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Inclusive electro-production of charged mesons

Introduction

Inclusive electro-production
of charged 𝝅’s and K’s off a transversely polarized nucleon
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Transverse SSA

Introduction
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>> Experimental: 
★ Large values of AN were observed in p↑p→hX 

reactions, but never measured in lN↑→hX.
★ Measurement of Sivers[2] and Collins[3] effects 

in semi-inclusive DIS: lN↑→l’hX.
★ High-statistics data set on lN↑→hX at HERMES.
★ Involves detecting only one hadron in final state.

>> Theoretical: Two existing approaches:
★ TMD’s and fragmentations functions[4] (Q2≫ΛQCD2).

Sivers and Collins effects.
★ Twist-3 parton correlation functions[5] (PT≫ΛQCD). 
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Fig. 2. Collins amplitudes for pions and charged kaons as a function
of x, z, or Ph⊥. The systematic uncertainty is given as a band at the
bottom of each panel. In addition there is a 7.3% scale uncertainty
from the accuracy in the measurement of the target polarization.

of all these effects was estimated using a Pythia6 Monte
Carlo simulation [32] tuned to Hermes hadron multiplicity
data and exclusive vector-meson production data [33–35]
and including a full simulation of the Hermes spectrom-
eter. A polarization state was assigned to each generated
event using a model that reflects the (transverse target) po-
larization dependent part of the cross section (see Eq. (1)).
This model was obtained through a fully differential (i.e
differential in the four relevant kinematic variables x, Q2,
z, and Ph⊥) 2nd order polynomial fit [36,37] of real data.
The asymmetry amplitudes, extracted from the simulated
data by means of the same analysis procedure used for the
real data, were then compared with the model, evaluated
in each bin at the mean kinematics, to obtain an estimate
of the global impact of the effects listed above. The result
was included in the systematic uncertainty and constitutes
the largest contribution. It accounts for effects of nonlin-
earity of the model, as it includes the difference in each bin
between the average model and the model evaluated at the
average kinematics. The impact on the extracted ampli-
tudes of contributions [30] from the non-vanishing longitu-
dinal target-spin component was estimated based on previ-

ous measurements of single-spin asymmetries for longitu-
dinally polarized protons [38,39]. The resulting relatively
small effect was included in the systematic uncertainty.

A Monte Carlo simulation was used to estimate the frac-
tion of pions and kaons originating from the decay of ex-
clusively produced vector mesons, updating previous re-
sults reported in Ref. [40]. For charged pions, this fraction
is dominated by the decay of ρ0 mesons and, in the kine-
matic region covered by the present analysis, is of the or-
der of 6-7%. The vector-meson fractions for neutral pions
and charged kaons are of the order of 2-3%. The z and Ph⊥

dependences of the fraction of pions and kaons stemming
from the decay of exclusively produced vector mesons are
shown in [16] for the two kinematic regions Q2 < 4 GeV2

and Q2 > 4 GeV2 (the x dependence was not reported due
to the strong correlation between x and Q2 in the data).
They exhibit maxima at high z and low Ph⊥. These con-
tributions are considered part of the signal and were not
used to correct the pion and kaon yields analysed in the
present work. However, this information can be useful for
the interpretation of the results.

In general, the non-vanishing amplitudes shown in Fig. 2
increase in magnitude with x. This is consistent with the
expectation that transversity mainly receives contributions
from the valence quarks. A non negligible contribution from
the sea quarks cannot be excluded, but is not expected to
be large due to the fact that transversity cannot be gener-
ated in gluon splitting. The amplitudes are also found to
increase with z, in qualitative agreement with the results
for the Collins fragmentation function from the Belle ex-
periment [24,25]. The results of Fig. 2 also show that the
π− amplitude is of opposite sign to that of π+ and larger in
magnitude. A possible explanation is dominance of u fla-
vor among struck quarks, in conjunction with a substantial
magnitude with opposite sign of the disfavored Collins frag-
mentation function describing, e.g, the fragmentation of u
quarks into π− mesons, as already suggested in Ref. [17].
Opposite signs for the favored and disfavored Collins frag-
mentation functions are not in contradiction to the Belle

results [24,25] and are supported by the combined fits re-
ported in [22]. They can be understood in light of the
string model of fragmentation [41] (and also of the Schäfer–
Teryaev sum rule [42]). If a favored pion is created at the
string end by the first break, a disfavored pion from the next
break is likely to inherit transverse momentum in the op-
posite direction. The string fragmentation model, the base
of the successful and widespread Jetset generator [43],
predicts such a Ph⊥ strong negative correlation between
favored and disfavored pions.

Under the assumption of isospin symmetry, the fragmen-
tation functions for neutral pions are assumed equal to the
average of those for charged pions. Factorization of the
semi-inclusive cross section results in the following isospin
relation for the Collins amplitudes for pions:

⟨sin(φ + φS)⟩π
+

UT + C⟨sin(φ + φS)⟩π
−

UT

− (1 + C)⟨sin(φ + φS)⟩π
0

UT = 0 ,
(5)
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FIG. 1: Sivers amplitudes for pions, charged kaons, and the
pion-difference asymmetry (as denoted in the panels) as func-
tions of x, z, or Ph⊥. The systematic uncertainty is given as a
band at the bottom of each panel. In addition there is a 7.3%
scale uncertainty from the target-polarization measurement.

In order to further examine the influence of exclusive
vector-meson decay and other possible 1

Q2 -suppressed
contributions, several studies were performed. Raising
the lower limit of Q2 to 4 GeV2 eliminates a large part
of the vector-meson contribution. Because of strong cor-
relations between x and Q2 in the data, this is presented
only for the z and Ph⊥ dependences. No influence of the
vector-meson fraction on the asymmetries is visible as
shown in Fig. 2. For the x dependence shown in Fig. 3,
each bin was divided into two Q2 regions below and above
the corresponding average Q2 (⟨Q2(xi)⟩) for that x bin.
While the averages of the kinematics integrated over in
those x bins do not differ significantly, the ⟨Q2⟩ values
for the two Q2 ranges change by a factor of about 1.7.
The asymmetries do not change by as much as would
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FIG. 2: Sivers amplitudes for π+ (left) and K+ (right) as
functions of z or Ph⊥, compared for two different ranges in Q2

(high-Q2 points are slightly shifted horizontally). The corre-
sponding fraction of pions and kaons stemming from exclusive
vector mesons, extracted from a Monte Carlo simulation, is
provided in the bottom panels.
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FIG. 3: Sivers amplitudes for π+ (left) and K+ (right) as
functions of x. The Q2 range for each bin was divided into
the two regions above and below ⟨Q2(xi)⟩ of that bin. In the
bottom the average Q2 values are given for the two Q2 ranges.

have been expected for a sizable 1
Q2 -suppressed contri-

bution, e.g., the one from longitudinal photons to the
spin-(in)dependent cross section. However, while the π+

asymmetries for the two Q2 regions are fully consistent,
there is a hint of systematically smaller K+ asymmetries
in the large-Q2 region.

An interesting facet of the data is the difference in the
π+ and K+ amplitudes shown in Fig. 4. On the basis
of u-quark dominance, i.e., the dominant contribution to
π+ and K+ production from scattering off u-quarks, one
might naively expect that the π+ and K+ amplitudes
should be similar. The difference in the π+ and K+

amplitudes may thus point to a significant role of other
quark flavors, e.g., sea quarks. Strictly speaking, even in
the case of scattering solely off u-quarks, the fragmenta-
tion function D1, contained in both the numerator and
denominator in Eq. (2), does not cancel in general as it
appears in convolution integrals. This can lead not only
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Fig. 2. Collins amplitudes for pions and charged kaons as a function
of x, z, or Ph⊥. The systematic uncertainty is given as a band at the
bottom of each panel. In addition there is a 7.3% scale uncertainty
from the accuracy in the measurement of the target polarization.

of all these effects was estimated using a Pythia6 Monte
Carlo simulation [32] tuned to Hermes hadron multiplicity
data and exclusive vector-meson production data [33–35]
and including a full simulation of the Hermes spectrom-
eter. A polarization state was assigned to each generated
event using a model that reflects the (transverse target) po-
larization dependent part of the cross section (see Eq. (1)).
This model was obtained through a fully differential (i.e
differential in the four relevant kinematic variables x, Q2,
z, and Ph⊥) 2nd order polynomial fit [36,37] of real data.
The asymmetry amplitudes, extracted from the simulated
data by means of the same analysis procedure used for the
real data, were then compared with the model, evaluated
in each bin at the mean kinematics, to obtain an estimate
of the global impact of the effects listed above. The result
was included in the systematic uncertainty and constitutes
the largest contribution. It accounts for effects of nonlin-
earity of the model, as it includes the difference in each bin
between the average model and the model evaluated at the
average kinematics. The impact on the extracted ampli-
tudes of contributions [30] from the non-vanishing longitu-
dinal target-spin component was estimated based on previ-

ous measurements of single-spin asymmetries for longitu-
dinally polarized protons [38,39]. The resulting relatively
small effect was included in the systematic uncertainty.

A Monte Carlo simulation was used to estimate the frac-
tion of pions and kaons originating from the decay of ex-
clusively produced vector mesons, updating previous re-
sults reported in Ref. [40]. For charged pions, this fraction
is dominated by the decay of ρ0 mesons and, in the kine-
matic region covered by the present analysis, is of the or-
der of 6-7%. The vector-meson fractions for neutral pions
and charged kaons are of the order of 2-3%. The z and Ph⊥

dependences of the fraction of pions and kaons stemming
from the decay of exclusively produced vector mesons are
shown in [16] for the two kinematic regions Q2 < 4 GeV2

and Q2 > 4 GeV2 (the x dependence was not reported due
to the strong correlation between x and Q2 in the data).
They exhibit maxima at high z and low Ph⊥. These con-
tributions are considered part of the signal and were not
used to correct the pion and kaon yields analysed in the
present work. However, this information can be useful for
the interpretation of the results.

In general, the non-vanishing amplitudes shown in Fig. 2
increase in magnitude with x. This is consistent with the
expectation that transversity mainly receives contributions
from the valence quarks. A non negligible contribution from
the sea quarks cannot be excluded, but is not expected to
be large due to the fact that transversity cannot be gener-
ated in gluon splitting. The amplitudes are also found to
increase with z, in qualitative agreement with the results
for the Collins fragmentation function from the Belle ex-
periment [24,25]. The results of Fig. 2 also show that the
π− amplitude is of opposite sign to that of π+ and larger in
magnitude. A possible explanation is dominance of u fla-
vor among struck quarks, in conjunction with a substantial
magnitude with opposite sign of the disfavored Collins frag-
mentation function describing, e.g, the fragmentation of u
quarks into π− mesons, as already suggested in Ref. [17].
Opposite signs for the favored and disfavored Collins frag-
mentation functions are not in contradiction to the Belle

results [24,25] and are supported by the combined fits re-
ported in [22]. They can be understood in light of the
string model of fragmentation [41] (and also of the Schäfer–
Teryaev sum rule [42]). If a favored pion is created at the
string end by the first break, a disfavored pion from the next
break is likely to inherit transverse momentum in the op-
posite direction. The string fragmentation model, the base
of the successful and widespread Jetset generator [43],
predicts such a Ph⊥ strong negative correlation between
favored and disfavored pions.

Under the assumption of isospin symmetry, the fragmen-
tation functions for neutral pions are assumed equal to the
average of those for charged pions. Factorization of the
semi-inclusive cross section results in the following isospin
relation for the Collins amplitudes for pions:
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FIG. 1: Sivers amplitudes for pions, charged kaons, and the
pion-difference asymmetry (as denoted in the panels) as func-
tions of x, z, or Ph⊥. The systematic uncertainty is given as a
band at the bottom of each panel. In addition there is a 7.3%
scale uncertainty from the target-polarization measurement.

In order to further examine the influence of exclusive
vector-meson decay and other possible 1

Q2 -suppressed
contributions, several studies were performed. Raising
the lower limit of Q2 to 4 GeV2 eliminates a large part
of the vector-meson contribution. Because of strong cor-
relations between x and Q2 in the data, this is presented
only for the z and Ph⊥ dependences. No influence of the
vector-meson fraction on the asymmetries is visible as
shown in Fig. 2. For the x dependence shown in Fig. 3,
each bin was divided into two Q2 regions below and above
the corresponding average Q2 (⟨Q2(xi)⟩) for that x bin.
While the averages of the kinematics integrated over in
those x bins do not differ significantly, the ⟨Q2⟩ values
for the two Q2 ranges change by a factor of about 1.7.
The asymmetries do not change by as much as would
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functions of z or Ph⊥, compared for two different ranges in Q2

(high-Q2 points are slightly shifted horizontally). The corre-
sponding fraction of pions and kaons stemming from exclusive
vector mesons, extracted from a Monte Carlo simulation, is
provided in the bottom panels.
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FIG. 3: Sivers amplitudes for π+ (left) and K+ (right) as
functions of x. The Q2 range for each bin was divided into
the two regions above and below ⟨Q2(xi)⟩ of that bin. In the
bottom the average Q2 values are given for the two Q2 ranges.

have been expected for a sizable 1
Q2 -suppressed contri-

bution, e.g., the one from longitudinal photons to the
spin-(in)dependent cross section. However, while the π+

asymmetries for the two Q2 regions are fully consistent,
there is a hint of systematically smaller K+ asymmetries
in the large-Q2 region.

An interesting facet of the data is the difference in the
π+ and K+ amplitudes shown in Fig. 4. On the basis
of u-quark dominance, i.e., the dominant contribution to
π+ and K+ production from scattering off u-quarks, one
might naively expect that the π+ and K+ amplitudes
should be similar. The difference in the π+ and K+

amplitudes may thus point to a significant role of other
quark flavors, e.g., sea quarks. Strictly speaking, even in
the case of scattering solely off u-quarks, the fragmenta-
tion function D1, contained in both the numerator and
denominator in Eq. (2), does not cancel in general as it
appears in convolution integrals. This can lead not only
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In order to further examine the influence of exclusive
vector-meson decay and other possible 1

Q2 -suppressed
contributions, several studies were performed. Raising
the lower limit of Q2 to 4 GeV2 eliminates a large part
of the vector-meson contribution. Because of strong cor-
relations between x and Q2 in the data, this is presented
only for the z and Ph⊥ dependences. No influence of the
vector-meson fraction on the asymmetries is visible as
shown in Fig. 2. For the x dependence shown in Fig. 3,
each bin was divided into two Q2 regions below and above
the corresponding average Q2 (⟨Q2(xi)⟩) for that x bin.
While the averages of the kinematics integrated over in
those x bins do not differ significantly, the ⟨Q2⟩ values
for the two Q2 ranges change by a factor of about 1.7.
The asymmetries do not change by as much as would
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bution, e.g., the one from longitudinal photons to the
spin-(in)dependent cross section. However, while the π+

asymmetries for the two Q2 regions are fully consistent,
there is a hint of systematically smaller K+ asymmetries
in the large-Q2 region.

An interesting facet of the data is the difference in the
π+ and K+ amplitudes shown in Fig. 4. On the basis
of u-quark dominance, i.e., the dominant contribution to
π+ and K+ production from scattering off u-quarks, one
might naively expect that the π+ and K+ amplitudes
should be similar. The difference in the π+ and K+

amplitudes may thus point to a significant role of other
quark flavors, e.g., sea quarks. Strictly speaking, even in
the case of scattering solely off u-quarks, the fragmenta-
tion function D1, contained in both the numerator and
denominator in Eq. (2), does not cancel in general as it
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Fig. 2. Collins amplitudes for pions and charged kaons as a function
of x, z, or Ph⊥. The systematic uncertainty is given as a band at the
bottom of each panel. In addition there is a 7.3% scale uncertainty
from the accuracy in the measurement of the target polarization.

of all these effects was estimated using a Pythia6 Monte
Carlo simulation [32] tuned to Hermes hadron multiplicity
data and exclusive vector-meson production data [33–35]
and including a full simulation of the Hermes spectrom-
eter. A polarization state was assigned to each generated
event using a model that reflects the (transverse target) po-
larization dependent part of the cross section (see Eq. (1)).
This model was obtained through a fully differential (i.e
differential in the four relevant kinematic variables x, Q2,
z, and Ph⊥) 2nd order polynomial fit [36,37] of real data.
The asymmetry amplitudes, extracted from the simulated
data by means of the same analysis procedure used for the
real data, were then compared with the model, evaluated
in each bin at the mean kinematics, to obtain an estimate
of the global impact of the effects listed above. The result
was included in the systematic uncertainty and constitutes
the largest contribution. It accounts for effects of nonlin-
earity of the model, as it includes the difference in each bin
between the average model and the model evaluated at the
average kinematics. The impact on the extracted ampli-
tudes of contributions [30] from the non-vanishing longitu-
dinal target-spin component was estimated based on previ-

ous measurements of single-spin asymmetries for longitu-
dinally polarized protons [38,39]. The resulting relatively
small effect was included in the systematic uncertainty.

A Monte Carlo simulation was used to estimate the frac-
tion of pions and kaons originating from the decay of ex-
clusively produced vector mesons, updating previous re-
sults reported in Ref. [40]. For charged pions, this fraction
is dominated by the decay of ρ0 mesons and, in the kine-
matic region covered by the present analysis, is of the or-
der of 6-7%. The vector-meson fractions for neutral pions
and charged kaons are of the order of 2-3%. The z and Ph⊥

dependences of the fraction of pions and kaons stemming
from the decay of exclusively produced vector mesons are
shown in [16] for the two kinematic regions Q2 < 4 GeV2

and Q2 > 4 GeV2 (the x dependence was not reported due
to the strong correlation between x and Q2 in the data).
They exhibit maxima at high z and low Ph⊥. These con-
tributions are considered part of the signal and were not
used to correct the pion and kaon yields analysed in the
present work. However, this information can be useful for
the interpretation of the results.

