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• Helicity amplitude ratios for hard exclusive ρ0 production 

• Spin-asymmetries in semi-inclusive DIS on transversely polarized hydrogen target 

• Beam-helicity asymmetry in semi-inclusive DIS on unpolarized hydrogen and deuterium targets
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Exclusive meson production 

• probe various types of GPDs with  

different sensitivity and different 

flavour combinations 

• complementary to DVCS

Target polarization state 

• unpolarized target:  

nucleon-helicity-non-flip GPDs H, H and  

ET=2HT+ET. 

• transversely polarized target: 

nucleon-helicity-flip GPDs E, E and HT.
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Exclusive ρ0 production:  
angular distribution
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• transversely polarized H target 
• longitudinally polarized e± 

• 8741 hard exclusive ρ0 events

3.0 GeV  W  6.3 GeV

1.0 GeV2  Q2  7.0 GeV2

0.0 GeV2  �t0  0.4 GeV2
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Results helicity ρ0 amplitude ratios
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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-

Eur. Phys. J. C 77 (2017) 378
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was not exploited in the analyses presented in Ref. [28].
While in Refs. [16] and [28] a total of 53 SDMEs could be
extracted, the amplitude method presented here allows
for the calculation of 71 SDMEs based on the extraction
of 25 parameters.

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

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

5.3 Comparison to amplitudes calculated in a

GPD-based handbag model

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

L

! V
L

and �⇤
T

! V
T

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

not shown. An extra scale uncertainty of 2% originating from the uncertainty on the beam polarization is present for the ratios
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was not exploited in the analyses presented in Ref. [28].
While in Refs. [16] and [28] a total of 53 SDMEs could be
extracted, the amplitude method presented here allows
for the calculation of 71 SDMEs based on the extraction
of 25 parameters.

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

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

5.3 Comparison to amplitudes calculated in a

GPD-based handbag model

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

L

! V
L

and �⇤
T

! V
T

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

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

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

5.3 Comparison to amplitudes calculated in a

GPD-based handbag model

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

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

◆�



F�V � 1
2��=�V

1
2
/

X

q,g

I
h
A⇥ Ea +A0 ⇥ ⇠Ẽa
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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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. (67)

Here, d� 1
2
/dt and d� 3

2
/dt denote the di↵erential cross

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

u

and
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(2)
�V ��

, u(2)
�V ��
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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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can be determined using the HERMES
data [43,44] taken with a longitudinally polarized hydro-
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|F1 1
2 1

1
2
|2 + |F1� 1

2 1�
1
2
|2 ⌘ 2Re{t(1)11 u

⇤(1)
11 }

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

. (67)

Here, d� 1
2
/dt and d� 3

2
/dt denote the di↵erential cross

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

u

and

• GPD H + pion pole. ~
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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
correspond to the extracted amplitude ratios and the blue, open triangles (squares) represent the result of the GK model
calculation using the positive (negative) sign of the ⇡ � ⇢ transition form factor.
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A Longitudinal double-spin asymmetry

The phase �
u

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

A⇢

1 =
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2
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2
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⇤(1)
11 }

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

. (67)

Here, d� 1
2
/dt and d� 3

2
/dt denote the di↵erential cross

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

u

and

• GPD E. 
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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
correspond to the extracted amplitude ratios and the blue, open triangles (squares) represent the result of the GK model
calculation using the positive (negative) sign of the ⇡ � ⇢ transition form factor.
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A Longitudinal double-spin asymmetry

The phase �
u

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

A⇢

1 =
d� 1

2
/dt� d� 3

2
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|t(1)11 |2 + |u(1)
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. (67)

Here, d� 1
2
/dt and d� 3

2
/dt denote the di↵erential cross

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

u

and

• Only pion pole. Positive form factor.
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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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A Longitudinal double-spin asymmetry

The phase �
u

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

A⇢

1 =
d� 1

2
/dt� d� 3

2
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2
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. (67)

Here, d� 1
2
/dt and d� 3

2
/dt denote the di↵erential cross

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

u

and

• GPD E. 
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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)
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, u(2)
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, but not shown. An extra scale uncertainty of 2%

originating from the uncertainty on the beam polarization is present for the ratios Im{t(1)�V ��
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A Longitudinal double-spin asymmetry

The phase �
u

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

A⇢

1 =
d� 1

2
/dt� d� 3
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11 |2

. (67)

Here, d� 1
2
/dt and d� 3

2
/dt denote the di↵erential cross

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

u

and

• GPD HT.



