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Ex.: Appearance of TMDs in SIDIS
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hermes

SSA & Unintegrated Distribution and

Fragmentation Functions

Leading-Twist

Distribution Functions Fragmentation Functions

Chiral-odd transversity h1 must couple to chiral-odd FF

can use kT -unintegrated chiral-odd FF ⇒ T-odd Collins FF

⇒ leads to Single-Spin Asymmetrie (SSA)
Gunar Schnell, Universiteit Gent QCD-N’06 – Frascati, June 14

th
, 2006 – p. 10/363
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SIDIS Cross Section

(up to subleading order in 1/Q)
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smaller range in (x,Q2) than 
for f1  

data mainly for integrated 
version of g1L 

need asymmetries not only 
binned in x but also in Ph⊥

[M.G. Alekseev et al., Phys.Lett. B693 (2010) 227-235] 
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☛ E.-M. Kabuss, W. Vogelsang
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PT at moderately small PT for π+. The slope for π−

could be positive for moderate PT (ignoring the first data
point).
A possible interpretation of the PT -dependence of the

double-spin asymmetry may involve different widths of
the transverse momentum distributions of quarks with
different flavor and polarizations [45] resulting from dif-
ferent orbital motion of quarks polarized in the direc-
tion of the proton spin and opposite to it [46, 47]. In
Fig. 2 the measured A1 is compared with calculations
of the Torino group [45], which uses different values of
the ratio of widths in kT for partonic helicity, g1, and
momentum, f1, distributions, assuming Gaussian kT dis-
tributions with no flavor dependence. A fit to A1(PT )
for π+ using the same approach yields a ratio of widths
of 0.7± 0.1 with χ2 = 1.5. The fit to A1 with a straight
line (no difference in g1 and f1 widths) gives a χ2 = 1.9.

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0 0.5 1

!
+A

1

0 0.5 1

!
-

PT (GeV)

0 0.5 1

!
0

FIG. 2: The double spin asymmetry A1 as a function of trans-
verse momentum PT , integrated over all kinematical vari-
ables. The open band corresponds to systematic uncertain-
ties. The dashed, dotted and dash-dotted curves are calcula-
tions for different values for the ratio of transverse momentum
widths for g1 and f1 (0.40, 0.68, 1.0) for a fixed width for f1
(0.25 GeV2) [45].

Asymmetries as a function of the azimuthal angle φ
provide access to different combinations of TMD parton
distribution and fragmentation functions [4]. The lon-
gitudinally polarized (L) target spin asymmetry for an
unpolarized beam (U),

AUL =
1

fPt

N+ −N−

N+ +N−
(3)

is measured from data by counting in φ-bins the differ-
ence of luminosity-normalized events with proton spin
states anti-parallel (N+) and parallel (N−) to the beam
direction.
The standard procedure for the extraction of the dif-

ferent moments involves sorting AUL in bins of φ and
fitting this φ-distribution with theoretically motivated
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FIG. 3: Azimuthal modulation of the target single spin asym-
metry AUL for pions integrated over the full kinematics. Only
statistical uncertainties are shown. Fit parameters p1/p2 are
0.047±0.010/−0.042±0.010, −0.046±0.016/−0.060±0.016,
0.059 ± 0.018/0.010 ± 0.019 for π+,π− and π0, respectively.
Dotted and dash-dotted lines for π+ show separately contri-
butions from sinφ and sin 2φ moments, whereas the solid line
shows the sum.

functions. Results for the function p1 sinφ + p2 sin 2φ
and, alternatively, for (p1 sinφ+ p2 sin 2φ)/(1 + p3 cosφ)
are consistent, indicating a weak dependence of the ex-
tracted sinnφ moments on the presence of the cosφ mo-
ment in the φ-dependence of the spin-independent sum.
The main sources of systematic uncertainties in the mea-
surements of single spin asymmetries include uncertain-
ties in target polarizations (6%), acceptance effects (8%),
and uncertainties in the dilution factor (5%). The con-
tribution due to differences between the true luminosity
for the two different target spin states is below 2%. Ra-
diative corrections for sinφ-type moments, for moderate
values of y are expected to be negligible [48].
The dependence of the target single spin asymmetry

on φ, integrated over all other kinematical variables, is
plotted in Fig. 3. We observe a significant sin 2φ mod-
ulation for π+ (0.042± 0.010). A relatively small sin 2φ
term in the azimuthal dependence for π0 is in agree-
ment with observations by HERMES [13]. Since the only
known contribution to the sin 2φ moments comes from
the Collins effect, one can infer that, for π0, the Collins
function is suppressed. Indeed, both HERMES [13] and
Belle [37] measurements indicate that favored and unfa-
vored Collins functions are roughly equal and have oppo-
site signs, which means that they largely cancel for π0.
On the other hand, the amplitudes of the sinφ modula-
tions for π+ and π0 are comparable in size. This indicates
that the contribution from the Collins effect to the sinφ
SSA, in general, is relatively small.
The sin 2φ moment Asin 2φ