In general, the non-vanishing amplitudes shown in Fig. 2
increase in magnitude with x. This is consistent with the
expectation that transversity mainly receives contributions
from the valence quarks. A non negligible contribution from
the sea quarks cannot be excluded, but is not expected to
be large due to the fact that transversity cannot be gener-
ated in gluon splitting. The amplitudes are also found to
increase with z, in qualitative agreement with the results
for the Collins fragmentation function from the Belle ex-
periment [24,25]. The results of Fig. 2 also show that the
π− amplitude is of opposite sign to that of π+ and larger in
magnitude. A possible explanation is dominance of u fla-
vor among struck quarks, in conjunction with a substantial
magnitude with opposite sign of the disfavored Collins frag-
mentation function describing, e.g, the fragmentation of u
quarks into π− mesons, as already suggested in Ref. [17].
Opposite signs for the favored and disfavored Collins frag-
mentation functions are not in contradiction to the Belle

results [24,25] and are supported by the combined fits re-
ported in [22]. They can be understood in light of the
string model of fragmentation [41] (and also of the Schäfer–
Teryaev sum rule [42]). If a favored pion is created at the
string end by the first break, a disfavored pion from the next
break is likely to inherit transverse momentum in the op-
posite direction. The string fragmentation model, the base
of the successful and widespread Jetset generator [43],
predicts such a Ph⊥ strong negative correlation between
favored and disfavored pions.

Under the assumption of isospin symmetry, the fragmen-
tation functions for neutral pions are assumed equal to the
average of those for charged pions. Factorization of the
semi-inclusive cross section results in the following isospin
relation for the Collins amplitudes for pions:

⟨sin(φ + φS)⟩π
+

UT + C⟨sin(φ + φS)⟩π
−

UT

− (1 + C)⟨sin(φ + φS)⟩π
0

UT = 0 ,
(5)
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In order to further examine the influence of exclusive
vector-meson decay and other possible 1

Q2 -suppressed
contributions, several studies were performed. Raising
the lower limit of Q2 to 4 GeV2 eliminates a large part
of the vector-meson contribution. Because of strong cor-
relations between x and Q2 in the data, this is presented
only for the z and Ph⊥ dependences. No influence of the
vector-meson fraction on the asymmetries is visible as
shown in Fig. 2. For the x dependence shown in Fig. 3,
each bin was divided into two Q2 regions below and above
the corresponding average Q2 (⟨Q2(xi)⟩) for that x bin.
While the averages of the kinematics integrated over in
those x bins do not differ significantly, the ⟨Q2⟩ values
for the two Q2 ranges change by a factor of about 1.7.
The asymmetries do not change by as much as would
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sponding fraction of pions and kaons stemming from exclusive
vector mesons, extracted from a Monte Carlo simulation, is
provided in the bottom panels.
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have been expected for a sizable 1
Q2 -suppressed contri-

bution, e.g., the one from longitudinal photons to the
spin-(in)dependent cross section. However, while the π+

asymmetries for the two Q2 regions are fully consistent,
there is a hint of systematically smaller K+ asymmetries
in the large-Q2 region.

An interesting facet of the data is the difference in the
π+ and K+ amplitudes shown in Fig. 4. On the basis
of u-quark dominance, i.e., the dominant contribution to
π+ and K+ production from scattering off u-quarks, one
might naively expect that the π+ and K+ amplitudes
should be similar. The difference in the π+ and K+

amplitudes may thus point to a significant role of other
quark flavors, e.g., sea quarks. Strictly speaking, even in
the case of scattering solely off u-quarks, the fragmenta-
tion function D1, contained in both the numerator and
denominator in Eq. (2), does not cancel in general as it
appears in convolution integrals. This can lead not only
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Similarity between Sivers and inclusive SSA
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The HERMES experiment

Measuring the SSA

7

★Lepton e+/e- beam of 27.6 GeV.
★Transversely polarized pure H target.

Polarization state reversed every 1-3 min.

52 3. HERMES

PETRA

electrons
protons

LINAC I & II

DESY

HERA

Figure 3.1. Schematic view of the HERA accelerator.

A schematic view of HERA is shown in Fig. 3.1. The tunnel consisted of four circular
arcs joined by four straight segments (each 360 m long) where four large experimental halls
housed the H1, HERA-B, HERMES and ZEUS detectors. The proton beam with energy of
920 GeV and the 27.6 GeV electron beam were originally used by the collider experiments
H1 and ZEUS to obtain direct head-on electron-proton collisions at center-of-mass energies
of about 300 GeV. After 1995, the fixed-target experiment HERMES in addition studied the
nucleon spin by making the electron beam traverse a gas with spin-polarized nucleons. For a
shorter time, at the HERA-B experiment, CP-violation in the decay of B-mesons was aimed
to be measured by colliding the HERA protons with the atomic nuclei of a fast moving thin
target wire. The electrons and protons were pre-accelerated before their injection into the
HERA rings. This was done by a couple of linear accelerators (LINAC and LINAC II) plus
a synchrotron accelerator (named originally DESY) and the PETRA ring, the other main
accelerator at DESY. The protons were obtained from a source of H� ions with an energy of
50 MeV provided by the LINAC, accelerated to about 7.5 GeV in the synchrotron and then
injected into the PETRA ring after removing the electrons. The electron beam was initially
accelerated up to 200 MeV in the LINAC II and then up to 7.5 GeV in the synchrotron. At
the PETRA ring, electrons reached an energy of 14 GeV, and protons of about 40 GeV,
before their final injection into HERA.

The broad physics program of the four involved experiments made the HERA accelerator
a pioneering one in various aspects [112], most remarkably in the use of two colliding
beams of particles with di0erent masses. The development of the technology necessary for

HERA accelerator at
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Measuring the SSA
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The asymmetry amplitude

Measuring the SSA
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★ The asymmetry amplitudes are positive for 𝛑+ 
and K+ and compatible with zero for 
𝛑- and K-.

★ A clear two-fold structure in PT. 
The amplitudes increase with PT up to ~0.6 
(~0.9) at PT~0.8 GeV for 𝛑+(K+).
From this point on, the tendency is inverted.
For 𝛑+ there is a hint of another rise at high PT, 
while for K+ it seems to remain vanishing.  

★ The amplitudes vs. xF increase (decrease) nearly 
linearly for 𝛑+(𝛑-). 

★ For K+(K-) are about constant around 0.7 (0.0). 

Inclusive SSA (1D)

The Asymmetries

Inclusive SSA (1D)
… as a function of PT and xF separately

10

vs PT

vs xF
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Inclusive SSA (2D)

The Asymmetries

Inclusive SSA (2D)
… as a function of PT and xF simultaneously
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𝛑+: Similar dependence on PT as in 
1D; no dependence on xF. 
➥The observed 1D xF dependence is 
a reflection of the underlying 
dependence on PT.

𝛑-: Like in the 1D case, there is a slight 
linear decrease with xF.

K+ and K-:  The dependence on xF of 
the kaon amplitudes is less pronounced 
in 2D, with a slight tendency towards 
an increase (decrease) with xF for 
positive (negative) kaons.

vs xF  in PT binsvs PT  in xF bins

➥ most of the structure comes 
from PT dependence
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Categories

The Asymmetries

Event categories

12

Inclusive sample: 
Comprises several subsamples, related to different 
production channels. These subsamples contribute differently 
to the measured SSA, and can be differentiated by electron 
tagging and kinematic constraints on DIS variables:

Asin 
UT =

samplesX

i

fiA
sin 
UT,i

Anti-tagged (~98%):
The undetected lepton in most cases had a 

small scattering angle and remained within the 
beam pipe. Photoproduction regime (Q2 ≈ 0).

Tagged (semi-inclusive):
The scattered lepton is detected. 

DIS events:
(Q2>1GeV2,  W2>10 GeV2, 0.023<x<0.4, 0.1 < y < 0.95) 

mid-z (0.2<z<0.7):
Identical selection as in Sivers and Collins 

measurements at HERMES. 

Non-DIS events
(e.g., low Q2)

high-z (z>0.7):
Hadrons in this region might have more 

pronounced correlation with struck quark.

low-z (z<0.2)

z ⌘ P · Ph

P · q
lab
=

Eh

⌫
fractional virtual-photon energy 

carried by the hadron
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Categories

The asymmetries
SSA for subsamples

… as a function of PT

13
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8.8% scale uncertainty

+π

 [GeV]TP
0.5 1 1.5 2

0

0.05
-K 0.5 1 1.5 2

0

0.05
+K 0.5 1 1.5 2

-0.2

0

0.2

-K 0.5 1 1.5 2

0

0.2

0.4

0.6 +K

★ Inclusive asymmetries dominated by quasi-real 
photoproduction.

★ Rather similar behavior as overall inclusive asymmetries 
(largest subsample)

★ Q2 is large scale. Factorization in terms of  TMD PDFs 
and FFs expected to hold. 

★π+ asymmetries keep rising with PT.
★ Sivers effect is expected to have large contribution.

★ Large asymmetries for π+, π-, and K+.
★ Dominance of struck quark (u and d) in hadron 

production at high z.

Anti-tagged (“photoproduction”) 

DIS, mid-z (0.2<z<0.7)

DIS, high-z (z>0.7)

At high PT contribution from DIS becomes sizable.



Summary and Outlook

Transverse target single-spin asymmetry in inclusive 
electroproduction of charged pions and kaons.[1]

>> Transverse azimuthal SSA measured in inclusive electro-production of pions and kaons.
>> Two-dimensional extraction by binning simultaneously in xF and PT :

★ For 𝝅+, the asymmetry is independent of xF.

★ For 𝝅-, and less for K- (K+), the asymmetry amplitudes decrease (increase) with xF.

>> As a function of PT, the amplitudes are positive for positive mesons.
★ Two-fold structure at low and high PT.

>> Inclusive sample dominated by photoproduction:
★ Description in terms of higher-twist effects: predicts a vanishing AUT with 1/PT.

>> At high-PT, sizable contribution from semi-inclusive DIS.
★ Possibly description in terms of TMD Sivers distribution function: Non-vanishing AUT at high PT.

>> For DIS at high-z, large asymmetry amplitudes have been found.
★ Large asymmetries also for negative pions.
★ Effects from favored fragmentation of the struck quark dominate.

[1] HERMES Collaboration, Phys. Lett. B 728 (2014) 183

http://www.sciencedirect.com/science/article/pii/S0370269313009246
http://www.sciencedirect.com/science/article/pii/S0370269313009246
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SIVERS

COLLINS

d� ep!ehXUT ⇠ |S?|
⇥
sin(�h � �S) f ?1T ⌦D1
+sin(�h + �S) h1 ⌦H?1 + . . .

⇤

1

Unpolarized cross section

Single Spin Asymmetries in SIDIS

16

COLLINS (1993)

Spin transfer from a transversely polarized 
quark, fragmenting to an unpolarized hadron 
should lead to a transverse SSA

This happens via a correlation between the spin 
of the fragmenting quark, its momentum and the 
transverse momentum of the produced hadron.

36 2. Physics

Collins The second TMD was introduced in 1993 by John Collins [74], now, in the quark
fragmentation scheme. Following the works initiated by Efremov et al. [75], Collins proposed
a new way of determining the transverse polarization state of a parton undergoing a hard
scattering, i.e., as a tool to measure the transversity distribution, which in turn could also
explain the origin of large transverse SSAs. For this purpose, Collins pointed out the relevance
of polarized SIDIS reactions. He showed how a spin transfer from a transversely polarized
quark to an unpolarized (or spinless) hadron should lead to a significant azimuthal asymmetry
in the distribution of hadrons in the transverse plane. Such e⇡ect would manifest itself at
leading twist, described by a function

�Dh/q�(z, k⌅) ⌅ Dh/q�(z, k⌅)�Dh/q�(z,�k⌅), (2.79)
with Dh/q�(z,�k⌅) = Dh/q⇥(z, k⌅), (2.80)

leading to a non-zero �Dh/q�. This function, now called the Collins function, appears in
the fragmentation function for an unpolarized hadron generated in the fragmentation of
a polarized quark due to a correlation between the spin sq of the fragmenting quark, its
momentum pq, and the transverse momentum of the produced hadron ph⌅

Dh/q�(z, k⌅) = Dh/q(z, k⌅) +
1

2
�Dh/q�(z, k⌅) (p̂q ⇤ p̂h⌅) · sq. (2.81)

This (again) is the only possible combination of these three vectors conserving parity.
Notice the similarity with Eq. (2.77). Anther common notation for the Collins function is
H⌅1 = zmh �Dh/q�/2ph⌅, with mh the mass of the produced hadron.

�Dh/q� (z, k⌅) = Dh/q� (z, k⌅)�Dh/q⇥ (z, k⌅) (2.82)

⌅ �NDh/q� (z, k⌅) sq · (p̂⇤q ⇤ k̂⌅)

=
2 k⌅
z mh

H⌅1 (z, k⌅) sq · (p̂⇤q ⇤ k̂⌅) ,

An extended discussion and interpretation of the Collins fragmentation function can be found
in Section 2.6.2.

Leading-twist TMDs These and other TMDs can be formally derived from the quark
correlator ⇥, defined in Eq. (2.40). By means of combinations of the Dirac matrices �+, �5
and ⌅+j , expanding the correlator in powers of 1/Q2 and taking only the leading order, the
following terms contributing to ⇥ can be selected [87]

1

2
Tr

�
�+⇥(x, k⌅,S)

⇥
= f1(x, k⌅)�

⇤jk k j⌅ S
k
T

M
f ⌅1T (x, k⌅), (2.83)

1

2
Tr

�
�+�5⇥(x, k⌅,S)

⇥
= SL g1(x, k⌅) +

k⌅ · S⌅
M

g1T (x, k⌅), (2.84)

1

2
Tr

�
i⌅j+�5⇥(x, k⌅,S)

⇥
= Sj⌅ h1(x, k⌅) + SL

k j⌅
M
h⌅1L(x, k⌅)

+
(k j⌅ k

k
⌅ � 1

2 k
2
⌅ ⇥
jk)Sk⌅

M2
h⌅1T (x, k⌅)

+
⇤jk kk⌅
M
h⌅1 (x, k⌅), (2.85)

SIVERS (1990)
An asymmetric distribution of unpolarized 
quarks inside a transversely polarized proton 
leads to an asymmetric distribution of the 
outgoing hadrons

This happens via a correlation between the spin 
of the proton, its momentum and the (intrinsic) 
transverse momentum of the quarks. 

2.6. Parton model with intrinsic momentum 35

2.6.1 TMDs

The TMDs contain information on the intrinsic motion of quarks and gluons inside a fast
moving proton. Moreover, they indicate correlations between the spin S and momentum P
of the proton, the spin sq and transverse momentum k⇤ of the partons, and/or the spin sh
and transverse momentum ph⇤ of the hadrons in the final state.

Sivers The first TMD was historically introduced by Dennis Sivers in 1990 [73] as a possible
explanation for the transverse asymmetry AN observed in the inclusive production of pions
from hadronic collisions (see Section 2.4.1). Sivers proved that if the unpolarized partons
inside a transversely polarized proton could have an asymmetric k⇤ distribution

fq/p�(x, k⇤) ⌃= fq/p�(x,�k⇤) = fq/p⇥(x, k⇤), (2.75)

this would lead to a correlation between the transverse momentum of unpolarized partons
and the transverse spin of the nucleon. Such correlation can only be of the form

S · (P̂⇤ k̂⇤), (2.76)

since this is the only combination of these three vectors that conserves parity.

Under parity transformation, the momenta of the proton and quark
change respectively as P(P̂) = �P̂ and P(k̂⇤) = �k̂⇤, while the
spin is a pseudo-vector and therefore gives P(S) = �S; this can
also seen considering that the spin changes as an angular momentum
L = (r ⇤ p)⇧ (�r)⇤ (�p) = r ⇤ p.

This asymmetric distribution of quarks leads to a new reinterpretation of the unpolarized
parton distribution function inside a transversely polarized proton

fq/p�(x, k⇤) = fq/p(x, k⇤) +
1

2
�Nfq/p�(x, k⇤)S · (P̂⇤ k̂⇤). (2.77)

Here, the �Nfq/p� is the so-called Sivers function, also sometimes found in the literature as
f ⇤1T = ��f Nq/p�M/2|k⇤|.

�fq/p�(x, k⇤) = fq/p�(x, k⇤)� fq/p�(x,�k⇤) (2.78)

⌅ �Nfq/p� (x, k⇤) S⇤ · (P̂⇤ k̂⇤)

= �2
k⇤
M
f ⇤1T (x, k⇤) S⇤ · (P̂⇤ k̂⇤) .

The Sivers distribution function leads to sizable transverse SSAs, present at leading-twist.
These are discussed, as measured from HERMES data, together with an interpretation of
the Sivers eect, in Section 2.6.2.
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to AN in hadron-hadron collisions

Comparisons

17

with AN in hadron-hadron collisions

Smaller size, but similar behavior.