Eur. Phys. J. C 77 (2017) 378

Comparison ρ0 helicity amplitude ratios 
with GK model

10

18

Im u
(2)

1-1

Re u
(2)

1-1

Im t
(2)

1-1

Re t
(2)

1-1

Im t
(1)

1-1

Re t
(1)

1-1

Im u
(2)

10

Re u
(2)

10

Im t
(2)

10

Re t
(2)

10

Im t
(1)

10

Re t
(1)

10

Im u
(2)

01

Re u
(2)

01

Im t
(2)

01

Re t
(2)

01

Im t
(1)

01

Re t
(1)

01

Im t
(2)

00

Re t
(2)

00

Im u
(2)

11

Re u
(2)

11

Im t
(2)

11

Im u
(1)

11

Re u
(1)

11

Im t
(1)

11

Re t
(1)

11

-0.2 0 0.2 0.4 0.6 0.8 1

Im u
(2)

1-1

Re u
(2)

1-1

Im t
(2)

1-1

Re t
(2)

1-1

Im t
(1)

1-1

Re t
(1)

1-1

Im u
(2)

10

Re u
(2)

10

Im t
(2)

10

Re t
(2)

10

Im t
(1)

10

Re t
(1)

10

Im u
(2)

01

Re u
(2)

01

Im t
(2)

01

Re t
(2)

01

Im t
(1)

01

Re t
(1)

01

Im t
(2)

00

Re t
(2)

00

Im u
(2)

11

Re u
(2)

11

Im t
(2)

11

Im u
(1)

11

Re u
(1)

11

Im t
(1)

11

Re t
(1)

11

-0.2 0 0.2 0.4 0.6 0.8 1

Amplitude ratios

A:  γ* 
T
→ ρ T

B:  γ* 
L
→ ρ L

C: γ* 
T
 → ρ L

D: γ* 
L
→ ρ T

E: γ* 
T
 → ρ -T

HERMES data

GK model, positive sign of πρ FF

GK model, negative sign of πρ FF

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
correspond to the extracted amplitude ratios and the blue, open triangles (squares) represent the result of the GK model
calculation using the positive (negative) sign of the ⇡ � ⇢ transition form factor.
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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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11 |2

. (67)

Here, d� 1
2
/dt and d� 3

2
/dt denote the di↵erential cross

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

u

and

• Only pion pole. Positive form factor.
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other. One can see that the experimental data indeed show
some tension with the Soffer bound for the d quark in the
high-x region as predicted in Ref. [94]. This saturation
happens in the region not explored by the current exper-
imental data, so future data from Jefferson Lab 12 will be
very important to test the Soffer bound and to constrain the
transversity and tensor charge.
The functions themselves are slightly different as can be

seen by comparing solid and dashes lines in Fig. 27(a). In
fact Ref. [17] uses the tree-level TMD expression (no TMD
evolution) for extraction, and we use the NLL TMD
formalism. Results should be different even though in
asymmetries, as we saw, at low energies results with NLL
TMD are comparable with the tree level. At higher energies
and Q2, the situation changes, and extracted functions
must be different. At the same time, one should remember
TMD evolution does not act as a universal Q2 suppression
factor. A complicated Fourier transform should be per-
formed that mixes Q2 and b dependence, and thus the
resulting functions are different in shape but comparable in
magnitude. It is also very encouraging that tree-level TMD
extractions yielded results very similar to our NLL extrac-
tion. This makes the previous phenomenological results
valid even though the appropriate TMD evolution was not
taken into account. It also means that we need to have
experimental data on unpolarized cross sections differential
in Ph⊥. As we have seen, the effects of evolution should be
evident in the data, and those measurements will help to
establish the validity of the modern formulation of TMD
evolution.
We compare extracted Collins fragmentation functions

−zHð3ÞðzÞ in Fig. 28 at Q2 ¼ 2.4 GeV2 with the extraction
of Torino-Cagliari-JLab 2013 [17]. The resulting Collins
FFs have the same signs, but shapes and sizes are slightly
different. Indeed one could expect it as far as Q2 of eþe− is
different, and the evolution effect must be more evident. At
the same time, those functions for both tree-level and NLL