UL as a function of x is plotted
in Fig. 4. Calculations [28, 34] using h⊥

1L from the chiral
quark soliton model [49] and the Collins function [50] ex-

Avakian et al. [CLAS], arXiv:1003.4549
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double-spin asymmetry may involve different widths of
the transverse momentum distributions of quarks with
different flavor and polarizations [45] resulting from dif-
ferent orbital motion of quarks polarized in the direc-
tion of the proton spin and opposite to it [46, 47]. In
Fig. 2 the measured A1 is compared with calculations
of the Torino group [45], which uses different values of
the ratio of widths in kT for partonic helicity, g1, and
momentum, f1, distributions, assuming Gaussian kT dis-
tributions with no flavor dependence. A fit to A1(PT )
for π+ using the same approach yields a ratio of widths
of 0.7± 0.1 with χ2 = 1.5. The fit to A1 with a straight
line (no difference in g1 and f1 widths) gives a χ2 = 1.9.
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verse momentum PT , integrated over all kinematical vari-
ables. The open band corresponds to systematic uncertain-
ties. The dashed, dotted and dash-dotted curves are calcula-
tions for different values for the ratio of transverse momentum
widths for g1 and f1 (0.40, 0.68, 1.0) for a fixed width for f1
(0.25 GeV2) [45].
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FIG. 3: Azimuthal modulation of the target single spin asym-
metry AUL for pions integrated over the full kinematics. Only
statistical uncertainties are shown. Fit parameters p1/p2 are
0.047±0.010/−0.042±0.010, −0.046±0.016/−0.060±0.016,
0.059 ± 0.018/0.010 ± 0.019 for π+,π− and π0, respectively.
Dotted and dash-dotted lines for π+ show separately contri-
butions from sinφ and sin 2φ moments, whereas the solid line
shows the sum.

functions. Results for the function p1 sinφ + p2 sin 2φ
and, alternatively, for (p1 sinφ+ p2 sin 2φ)/(1 + p3 cosφ)
are consistent, indicating a weak dependence of the ex-
tracted sinnφ moments on the presence of the cosφ mo-
ment in the φ-dependence of the spin-independent sum.
The main sources of systematic uncertainties in the mea-
surements of single spin asymmetries include uncertain-
ties in target polarizations (6%), acceptance effects (8%),
and uncertainties in the dilution factor (5%). The con-
tribution due to differences between the true luminosity
for the two different target spin states is below 2%. Ra-
diative corrections for sinφ-type moments, for moderate
values of y are expected to be negligible [48].
The dependence of the target single spin asymmetry

on φ, integrated over all other kinematical variables, is
plotted in Fig. 3. We observe a significant sin 2φ mod-
ulation for π+ (0.042± 0.010). A relatively small sin 2φ
term in the azimuthal dependence for π0 is in agree-
ment with observations by HERMES [13]. Since the only
known contribution to the sin 2φ moments comes from
the Collins effect, one can infer that, for π0, the Collins
function is suppressed. Indeed, both HERMES [13] and
Belle [37] measurements indicate that favored and unfa-
vored Collins functions are roughly equal and have oppo-
site signs, which means that they largely cancel for π0.
On the other hand, the amplitudes of the sinφ modula-
tions for π+ and π0 are comparable in size. This indicates
that the contribution from the Collins effect to the sinφ
SSA, in general, is relatively small.
The sin 2φ moment Asin 2φ

UL as a function of x is plotted
in Fig. 4. Calculations [28, 34] using h⊥

1L from the chiral
quark soliton model [49] and the Collins function [50] ex-

Avakian et al. [CLAS], arXiv:1003.4549

only weak if any dependence on Ph⊥ seen



GPD 2010, ECT* Trentogunar.schnell @ desy.de

!"#!$%&%'!"(#)*+,'!-.+/012)3 )45//617+64!+,!#"!"#!879:0;1+9,!9<!2):79,4!9<<!126!39,=+10:+,)335!893)7+.6:!!!1)7=61

> ?!" +4!)!*+710)3!82919,!:6893)7+.)1+9,!<);197@!+4!!+,!!!!!!!!!