Comparison

p↑p→hX

p
s = 6.6 GeV

p
s = 19.4 GeV

lp↑→hX

p
z = 7.2 GeV
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to Sivers and Collins amplitudes in SIDIS

Comparisons

18

to Sivers and Collins amplitudes in SIDIS

Inclusive SSA similar to Sivers

Comparison
lp↑→l’hX

lp↑→hX

p
z = 7.2 GeV
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Fig. 2. Collins amplitudes for pions and charged kaons as a function
of x, z, or Ph⊥. The systematic uncertainty is given as a band at the
bottom of each panel. In addition there is a 7.3% scale uncertainty
from the accuracy in the measurement of the target polarization.

of all these effects was estimated using a Pythia6 Monte
Carlo simulation [32] tuned to Hermes hadron multiplicity
data and exclusive vector-meson production data [33–35]
and including a full simulation of the Hermes spectrom-
eter. A polarization state was assigned to each generated
event using a model that reflects the (transverse target) po-
larization dependent part of the cross section (see Eq. (1)).
This model was obtained through a fully differential (i.e
differential in the four relevant kinematic variables x, Q2,
z, and Ph⊥) 2nd order polynomial fit [36,37] of real data.
The asymmetry amplitudes, extracted from the simulated
data by means of the same analysis procedure used for the
real data, were then compared with the model, evaluated
in each bin at the mean kinematics, to obtain an estimate
of the global impact of the effects listed above. The result
was included in the systematic uncertainty and constitutes
the largest contribution. It accounts for effects of nonlin-
earity of the model, as it includes the difference in each bin
between the average model and the model evaluated at the
average kinematics. The impact on the extracted ampli-
tudes of contributions [30] from the non-vanishing longitu-
dinal target-spin component was estimated based on previ-

ous measurements of single-spin asymmetries for longitu-
dinally polarized protons [38,39]. The resulting relatively
small effect was included in the systematic uncertainty.

A Monte Carlo simulation was used to estimate the frac-
tion of pions and kaons originating from the decay of ex-
clusively produced vector mesons, updating previous re-
sults reported in Ref. [40]. For charged pions, this fraction
is dominated by the decay of ρ0 mesons and, in the kine-
matic region covered by the present analysis, is of the or-
der of 6-7%. The vector-meson fractions for neutral pions
and charged kaons are of the order of 2-3%. The z and Ph⊥

dependences of the fraction of pions and kaons stemming
from the decay of exclusively produced vector mesons are
shown in [16] for the two kinematic regions Q2 < 4 GeV2

and Q2 > 4 GeV2 (the x dependence was not reported due
to the strong correlation between x and Q2 in the data).
They exhibit maxima at high z and low Ph⊥. These con-
tributions are considered part of the signal and were not
used to correct the pion and kaon yields analysed in the
present work. However, this information can be useful for
the interpretation of the results.

In general, the non-vanishing amplitudes shown in Fig. 2
increase in magnitude with x. This is consistent with the
expectation that transversity mainly receives contributions
from the valence quarks. A non negligible contribution from
the sea quarks cannot be excluded, but is not expected to
be large due to the fact that transversity cannot be gener-
ated in gluon splitting. The amplitudes are also found to
increase with z, in qualitative agreement with the results
for the Collins fragmentation function from the Belle ex-
periment [24,25]. The results of Fig. 2 also show that the
π− amplitude is of opposite sign to that of π+ and larger in
magnitude. A possible explanation is dominance of u fla-
vor among struck quarks, in conjunction with a substantial
magnitude with opposite sign of the disfavored Collins frag-
mentation function describing, e.g, the fragmentation of u
quarks into π− mesons, as already suggested in Ref. [17].
Opposite signs for the favored and disfavored Collins frag-
mentation functions are not in contradiction to the Belle

results [24,25] and are supported by the combined fits re-
ported in [22]. They can be understood in light of the
string model of fragmentation [41] (and also of the Schäfer–
Teryaev sum rule [42]). If a favored pion is created at the
string end by the first break, a disfavored pion from the next
break is likely to inherit transverse momentum in the op-
posite direction. The string fragmentation model, the base
of the successful and widespread Jetset generator [43],
predicts such a Ph⊥ strong negative correlation between
favored and disfavored pions.

Under the assumption of isospin symmetry, the fragmen-
tation functions for neutral pions are assumed equal to the
average of those for charged pions. Factorization of the
semi-inclusive cross section results in the following isospin
relation for the Collins amplitudes for pions:

⟨sin(φ + φS)⟩π
+

UT + C⟨sin(φ + φS)⟩π
−

UT

− (1 + C)⟨sin(φ + φS)⟩π
0

UT = 0 ,
(5)
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Fig. 2. Collins amplitudes for pions and charged kaons as a function
of x, z, or Ph⊥. The systematic uncertainty is given as a band at the
bottom of each panel. In addition there is a 7.3% scale uncertainty
from the accuracy in the measurement of the target polarization.

of all these effects was estimated using a Pythia6 Monte
Carlo simulation [32] tuned to Hermes hadron multiplicity
data and exclusive vector-meson production data [33–35]
and including a full simulation of the Hermes spectrom-
eter. A polarization state was assigned to each generated
event using a model that reflects the (transverse target) po-
larization dependent part of the cross section (see Eq. (1)).
This model was obtained through a fully differential (i.e
differential in the four relevant kinematic variables x, Q2,
z, and Ph⊥) 2nd order polynomial fit [36,37] of real data.
The asymmetry amplitudes, extracted from the simulated
data by means of the same analysis procedure used for the
real data, were then compared with the model, evaluated
in each bin at the mean kinematics, to obtain an estimate
of the global impact of the effects listed above. The result
was included in the systematic uncertainty and constitutes
the largest contribution. It accounts for effects of nonlin-
earity of the model, as it includes the difference in each bin
between the average model and the model evaluated at the
average kinematics. The impact on the extracted ampli-
tudes of contributions [30] from the non-vanishing longitu-
dinal target-spin component was estimated based on previ-

ous measurements of single-spin asymmetries for longitu-
dinally polarized protons [38,39]. The resulting relatively
small effect was included in the systematic uncertainty.

A Monte Carlo simulation was used to estimate the frac-
tion of pions and kaons originating from the decay of ex-
clusively produced vector mesons, updating previous re-
sults reported in Ref. [40]. For charged pions, this fraction
is dominated by the decay of ρ0 mesons and, in the kine-
matic region covered by the present analysis, is of the or-
der of 6-7%. The vector-meson fractions for neutral pions
and charged kaons are of the order of 2-3%. The z and Ph⊥

dependences of the fraction of pions and kaons stemming
from the decay of exclusively produced vector mesons are
shown in [16] for the two kinematic regions Q2 < 4 GeV2

and Q2 > 4 GeV2 (the x dependence was not reported due
to the strong correlation between x and Q2 in the data).
They exhibit maxima at high z and low Ph⊥. These con-
tributions are considered part of the signal and were not
used to correct the pion and kaon yields analysed in the
present work. However, this information can be useful for
the interpretation of the results.

In general, the non-vanishing amplitudes shown in Fig. 2
increase in magnitude with x. This is consistent with the
expectation that transversity mainly receives contributions
from the valence quarks. A non negligible contribution from
the sea quarks cannot be excluded, but is not expected to
be large due to the fact that transversity cannot be gener-
ated in gluon splitting. The amplitudes are also found to
increase with z, in qualitative agreement with the results
for the Collins fragmentation function from the Belle ex-
periment [24,25]. The results of Fig. 2 also show that the
π− amplitude is of opposite sign to that of π+ and larger in
magnitude. A possible explanation is dominance of u fla-
vor among struck quarks, in conjunction with a substantial
magnitude with opposite sign of the disfavored Collins frag-
mentation function describing, e.g, the fragmentation of u
quarks into π− mesons, as already suggested in Ref. [17].
Opposite signs for the favored and disfavored Collins frag-
mentation functions are not in contradiction to the Belle

results [24,25] and are supported by the combined fits re-
ported in [22]. They can be understood in light of the
string model of fragmentation [41] (and also of the Schäfer–
Teryaev sum rule [42]). If a favored pion is created at the
string end by the first break, a disfavored pion from the next
break is likely to inherit transverse momentum in the op-
posite direction. The string fragmentation model, the base
of the successful and widespread Jetset generator [43],
predicts such a Ph⊥ strong negative correlation between
favored and disfavored pions.

Under the assumption of isospin symmetry, the fragmen-
tation functions for neutral pions are assumed equal to the
average of those for charged pions. Factorization of the
semi-inclusive cross section results in the following isospin
relation for the Collins amplitudes for pions:
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Fig. 2. Collins amplitudes for pions and charged kaons as a function
of x, z, or Ph⊥. The systematic uncertainty is given as a band at the
bottom of each panel. In addition there is a 7.3% scale uncertainty
from the accuracy in the measurement of the target polarization.

of all these effects was estimated using a Pythia6 Monte
Carlo simulation [32] tuned to Hermes hadron multiplicity
data and exclusive vector-meson production data [33–35]
and including a full simulation of the Hermes spectrom-
eter. A polarization state was assigned to each generated
event using a model that reflects the (transverse target) po-
larization dependent part of the cross section (see Eq. (1)).
This model was obtained through a fully differential (i.e
differential in the four relevant kinematic variables x, Q2,
z, and Ph⊥) 2nd order polynomial fit [36,37] of real data.
The asymmetry amplitudes, extracted from the simulated
data by means of the same analysis procedure used for the
real data, were then compared with the model, evaluated
in each bin at the mean kinematics, to obtain an estimate
of the global impact of the effects listed above. The result
was included in the systematic uncertainty and constitutes
the largest contribution. It accounts for effects of nonlin-
earity of the model, as it includes the difference in each bin
between the average model and the model evaluated at the
average kinematics. The impact on the extracted ampli-
tudes of contributions [30] from the non-vanishing longitu-
dinal target-spin component was estimated based on previ-

ous measurements of single-spin asymmetries for longitu-
dinally polarized protons [38,39]. The resulting relatively
small effect was included in the systematic uncertainty.

A Monte Carlo simulation was used to estimate the frac-
tion of pions and kaons originating from the decay of ex-
clusively produced vector mesons, updating previous re-
sults reported in Ref. [40]. For charged pions, this fraction
is dominated by the decay of ρ0 mesons and, in the kine-
matic region covered by the present analysis, is of the or-
der of 6-7%. The vector-meson fractions for neutral pions
and charged kaons are of the order of 2-3%. The z and Ph⊥

dependences of the fraction of pions and kaons stemming
from the decay of exclusively produced vector mesons are
shown in [16] for the two kinematic regions Q2 < 4 GeV2

and Q2 > 4 GeV2 (the x dependence was not reported due
to the strong correlation between x and Q2 in the data).
They exhibit maxima at high z and low Ph⊥. These con-
tributions are considered part of the signal and were not
used to correct the pion and kaon yields analysed in the
present work. However, this information can be useful for
the interpretation of the results.

In general, the non-vanishing amplitudes shown in Fig. 2
increase in magnitude with x. This is consistent with the
expectation that transversity mainly receives contributions
from the valence quarks. A non negligible contribution from
the sea quarks cannot be excluded, but is not expected to
be large due to the fact that transversity cannot be gener-
ated in gluon splitting. The amplitudes are also found to
increase with z, in qualitative agreement with the results
for the Collins fragmentation function from the Belle ex-
periment [24,25]. The results of Fig. 2 also show that the
π− amplitude is of opposite sign to that of π+ and larger in
magnitude. A possible explanation is dominance of u fla-
vor among struck quarks, in conjunction with a substantial
magnitude with opposite sign of the disfavored Collins frag-
mentation function describing, e.g, the fragmentation of u
quarks into π− mesons, as already suggested in Ref. [17].
Opposite signs for the favored and disfavored Collins frag-
mentation functions are not in contradiction to the Belle

results [24,25] and are supported by the combined fits re-
ported in [22]. They can be understood in light of the
string model of fragmentation [41] (and also of the Schäfer–
Teryaev sum rule [42]). If a favored pion is created at the
string end by the first break, a disfavored pion from the next
break is likely to inherit transverse momentum in the op-
posite direction. The string fragmentation model, the base
of the successful and widespread Jetset generator [43],
predicts such a Ph⊥ strong negative correlation between
favored and disfavored pions.

Under the assumption of isospin symmetry, the fragmen-
tation functions for neutral pions are assumed equal to the
average of those for charged pions. Factorization of the
semi-inclusive cross section results in the following isospin
relation for the Collins amplitudes for pions:
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Fig. 2. Collins amplitudes for pions and charged kaons as a function
of x, z, or Ph⊥. The systematic uncertainty is given as a band at the
bottom of each panel. In addition there is a 7.3% scale uncertainty
from the accuracy in the measurement of the target polarization.

of all these effects was estimated using a Pythia6 Monte
Carlo simulation [32] tuned to Hermes hadron multiplicity
data and exclusive vector-meson production data [33–35]
and including a full simulation of the Hermes spectrom-
eter. A polarization state was assigned to each generated
event using a model that reflects the (transverse target) po-
larization dependent part of the cross section (see Eq. (1)).
This model was obtained through a fully differential (i.e
differential in the four relevant kinematic variables x, Q2,
z, and Ph⊥) 2nd order polynomial fit [36,37] of real data.
The asymmetry amplitudes, extracted from the simulated
data by means of the same analysis procedure used for the
real data, were then compared with the model, evaluated
in each bin at the mean kinematics, to obtain an estimate
of the global impact of the effects listed above. The result
was included in the systematic uncertainty and constitutes
the largest contribution. It accounts for effects of nonlin-
earity of the model, as it includes the difference in each bin
between the average model and the model evaluated at the
average kinematics. The impact on the extracted ampli-
tudes of contributions [30] from the non-vanishing longitu-
dinal target-spin component was estimated based on previ-

ous measurements of single-spin asymmetries for longitu-
dinally polarized protons [38,39]. The resulting relatively
small effect was included in the systematic uncertainty.

A Monte Carlo simulation was used to estimate the frac-
tion of pions and kaons originating from the decay of ex-
clusively produced vector mesons, updating previous re-
sults reported in Ref. [40]. For charged pions, this fraction
is dominated by the decay of ρ0 mesons and, in the kine-
matic region covered by the present analysis, is of the or-
der of 6-7%. The vector-meson fractions for neutral pions
and charged kaons are of the order of 2-3%. The z and Ph⊥

dependences of the fraction of pions and kaons stemming
from the decay of exclusively produced vector mesons are
shown in [16] for the two kinematic regions Q2 < 4 GeV2

and Q2 > 4 GeV2 (the x dependence was not reported due
to the strong correlation between x and Q2 in the data).
They exhibit maxima at high z and low Ph⊥. These con-
tributions are considered part of the signal and were not
used to correct the pion and kaon yields analysed in the
present work. However, this information can be useful for
the interpretation of the results.

In general, the non-vanishing amplitudes shown in Fig. 2
increase in magnitude with x. This is consistent with the
expectation that transversity mainly receives contributions
from the valence quarks. A non negligible contribution from
the sea quarks cannot be excluded, but is not expected to
be large due to the fact that transversity cannot be gener-
ated in gluon splitting. The amplitudes are also found to
increase with z, in qualitative agreement with the results
for the Collins fragmentation function from the Belle ex-
periment [24,25]. The results of Fig. 2 also show that the
π− amplitude is of opposite sign to that of π+ and larger in
magnitude. A possible explanation is dominance of u fla-
vor among struck quarks, in conjunction with a substantial
magnitude with opposite sign of the disfavored Collins frag-
mentation function describing, e.g, the fragmentation of u
quarks into π− mesons, as already suggested in Ref. [17].
Opposite signs for the favored and disfavored Collins frag-
mentation functions are not in contradiction to the Belle

results [24,25] and are supported by the combined fits re-
ported in [22]. They can be understood in light of the
string model of fragmentation [41] (and also of the Schäfer–
Teryaev sum rule [42]). If a favored pion is created at the
string end by the first break, a disfavored pion from the next
break is likely to inherit transverse momentum in the op-
posite direction. The string fragmentation model, the base
of the successful and widespread Jetset generator [43],
predicts such a Ph⊥ strong negative correlation between
favored and disfavored pions.

Under the assumption of isospin symmetry, the fragmen-
tation functions for neutral pions are assumed equal to the
average of those for charged pions. Factorization of the
semi-inclusive cross section results in the following isospin
relation for the Collins amplitudes for pions:
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of x, z, or Ph⊥. The systematic uncertainty is given as a band at the
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of all these effects was estimated using a Pythia6 Monte
Carlo simulation [32] tuned to Hermes hadron multiplicity
data and exclusive vector-meson production data [33–35]
and including a full simulation of the Hermes spectrom-
eter. A polarization state was assigned to each generated
event using a model that reflects the (transverse target) po-
larization dependent part of the cross section (see Eq. (1)).
This model was obtained through a fully differential (i.e
differential in the four relevant kinematic variables x, Q2,
z, and Ph⊥) 2nd order polynomial fit [36,37] of real data.
The asymmetry amplitudes, extracted from the simulated
data by means of the same analysis procedure used for the
real data, were then compared with the model, evaluated
in each bin at the mean kinematics, to obtain an estimate
of the global impact of the effects listed above. The result
was included in the systematic uncertainty and constitutes
the largest contribution. It accounts for effects of nonlin-
earity of the model, as it includes the difference in each bin
between the average model and the model evaluated at the
average kinematics. The impact on the extracted ampli-
tudes of contributions [30] from the non-vanishing longitu-
dinal target-spin component was estimated based on previ-

ous measurements of single-spin asymmetries for longitu-
dinally polarized protons [38,39]. The resulting relatively
small effect was included in the systematic uncertainty.