TMD give the same (or similar) theoretical asymmetries
that are well compared to the experimental data of SIDIS
and eþe−. The favored Collins fragmentation function is
much better determined by the existing data, as one can
see from Fig. 28 that the functions at Q2 ¼ 2.4 GeV2 are
compatible within error bands. The unfavored fragmenta-
tion functions are different; however, those functions are
not determined very well by existing experimental data.
We also compare the tensor change from our and other

extractions in Fig. 29. The contribution to the tensor charge
of Ref. [18] is found by extraction using the so-called
dihadron fragmentation function that couples to the col-
linear transversity distribution. The corresponding func-
tions have DGLAP-type evolution known at LO and were
used in Ref. [18]. The results plotted in Fig. 29 correspond
to our estimates of the contribution to the u quark and d
quark in the region of x½0.065; 0.35& at Q2 ¼ 10 GeV2 at
68% C.L. (label 1) and the contribution to the u quark and
d quark in the same region of x and the same Q2 using the
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FIG. 27. (a) Comparison of extracted transversity (solid lines and vertical-line hashed region) Q2 ¼ 2.4 GeV2 with the Torino-
Cagliari-JLab 2013 extraction [17] (dashed lines and shaded region). (b) Comparison of extracted transversity (solid lines and shaded
region) at Q2 ¼ 2.4 GeV2 with Pavia 2015 extraction [18] (shaded region).
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high-x region as predicted in Ref. [94]. This saturation
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and eþe−. The favored Collins fragmentation function is
much better determined by the existing data, as one can
see from Fig. 28 that the functions at Q2 ¼ 2.4 GeV2 are
compatible within error bands. The unfavored fragmenta-
tion functions are different; however, those functions are
not determined very well by existing experimental data.
We also compare the tensor change from our and other

extractions in Fig. 29. The contribution to the tensor charge
of Ref. [18] is found by extraction using the so-called
dihadron fragmentation function that couples to the col-
linear transversity distribution. The corresponding func-
tions have DGLAP-type evolution known at LO and were
used in Ref. [18]. The results plotted in Fig. 29 correspond
to our estimates of the contribution to the u quark and d
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232 COMPASS Collaboration / Physics Letters B 693 (2010) 227–235

Fig. 3. The quark helicity distributions x!u, x!d, x!u, x!d and x!s at Q 2
0 = 3 (GeV/c)2 as a function of x. The values for x < 0.3 (black dots) are derived at LO from the

COMPASS spin asymmetries using the DSS fragmentation functions [30]. Those at x > 0.3 (open squares) are derived from the values of the polarised structure function g1(x)
quoted in [20,35] assuming !q = 0. The bands at the bottom of each plot show the systematic errors. The curves show the predictions of the DSSV fit calculated at NLO [1].

The results for the quark helicity distributions !u, !d, !u,
!d and !s (!s = !s) are shown in Fig. 3. As for the asym-
metries, they are in good qualitative agreement with the results
from HERMES [14]. A quantitative comparison is not made here,
since the HERMES helicity distributions are extracted under dif-
ferent assumptions for the fragmentation functions and for the
unpolarised flavour distributions. In the range 0.3 < x < 0.7 three
additional values of !u and !d, derived from the g p

1 (x) and gd
1(x)

[35] structure functions, are also displayed. The gd
1(x) values in-

clude the target material corrections quoted in [20]. The dominant
contribution to the systematic error of !u and !d comes from
the uncertainty of the beam polarisation, which affects all data
in the same way and leads to an uncertainty of 5% for all fitted
values. The systematic error on the antiquark and strange quark
distributions is mainly due to possible false asymmetries gener-
ated by time-dependent effects on the detector acceptance. The
curves show the results of the DSSV fit at Next-to-Leading Order
(NLO) [1]. The comparison with the experimental results derived
at LO is thus only qualitative. Nevertheless, the curves reproduce
fairly well the shape of the data, confirming a previous observa-
tion that a direct extraction at LO provides a good estimate of the
shape of the helicity distributions [36]. The antiquark distributions,
!u and !d, do not show any significant variation in the x range
of the data, the former being consistent with zero, the latter being
slightly negative.