)=766/6,1!A+12!BCDE-##!80F3+426:!:)1)!?EGHII%?$%%J@KLJ@'!

> <97!2" ),:!<97!2MN! 4/)33!),:!<3)1(!

>#1)1+41+;)3!677974!)76!429A,'!45416/)1+;!9,64!)76!641+/)16:!19!F6!4/)3367N!

=39F)3!45416/)1+;!/031083+;)1+*6 677974!)76!4/)3367!12),!IO(

0 0( ) ( ) / ( ) ( )const h

dA x a x D x A x! "

( , )const h

Ta z p

&$

A
1

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h⊥1

L g1L h⊥1L

T f⊥1T g1T h1, h⊥1T

Twist-2 TMDs

Helicity density
(unintegrated)

7

A1!p
Π#

0.0 0.2 0.4 0.6 0.8
ph!

$0.2

0.0

0.2

0.4
A1!p
Π$

0.0 0.2 0.4 0.6 0.8
ph!

$0.2

0.0

0.2

0.4

0.023 % x % 0.055

0.055 % x % 0.100

0.100 % x % 0.600

A1!D
Π#

0.0 0.2 0.4 0.6 0.8
ph!

$0.2

0.0

0.2

0.4
A1!D
Π$

HERMES Preliminary

0.0 0.2 0.4 0.6 0.8
ph!

$0.2

0.0

0.2

0.4

A1!D
K#

0.0 0.2 0.4 0.6 0.8
ph!

$0.2

0.0

0.2

0.4
A1!D
K$

0.0 0.2 0.4 0.6 0.8
ph!

$0.2

0.0

0.2

0.4

4

PT at moderately small PT for π+. The slope for π−
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A possible interpretation of the PT -dependence of the

double-spin asymmetry may involve different widths of
the transverse momentum distributions of quarks with
different flavor and polarizations [45] resulting from dif-
ferent orbital motion of quarks polarized in the direc-
tion of the proton spin and opposite to it [46, 47]. In
Fig. 2 the measured A1 is compared with calculations
of the Torino group [45], which uses different values of
the ratio of widths in kT for partonic helicity, g1, and
momentum, f1, distributions, assuming Gaussian kT dis-
tributions with no flavor dependence. A fit to A1(PT )
for π+ using the same approach yields a ratio of widths
of 0.7± 0.1 with χ2 = 1.5. The fit to A1 with a straight
line (no difference in g1 and f1 widths) gives a χ2 = 1.9.
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FIG. 2: The double spin asymmetry A1 as a function of trans-
verse momentum PT , integrated over all kinematical vari-
ables. The open band corresponds to systematic uncertain-
ties. The dashed, dotted and dash-dotted curves are calcula-
tions for different values for the ratio of transverse momentum
widths for g1 and f1 (0.40, 0.68, 1.0) for a fixed width for f1
(0.25 GeV2) [45].

Asymmetries as a function of the azimuthal angle φ
provide access to different combinations of TMD parton
distribution and fragmentation functions [4]. The lon-
gitudinally polarized (L) target spin asymmetry for an
unpolarized beam (U),

AUL =
1

fPt

N+ −N−

N+ +N−
(3)

is measured from data by counting in φ-bins the differ-
ence of luminosity-normalized events with proton spin
states anti-parallel (N+) and parallel (N−) to the beam
direction.
The standard procedure for the extraction of the dif-

ferent moments involves sorting AUL in bins of φ and
fitting this φ-distribution with theoretically motivated
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FIG. 3: Azimuthal modulation of the target single spin asym-
metry AUL for pions integrated over the full kinematics. Only
statistical uncertainties are shown. Fit parameters p1/p2 are
0.047±0.010/−0.042±0.010, −0.046±0.016/−0.060±0.016,
0.059 ± 0.018/0.010 ± 0.019 for π+,π− and π0, respectively.
Dotted and dash-dotted lines for π+ show separately contri-
butions from sinφ and sin 2φ moments, whereas the solid line
shows the sum.