A Monte Carlo simulation was used to estimate the frac-
tion of pions and kaons originating from the decay of ex-
clusively produced vector mesons, updating previous re-
sults reported in Ref. [40]. For charged pions, this fraction
is dominated by the decay of ρ0 mesons and, in the kine-
matic region covered by the present analysis, is of the or-
der of 6-7%. The vector-meson fractions for neutral pions
and charged kaons are of the order of 2-3%. The z and Ph⊥

dependences of the fraction of pions and kaons stemming
from the decay of exclusively produced vector mesons are
shown in [16] for the two kinematic regions Q2 < 4 GeV2

and Q2 > 4 GeV2 (the x dependence was not reported due
to the strong correlation between x and Q2 in the data).
They exhibit maxima at high z and low Ph⊥. These con-
tributions are considered part of the signal and were not
used to correct the pion and kaon yields analysed in the
present work. However, this information can be useful for
the interpretation of the results.

In general, the non-vanishing amplitudes shown in Fig. 2
increase in magnitude with x. This is consistent with the
expectation that transversity mainly receives contributions
from the valence quarks. A non negligible contribution from
the sea quarks cannot be excluded, but is not expected to
be large due to the fact that transversity cannot be gener-
ated in gluon splitting. The amplitudes are also found to
increase with z, in qualitative agreement with the results
for the Collins fragmentation function from the Belle ex-
periment [24,25]. The results of Fig. 2 also show that the
π− amplitude is of opposite sign to that of π+ and larger in
magnitude. A possible explanation is dominance of u fla-
vor among struck quarks, in conjunction with a substantial
magnitude with opposite sign of the disfavored Collins frag-
mentation function describing, e.g, the fragmentation of u
quarks into π− mesons, as already suggested in Ref. [17].
Opposite signs for the favored and disfavored Collins frag-
mentation functions are not in contradiction to the Belle

results [24,25] and are supported by the combined fits re-
ported in [22]. They can be understood in light of the
string model of fragmentation [41] (and also of the Schäfer–
Teryaev sum rule [42]). If a favored pion is created at the
string end by the first break, a disfavored pion from the next
break is likely to inherit transverse momentum in the op-
posite direction. The string fragmentation model, the base
of the successful and widespread Jetset generator [43],
predicts such a Ph⊥ strong negative correlation between
favored and disfavored pions.

Under the assumption of isospin symmetry, the fragmen-
tation functions for neutral pions are assumed equal to the
average of those for charged pions. Factorization of the
semi-inclusive cross section results in the following isospin
relation for the Collins amplitudes for pions:
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of x, z, or Ph⊥. The systematic uncertainty is given as a band at the
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of all these effects was estimated using a Pythia6 Monte
Carlo simulation [32] tuned to Hermes hadron multiplicity
data and exclusive vector-meson production data [33–35]
and including a full simulation of the Hermes spectrom-
eter. A polarization state was assigned to each generated
event using a model that reflects the (transverse target) po-
larization dependent part of the cross section (see Eq. (1)).
This model was obtained through a fully differential (i.e
differential in the four relevant kinematic variables x, Q2,
z, and Ph⊥) 2nd order polynomial fit [36,37] of real data.
The asymmetry amplitudes, extracted from the simulated
data by means of the same analysis procedure used for the
real data, were then compared with the model, evaluated
in each bin at the mean kinematics, to obtain an estimate
of the global impact of the effects listed above. The result
was included in the systematic uncertainty and constitutes
the largest contribution. It accounts for effects of nonlin-
earity of the model, as it includes the difference in each bin
between the average model and the model evaluated at the
average kinematics. The impact on the extracted ampli-
tudes of contributions [30] from the non-vanishing longitu-
dinal target-spin component was estimated based on previ-

ous measurements of single-spin asymmetries for longitu-
dinally polarized protons [38,39]. The resulting relatively
small effect was included in the systematic uncertainty.

A Monte Carlo simulation was used to estimate the frac-
tion of pions and kaons originating from the decay of ex-
clusively produced vector mesons, updating previous re-
sults reported in Ref. [40]. For charged pions, this fraction
is dominated by the decay of ρ0 mesons and, in the kine-
matic region covered by the present analysis, is of the or-
der of 6-7%. The vector-meson fractions for neutral pions
and charged kaons are of the order of 2-3%. The z and Ph⊥

dependences of the fraction of pions and kaons stemming
from the decay of exclusively produced vector mesons are
shown in [16] for the two kinematic regions Q2 < 4 GeV2

and Q2 > 4 GeV2 (the x dependence was not reported due
to the strong correlation between x and Q2 in the data).
They exhibit maxima at high z and low Ph⊥. These con-
tributions are considered part of the signal and were not
used to correct the pion and kaon yields analysed in the
present work. However, this information can be useful for
the interpretation of the results.

In general, the non-vanishing amplitudes shown in Fig. 2
increase in magnitude with x. This is consistent with the
expectation that transversity mainly receives contributions
from the valence quarks. A non negligible contribution from
the sea quarks cannot be excluded, but is not expected to
be large due to the fact that transversity cannot be gener-
ated in gluon splitting. The amplitudes are also found to
increase with z, in qualitative agreement with the results
for the Collins fragmentation function from the Belle ex-
periment [24,25]. The results of Fig. 2 also show that the
π− amplitude is of opposite sign to that of π+ and larger in
magnitude. A possible explanation is dominance of u fla-
vor among struck quarks, in conjunction with a substantial
magnitude with opposite sign of the disfavored Collins frag-
mentation function describing, e.g, the fragmentation of u
quarks into π− mesons, as already suggested in Ref. [17].
Opposite signs for the favored and disfavored Collins frag-
mentation functions are not in contradiction to the Belle

results [24,25] and are supported by the combined fits re-
ported in [22]. They can be understood in light of the
string model of fragmentation [41] (and also of the Schäfer–
Teryaev sum rule [42]). If a favored pion is created at the
string end by the first break, a disfavored pion from the next
break is likely to inherit transverse momentum in the op-
posite direction. The string fragmentation model, the base
of the successful and widespread Jetset generator [43],
predicts such a Ph⊥ strong negative correlation between
favored and disfavored pions.

Under the assumption of isospin symmetry, the fragmen-
tation functions for neutral pions are assumed equal to the
average of those for charged pions. Factorization of the
semi-inclusive cross section results in the following isospin
relation for the Collins amplitudes for pions:
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of x, z, or Ph⊥. The systematic uncertainty is given as a band at the
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from the accuracy in the measurement of the target polarization.

of all these effects was estimated using a Pythia6 Monte
Carlo simulation [32] tuned to Hermes hadron multiplicity
data and exclusive vector-meson production data [33–35]
and including a full simulation of the Hermes spectrom-
eter. A polarization state was assigned to each generated
event using a model that reflects the (transverse target) po-
larization dependent part of the cross section (see Eq. (1)).
This model was obtained through a fully differential (i.e
differential in the four relevant kinematic variables x, Q2,
z, and Ph⊥) 2nd order polynomial fit [36,37] of real data.
The asymmetry amplitudes, extracted from the simulated
data by means of the same analysis procedure used for the
real data, were then compared with the model, evaluated
in each bin at the mean kinematics, to obtain an estimate
of the global impact of the effects listed above. The result
was included in the systematic uncertainty and constitutes
the largest contribution. It accounts for effects of nonlin-
earity of the model, as it includes the difference in each bin
between the average model and the model evaluated at the
average kinematics. The impact on the extracted ampli-
tudes of contributions [30] from the non-vanishing longitu-
dinal target-spin component was estimated based on previ-

ous measurements of single-spin asymmetries for longitu-
dinally polarized protons [38,39]. The resulting relatively
small effect was included in the systematic uncertainty.

A Monte Carlo simulation was used to estimate the frac-
tion of pions and kaons originating from the decay of ex-
clusively produced vector mesons, updating previous re-
sults reported in Ref. [40]. For charged pions, this fraction
is dominated by the decay of ρ0 mesons and, in the kine-
matic region covered by the present analysis, is of the or-
der of 6-7%. The vector-meson fractions for neutral pions
and charged kaons are of the order of 2-3%. The z and Ph⊥

dependences of the fraction of pions and kaons stemming
from the decay of exclusively produced vector mesons are
shown in [16] for the two kinematic regions Q2 < 4 GeV2

and Q2 > 4 GeV2 (the x dependence was not reported due
to the strong correlation between x and Q2 in the data).
They exhibit maxima at high z and low Ph⊥. These con-
tributions are considered part of the signal and were not
used to correct the pion and kaon yields analysed in the
present work. However, this information can be useful for
the interpretation of the results.

In general, the non-vanishing amplitudes shown in Fig. 2
increase in magnitude with x. This is consistent with the
expectation that transversity mainly receives contributions
from the valence quarks. A non negligible contribution from
the sea quarks cannot be excluded, but is not expected to
be large due to the fact that transversity cannot be gener-
ated in gluon splitting. The amplitudes are also found to
increase with z, in qualitative agreement with the results
for the Collins fragmentation function from the Belle ex-
periment [24,25]. The results of Fig. 2 also show that the
π− amplitude is of opposite sign to that of π+ and larger in
magnitude. A possible explanation is dominance of u fla-
vor among struck quarks, in conjunction with a substantial
magnitude with opposite sign of the disfavored Collins frag-
mentation function describing, e.g, the fragmentation of u
quarks into π− mesons, as already suggested in Ref. [17].
Opposite signs for the favored and disfavored Collins frag-
mentation functions are not in contradiction to the Belle

results [24,25] and are supported by the combined fits re-
ported in [22]. They can be understood in light of the
string model of fragmentation [41] (and also of the Schäfer–
Teryaev sum rule [42]). If a favored pion is created at the
string end by the first break, a disfavored pion from the next
break is likely to inherit transverse momentum in the op-
posite direction. The string fragmentation model, the base
of the successful and widespread Jetset generator [43],
predicts such a Ph⊥ strong negative correlation between
favored and disfavored pions.

Under the assumption of isospin symmetry, the fragmen-
tation functions for neutral pions are assumed equal to the
average of those for charged pions. Factorization of the
semi-inclusive cross section results in the following isospin
relation for the Collins amplitudes for pions:
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of x, z, or Ph⊥. The systematic uncertainty is given as a band at the
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from the accuracy in the measurement of the target polarization.

of all these effects was estimated using a Pythia6 Monte
Carlo simulation [32] tuned to Hermes hadron multiplicity
data and exclusive vector-meson production data [33–35]
and including a full simulation of the Hermes spectrom-
eter. A polarization state was assigned to each generated
event using a model that reflects the (transverse target) po-
larization dependent part of the cross section (see Eq. (1)).
This model was obtained through a fully differential (i.e
differential in the four relevant kinematic variables x, Q2,
z, and Ph⊥) 2nd order polynomial fit [36,37] of real data.
The asymmetry amplitudes, extracted from the simulated
data by means of the same analysis procedure used for the
real data, were then compared with the model, evaluated
in each bin at the mean kinematics, to obtain an estimate
of the global impact of the effects listed above. The result
was included in the systematic uncertainty and constitutes
the largest contribution. It accounts for effects of nonlin-
earity of the model, as it includes the difference in each bin
between the average model and the model evaluated at the
average kinematics. The impact on the extracted ampli-
tudes of contributions [30] from the non-vanishing longitu-
dinal target-spin component was estimated based on previ-

ous measurements of single-spin asymmetries for longitu-
dinally polarized protons [38,39]. The resulting relatively
small effect was included in the systematic uncertainty.

A Monte Carlo simulation was used to estimate the frac-
tion of pions and kaons originating from the decay of ex-
clusively produced vector mesons, updating previous re-
sults reported in Ref. [40]. For charged pions, this fraction
is dominated by the decay of ρ0 mesons and, in the kine-
matic region covered by the present analysis, is of the or-
der of 6-7%. The vector-meson fractions for neutral pions
and charged kaons are of the order of 2-3%. The z and Ph⊥

dependences of the fraction of pions and kaons stemming
from the decay of exclusively produced vector mesons are
shown in [16] for the two kinematic regions Q2 < 4 GeV2

and Q2 > 4 GeV2 (the x dependence was not reported due
to the strong correlation between x and Q2 in the data).
They exhibit maxima at high z and low Ph⊥. These con-
tributions are considered part of the signal and were not
used to correct the pion and kaon yields analysed in the
present work. However, this information can be useful for
the interpretation of the results.

In general, the non-vanishing amplitudes shown in Fig. 2
increase in magnitude with x. This is consistent with the
expectation that transversity mainly receives contributions
from the valence quarks. A non negligible contribution from
the sea quarks cannot be excluded, but is not expected to
be large due to the fact that transversity cannot be gener-
ated in gluon splitting. The amplitudes are also found to
increase with z, in qualitative agreement with the results
for the Collins fragmentation function from the Belle ex-
periment [24,25]. The results of Fig. 2 also show that the
π− amplitude is of opposite sign to that of π+ and larger in
magnitude. A possible explanation is dominance of u fla-
vor among struck quarks, in conjunction with a substantial
magnitude with opposite sign of the disfavored Collins frag-
mentation function describing, e.g, the fragmentation of u
quarks into π− mesons, as already suggested in Ref. [17].
Opposite signs for the favored and disfavored Collins frag-
mentation functions are not in contradiction to the Belle

results [24,25] and are supported by the combined fits re-
ported in [22]. They can be understood in light of the
string model of fragmentation [41] (and also of the Schäfer–
Teryaev sum rule [42]). If a favored pion is created at the
string end by the first break, a disfavored pion from the next
break is likely to inherit transverse momentum in the op-
posite direction. The string fragmentation model, the base
of the successful and widespread Jetset generator [43],
predicts such a Ph⊥ strong negative correlation between
favored and disfavored pions.

Under the assumption of isospin symmetry, the fragmen-
tation functions for neutral pions are assumed equal to the
average of those for charged pions. Factorization of the
semi-inclusive cross section results in the following isospin
relation for the Collins amplitudes for pions:
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FIG. 1: Sivers amplitudes for pions, charged kaons, and the
pion-difference asymmetry (as denoted in the panels) as func-
tions of x, z, or Ph⊥. The systematic uncertainty is given as a
band at the bottom of each panel. In addition there is a 7.3%
scale uncertainty from the target-polarization measurement.

In order to further examine the influence of exclusive
vector-meson decay and other possible 1

Q2 -suppressed
contributions, several studies were performed. Raising
the lower limit of Q2 to 4 GeV2 eliminates a large part
of the vector-meson contribution. Because of strong cor-
relations between x and Q2 in the data, this is presented
only for the z and Ph⊥ dependences. No influence of the
vector-meson fraction on the asymmetries is visible as
shown in Fig. 2. For the x dependence shown in Fig. 3,
each bin was divided into two Q2 regions below and above
the corresponding average Q2 (⟨Q2(xi)⟩) for that x bin.
While the averages of the kinematics integrated over in
those x bins do not differ significantly, the ⟨Q2⟩ values
for the two Q2 ranges change by a factor of about 1.7.
The asymmetries do not change by as much as would
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FIG. 2: Sivers amplitudes for π+ (left) and K+ (right) as
functions of z or Ph⊥, compared for two different ranges in Q2

(high-Q2 points are slightly shifted horizontally). The corre-
sponding fraction of pions and kaons stemming from exclusive
vector mesons, extracted from a Monte Carlo simulation, is
provided in the bottom panels.
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have been expected for a sizable 1
Q2 -suppressed contri-

bution, e.g., the one from longitudinal photons to the
spin-(in)dependent cross section. However, while the π+

asymmetries for the two Q2 regions are fully consistent,
there is a hint of systematically smaller K+ asymmetries
in the large-Q2 region.

An interesting facet of the data is the difference in the
π+ and K+ amplitudes shown in Fig. 4. On the basis
of u-quark dominance, i.e., the dominant contribution to
π+ and K+ production from scattering off u-quarks, one
might naively expect that the π+ and K+ amplitudes
should be similar. The difference in the π+ and K+

amplitudes may thus point to a significant role of other
quark flavors, e.g., sea quarks. Strictly speaking, even in
the case of scattering solely off u-quarks, the fragmenta-
tion function D1, contained in both the numerator and
denominator in Eq. (2), does not cancel in general as it
appears in convolution integrals. This can lead not only
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In order to further examine the influence of exclusive
vector-meson decay and other possible 1

Q2 -suppressed
contributions, several studies were performed. Raising
the lower limit of Q2 to 4 GeV2 eliminates a large part
of the vector-meson contribution. Because of strong cor-
relations between x and Q2 in the data, this is presented
only for the z and Ph⊥ dependences. No influence of the
vector-meson fraction on the asymmetries is visible as
shown in Fig. 2. For the x dependence shown in Fig. 3,
each bin was divided into two Q2 regions below and above
the corresponding average Q2 (⟨Q2(xi)⟩) for that x bin.
While the averages of the kinematics integrated over in
those x bins do not differ significantly, the ⟨Q2⟩ values
for the two Q2 ranges change by a factor of about 1.7.
The asymmetries do not change by as much as would
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there is a hint of systematically smaller K+ asymmetries
in the large-Q2 region.

