. By performing the fit, the ratios of
small nucleon-helicity-flip natural-parity-exchange ampli-
tudes

T1 1
2 0�

1
2
, T1 1

2�1� 1
2
, T0 1

2 1�
1
2
,

and unnatural-parity-exchange amplitudes

U1 1
2 1�

1
2
, U1 1

2 0�
1
2
, U1 1

2�1� 1
2
, U0 1
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1
2

to T0 1
2 0

1
2
as well as

Im{T0 1
2 0�

1
2
/T0 1
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1
2
}, Im{T1 1
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1
2
/T1 1

2 1
1
2
},

Re{T0 1
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1
2
/T0 1
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1
2
� T1 1

2 1�
1
2
/T1 1

2 1
1
2
}

are obtained for the first time, as the data presented here
were taken using a transversely polarized hydrogen target
and a longitudinally polarized lepton beam.

Within the total experimental uncertainty, all deter-
mined amplitude ratios with nucleon-helicity flip are con-
sistent with zero. The extracted values of the amplitude

ratios show that the main contribution to the quantityq
|U

1 1
2
1 1
2
|2+|U

1 1
2
1� 1

2
|2

|T
0 1
2
0 1
2
| obtained in Ref. [26] originates from

the unnatural-parity-exchange amplitude U1 1
2 1

1
2
and that

|U1 1
2 1

1
2
|2 � |U1 1

2 1�
1
2
|2. Furthermore, it is shown that the

53 SDMEs extracted in Refs. [16, 28] can be described
with good accuracy using the 25 amplitude ratios ob-
tained in the present analysis. By also exploiting the lon-
gitudinal beam polarization, 18 additional ⇢0 SDMEs are
determined from the extracted 25 parameters for the first
time.

The unnatural-parity amplitudes depend on the sign
of the ⇡ � ⇢ transition form factor, so that the compar-
ison of certain amplitude ratios to calculations within a
GPD-based handbag model taking into account the con-
tribution from pion exchange allows the conclusion that
the positive sign of this form factor is favored.

Together with precise data on the unpolarized di↵er-
ential cross section d�/dt of exclusive ⇢0 production in
deep-inelastic scattering, the extracted amplitude ratios
could be used to obtain the amplitude T0 1

2 0
1
2
, for which

the factorization property is proven.
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i
natural parity

unnatural parity



12

GK model
model for protons - S. Goloskokov and P. Kroll, 


Eur. Phys. J. C 50 (2007) 829; 53 (2008) 367, Eur. Phys. J. A 50 (2014) 146

F�V
1
2��=V

1
2
/

X

q,g

I

A⇥

✓
Ha,

⇠2

1� ⇠2
Ea

◆
+ A0 ⇥

✓
H̃a,

⇠2

1� ⇠2
Ẽa
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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

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

Sign of πω transition form factor 
extraction: ω AUT

HERMES, Eur. Phys. J. C 75 (2015) 600
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Fig. 7. U1 (left) and P (right) versus Q2 for ρ0 production at W = 4.8 GeV and t′ = −0.13 GeV2. The data are taken from [32].
The solid (dashed) lines represent our results from the handbag approach with (without) the pion pole.

mum at W ≃ 4GeV which again —and not surprisingly
now— is caused by the pion pole. At large W , say larger
than about 8GeV its contribution is very small and the
ω cross section behaves diffractively like the ρ0 or φ cross
sections [9, 36], i.e. slowly increasing with energy. At low
values of W (! 3GeV) the pion-pole contribution (14)
is decreasing too since with decreasing W but fixed Q2

the skewness and, hence, −t0 increase as well. For in-
stance, at W = 2GeV and Q2 = 3.5GeV2, t0 amounts
to −0.76GeV2. The cross sections (14) are therefore only
probed in the large −t region in that kinematical situa-
tion where they fall ∼ 1/t3. From fig. 6 it is clear that, for
W ! 3GeV we underestimate the experimental ω cross
section [14].

As we mentioned above we have neglected the pion
pole in our previous studies of ρ0 leptoproduction [9]. Now,
treating it as a one-particle exchange instead of evaluating
it from the GPD Ẽ as given in (26), we obtain a larger
although still fairly small effect: According to (6) and (9),
we have dσpole(ρ0) ≃ dσpole(ω)/9, while, for natural par-
ity, one has dσN (ρ0) ≃ 9dσN (ω) at W ≃ 5GeV and
Q2 ≃ 3.5GeV2. Thus, in sharp contrast to ω production,
the pion pole plays only a minor role in ρ0 production, it
is almost negligible. It increases the integrated cross sec-
tion only by about 2% for HERMES kinematics and is
similarly unimportant in most of the other observables.
Exceptions are U1 and P . As one may see from fig. 7 the
contribution from H̃ to U1 is tiny, much smaller than ex-
periment [32]. The pion-pole contribution, evaluated from
gπω/3 with gπω given in (22), enhances U1 but the result
is still somewhat small. Since P is close to 1 (see fig. 7) the
unnatural-parity contribution to the γ∗

T → ρT transitions
is much smaller than the natural-parity one.

Both the cross sections, the ω and the ρ0 one, decrease
by order of magnitude between W = 2 and 4GeV and
are about equal in that region [14, 37, 38]. This is to be
regarded as a hint that the pion pole is not responsible

for this decrease. Through what it is caused is as yet un-
known. Teryaev et al. [39] suggest that the so-called D
term [40] which we neglect in our parametrization of the
GPDs, may generate this effect. However, since the sharp
drop of the cross section between 2 and 4GeV is also seen
in ρ+ production [41] but not in the φ cross section [42]
this explanation must be taken with care. In any case be-
low about 3GeV there seems to be an additional strong
dynamical mechanism beyond our handbag approach and
the pion pole.