functions. Results for the function p1 sinφ + p2 sin 2φ
and, alternatively, for (p1 sinφ+ p2 sin 2φ)/(1 + p3 cosφ)
are consistent, indicating a weak dependence of the ex-
tracted sinnφ moments on the presence of the cosφ mo-
ment in the φ-dependence of the spin-independent sum.
The main sources of systematic uncertainties in the mea-
surements of single spin asymmetries include uncertain-
ties in target polarizations (6%), acceptance effects (8%),
and uncertainties in the dilution factor (5%). The con-
tribution due to differences between the true luminosity
for the two different target spin states is below 2%. Ra-
diative corrections for sinφ-type moments, for moderate
values of y are expected to be negligible [48].
The dependence of the target single spin asymmetry

on φ, integrated over all other kinematical variables, is
plotted in Fig. 3. We observe a significant sin 2φ mod-
ulation for π+ (0.042± 0.010). A relatively small sin 2φ
term in the azimuthal dependence for π0 is in agree-
ment with observations by HERMES [13]. Since the only
known contribution to the sin 2φ moments comes from
the Collins effect, one can infer that, for π0, the Collins
function is suppressed. Indeed, both HERMES [13] and
Belle [37] measurements indicate that favored and unfa-
vored Collins functions are roughly equal and have oppo-
site signs, which means that they largely cancel for π0.
On the other hand, the amplitudes of the sinφ modula-
tions for π+ and π0 are comparable in size. This indicates
that the contribution from the Collins effect to the sinφ
SSA, in general, is relatively small.
The sin 2φ moment Asin 2φ

UL as a function of x is plotted
in Fig. 4. Calculations [28, 34] using h⊥

1L from the chiral
quark soliton model [49] and the Collins function [50] ex-

Avakian et al. [CLAS], arXiv:1003.4549

only weak if any dependence on Ph⊥ seen

☛ H. Avakian
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PT at moderately small PT for π+. The slope for π−

could be positive for moderate PT (ignoring the first data
point).
A possible interpretation of the PT -dependence of the

double-spin asymmetry may involve different widths of
the transverse momentum distributions of quarks with
different flavor and polarizations [45] resulting from dif-
ferent orbital motion of quarks polarized in the direc-
tion of the proton spin and opposite to it [46, 47]. In
Fig. 2 the measured A1 is compared with calculations
of the Torino group [45], which uses different values of
the ratio of widths in kT for partonic helicity, g1, and
momentum, f1, distributions, assuming Gaussian kT dis-
tributions with no flavor dependence. A fit to A1(PT )
for π+ using the same approach yields a ratio of widths
of 0.7± 0.1 with χ2 = 1.5. The fit to A1 with a straight
line (no difference in g1 and f1 widths) gives a χ2 = 1.9.
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FIG. 2: The double spin asymmetry A1 as a function of trans-
verse momentum PT , integrated over all kinematical vari-
ables. The open band corresponds to systematic uncertain-
ties. The dashed, dotted and dash-dotted curves are calcula-
tions for different values for the ratio of transverse momentum
widths for g1 and f1 (0.40, 0.68, 1.0) for a fixed width for f1
(0.25 GeV2) [45].

Asymmetries as a function of the azimuthal angle φ
provide access to different combinations of TMD parton
distribution and fragmentation functions [4]. The lon-
gitudinally polarized (L) target spin asymmetry for an
unpolarized beam (U),

AUL =
1

fPt

N+ −N−

N+ +N−
(3)

is measured from data by counting in φ-bins the differ-
ence of luminosity-normalized events with proton spin
states anti-parallel (N+) and parallel (N−) to the beam
direction.
The standard procedure for the extraction of the dif-

ferent moments involves sorting AUL in bins of φ and
fitting this φ-distribution with theoretically motivated
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FIG. 3: Azimuthal modulation of the target single spin asym-
metry AUL for pions integrated over the full kinematics. Only
statistical uncertainties are shown. Fit parameters p1/p2 are
0.047±0.010/−0.042±0.010, −0.046±0.016/−0.060±0.016,
0.059 ± 0.018/0.010 ± 0.019 for π+,π− and π0, respectively.
Dotted and dash-dotted lines for π+ show separately contri-
butions from sinφ and sin 2φ moments, whereas the solid line
shows the sum.