An interesting facet of the data is the difference in the
π+ and K+ amplitudes shown in Fig. 4. On the basis
of u-quark dominance, i.e., the dominant contribution to
π+ and K+ production from scattering off u-quarks, one
might naively expect that the π+ and K+ amplitudes
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amplitudes may thus point to a significant role of other
quark flavors, e.g., sea quarks. Strictly speaking, even in
the case of scattering solely off u-quarks, the fragmenta-
tion function D1, contained in both the numerator and
denominator in Eq. (2), does not cancel in general as it
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of all these effects was estimated using a Pythia6 Monte
Carlo simulation [32] tuned to Hermes hadron multiplicity
data and exclusive vector-meson production data [33–35]
and including a full simulation of the Hermes spectrom-
eter. A polarization state was assigned to each generated
event using a model that reflects the (transverse target) po-
larization dependent part of the cross section (see Eq. (1)).
This model was obtained through a fully differential (i.e
differential in the four relevant kinematic variables x, Q2,
z, and Ph⊥) 2nd order polynomial fit [36,37] of real data.
The asymmetry amplitudes, extracted from the simulated
data by means of the same analysis procedure used for the
real data, were then compared with the model, evaluated
in each bin at the mean kinematics, to obtain an estimate
of the global impact of the effects listed above. The result
was included in the systematic uncertainty and constitutes
the largest contribution. It accounts for effects of nonlin-
earity of the model, as it includes the difference in each bin
between the average model and the model evaluated at the
average kinematics. The impact on the extracted ampli-
tudes of contributions [30] from the non-vanishing longitu-
dinal target-spin component was estimated based on previ-

ous measurements of single-spin asymmetries for longitu-
dinally polarized protons [38,39]. The resulting relatively
small effect was included in the systematic uncertainty.

A Monte Carlo simulation was used to estimate the frac-
tion of pions and kaons originating from the decay of ex-
clusively produced vector mesons, updating previous re-
sults reported in Ref. [40]. For charged pions, this fraction
is dominated by the decay of ρ0 mesons and, in the kine-
matic region covered by the present analysis, is of the or-
der of 6-7%. The vector-meson fractions for neutral pions
and charged kaons are of the order of 2-3%. The z and Ph⊥

dependences of the fraction of pions and kaons stemming
from the decay of exclusively produced vector mesons are
shown in [16] for the two kinematic regions Q2 < 4 GeV2

and Q2 > 4 GeV2 (the x dependence was not reported due
to the strong correlation between x and Q2 in the data).
They exhibit maxima at high z and low Ph⊥. These con-
tributions are considered part of the signal and were not
used to correct the pion and kaon yields analysed in the
present work. However, this information can be useful for
the interpretation of the results.

In general, the non-vanishing amplitudes shown in Fig. 2
increase in magnitude with x. This is consistent with the
expectation that transversity mainly receives contributions
from the valence quarks. A non negligible contribution from
the sea quarks cannot be excluded, but is not expected to
be large due to the fact that transversity cannot be gener-
ated in gluon splitting. The amplitudes are also found to
increase with z, in qualitative agreement with the results
for the Collins fragmentation function from the Belle ex-
periment [24,25]. The results of Fig. 2 also show that the
π− amplitude is of opposite sign to that of π+ and larger in
magnitude. A possible explanation is dominance of u fla-
vor among struck quarks, in conjunction with a substantial
magnitude with opposite sign of the disfavored Collins frag-
mentation function describing, e.g, the fragmentation of u
quarks into π− mesons, as already suggested in Ref. [17].
Opposite signs for the favored and disfavored Collins frag-
mentation functions are not in contradiction to the Belle

results [24,25] and are supported by the combined fits re-
ported in [22]. They can be understood in light of the
string model of fragmentation [41] (and also of the Schäfer–
Teryaev sum rule [42]). If a favored pion is created at the
string end by the first break, a disfavored pion from the next
break is likely to inherit transverse momentum in the op-
posite direction. The string fragmentation model, the base
of the successful and widespread Jetset generator [43],
predicts such a Ph⊥ strong negative correlation between
favored and disfavored pions.

Under the assumption of isospin symmetry, the fragmen-
tation functions for neutral pions are assumed equal to the
average of those for charged pions. Factorization of the
semi-inclusive cross section results in the following isospin
relation for the Collins amplitudes for pions:
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In order to further examine the influence of exclusive
vector-meson decay and other possible 1

Q2 -suppressed
contributions, several studies were performed. Raising
the lower limit of Q2 to 4 GeV2 eliminates a large part
of the vector-meson contribution. Because of strong cor-
relations between x and Q2 in the data, this is presented
only for the z and Ph⊥ dependences. No influence of the
vector-meson fraction on the asymmetries is visible as
shown in Fig. 2. For the x dependence shown in Fig. 3,
each bin was divided into two Q2 regions below and above
the corresponding average Q2 (⟨Q2(xi)⟩) for that x bin.
While the averages of the kinematics integrated over in
those x bins do not differ significantly, the ⟨Q2⟩ values
for the two Q2 ranges change by a factor of about 1.7.
The asymmetries do not change by as much as would
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have been expected for a sizable 1
Q2 -suppressed contri-

bution, e.g., the one from longitudinal photons to the
spin-(in)dependent cross section. However, while the π+

asymmetries for the two Q2 regions are fully consistent,
there is a hint of systematically smaller K+ asymmetries
in the large-Q2 region.

An interesting facet of the data is the difference in the
π+ and K+ amplitudes shown in Fig. 4. On the basis
of u-quark dominance, i.e., the dominant contribution to
π+ and K+ production from scattering off u-quarks, one
might naively expect that the π+ and K+ amplitudes
should be similar. The difference in the π+ and K+

amplitudes may thus point to a significant role of other
quark flavors, e.g., sea quarks. Strictly speaking, even in
the case of scattering solely off u-quarks, the fragmenta-
tion function D1, contained in both the numerator and
denominator in Eq. (2), does not cancel in general as it
appears in convolution integrals. This can lead not only
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of all these effects was estimated using a Pythia6 Monte
Carlo simulation [32] tuned to Hermes hadron multiplicity
data and exclusive vector-meson production data [33–35]
and including a full simulation of the Hermes spectrom-
eter. A polarization state was assigned to each generated
event using a model that reflects the (transverse target) po-
larization dependent part of the cross section (see Eq. (1)).
This model was obtained through a fully differential (i.e
differential in the four relevant kinematic variables x, Q2,
z, and Ph⊥) 2nd order polynomial fit [36,37] of real data.
The asymmetry amplitudes, extracted from the simulated
data by means of the same analysis procedure used for the
real data, were then compared with the model, evaluated
in each bin at the mean kinematics, to obtain an estimate
of the global impact of the effects listed above. The result
was included in the systematic uncertainty and constitutes
the largest contribution. It accounts for effects of nonlin-
earity of the model, as it includes the difference in each bin
between the average model and the model evaluated at the
average kinematics. The impact on the extracted ampli-
tudes of contributions [30] from the non-vanishing longitu-
dinal target-spin component was estimated based on previ-

ous measurements of single-spin asymmetries for longitu-
dinally polarized protons [38,39]. The resulting relatively
small effect was included in the systematic uncertainty.

A Monte Carlo simulation was used to estimate the frac-
tion of pions and kaons originating from the decay of ex-
clusively produced vector mesons, updating previous re-
sults reported in Ref. [40]. For charged pions, this fraction
is dominated by the decay of ρ0 mesons and, in the kine-
matic region covered by the present analysis, is of the or-
der of 6-7%. The vector-meson fractions for neutral pions
and charged kaons are of the order of 2-3%. The z and Ph⊥

dependences of the fraction of pions and kaons stemming
from the decay of exclusively produced vector mesons are
shown in [16] for the two kinematic regions Q2 < 4 GeV2

and Q2 > 4 GeV2 (the x dependence was not reported due
to the strong correlation between x and Q2 in the data).
They exhibit maxima at high z and low Ph⊥. These con-
tributions are considered part of the signal and were not
used to correct the pion and kaon yields analysed in the
present work. However, this information can be useful for
the interpretation of the results.

In general, the non-vanishing amplitudes shown in Fig. 2
increase in magnitude with x. This is consistent with the
expectation that transversity mainly receives contributions
from the valence quarks. A non negligible contribution from
the sea quarks cannot be excluded, but is not expected to
be large due to the fact that transversity cannot be gener-
ated in gluon splitting. The amplitudes are also found to
increase with z, in qualitative agreement with the results
for the Collins fragmentation function from the Belle ex-
periment [24,25]. The results of Fig. 2 also show that the
π− amplitude is of opposite sign to that of π+ and larger in
magnitude. A possible explanation is dominance of u fla-
vor among struck quarks, in conjunction with a substantial
magnitude with opposite sign of the disfavored Collins frag-
mentation function describing, e.g, the fragmentation of u
quarks into π− mesons, as already suggested in Ref. [17].
Opposite signs for the favored and disfavored Collins frag-
mentation functions are not in contradiction to the Belle

results [24,25] and are supported by the combined fits re-
ported in [22]. They can be understood in light of the
string model of fragmentation [41] (and also of the Schäfer–
Teryaev sum rule [42]). If a favored pion is created at the
string end by the first break, a disfavored pion from the next
break is likely to inherit transverse momentum in the op-
posite direction. The string fragmentation model, the base
of the successful and widespread Jetset generator [43],
predicts such a Ph⊥ strong negative correlation between
favored and disfavored pions.

Under the assumption of isospin symmetry, the fragmen-
tation functions for neutral pions are assumed equal to the
average of those for charged pions. Factorization of the
semi-inclusive cross section results in the following isospin
relation for the Collins amplitudes for pions:
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In order to further examine the influence of exclusive
vector-meson decay and other possible 1

Q2 -suppressed
contributions, several studies were performed. Raising
the lower limit of Q2 to 4 GeV2 eliminates a large part
of the vector-meson contribution. Because of strong cor-
relations between x and Q2 in the data, this is presented
only for the z and Ph⊥ dependences. No influence of the
vector-meson fraction on the asymmetries is visible as
shown in Fig. 2. For the x dependence shown in Fig. 3,
each bin was divided into two Q2 regions below and above
the corresponding average Q2 (⟨Q2(xi)⟩) for that x bin.
While the averages of the kinematics integrated over in
those x bins do not differ significantly, the ⟨Q2⟩ values
for the two Q2 ranges change by a factor of about 1.7.
The asymmetries do not change by as much as would

-0.1

0

0.1

0.2

2 
〈s

in
(φ

-φ
S)
〉 U

T

π+ Q2 < 4 GeV2

Q2 > 4 GeV2

0

0.1

0.4 0.6
z

N
h VM

  /
 N

h

0.5 1
Ph⊥ [GeV]

K+

0.4 0.6
z

0.5 1
Ph⊥ [GeV]

FIG. 2: Sivers amplitudes for π+ (left) and K+ (right) as
functions of z or Ph⊥, compared for two different ranges in Q2

(high-Q2 points are slightly shifted horizontally). The corre-
sponding fraction of pions and kaons stemming from exclusive
vector mesons, extracted from a Monte Carlo simulation, is
provided in the bottom panels.

0

0.1

Q2 < 〈Q2(xi)〉
Q2 > 〈Q2(xi)〉

2 
〈s

in
(φ

-φ
S)
〉 U

T

π+

1

10

10
-1

x

〈Q
2 〉

 [G
eV

2 ]

x

〈Q
2 〉

 [G
eV

2 ]

K+

10
-1

xx

FIG. 3: Sivers amplitudes for π+ (left) and K+ (right) as
functions of x. The Q2 range for each bin was divided into
the two regions above and below ⟨Q2(xi)⟩ of that bin. In the
bottom the average Q2 values are given for the two Q2 ranges.

have been expected for a sizable 1
Q2 -suppressed contri-

bution, e.g., the one from longitudinal photons to the
spin-(in)dependent cross section. However, while the π+

asymmetries for the two Q2 regions are fully consistent,
there is a hint of systematically smaller K+ asymmetries
in the large-Q2 region.

An interesting facet of the data is the difference in the
π+ and K+ amplitudes shown in Fig. 4. On the basis
of u-quark dominance, i.e., the dominant contribution to
π+ and K+ production from scattering off u-quarks, one
might naively expect that the π+ and K+ amplitudes
should be similar. The difference in the π+ and K+

amplitudes may thus point to a significant role of other
quark flavors, e.g., sea quarks. Strictly speaking, even in
the case of scattering solely off u-quarks, the fragmenta-
tion function D1, contained in both the numerator and
denominator in Eq. (2), does not cancel in general as it
appears in convolution integrals. This can lead not only
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contributions, several studies were performed. Raising
the lower limit of Q2 to 4 GeV2 eliminates a large part
of the vector-meson contribution. Because of strong cor-
relations between x and Q2 in the data, this is presented
only for the z and Ph⊥ dependences. No influence of the
vector-meson fraction on the asymmetries is visible as
shown in Fig. 2. For the x dependence shown in Fig. 3,
each bin was divided into two Q2 regions below and above
the corresponding average Q2 (⟨Q2(xi)⟩) for that x bin.
While the averages of the kinematics integrated over in
those x bins do not differ significantly, the ⟨Q2⟩ values
for the two Q2 ranges change by a factor of about 1.7.
The asymmetries do not change by as much as would

-0.1

0

0.1

0.2

2 
〈s

in
(φ

-φ
S)
〉 U

T

π+ Q2 < 4 GeV2

Q2 > 4 GeV2

0

0.1

0.4 0.6
z

N
h VM

  /
 N

h

0.5 1
Ph⊥ [GeV]

K+

0.4 0.6
z

0.5 1
Ph⊥ [GeV]

FIG. 2: Sivers amplitudes for π+ (left) and K+ (right) as
functions of z or Ph⊥, compared for two different ranges in Q2

(high-Q2 points are slightly shifted horizontally). The corre-
sponding fraction of pions and kaons stemming from exclusive
vector mesons, extracted from a Monte Carlo simulation, is
provided in the bottom panels.

0

0.1

Q2 < 〈Q2(xi)〉
Q2 > 〈Q2(xi)〉

2 
〈s

in
(φ

-φ
S)
〉 U

T

π+

1

10

10
-1

x

〈Q
2 〉

 [G
eV

2 ]

x

〈Q
2 〉

 [G
eV

2 ]

K+

10
-1

xx

FIG. 3: Sivers amplitudes for π+ (left) and K+ (right) as
functions of x. The Q2 range for each bin was divided into
the two regions above and below ⟨Q2(xi)⟩ of that bin. In the
bottom the average Q2 values are given for the two Q2 ranges.

have been expected for a sizable 1
Q2 -suppressed contri-

bution, e.g., the one from longitudinal photons to the
spin-(in)dependent cross section. However, while the π+

asymmetries for the two Q2 regions are fully consistent,
there is a hint of systematically smaller K+ asymmetries
in the large-Q2 region.

An interesting facet of the data is the difference in the
π+ and K+ amplitudes shown in Fig. 4. On the basis
of u-quark dominance, i.e., the dominant contribution to
π+ and K+ production from scattering off u-quarks, one
might naively expect that the π+ and K+ amplitudes
should be similar. The difference in the π+ and K+

amplitudes may thus point to a significant role of other
quark flavors, e.g., sea quarks. Strictly speaking, even in
the case of scattering solely off u-quarks, the fragmenta-
tion function D1, contained in both the numerator and
denominator in Eq. (2), does not cancel in general as it
appears in convolution integrals. This can lead not only
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vector-meson decay and other possible 1

Q2 -suppressed
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of the vector-meson contribution. Because of strong cor-
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each bin was divided into two Q2 regions below and above
the corresponding average Q2 (⟨Q2(xi)⟩) for that x bin.
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Fig. 2. Collins amplitudes for pions and charged kaons as a function
of x, z, or Ph⊥. The systematic uncertainty is given as a band at the
bottom of each panel. In addition there is a 7.3% scale uncertainty
from the accuracy in the measurement of the target polarization.

of all these effects was estimated using a Pythia6 Monte
Carlo simulation [32] tuned to Hermes hadron multiplicity
data and exclusive vector-meson production data [33–35]
and including a full simulation of the Hermes spectrom-
eter. A polarization state was assigned to each generated
event using a model that reflects the (transverse target) po-
larization dependent part of the cross section (see Eq. (1)).
This model was obtained through a fully differential (i.e
differential in the four relevant kinematic variables x, Q2,
z, and Ph⊥) 2nd order polynomial fit [36,37] of real data.
The asymmetry amplitudes, extracted from the simulated
data by means of the same analysis procedure used for the
real data, were then compared with the model, evaluated
in each bin at the mean kinematics, to obtain an estimate
of the global impact of the effects listed above. The result
was included in the systematic uncertainty and constitutes
the largest contribution. It accounts for effects of nonlin-
earity of the model, as it includes the difference in each bin
between the average model and the model evaluated at the
average kinematics. The impact on the extracted ampli-
tudes of contributions [30] from the non-vanishing longitu-
dinal target-spin component was estimated based on previ-

ous measurements of single-spin asymmetries for longitu-
dinally polarized protons [38,39]. The resulting relatively
small effect was included in the systematic uncertainty.

A Monte Carlo simulation was used to estimate the frac-
tion of pions and kaons originating from the decay of ex-
clusively produced vector mesons, updating previous re-
sults reported in Ref. [40]. For charged pions, this fraction
is dominated by the decay of ρ0 mesons and, in the kine-
matic region covered by the present analysis, is of the or-
der of 6-7%. The vector-meson fractions for neutral pions
and charged kaons are of the order of 2-3%. The z and Ph⊥

dependences of the fraction of pions and kaons stemming
from the decay of exclusively produced vector mesons are
shown in [16] for the two kinematic regions Q2 < 4 GeV2

and Q2 > 4 GeV2 (the x dependence was not reported due
to the strong correlation between x and Q2 in the data).
They exhibit maxima at high z and low Ph⊥. These con-
tributions are considered part of the signal and were not
used to correct the pion and kaon yields analysed in the
present work. However, this information can be useful for
the interpretation of the results.