The values of the strange quark helicity distribution confirm
with slightly reduced errors the results obtained from the deuteron
data [17] alone. With the same fragmentation functions (DSS) no
significant variation of !s(x) is observed in the range of the data.
Only the first point at low x shows a small deviation from zero
(≈ 2.5σ ). This distribution is of special interest due to the appar-
ent contradiction between the SIDIS results and the negative first
moment derived [35] from the spin structure function g1(x). The
DSSV fit includes a negative contribution to !s for x ! 0.03, which
reconciles the inclusive and semi-inclusive results. The evaluation
of the first moment of !s(x) from inclusive measurements relies

Table 4
First moments of the quark helicity distributions at Q 2

0 = 3 (GeV/c)2 truncated to
the range of the measurements and derived with the DSS fragmentation functions.
The first error is statistical, the second one systematic. The values of the sea quark
distributions for x ! 0.3 are assumed to be zero.

x range 0.004 < x < 0.3 0.004 < x < 0.7

!u 0.47±0.02±0.03 0.69±0.02±0.03
!d −0.27±0.03±0.02 −0.33±0.04±0.03
!u 0.02±0.02±0.01 –
!d −0.05±0.03±0.02 –
!s(!s) −0.01±0.01±0.01 –

!uv 0.46±0.03±0.03 0.67±0.03±0.03
!dv −0.23±0.05±0.02 −0.28±0.06±0.03
!u − !d 0.06±0.04±0.02 –
!u + !d −0.03±0.03±0.01 –
!Σ 0.15±0.02±0.02 0.31±0.03±0.03

on the value of the octet axial charge a8, which is derived from
hyperon weak decays under the assumption of SU(3)f symmetry.
A recent model calculation suggests that a8 may be substantially
reduced and become close to the singlet axial charge a0 extracted
from the data [16]. In this case the inclusive data would no longer
imply a negative value of !s. Finally, as pointed out in our pre-
vious paper [17], one has to keep in mind that the semi-inclusive
results on !s(x) strongly depend on the choice of a set of fragmen-
tation functions. This dependence is quantified in the next section.

The first moments of the helicity distributions truncated to the
range of the measurements are listed in Table 4. The missing con-
tributions at low and at high x have been evaluated by extrap-
olating the measured values and alternatively by using the DSSV
parameterisation [1]. The contributions at high x are all small and
do not exceed 0.01. The two methods lead to similar values for
the valence quark moments !uv = !u − !u and !dv = !d − !d.
In contrast, they differ for the sea quark moments and particu-
larly for !s due to the sizable low-x contribution assumed in the
DSSV fit. The resulting full first moments for both methods are
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olating the measured values and alternatively by using the DSSV
parameterisation [1]. The contributions at high x are all small and
do not exceed 0.01. The two methods lead to similar values for
the valence quark moments !uv = !u − !u and !dv = !d − !d.
In contrast, they differ for the sea quark moments and particu-
larly for !s due to the sizable low-x contribution assumed in the
DSSV fit. The resulting full first moments for both methods are
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Fig. 3. The quark helicity distributions x!u, x!d, x!u, x!d and x!s at Q 2
0 = 3 (GeV/c)2 as a function of x. The values for x < 0.3 (black dots) are derived at LO from the

COMPASS spin asymmetries using the DSS fragmentation functions [30]. Those at x > 0.3 (open squares) are derived from the values of the polarised structure function g1(x)
quoted in [20,35] assuming !q = 0. The bands at the bottom of each plot show the systematic errors. The curves show the predictions of the DSSV fit calculated at NLO [1].

The results for the quark helicity distributions !u, !d, !u,
!d and !s (!s = !s) are shown in Fig. 3. As for the asym-
metries, they are in good qualitative agreement with the results
from HERMES [14]. A quantitative comparison is not made here,
since the HERMES helicity distributions are extracted under dif-
ferent assumptions for the fragmentation functions and for the
unpolarised flavour distributions. In the range 0.3 < x < 0.7 three
additional values of !u and !d, derived from the g p

1 (x) and gd
1(x)

[35] structure functions, are also displayed. The gd
1(x) values in-

clude the target material corrections quoted in [20]. The dominant
contribution to the systematic error of !u and !d comes from
the uncertainty of the beam polarisation, which affects all data
in the same way and leads to an uncertainty of 5% for all fitted
values. The systematic error on the antiquark and strange quark
distributions is mainly due to possible false asymmetries gener-
ated by time-dependent effects on the detector acceptance. The
curves show the results of the DSSV fit at Next-to-Leading Order
(NLO) [1]. The comparison with the experimental results derived
at LO is thus only qualitative. Nevertheless, the curves reproduce
fairly well the shape of the data, confirming a previous observa-
tion that a direct extraction at LO provides a good estimate of the
shape of the helicity distributions [36]. The antiquark distributions,
!u and !d, do not show any significant variation in the x range
of the data, the former being consistent with zero, the latter being
slightly negative.