Through ω-φ mixing the pion pole also appears in elec-
troproduction of φ mesons. The πφ transition from factor
is related to the πω one by

gπφ(Q2) ≃ sin (ΦV )gπω(Q2). (29)

The vector-meson mixing angle, ΦV , in the quark-flavor
basis is very small, about 3 degrees, as obtained from the
ratio of the φ → πγ and ω → πγ decay widths [43]. Hence,
the neglect of the pion pole in φ production is beyond
doubt.

5 SDMEs

In this section we compare our results for the ω SDMEs
with the HERMES data [4]. Since we neglect the γ∗

T →
V−T transitions some of the SDMEs fall together, e.g.,
r1
1−1 = − Im r2

1−1; others are approximately equal. In each
such case we combine the SDMEs in one plot. A number
of SDMEs are very small or even zero. If this agrees with
experiment we do not display these SDMEs, e.g., r1

00 or
Im r3

10. The remaining SDMEs are shown versus Q2 in
fig. 8 and versus t′ in fig. 9. In general we observe fair
agreement between our results and the HERMES data.
The importance of the pion pole is clearly visible, some of
the SDMEs drastically change their values if the pion pole

GK, Eur. Phys. J. A 50 146 (2014)
HERMES, Eur. Phys. J. C 62 659 (2009)
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A Longitudinal double-spin asymmetry

The phase �
u

can be determined using the HERMES
data [43,44] taken with a longitudinally polarized hydro-
gen target with better accuracy than using measurements
with a transversely polarized hydrogen target. The lon-
gitudinal double-spin asymmetry in exclusive ⇢0-meson
electroproduction is defined as [43]
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Here, d� 1
2
/dt and d� 3

2
/dt denote the di↵erential cross

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

u

and
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can be determined using the HERMES
data [43,44] taken with a longitudinally polarized hydro-
gen target with better accuracy than using measurements
with a transversely polarized hydrogen target. The lon-
gitudinal double-spin asymmetry in exclusive ⇢0-meson
electroproduction is defined as [43]
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can be determined using the HERMES
data [43,44] taken with a longitudinally polarized hydro-
gen target with better accuracy than using measurements
with a transversely polarized hydrogen target. The lon-
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electroproduction is defined as [43]
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section for ⇢0-meson production with a transverse virtual
photon, where 1/2 and 3/2 are the total projections of
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gen target with better accuracy than using measurements
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electroproduction is defined as [43]
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A Longitudinal double-spin asymmetry

The phase �
u

can be determined using the HERMES
data [43,44] taken with a longitudinally polarized hydro-
gen target with better accuracy than using measurements
with a transversely polarized hydrogen target. The lon-
gitudinal double-spin asymmetry in exclusive ⇢0-meson
electroproduction is defined as [43]
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Here, d� 1
2
/dt and d� 3

2
/dt denote the di↵erential cross

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

u

and
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Fig. 6. Comparison of amplitude ratios determined in this paper to those calculated in the GK model, where the phase
convention from Eq. (9) is taken into account. The amplitude ratios that are set to zero in the GK model are not shown. The
inner (outer) error bars represent the statistical (total) uncertainty. An additional scale uncertainty of 8% originating from the

uncertainty on the target polarization is present for the ratios t

(2)
�V ��

, u(2)
�V ��

, but not shown. An extra scale uncertainty of 2%

originating from the uncertainty on the beam polarization is present for the ratios Im{t(1)�V ��
}, Re{t(2)�V ��

}, and Re{u(2)
�V ��

},
but also not shown. The amplitude ratios are ordered according to the classes proposed in Refs. [16, 37]. The red, filled circles
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calculation using the positive (negative) sign of the ⇡ � ⇢ transition form factor.
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data [43,44] taken with a longitudinally polarized hydro-
gen target with better accuracy than using measurements
with a transversely polarized hydrogen target. The lon-
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electroproduction is defined as [43]
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, but not shown. An extra scale uncertainty of 2%
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The phase �
u

can be determined using the HERMES
data [43,44] taken with a longitudinally polarized hydro-
gen target with better accuracy than using measurements
with a transversely polarized hydrogen target. The lon-
gitudinal double-spin asymmetry in exclusive ⇢0-meson
electroproduction is defined as [43]
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Here, d� 1
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/dt and d� 3

2
/dt denote the di↵erential cross

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

The phase �
u

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

section for ⇢0-meson production with a transverse virtual
photon, where 1/2 and 3/2 are the total projections of
the spins of �⇤ and p onto the photon momentum in the
�⇤p CM system, respectively. For the transformations in
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uncertainty on the target polarization is present for the ratios t
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, but not shown. An extra scale uncertainty of 2%

originating from the uncertainty on the beam polarization is present for the ratios Im{t(1)�V ��
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}, and Re{u(2)
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},
but also not shown. The amplitude ratios are ordered according to the classes proposed in Refs. [16, 37]. The red, filled circles
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The phase �
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can be determined using the HERMES
data [43,44] taken with a longitudinally polarized hydro-
gen target with better accuracy than using measurements
with a transversely polarized hydrogen target. The lon-
gitudinal double-spin asymmetry in exclusive ⇢0-meson
electroproduction is defined as [43]
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section for ⇢0-meson production with a transverse virtual
photon, where 1/2 and 3/2 are the total projections of
the spins of �⇤ and p onto the photon momentum in the
�⇤p CM system, respectively. For the transformations in
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• New: nucleon-helicity-flip ρ0 helicity amplitude ratios. 


Small/Consistent with zero.


• Good agreement with direct extraction of SDMEs.


• New SDMEs from ρ0 helicity amplitude ratios.


• Partial agreement with GK model. 


Positive πρ transition form factor.
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