In general, the non-vanishing amplitudes shown in Fig. 2
increase in magnitude with x. This is consistent with the
expectation that transversity mainly receives contributions
from the valence quarks. A non negligible contribution from
the sea quarks cannot be excluded, but is not expected to
be large due to the fact that transversity cannot be gener-
ated in gluon splitting. The amplitudes are also found to
increase with z, in qualitative agreement with the results
for the Collins fragmentation function from the Belle ex-
periment [24,25]. The results of Fig. 2 also show that the
π− amplitude is of opposite sign to that of π+ and larger in
magnitude. A possible explanation is dominance of u fla-
vor among struck quarks, in conjunction with a substantial
magnitude with opposite sign of the disfavored Collins frag-
mentation function describing, e.g, the fragmentation of u
quarks into π− mesons, as already suggested in Ref. [17].
Opposite signs for the favored and disfavored Collins frag-
mentation functions are not in contradiction to the Belle

results [24,25] and are supported by the combined fits re-
ported in [22]. They can be understood in light of the
string model of fragmentation [41] (and also of the Schäfer–
Teryaev sum rule [42]). If a favored pion is created at the
string end by the first break, a disfavored pion from the next
break is likely to inherit transverse momentum in the op-
posite direction. The string fragmentation model, the base
of the successful and widespread Jetset generator [43],
predicts such a Ph⊥ strong negative correlation between
favored and disfavored pions.

Under the assumption of isospin symmetry, the fragmen-
tation functions for neutral pions are assumed equal to the
average of those for charged pions. Factorization of the
semi-inclusive cross section results in the following isospin
relation for the Collins amplitudes for pions:
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Fig. 2. Collins amplitudes for pions and charged kaons as a function
of x, z, or Ph⊥. The systematic uncertainty is given as a band at the
bottom of each panel. In addition there is a 7.3% scale uncertainty
from the accuracy in the measurement of the target polarization.

of all these effects was estimated using a Pythia6 Monte
Carlo simulation [32] tuned to Hermes hadron multiplicity
data and exclusive vector-meson production data [33–35]
and including a full simulation of the Hermes spectrom-
eter. A polarization state was assigned to each generated
event using a model that reflects the (transverse target) po-
larization dependent part of the cross section (see Eq. (1)).
This model was obtained through a fully differential (i.e
differential in the four relevant kinematic variables x, Q2,
z, and Ph⊥) 2nd order polynomial fit [36,37] of real data.
The asymmetry amplitudes, extracted from the simulated
data by means of the same analysis procedure used for the
real data, were then compared with the model, evaluated
in each bin at the mean kinematics, to obtain an estimate
of the global impact of the effects listed above. The result
was included in the systematic uncertainty and constitutes
the largest contribution. It accounts for effects of nonlin-
earity of the model, as it includes the difference in each bin
between the average model and the model evaluated at the
average kinematics. The impact on the extracted ampli-
tudes of contributions [30] from the non-vanishing longitu-
dinal target-spin component was estimated based on previ-

ous measurements of single-spin asymmetries for longitu-
dinally polarized protons [38,39]. The resulting relatively
small effect was included in the systematic uncertainty.

A Monte Carlo simulation was used to estimate the frac-
tion of pions and kaons originating from the decay of ex-
clusively produced vector mesons, updating previous re-
sults reported in Ref. [40]. For charged pions, this fraction
is dominated by the decay of ρ0 mesons and, in the kine-
matic region covered by the present analysis, is of the or-
der of 6-7%. The vector-meson fractions for neutral pions
and charged kaons are of the order of 2-3%. The z and Ph⊥

dependences of the fraction of pions and kaons stemming
from the decay of exclusively produced vector mesons are
shown in [16] for the two kinematic regions Q2 < 4 GeV2

and Q2 > 4 GeV2 (the x dependence was not reported due
to the strong correlation between x and Q2 in the data).
They exhibit maxima at high z and low Ph⊥. These con-
tributions are considered part of the signal and were not
used to correct the pion and kaon yields analysed in the
present work. However, this information can be useful for
the interpretation of the results.

In general, the non-vanishing amplitudes shown in Fig. 2
increase in magnitude with x. This is consistent with the
expectation that transversity mainly receives contributions
from the valence quarks. A non negligible contribution from
the sea quarks cannot be excluded, but is not expected to
be large due to the fact that transversity cannot be gener-
ated in gluon splitting. The amplitudes are also found to
increase with z, in qualitative agreement with the results
for the Collins fragmentation function from the Belle ex-
periment [24,25]. The results of Fig. 2 also show that the
π− amplitude is of opposite sign to that of π+ and larger in
magnitude. A possible explanation is dominance of u fla-
vor among struck quarks, in conjunction with a substantial
magnitude with opposite sign of the disfavored Collins frag-
mentation function describing, e.g, the fragmentation of u
quarks into π− mesons, as already suggested in Ref. [17].
Opposite signs for the favored and disfavored Collins frag-
mentation functions are not in contradiction to the Belle

results [24,25] and are supported by the combined fits re-
ported in [22]. They can be understood in light of the
string model of fragmentation [41] (and also of the Schäfer–
Teryaev sum rule [42]). If a favored pion is created at the
string end by the first break, a disfavored pion from the next
break is likely to inherit transverse momentum in the op-
posite direction. The string fragmentation model, the base
of the successful and widespread Jetset generator [43],
predicts such a Ph⊥ strong negative correlation between
favored and disfavored pions.

Under the assumption of isospin symmetry, the fragmen-
tation functions for neutral pions are assumed equal to the
average of those for charged pions. Factorization of the
semi-inclusive cross section results in the following isospin
relation for the Collins amplitudes for pions:
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Fig. 2. Collins amplitudes for pions and charged kaons as a function
of x, z, or Ph⊥. The systematic uncertainty is given as a band at the
bottom of each panel. In addition there is a 7.3% scale uncertainty
from the accuracy in the measurement of the target polarization.

of all these effects was estimated using a Pythia6 Monte
Carlo simulation [32] tuned to Hermes hadron multiplicity
data and exclusive vector-meson production data [33–35]
and including a full simulation of the Hermes spectrom-
eter. A polarization state was assigned to each generated
event using a model that reflects the (transverse target) po-
larization dependent part of the cross section (see Eq. (1)).
This model was obtained through a fully differential (i.e
differential in the four relevant kinematic variables x, Q2,
z, and Ph⊥) 2nd order polynomial fit [36,37] of real data.
The asymmetry amplitudes, extracted from the simulated
data by means of the same analysis procedure used for the
real data, were then compared with the model, evaluated
in each bin at the mean kinematics, to obtain an estimate
of the global impact of the effects listed above. The result
was included in the systematic uncertainty and constitutes
the largest contribution. It accounts for effects of nonlin-
earity of the model, as it includes the difference in each bin
between the average model and the model evaluated at the
average kinematics. The impact on the extracted ampli-
tudes of contributions [30] from the non-vanishing longitu-
dinal target-spin component was estimated based on previ-

ous measurements of single-spin asymmetries for longitu-
dinally polarized protons [38,39]. The resulting relatively
small effect was included in the systematic uncertainty.

A Monte Carlo simulation was used to estimate the frac-
tion of pions and kaons originating from the decay of ex-
clusively produced vector mesons, updating previous re-
sults reported in Ref. [40]. For charged pions, this fraction
is dominated by the decay of ρ0 mesons and, in the kine-
matic region covered by the present analysis, is of the or-
der of 6-7%. The vector-meson fractions for neutral pions
and charged kaons are of the order of 2-3%. The z and Ph⊥

dependences of the fraction of pions and kaons stemming
from the decay of exclusively produced vector mesons are
shown in [16] for the two kinematic regions Q2 < 4 GeV2

and Q2 > 4 GeV2 (the x dependence was not reported due
to the strong correlation between x and Q2 in the data).
They exhibit maxima at high z and low Ph⊥. These con-
tributions are considered part of the signal and were not
used to correct the pion and kaon yields analysed in the
present work. However, this information can be useful for
the interpretation of the results.

In general, the non-vanishing amplitudes shown in Fig. 2
increase in magnitude with x. This is consistent with the
expectation that transversity mainly receives contributions
from the valence quarks. A non negligible contribution from
the sea quarks cannot be excluded, but is not expected to
be large due to the fact that transversity cannot be gener-
ated in gluon splitting. The amplitudes are also found to
increase with z, in qualitative agreement with the results
for the Collins fragmentation function from the Belle ex-
periment [24,25]. The results of Fig. 2 also show that the
π− amplitude is of opposite sign to that of π+ and larger in
magnitude. A possible explanation is dominance of u fla-
vor among struck quarks, in conjunction with a substantial
magnitude with opposite sign of the disfavored Collins frag-
mentation function describing, e.g, the fragmentation of u
quarks into π− mesons, as already suggested in Ref. [17].
Opposite signs for the favored and disfavored Collins frag-
mentation functions are not in contradiction to the Belle

results [24,25] and are supported by the combined fits re-
ported in [22]. They can be understood in light of the
string model of fragmentation [41] (and also of the Schäfer–
Teryaev sum rule [42]). If a favored pion is created at the
string end by the first break, a disfavored pion from the next
break is likely to inherit transverse momentum in the op-
posite direction. The string fragmentation model, the base
of the successful and widespread Jetset generator [43],
predicts such a Ph⊥ strong negative correlation between
favored and disfavored pions.

Under the assumption of isospin symmetry, the fragmen-
tation functions for neutral pions are assumed equal to the
average of those for charged pions. Factorization of the
semi-inclusive cross section results in the following isospin
relation for the Collins amplitudes for pions:
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of x, z, or Ph⊥. The systematic uncertainty is given as a band at the
bottom of each panel. In addition there is a 7.3% scale uncertainty
from the accuracy in the measurement of the target polarization.

of all these effects was estimated using a Pythia6 Monte
Carlo simulation [32] tuned to Hermes hadron multiplicity
data and exclusive vector-meson production data [33–35]
and including a full simulation of the Hermes spectrom-
eter. A polarization state was assigned to each generated
event using a model that reflects the (transverse target) po-
larization dependent part of the cross section (see Eq. (1)).
This model was obtained through a fully differential (i.e
differential in the four relevant kinematic variables x, Q2,
z, and Ph⊥) 2nd order polynomial fit [36,37] of real data.
The asymmetry amplitudes, extracted from the simulated
data by means of the same analysis procedure used for the
real data, were then compared with the model, evaluated
in each bin at the mean kinematics, to obtain an estimate
of the global impact of the effects listed above. The result
was included in the systematic uncertainty and constitutes
the largest contribution. It accounts for effects of nonlin-
earity of the model, as it includes the difference in each bin
between the average model and the model evaluated at the
average kinematics. The impact on the extracted ampli-
tudes of contributions [30] from the non-vanishing longitu-
dinal target-spin component was estimated based on previ-

ous measurements of single-spin asymmetries for longitu-
dinally polarized protons [38,39]. The resulting relatively
small effect was included in the systematic uncertainty.

A Monte Carlo simulation was used to estimate the frac-
tion of pions and kaons originating from the decay of ex-
clusively produced vector mesons, updating previous re-
sults reported in Ref. [40]. For charged pions, this fraction
is dominated by the decay of ρ0 mesons and, in the kine-
matic region covered by the present analysis, is of the or-
der of 6-7%. The vector-meson fractions for neutral pions
and charged kaons are of the order of 2-3%. The z and Ph⊥

dependences of the fraction of pions and kaons stemming
from the decay of exclusively produced vector mesons are
shown in [16] for the two kinematic regions Q2 < 4 GeV2

and Q2 > 4 GeV2 (the x dependence was not reported due
to the strong correlation between x and Q2 in the data).
They exhibit maxima at high z and low Ph⊥. These con-
tributions are considered part of the signal and were not
used to correct the pion and kaon yields analysed in the
present work. However, this information can be useful for
the interpretation of the results.

In general, the non-vanishing amplitudes shown in Fig. 2
increase in magnitude with x. This is consistent with the
expectation that transversity mainly receives contributions
from the valence quarks. A non negligible contribution from
the sea quarks cannot be excluded, but is not expected to
be large due to the fact that transversity cannot be gener-
ated in gluon splitting. The amplitudes are also found to
increase with z, in qualitative agreement with the results
for the Collins fragmentation function from the Belle ex-
periment [24,25]. The results of Fig. 2 also show that the
π− amplitude is of opposite sign to that of π+ and larger in
magnitude. A possible explanation is dominance of u fla-
vor among struck quarks, in conjunction with a substantial
magnitude with opposite sign of the disfavored Collins frag-
mentation function describing, e.g, the fragmentation of u
quarks into π− mesons, as already suggested in Ref. [17].
Opposite signs for the favored and disfavored Collins frag-
mentation functions are not in contradiction to the Belle

results [24,25] and are supported by the combined fits re-
ported in [22]. They can be understood in light of the
string model of fragmentation [41] (and also of the Schäfer–
Teryaev sum rule [42]). If a favored pion is created at the
string end by the first break, a disfavored pion from the next
break is likely to inherit transverse momentum in the op-
posite direction. The string fragmentation model, the base
of the successful and widespread Jetset generator [43],
predicts such a Ph⊥ strong negative correlation between
favored and disfavored pions.

Under the assumption of isospin symmetry, the fragmen-
tation functions for neutral pions are assumed equal to the
average of those for charged pions. Factorization of the
semi-inclusive cross section results in the following isospin
relation for the Collins amplitudes for pions:
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of x, z, or Ph⊥. The systematic uncertainty is given as a band at the
bottom of each panel. In addition there is a 7.3% scale uncertainty
from the accuracy in the measurement of the target polarization.

of all these effects was estimated using a Pythia6 Monte
Carlo simulation [32] tuned to Hermes hadron multiplicity
data and exclusive vector-meson production data [33–35]
and including a full simulation of the Hermes spectrom-
eter. A polarization state was assigned to each generated
event using a model that reflects the (transverse target) po-
larization dependent part of the cross section (see Eq. (1)).
This model was obtained through a fully differential (i.e
differential in the four relevant kinematic variables x, Q2,
z, and Ph⊥) 2nd order polynomial fit [36,37] of real data.
The asymmetry amplitudes, extracted from the simulated
data by means of the same analysis procedure used for the
real data, were then compared with the model, evaluated
in each bin at the mean kinematics, to obtain an estimate
of the global impact of the effects listed above. The result
was included in the systematic uncertainty and constitutes
the largest contribution. It accounts for effects of nonlin-
earity of the model, as it includes the difference in each bin
between the average model and the model evaluated at the
average kinematics. The impact on the extracted ampli-
tudes of contributions [30] from the non-vanishing longitu-
dinal target-spin component was estimated based on previ-

ous measurements of single-spin asymmetries for longitu-
dinally polarized protons [38,39]. The resulting relatively
small effect was included in the systematic uncertainty.

A Monte Carlo simulation was used to estimate the frac-
tion of pions and kaons originating from the decay of ex-
clusively produced vector mesons, updating previous re-
sults reported in Ref. [40]. For charged pions, this fraction
is dominated by the decay of ρ0 mesons and, in the kine-
matic region covered by the present analysis, is of the or-
der of 6-7%. The vector-meson fractions for neutral pions
and charged kaons are of the order of 2-3%. The z and Ph⊥

dependences of the fraction of pions and kaons stemming
from the decay of exclusively produced vector mesons are
shown in [16] for the two kinematic regions Q2 < 4 GeV2

and Q2 > 4 GeV2 (the x dependence was not reported due
to the strong correlation between x and Q2 in the data).
They exhibit maxima at high z and low Ph⊥. These con-
tributions are considered part of the signal and were not
used to correct the pion and kaon yields analysed in the
present work. However, this information can be useful for
the interpretation of the results.

In general, the non-vanishing amplitudes shown in Fig. 2
increase in magnitude with x. This is consistent with the
expectation that transversity mainly receives contributions
from the valence quarks. A non negligible contribution from
the sea quarks cannot be excluded, but is not expected to
be large due to the fact that transversity cannot be gener-
ated in gluon splitting. The amplitudes are also found to
increase with z, in qualitative agreement with the results
for the Collins fragmentation function from the Belle ex-
periment [24,25]. The results of Fig. 2 also show that the
π− amplitude is of opposite sign to that of π+ and larger in
magnitude. A possible explanation is dominance of u fla-
vor among struck quarks, in conjunction with a substantial
magnitude with opposite sign of the disfavored Collins frag-
mentation function describing, e.g, the fragmentation of u
quarks into π− mesons, as already suggested in Ref. [17].
Opposite signs for the favored and disfavored Collins frag-
mentation functions are not in contradiction to the Belle

results [24,25] and are supported by the combined fits re-
ported in [22]. They can be understood in light of the
string model of fragmentation [41] (and also of the Schäfer–
Teryaev sum rule [42]). If a favored pion is created at the
string end by the first break, a disfavored pion from the next
break is likely to inherit transverse momentum in the op-
posite direction. The string fragmentation model, the base
of the successful and widespread Jetset generator [43],
predicts such a Ph⊥ strong negative correlation between
favored and disfavored pions.