The values of the strange quark helicity distribution confirm
with slightly reduced errors the results obtained from the deuteron
data [17] alone. With the same fragmentation functions (DSS) no
significant variation of !s(x) is observed in the range of the data.
Only the first point at low x shows a small deviation from zero
(≈ 2.5σ ). This distribution is of special interest due to the appar-
ent contradiction between the SIDIS results and the negative first
moment derived [35] from the spin structure function g1(x). The
DSSV fit includes a negative contribution to !s for x ! 0.03, which
reconciles the inclusive and semi-inclusive results. The evaluation
of the first moment of !s(x) from inclusive measurements relies

Table 4
First moments of the quark helicity distributions at Q 2

0 = 3 (GeV/c)2 truncated to
the range of the measurements and derived with the DSS fragmentation functions.
The first error is statistical, the second one systematic. The values of the sea quark
distributions for x ! 0.3 are assumed to be zero.

x range 0.004 < x < 0.3 0.004 < x < 0.7

!u 0.47±0.02±0.03 0.69±0.02±0.03
!d −0.27±0.03±0.02 −0.33±0.04±0.03
!u 0.02±0.02±0.01 –
!d −0.05±0.03±0.02 –
!s(!s) −0.01±0.01±0.01 –

!uv 0.46±0.03±0.03 0.67±0.03±0.03
!dv −0.23±0.05±0.02 −0.28±0.06±0.03
!u − !d 0.06±0.04±0.02 –
!u + !d −0.03±0.03±0.01 –
!Σ 0.15±0.02±0.02 0.31±0.03±0.03

on the value of the octet axial charge a8, which is derived from
hyperon weak decays under the assumption of SU(3)f symmetry.
A recent model calculation suggests that a8 may be substantially
reduced and become close to the singlet axial charge a0 extracted
from the data [16]. In this case the inclusive data would no longer
imply a negative value of !s. Finally, as pointed out in our pre-
vious paper [17], one has to keep in mind that the semi-inclusive
results on !s(x) strongly depend on the choice of a set of fragmen-
tation functions. This dependence is quantified in the next section.

The first moments of the helicity distributions truncated to the
range of the measurements are listed in Table 4. The missing con-
tributions at low and at high x have been evaluated by extrap-
olating the measured values and alternatively by using the DSSV
parameterisation [1]. The contributions at high x are all small and
do not exceed 0.01. The two methods lead to similar values for
the valence quark moments !uv = !u − !u and !dv = !d − !d.
In contrast, they differ for the sea quark moments and particu-
larly for !s due to the sizable low-x contribution assumed in the
DSSV fit. The resulting full first moments for both methods are
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One can see from Fig. 3 that indeed quadrupole
deformation of the distribution is clearly present due to
pretzelosity.
Results of the description of COMPASS [12,15] data on

h# production are presented in Fig. 4 for a proton (NH3)
target and in Fig. 5 for a deuteron (LiD) target. One can see
that the expected asymmetry is very small especially for z
and PhT dependence; the reason is that COMPASS hxi≃
0.03 is quite small and pretzelosity quickly diminishes at
small x. However, the error corridor is quite large. In
addition, cancellation of u and d pretzelosities makes
asymmetries on the deuteron target vanishing; see
Fig. 5. Indeed for hþ production on a deuteron target,
Fsinð3ϕh−ϕSÞ
UT ∝4ðh⊥u