Under the assumption of isospin symmetry, the fragmen-
tation functions for neutral pions are assumed equal to the
average of those for charged pions. Factorization of the
semi-inclusive cross section results in the following isospin
relation for the Collins amplitudes for pions:
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and including a full simulation of the Hermes spectrom-
eter. A polarization state was assigned to each generated
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This model was obtained through a fully differential (i.e
differential in the four relevant kinematic variables x, Q2,
z, and Ph⊥) 2nd order polynomial fit [36,37] of real data.
The asymmetry amplitudes, extracted from the simulated
data by means of the same analysis procedure used for the
real data, were then compared with the model, evaluated
in each bin at the mean kinematics, to obtain an estimate
of the global impact of the effects listed above. The result
was included in the systematic uncertainty and constitutes
the largest contribution. It accounts for effects of nonlin-
earity of the model, as it includes the difference in each bin
between the average model and the model evaluated at the
average kinematics. The impact on the extracted ampli-
tudes of contributions [30] from the non-vanishing longitu-
dinal target-spin component was estimated based on previ-

ous measurements of single-spin asymmetries for longitu-
dinally polarized protons [38,39]. The resulting relatively
small effect was included in the systematic uncertainty.

A Monte Carlo simulation was used to estimate the frac-
tion of pions and kaons originating from the decay of ex-
clusively produced vector mesons, updating previous re-
sults reported in Ref. [40]. For charged pions, this fraction
is dominated by the decay of ρ0 mesons and, in the kine-
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tributions are considered part of the signal and were not
used to correct the pion and kaon yields analysed in the
present work. However, this information can be useful for
the interpretation of the results.
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expectation that transversity mainly receives contributions
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the sea quarks cannot be excluded, but is not expected to
be large due to the fact that transversity cannot be gener-
ated in gluon splitting. The amplitudes are also found to
increase with z, in qualitative agreement with the results
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periment [24,25]. The results of Fig. 2 also show that the
π− amplitude is of opposite sign to that of π+ and larger in
magnitude. A possible explanation is dominance of u fla-
vor among struck quarks, in conjunction with a substantial
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string end by the first break, a disfavored pion from the next
break is likely to inherit transverse momentum in the op-
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predicts such a Ph⊥ strong negative correlation between
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average of those for charged pions. Factorization of the
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of all these effects was estimated using a Pythia6 Monte
Carlo simulation [32] tuned to Hermes hadron multiplicity
data and exclusive vector-meson production data [33–35]
and including a full simulation of the Hermes spectrom-
eter. A polarization state was assigned to each generated
event using a model that reflects the (transverse target) po-
larization dependent part of the cross section (see Eq. (1)).
This model was obtained through a fully differential (i.e
differential in the four relevant kinematic variables x, Q2,
z, and Ph⊥) 2nd order polynomial fit [36,37] of real data.
The asymmetry amplitudes, extracted from the simulated
data by means of the same analysis procedure used for the
real data, were then compared with the model, evaluated
in each bin at the mean kinematics, to obtain an estimate
of the global impact of the effects listed above. The result
was included in the systematic uncertainty and constitutes
the largest contribution. It accounts for effects of nonlin-
earity of the model, as it includes the difference in each bin
between the average model and the model evaluated at the
average kinematics. The impact on the extracted ampli-
tudes of contributions [30] from the non-vanishing longitu-
dinal target-spin component was estimated based on previ-

ous measurements of single-spin asymmetries for longitu-
dinally polarized protons [38,39]. The resulting relatively
small effect was included in the systematic uncertainty.

A Monte Carlo simulation was used to estimate the frac-
tion of pions and kaons originating from the decay of ex-
clusively produced vector mesons, updating previous re-
sults reported in Ref. [40]. For charged pions, this fraction
is dominated by the decay of ρ0 mesons and, in the kine-
matic region covered by the present analysis, is of the or-
der of 6-7%. The vector-meson fractions for neutral pions
and charged kaons are of the order of 2-3%. The z and Ph⊥

dependences of the fraction of pions and kaons stemming
from the decay of exclusively produced vector mesons are
shown in [16] for the two kinematic regions Q2 < 4 GeV2

and Q2 > 4 GeV2 (the x dependence was not reported due
to the strong correlation between x and Q2 in the data).
They exhibit maxima at high z and low Ph⊥. These con-
tributions are considered part of the signal and were not
used to correct the pion and kaon yields analysed in the
present work. However, this information can be useful for
the interpretation of the results.

In general, the non-vanishing amplitudes shown in Fig. 2
increase in magnitude with x. This is consistent with the
expectation that transversity mainly receives contributions
from the valence quarks. A non negligible contribution from
the sea quarks cannot be excluded, but is not expected to
be large due to the fact that transversity cannot be gener-
ated in gluon splitting. The amplitudes are also found to
increase with z, in qualitative agreement with the results
for the Collins fragmentation function from the Belle ex-
periment [24,25]. The results of Fig. 2 also show that the
π− amplitude is of opposite sign to that of π+ and larger in
magnitude. A possible explanation is dominance of u fla-
vor among struck quarks, in conjunction with a substantial
magnitude with opposite sign of the disfavored Collins frag-
mentation function describing, e.g, the fragmentation of u
quarks into π− mesons, as already suggested in Ref. [17].
Opposite signs for the favored and disfavored Collins frag-
mentation functions are not in contradiction to the Belle

results [24,25] and are supported by the combined fits re-
ported in [22]. They can be understood in light of the
string model of fragmentation [41] (and also of the Schäfer–
Teryaev sum rule [42]). If a favored pion is created at the
string end by the first break, a disfavored pion from the next
break is likely to inherit transverse momentum in the op-
posite direction. The string fragmentation model, the base
of the successful and widespread Jetset generator [43],
predicts such a Ph⊥ strong negative correlation between
favored and disfavored pions.

Under the assumption of isospin symmetry, the fragmen-
tation functions for neutral pions are assumed equal to the
average of those for charged pions. Factorization of the
semi-inclusive cross section results in the following isospin
relation for the Collins amplitudes for pions:
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of all these effects was estimated using a Pythia6 Monte
Carlo simulation [32] tuned to Hermes hadron multiplicity
data and exclusive vector-meson production data [33–35]
and including a full simulation of the Hermes spectrom-
eter. A polarization state was assigned to each generated
event using a model that reflects the (transverse target) po-
larization dependent part of the cross section (see Eq. (1)).
This model was obtained through a fully differential (i.e
differential in the four relevant kinematic variables x, Q2,
z, and Ph⊥) 2nd order polynomial fit [36,37] of real data.
The asymmetry amplitudes, extracted from the simulated
data by means of the same analysis procedure used for the
real data, were then compared with the model, evaluated
in each bin at the mean kinematics, to obtain an estimate
of the global impact of the effects listed above. The result
was included in the systematic uncertainty and constitutes
the largest contribution. It accounts for effects of nonlin-
earity of the model, as it includes the difference in each bin
between the average model and the model evaluated at the
average kinematics. The impact on the extracted ampli-
tudes of contributions [30] from the non-vanishing longitu-
dinal target-spin component was estimated based on previ-

ous measurements of single-spin asymmetries for longitu-
dinally polarized protons [38,39]. The resulting relatively
small effect was included in the systematic uncertainty.

A Monte Carlo simulation was used to estimate the frac-
tion of pions and kaons originating from the decay of ex-
clusively produced vector mesons, updating previous re-
sults reported in Ref. [40]. For charged pions, this fraction
is dominated by the decay of ρ0 mesons and, in the kine-
matic region covered by the present analysis, is of the or-
der of 6-7%. The vector-meson fractions for neutral pions
and charged kaons are of the order of 2-3%. The z and Ph⊥

dependences of the fraction of pions and kaons stemming
from the decay of exclusively produced vector mesons are
shown in [16] for the two kinematic regions Q2 < 4 GeV2

and Q2 > 4 GeV2 (the x dependence was not reported due
to the strong correlation between x and Q2 in the data).
They exhibit maxima at high z and low Ph⊥. These con-
tributions are considered part of the signal and were not
used to correct the pion and kaon yields analysed in the
present work. However, this information can be useful for
the interpretation of the results.

In general, the non-vanishing amplitudes shown in Fig. 2
increase in magnitude with x. This is consistent with the
expectation that transversity mainly receives contributions
from the valence quarks. A non negligible contribution from
the sea quarks cannot be excluded, but is not expected to
be large due to the fact that transversity cannot be gener-
ated in gluon splitting. The amplitudes are also found to
increase with z, in qualitative agreement with the results
for the Collins fragmentation function from the Belle ex-
periment [24,25]. The results of Fig. 2 also show that the
π− amplitude is of opposite sign to that of π+ and larger in
magnitude. A possible explanation is dominance of u fla-
vor among struck quarks, in conjunction with a substantial
magnitude with opposite sign of the disfavored Collins frag-
mentation function describing, e.g, the fragmentation of u
quarks into π− mesons, as already suggested in Ref. [17].
Opposite signs for the favored and disfavored Collins frag-
mentation functions are not in contradiction to the Belle

results [24,25] and are supported by the combined fits re-
ported in [22]. They can be understood in light of the
string model of fragmentation [41] (and also of the Schäfer–
Teryaev sum rule [42]). If a favored pion is created at the
string end by the first break, a disfavored pion from the next
break is likely to inherit transverse momentum in the op-
posite direction. The string fragmentation model, the base
of the successful and widespread Jetset generator [43],
predicts such a Ph⊥ strong negative correlation between
favored and disfavored pions.

Under the assumption of isospin symmetry, the fragmen-
tation functions for neutral pions are assumed equal to the
average of those for charged pions. Factorization of the
semi-inclusive cross section results in the following isospin
relation for the Collins amplitudes for pions:
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FIG. 1: Sivers amplitudes for pions, charged kaons, and the
pion-difference asymmetry (as denoted in the panels) as func-
tions of x, z, or Ph⊥. The systematic uncertainty is given as a
band at the bottom of each panel. In addition there is a 7.3%
scale uncertainty from the target-polarization measurement.

In order to further examine the influence of exclusive
vector-meson decay and other possible 1

Q2 -suppressed
contributions, several studies were performed. Raising
the lower limit of Q2 to 4 GeV2 eliminates a large part
of the vector-meson contribution. Because of strong cor-
relations between x and Q2 in the data, this is presented
only for the z and Ph⊥ dependences. No influence of the
vector-meson fraction on the asymmetries is visible as
shown in Fig. 2. For the x dependence shown in Fig. 3,
each bin was divided into two Q2 regions below and above
the corresponding average Q2 (⟨Q2(xi)⟩) for that x bin.
While the averages of the kinematics integrated over in
those x bins do not differ significantly, the ⟨Q2⟩ values
for the two Q2 ranges change by a factor of about 1.7.
The asymmetries do not change by as much as would
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FIG. 2: Sivers amplitudes for π+ (left) and K+ (right) as
functions of z or Ph⊥, compared for two different ranges in Q2

(high-Q2 points are slightly shifted horizontally). The corre-
sponding fraction of pions and kaons stemming from exclusive
vector mesons, extracted from a Monte Carlo simulation, is
provided in the bottom panels.
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have been expected for a sizable 1
Q2 -suppressed contri-

bution, e.g., the one from longitudinal photons to the
spin-(in)dependent cross section. However, while the π+

asymmetries for the two Q2 regions are fully consistent,
there is a hint of systematically smaller K+ asymmetries
in the large-Q2 region.

An interesting facet of the data is the difference in the
π+ and K+ amplitudes shown in Fig. 4. On the basis
of u-quark dominance, i.e., the dominant contribution to
π+ and K+ production from scattering off u-quarks, one
might naively expect that the π+ and K+ amplitudes
should be similar. The difference in the π+ and K+

amplitudes may thus point to a significant role of other
quark flavors, e.g., sea quarks. Strictly speaking, even in
the case of scattering solely off u-quarks, the fragmenta-
tion function D1, contained in both the numerator and
denominator in Eq. (2), does not cancel in general as it
appears in convolution integrals. This can lead not only
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scale uncertainty from the target-polarization measurement.
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the lower limit of Q2 to 4 GeV2 eliminates a large part
of the vector-meson contribution. Because of strong cor-
relations between x and Q2 in the data, this is presented
only for the z and Ph⊥ dependences. No influence of the
vector-meson fraction on the asymmetries is visible as
shown in Fig. 2. For the x dependence shown in Fig. 3,
each bin was divided into two Q2 regions below and above
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An interesting facet of the data is the difference in the
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of u-quark dominance, i.e., the dominant contribution to
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of all these effects was estimated using a Pythia6 Monte
Carlo simulation [32] tuned to Hermes hadron multiplicity
data and exclusive vector-meson production data [33–35]
and including a full simulation of the Hermes spectrom-
eter. A polarization state was assigned to each generated
event using a model that reflects the (transverse target) po-
larization dependent part of the cross section (see Eq. (1)).
This model was obtained through a fully differential (i.e
differential in the four relevant kinematic variables x, Q2,
z, and Ph⊥) 2nd order polynomial fit [36,37] of real data.
The asymmetry amplitudes, extracted from the simulated
data by means of the same analysis procedure used for the
real data, were then compared with the model, evaluated
in each bin at the mean kinematics, to obtain an estimate
of the global impact of the effects listed above. The result
was included in the systematic uncertainty and constitutes
the largest contribution. It accounts for effects of nonlin-
earity of the model, as it includes the difference in each bin
between the average model and the model evaluated at the
average kinematics. The impact on the extracted ampli-
tudes of contributions [30] from the non-vanishing longitu-
dinal target-spin component was estimated based on previ-

ous measurements of single-spin asymmetries for longitu-
dinally polarized protons [38,39]. The resulting relatively
small effect was included in the systematic uncertainty.

A Monte Carlo simulation was used to estimate the frac-
tion of pions and kaons originating from the decay of ex-
clusively produced vector mesons, updating previous re-
sults reported in Ref. [40]. For charged pions, this fraction
is dominated by the decay of ρ0 mesons and, in the kine-
matic region covered by the present analysis, is of the or-
der of 6-7%. The vector-meson fractions for neutral pions
and charged kaons are of the order of 2-3%. The z and Ph⊥

dependences of the fraction of pions and kaons stemming
from the decay of exclusively produced vector mesons are
shown in [16] for the two kinematic regions Q2 < 4 GeV2

and Q2 > 4 GeV2 (the x dependence was not reported due
to the strong correlation between x and Q2 in the data).
They exhibit maxima at high z and low Ph⊥. These con-
tributions are considered part of the signal and were not
used to correct the pion and kaon yields analysed in the
present work. However, this information can be useful for
the interpretation of the results.

In general, the non-vanishing amplitudes shown in Fig. 2
increase in magnitude with x. This is consistent with the
expectation that transversity mainly receives contributions
from the valence quarks. A non negligible contribution from
the sea quarks cannot be excluded, but is not expected to
be large due to the fact that transversity cannot be gener-
ated in gluon splitting. The amplitudes are also found to
increase with z, in qualitative agreement with the results
for the Collins fragmentation function from the Belle ex-
periment [24,25]. The results of Fig. 2 also show that the
π− amplitude is of opposite sign to that of π+ and larger in
magnitude. A possible explanation is dominance of u fla-
vor among struck quarks, in conjunction with a substantial
magnitude with opposite sign of the disfavored Collins frag-
mentation function describing, e.g, the fragmentation of u
quarks into π− mesons, as already suggested in Ref. [17].
Opposite signs for the favored and disfavored Collins frag-
mentation functions are not in contradiction to the Belle

results [24,25] and are supported by the combined fits re-
ported in [22]. They can be understood in light of the
string model of fragmentation [41] (and also of the Schäfer–
Teryaev sum rule [42]). If a favored pion is created at the
string end by the first break, a disfavored pion from the next
break is likely to inherit transverse momentum in the op-
posite direction. The string fragmentation model, the base
of the successful and widespread Jetset generator [43],
predicts such a Ph⊥ strong negative correlation between
favored and disfavored pions.

Under the assumption of isospin symmetry, the fragmen-
tation functions for neutral pions are assumed equal to the
average of those for charged pions. Factorization of the
semi-inclusive cross section results in the following isospin
relation for the Collins amplitudes for pions:
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In order to further examine the influence of exclusive
vector-meson decay and other possible 1

Q2 -suppressed
contributions, several studies were performed. Raising
the lower limit of Q2 to 4 GeV2 eliminates a large part
of the vector-meson contribution. Because of strong cor-
relations between x and Q2 in the data, this is presented
only for the z and Ph⊥ dependences. No influence of the
vector-meson fraction on the asymmetries is visible as
shown in Fig. 2. For the x dependence shown in Fig. 3,
each bin was divided into two Q2 regions below and above
the corresponding average Q2 (⟨Q2(xi)⟩) for that x bin.
While the averages of the kinematics integrated over in
those x bins do not differ significantly, the ⟨Q2⟩ values
for the two Q2 ranges change by a factor of about 1.7.
The asymmetries do not change by as much as would
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have been expected for a sizable 1
Q2 -suppressed contri-

bution, e.g., the one from longitudinal photons to the
spin-(in)dependent cross section. However, while the π+

asymmetries for the two Q2 regions are fully consistent,
there is a hint of systematically smaller K+ asymmetries
in the large-Q2 region.

An interesting facet of the data is the difference in the
π+ and K+ amplitudes shown in Fig. 4. On the basis
of u-quark dominance, i.e., the dominant contribution to
π+ and K+ production from scattering off u-quarks, one
might naively expect that the π+ and K+ amplitudes
should be similar. The difference in the π+ and K+

amplitudes may thus point to a significant role of other
quark flavors, e.g., sea quarks. Strictly speaking, even in
the case of scattering solely off u-quarks, the fragmenta-
tion function D1, contained in both the numerator and
denominator in Eq. (2), does not cancel in general as it
appears in convolution integrals. This can lead not only
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is dominated by the decay of ρ0 mesons and, in the kine-
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der of 6-7%. The vector-meson fractions for neutral pions
and charged kaons are of the order of 2-3%. The z and Ph⊥

dependences of the fraction of pions and kaons stemming
from the decay of exclusively produced vector mesons are
shown in [16] for the two kinematic regions Q2 < 4 GeV2

and Q2 > 4 GeV2 (the x dependence was not reported due
to the strong correlation between x and Q2 in the data).
They exhibit maxima at high z and low Ph⊥. These con-
tributions are considered part of the signal and were not
used to correct the pion and kaon yields analysed in the
present work. However, this information can be useful for
the interpretation of the results.

In general, the non-vanishing amplitudes shown in Fig. 2
increase in magnitude with x. This is consistent with the
expectation that transversity mainly receives contributions
from the valence quarks. A non negligible contribution from
the sea quarks cannot be excluded, but is not expected to
be large due to the fact that transversity cannot be gener-
ated in gluon splitting. The amplitudes are also found to
increase with z, in qualitative agreement with the results
for the Collins fragmentation function from the Belle ex-
periment [24,25]. The results of Fig. 2 also show that the
π− amplitude is of opposite sign to that of π+ and larger in
magnitude. A possible explanation is dominance of u fla-
vor among struck quarks, in conjunction with a substantial
magnitude with opposite sign of the disfavored Collins frag-
mentation function describing, e.g, the fragmentation of u
quarks into π− mesons, as already suggested in Ref. [17].
Opposite signs for the favored and disfavored Collins frag-
mentation functions are not in contradiction to the Belle

results [24,25] and are supported by the combined fits re-
ported in [22]. They can be understood in light of the
string model of fragmentation [41] (and also of the Schäfer–
Teryaev sum rule [42]). If a favored pion is created at the
string end by the first break, a disfavored pion from the next
break is likely to inherit transverse momentum in the op-
posite direction. The string fragmentation model, the base
of the successful and widespread Jetset generator [43],
predicts such a Ph⊥ strong negative correlation between
favored and disfavored pions.

Under the assumption of isospin symmetry, the fragmen-
tation functions for neutral pions are assumed equal to the
average of those for charged pions. Factorization of the
semi-inclusive cross section results in the following isospin
relation for the Collins amplitudes for pions:

⟨sin(φ + φS)⟩π
+

UT + C⟨sin(φ + φS)⟩π
−

UT

− (1 + C)⟨sin(φ + φS)⟩π
0

UT = 0 ,
(5)

5

4

0

0.05

0.1

2 
〈s

in
(φ

-φ
S)
〉 U

T

π+

-0.1

0

0.1

2 
〈s

in
(φ

-φ
S)
〉 U

T

π0

-0.05

0

0.05

2 
〈s

in
(φ

-φ
S)
〉 U

T

π-

0

0.1

0.2

2 
〈s

in
(φ

-φ
S)
〉 U

T

K+

-0.1

0

0.1

2 
〈s

in
(φ

-φ
S)
〉 U

T

K-

0

0.25

10
-1

x

2 
〈s

in
(φ

-φ
S)
〉 U

T

π+ − π-

0.4 0.6
z

0.5 1
Ph⊥ [GeV]

FIG. 1: Sivers amplitudes for pions, charged kaons, and the
pion-difference asymmetry (as denoted in the panels) as func-
tions of x, z, or Ph⊥. The systematic uncertainty is given as a
band at the bottom of each panel. In addition there is a 7.3%
scale uncertainty from the target-polarization measurement.

In order to further examine the influence of exclusive
vector-meson decay and other possible 1

Q2 -suppressed
contributions, several studies were performed. Raising
the lower limit of Q2 to 4 GeV2 eliminates a large part
of the vector-meson contribution. Because of strong cor-
relations between x and Q2 in the data, this is presented
only for the z and Ph⊥ dependences. No influence of the
vector-meson fraction on the asymmetries is visible as
shown in Fig. 2. For the x dependence shown in Fig. 3,
each bin was divided into two Q2 regions below and above
the corresponding average Q2 (⟨Q2(xi)⟩) for that x bin.
While the averages of the kinematics integrated over in
those x bins do not differ significantly, the ⟨Q2⟩ values
for the two Q2 ranges change by a factor of about 1.7.
The asymmetries do not change by as much as would
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have been expected for a sizable 1
Q2 -suppressed contri-

bution, e.g., the one from longitudinal photons to the
spin-(in)dependent cross section. However, while the π+

asymmetries for the two Q2 regions are fully consistent,
there is a hint of systematically smaller K+ asymmetries
in the large-Q2 region.

An interesting facet of the data is the difference in the
π+ and K+ amplitudes shown in Fig. 4. On the basis
of u-quark dominance, i.e., the dominant contribution to
π+ and K+ production from scattering off u-quarks, one
might naively expect that the π+ and K+ amplitudes
should be similar. The difference in the π+ and K+

amplitudes may thus point to a significant role of other
quark flavors, e.g., sea quarks. Strictly speaking, even in
the case of scattering solely off u-quarks, the fragmenta-
tion function D1, contained in both the numerator and
denominator in Eq. (2), does not cancel in general as it
appears in convolution integrals. This can lead not only
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In order to further examine the influence of exclusive
vector-meson decay and other possible 1

Q2 -suppressed
contributions, several studies were performed. Raising
the lower limit of Q2 to 4 GeV2 eliminates a large part
of the vector-meson contribution. Because of strong cor-
relations between x and Q2 in the data, this is presented
only for the z and Ph⊥ dependences. No influence of the
vector-meson fraction on the asymmetries is visible as
shown in Fig. 2. For the x dependence shown in Fig. 3,
each bin was divided into two Q2 regions below and above
the corresponding average Q2 (⟨Q2(xi)⟩) for that x bin.
While the averages of the kinematics integrated over in
those x bins do not differ significantly, the ⟨Q2⟩ values
for the two Q2 ranges change by a factor of about 1.7.
The asymmetries do not change by as much as would
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bution, e.g., the one from longitudinal photons to the
spin-(in)dependent cross section. However, while the π+

asymmetries for the two Q2 regions are fully consistent,
there is a hint of systematically smaller K+ asymmetries
in the large-Q2 region.

An interesting facet of the data is the difference in the
π+ and K+ amplitudes shown in Fig. 4. On the basis
of u-quark dominance, i.e., the dominant contribution to
π+ and K+ production from scattering off u-quarks, one
might naively expect that the π+ and K+ amplitudes
should be similar. The difference in the π+ and K+

amplitudes may thus point to a significant role of other
quark flavors, e.g., sea quarks. Strictly speaking, even in
the case of scattering solely off u-quarks, the fragmenta-
tion function D1, contained in both the numerator and
denominator in Eq. (2), does not cancel in general as it
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contributions, several studies were performed. Raising
the lower limit of Q2 to 4 GeV2 eliminates a large part
of the vector-meson contribution. Because of strong cor-
relations between x and Q2 in the data, this is presented
only for the z and Ph⊥ dependences. No influence of the
vector-meson fraction on the asymmetries is visible as
shown in Fig. 2. For the x dependence shown in Fig. 3,
each bin was divided into two Q2 regions below and above
the corresponding average Q2 (⟨Q2(xi)⟩) for that x bin.
While the averages of the kinematics integrated over in
those x bins do not differ significantly, the ⟨Q2⟩ values
for the two Q2 ranges change by a factor of about 1.7.
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there is a hint of systematically smaller K+ asymmetries
in the large-Q2 region.
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of u-quark dominance, i.e., the dominant contribution to
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Event selection

Measuring the SSA

20

★ Events with at least 1 hadron track in acceptance. (<0.1% lepton contamination)

★ Hadrons selected in 2-15 GeV energy range
further PID using a dual-radiator ring-imaging Cherenkov detector (RICH): 
RICH unfolding

★ Trigger by signal coincidence of different sub-detectors and energy deposition 
(>1.4 GeV) in electro-magnetic calorimeter:

~100 % efficient for electrons
finite efficiency for single hadrons calculated as a function of hadron type, 
momentum, and detector position
event-wise determination of (and correction for) trigger efficiency

★ Average polarization degree of target: ⟨S⊥⟩ = 0.713±0.063

Event selection
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Systematic uncertainties.

The Asymmetries

Systematic uncertainties

21

★ Misalignment of detectors/beam.
★ Hadron misidentification.
★ Angular and momentum resolution.
★ Secondary interactions: 

Radiative corrections, M.S., decays, etc.

★ Target polarization:
8.8% scale uncertainty.

★ Trigger efficiency correction:
Difference among two alternative methods.

★ Compatibility of data productions:
Negligible.

All-in-one Monte Carlo approach: 

Full description of the detector

High-statistics PYTHIA 6.2  +
Spin-dependent model (from fit to data). 

Asin 
UT (xF , PT )

Extraction of the Asym. 
in every bin Asin 

UT,MC

The systematic uncertainty is taken then as 
the biggest of either:
(i) The deviation

(ii) The statistical error of 

|Asin 
UT,MC �Asin 

UT (hxF i, hPT i)|

Asin 
UT,MC
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Systematic uncertainties

Measurement
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The functional form is a Taylor 
expansion in PT (up to fifth order) and 
xF (up to first order) around the 
average kinematics of the entire 
experimental data sample.

A parametric model
Fit to HERMES data
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5X
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P̂T ⌘ PT � hPT i
x̂F ⌘ xF � hPT i
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Systematic uncertainties

Measurement
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The functional form is a Taylor 
expansion in PT (up to fifth order) and 
xF (up to first order) around the 
average kinematics of the entire 
experimental data sample.

Asin 
UT =

5X

i=0

P̂

i
T ci + x̂F

5X

i=0

P̂

i
T di

P̂T ⌘ PT � hPT i
x̂F ⌘ xF � hPT i

A parametric model
Fit to HERMES data
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DIS variables

Back-up

U. Elschenbroich: Transverse spin structure of the proton studied in semi-inclusive DIS 127

Fig. 1. DIS with one-photon exchange in the laboratory sys-
tem

son. For charged leptons and moderate squared momen-
tum transfers to the target Q2, the exchange of a sin-
gle virtual photon, as shown in Fig. 1, is the dominant
process during which the nucleon breaks up and forms
a final hadronic state X. The maximum possible momen-
tum transfer is determined by the centre-of-mass energy√
s which is only about 7.2 GeV at the HERMES experi-

ment. In inclusive DIS only the scattered lepton is detected
whereas additional hadrons of the final state X are de-
tected in semi-inclusive DIS processes. In contrast to inclu-
sive and semi-inclusive DIS the hadronic state X is fully
reconstructed in exclusive DIS. In the laboratory frame
the four-momentum of the incoming (outgoing) lepton is

l = (E,⃗ l) (l′ = (E′ ,⃗ l
′
)). For a fixed target experiment like

HERMES, only the first component of the four-momentum
of the nucleon1 P = (M, 0⃗ ) differs from zero, where M
is the rest mass of the nucleon. The relevant kinematic
variables for the inclusive DIS process are summarised
in Table 1.

The squared momentum transfer to the target Q2 is
a measure of the spatial resolution in the scattering pro-
cess. In DIS processes, Q2 is large enough to resolve the
constituents of the nucleon. The dimensionless Bjorken
scaling variable x describes the inelasticity of the pro-
cess. Mass is conserved in elastic scattering processes, i.e.,
W 2 = M2 which implies x = 1. The squared mass of the fi-
nal state becomes larger than the nucleon mass in inelastic
processes, and consequently 0 < x < 1. As additional de-
gree of freedom, the mass difference between final hadronic
state and target nucleon – the excitation energy – requires
two independent variables for the description of the scat-
tering process, e.g., Q2 and x.

The differential cross section for a scattered lepton
which is detected within a solid angle dΩ and in an energy
range [E′, E′+dE′] can be written as (see e.g. [17]):

d2σ

dΩdE′
=
α2

2MQ4

E′

E
LµνW

µν

=
α2

2MQ4

E′

E

[
L(S)
µνW

µν(S)−L(A)
µν W

µν(A)
]
,

(1)

1 Throughout this work natural units are used, i.e., h̄ = c = 1.

Table 1. Kinematic variables used in the description of DIS.
The (near-) equalities marked ‘lab’ hold in the laboratory frame
for a fixed target, neglecting the lepton rest mass

θ polar scattering angle
in the laboratory frame

q = l− l′ four-momentum transfer to the
target

s = (P+ l)2
lab
≈ M2 +2ME squared centre-of-mass energy

ν = P·q
M

lab
= E−E′ energy transfer to the target

y = P·q
P·l

lab
= ν

E fractional energy transfer to the
target

Q2 =−q2 lab
≈ 4EE′ sin2 θ

2 squared invariant mass of the
virtual photon

W 2 = (P+q)2 squared mass of the final
lab
= M2 +2Mν−Q2 state

x = Q2

2P·q
lab
= Q2

2Mν Bjorken scaling variable

where α is the electromagnetic coupling constant. Lµν and
Wµν are the leptonic and hadronic tensors, describing the
interaction at the leptonic and hadronic vertices of the DIS
process (cf. Fig. 1). They can be split up in two parts which
are symmetric and antisymmetric under parity transform-
ation, respectively:

Lµν = L(S)
µν + iL(A)

µν , Wµν = W (S)
µν + iW (A)

µν , (2)

where only the antisymmetric parts are spin-dependent. In
the cross section of (1), antisymmetric combinations ofLµν

and Wµν do not appear due to the parity conservation of
the electromagnetic interaction.

Since the lepton is a point-like spin- 1
2 particle, the

leptonic tensor can be calculated in the Dirac formal-
ism of QED. The small electromagnetic coupling constant
α≈ 1/137 and the fact that photons do not couple to them-
selves allow the application of perturbative QED. Using
Dirac matrices (cf. Appendix A) and the Dirac spinor
u(l, s) for spin- 1

2 particles with four-momentum l and spin
four-vector s, the leptonic tensor reads:

Lµν(l, s; l
′, s′) = [ū′(l′, s′)γµu(l, s)]∗[ū′(l′, s′)γνu(l, s)] .

(3)

The polarisation of the scattered lepton is not measured in
the experiment, so the leptonic tensor can be summed over
the spin four-vector s′ of the scattered lepton. This results
in the following symmetric and antisymmetric parts of the
tensor:

L(S)
µν (l; l′) = 2[lµl

′
ν + l′µlν − gµν(ll

′−m2
l )] , (4)

L(A)
µν (l, s; l′) = 2mlϵµνλκs

λ(lκ− l′κ) . (5)

Here, gµν denotes the metric tensor, ϵµνλκ the Levi–Civita
tensor normalised so that ϵ0123 = 1, and ml the lepton
mass.

The complex inner structure of the nucleon prevents
the exact calculation of the hadronic tensor. Only a para-
metrisation in terms of structure functions is possible.
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process during which the nucleon breaks up and forms
a final hadronic state X. The maximum possible momen-
tum transfer is determined by the centre-of-mass energy√
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HERMES, only the first component of the four-momentum
of the nucleon1 P = (M, 0⃗ ) differs from zero, where M
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a measure of the spatial resolution in the scattering pro-
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gree of freedom, the mass difference between final hadronic
state and target nucleon – the excitation energy – requires
two independent variables for the description of the scat-
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The differential cross section for a scattered lepton
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range [E′, E′+dE′] can be written as (see e.g. [17]):
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≈ 4EE′ sin2 θ
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virtual photon

W 2 = (P+q)2 squared mass of the final
lab
= M2 +2Mν−Q2 state

x = Q2

2P·q
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where α is the electromagnetic coupling constant. Lµν and
Wµν are the leptonic and hadronic tensors, describing the
interaction at the leptonic and hadronic vertices of the DIS
process (cf. Fig. 1). They can be split up in two parts which
are symmetric and antisymmetric under parity transform-
ation, respectively:

Lµν = L(S)
µν + iL(A)

µν , Wµν = W (S)
µν + iW (A)

µν , (2)

where only the antisymmetric parts are spin-dependent. In
the cross section of (1), antisymmetric combinations ofLµν

and Wµν do not appear due to the parity conservation of
the electromagnetic interaction.

Since the lepton is a point-like spin- 1
2 particle, the

leptonic tensor can be calculated in the Dirac formal-
ism of QED. The small electromagnetic coupling constant
α≈ 1/137 and the fact that photons do not couple to them-
selves allow the application of perturbative QED. Using
Dirac matrices (cf. Appendix A) and the Dirac spinor
u(l, s) for spin- 1

2 particles with four-momentum l and spin
four-vector s, the leptonic tensor reads:

Lµν(l, s; l
′, s′) = [ū′(l′, s′)γµu(l, s)]∗[ū′(l′, s′)γνu(l, s)] .

(3)

The polarisation of the scattered lepton is not measured in
the experiment, so the leptonic tensor can be summed over
the spin four-vector s′ of the scattered lepton. This results
in the following symmetric and antisymmetric parts of the
tensor:

L(S)
µν (l; l′) = 2[lµl

′
ν + l′µlν − gµν(ll

′−m2
l )] , (4)

L(A)
µν (l, s; l′) = 2mlϵµνλκs

λ(lκ− l′κ) . (5)

Here, gµν denotes the metric tensor, ϵµνλκ the Levi–Civita
tensor normalised so that ϵ0123 = 1, and ml the lepton
mass.

The complex inner structure of the nucleon prevents
the exact calculation of the hadronic tensor. Only a para-
metrisation in terms of structure functions is possible.

DIS variables
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