1T þh⊥d
1T ÞH

⊥fav
1 þðh⊥u

1T þh⊥d
1T ÞH

⊥unfav
1 ∼0

because our result indicates that h⊥u
1T þ h⊥d

1T ∼ 0. Overall
smallness of asymmetry on the proton target in Fig. 4 is due
to the suppression factor z2P3

hT. Our result also indicates
that pretzelosity diminishes as x becomes smaller; thus, we

have almost vanishing results for small values of x. We
cannot of course exclude possible contribution from sea
quarks or bigger values of pretzelosity in the small-x
region. Note that our results are scaled by DNN in order
to be compared to the COMPASS data.
The results of the description of preliminary experimen-

tal HERMES [16–18] data for πþ and π− production on a
proton target are presented in Fig. 6. Note that schemati-

cally for πþ production on the proton target Fsinð3ϕh−ϕSÞ
UT ∝

4h⊥u
1T H

⊥fav
1 þh⊥d

1T H
⊥unfav
1 and because our result indicates

that h⊥u
1T H

⊥fav
1 >0 and h⊥d

1T H
⊥unfav
1 >0, the asymmetry

is effectively enhanced and positive for πþ. Similarly

for π− we have Fsinð3ϕh−ϕSÞ
UT ∝ 4h⊥ð1Þu

1T H⊥ð1=2Þunfav
1 þ

h⊥ð1Þd
1T H⊥ð1=2Þfav

1 < 0.
The smallness of the asymmetry in Fig. 6 is explained by

suppression factor z2P3
hT, as far as the average values of

HERMES are hzi≃ 0.36 and hPhTi≃ 0.4 ðGeVÞ and thus
z2P3

hT ≃ 0.008 ðGeV3Þ. This makes possible values of the
asymmetry be well below 1%.
Fit of the neutron data on π# production from JLab 6

[19] is shown in Fig. 7. The sign of the asymmetry for πþ is
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twist-3
integrate over hadron transverse momentum Ph?

hsin(�S)iUT = �x
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no convolution
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increasing with x, z
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+ �l 2hsin(�)ihLU sin(�)

+ SL
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2hsin(�)ihUL sin(�) + 2hsin(2�)ihUL sin(2�)
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⇣

2hcos(0�)ihLL cos(0�) + 2hcos(�)ihLL cos(�)
⌘i

+ ST
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2hsin(�� �S)ihUT sin(�� �S) + 2h sin(�+ �S)ihUT sin(�+ �S)

+ 2hsin(3�� �S)ihUT sin(3�� �S) + 2hsin(�S)ihUT sin(�S)
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Presented amplitudes
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• Unpolarized and longitudinally polarized e+/e- beam 
• Transversely polarized H target: fit all amplitudes simultaneously 
• Unpolarized H and D target 

Results for charged pions, kaons, (anti-)protons

• Longitudinally polarized e+/e- beam 
• Unpolarized H and D target

Results for charged pions, kaons, (anti-)protons
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Chiral-odd T-even  
twist-3 PDF Collins FF

e(x) = e

WW(x) + ē(x)
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Z 1

0
dx x

2
ē(x)

force on struck quark at t=0 
M. Burkardt, arXiv:0810.3589

Boer-Mulders PDF

FSI
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Chiral-odd T-even  
twist-3 PDF Collins FF
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WW(x) + ē(x)
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force on struck quark at t=0 
M. Burkardt, arXiv:0810.3589

Boer-Mulders PDF

FSI
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Sivers PDF

FSI

M. Burkardt, arXiv:0810.3589

g2(x) () Sivers PDF
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Chiral-even T-odd 
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spin-independent 
FF

hsin(�)ihLU / C
h
h?
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Chiral-even T-odd 
twist-3 PDF

spin-independent 
FF

Only term to survive in TMD single-jet inclusive DIS 

e+ p ! e0 + jet +X

hsin(�)ihLU / C
h
h?
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spin-independent 
PDF

chiral-even, T-odd 
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• Agreement H and D data 
• Positive results for pions 
• Other hadrons consistent with zero 
• No clear kinematic dependencies en 3D 
• No 3D for anti-protons
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           Twist-3:                  hsin(�)ihLU

• Both measurements give compatible results
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           Twist-3:                  hsin(�)ihLU

• Opposite behaviour for π- z projection due to different x range probed 
• CLAS probes higher x region: more sensitive to         ?   e⇥H?

1

hsin(�)ihLU / C
h
h?
1 ⇥ Ẽ, x e⇥H?

1 , x g? ⇥D1, f1 ⇥ G̃?
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