functions. Results for the function p1 sinφ + p2 sin 2φ
and, alternatively, for (p1 sinφ+ p2 sin 2φ)/(1 + p3 cosφ)
are consistent, indicating a weak dependence of the ex-
tracted sinnφ moments on the presence of the cosφ mo-
ment in the φ-dependence of the spin-independent sum.
The main sources of systematic uncertainties in the mea-
surements of single spin asymmetries include uncertain-
ties in target polarizations (6%), acceptance effects (8%),
and uncertainties in the dilution factor (5%). The con-
tribution due to differences between the true luminosity
for the two different target spin states is below 2%. Ra-
diative corrections for sinφ-type moments, for moderate
values of y are expected to be negligible [48].
The dependence of the target single spin asymmetry

on φ, integrated over all other kinematical variables, is
plotted in Fig. 3. We observe a significant sin 2φ mod-
ulation for π+ (0.042± 0.010). A relatively small sin 2φ
term in the azimuthal dependence for π0 is in agree-
ment with observations by HERMES [13]. Since the only
known contribution to the sin 2φ moments comes from
the Collins effect, one can infer that, for π0, the Collins
function is suppressed. Indeed, both HERMES [13] and
Belle [37] measurements indicate that favored and unfa-
vored Collins functions are roughly equal and have oppo-
site signs, which means that they largely cancel for π0.
On the other hand, the amplitudes of the sinφ modula-
tions for π+ and π0 are comparable in size. This indicates
that the contribution from the Collins effect to the sinφ
SSA, in general, is relatively small.
The sin 2φ moment Asin 2φ

UL as a function of x is plotted
in Fig. 4. Calculations [28, 34] using h⊥

1L from the chiral
quark soliton model [49] and the Collins function [50] ex-

Avakian et al. [CLAS], arXiv:1003.4549

only weak if any dependence on Ph⊥ seen

☛ H. Avakian

☛ H. Wollny
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transverse spin transfer (polarized final-state hadron)
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chiral-odd transversity involves quark helicity flip

need to couple to chiral-odd fragmentation function:
transverse spin transfer (polarized final-state hadron)
2-hadron fragmentation
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chiral-odd transversity involves quark helicity flip

need to couple to chiral-odd fragmentation function:
transverse spin transfer (polarized final-state hadron)
2-hadron fragmentation
Collins fragmentation
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T (initial quak spin) : component of target spin perpendicular to !*

T’ (final quark spin) : symmetric of the T w.r.t. the normal to the scattering plane

M. Anselmino & F. Murgia,

Physics Letters B 483 (2000) 74-86
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compatible with zero

low sensitivity to u & d 
quark polarization?

measured at lower x 
where transversity is 
expected not to be large

2010 data will reduce 
statistical uncertainty 
by factor 2

need to look at other 
hyperons?
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Figure 1: Depiction of the azimuthal angles φR⊥ of the dihadron and φS of the component ST of
the target-polarization transverse to both the virtual-photon and target-nucleon momenta q and P ,
respectively. Both angles are evaluated in the virtual-photon-nucleon center-of-momentum frame.
Explicitly, φR⊥ ≡ (q×k)·RT

|(q×k)·RT | arccos (q×k)·(q×RT )
|q×k||q×RT | and φS ≡ (q×k)·ST

|(q×k)·ST | arccos (q×k)·(q×ST )
|q×k||q×ST | . Here,

RT = R − (R · P̂h)P̂h, with R ≡ (Pπ+ − Pπ−)/2, Ph ≡ Pπ+ + Pπ− , and P̂h ≡ Ph/ | Ph |,
thus RT is the component of Pπ+ orthogonal to Ph, and φR⊥ is the azimuthal angle of RT about
the virtual-photon direction. The dotted lines indicate how vectors are projected onto planes. The
short dotted line is parallel to the direction of the virtual photon. Also included is a description of
the polar angle θ, which is evaluated in the center-of-momentum frame of the pion pair.

contributions to this amplitude at subleading twist (i.e., twist-3). Among the various con-

tributions to the fragmentation function H!

1,q are the interference H!,sp
1,q between the s- and

p-wave components of the π+π− pair and the interference H!,pp
1,q between two p-waves. In

some of the literature, such functions have therefore been called interference fragmentation

functions [15], even though in general interference between different amplitudes is required

by all naive-T-odd functions. In this paper the focus is on the sp-interference, since it has

received the most theoretical attention. In particular, in Ref. [15] H!,sp
1,q was predicted to

change sign at a very specific value of the invariant mass Mππ of the π+π− pair, close to

the mass of the ρ0 meson. However, other models [37, 38] predict a completely different

behavior.

The data presented here were recorded during the 2002-2005 running period of the

Hermes experiment, using the 27.6 GeV positron or electron beam and a transversely

polarized hydrogen gas target internal to the Hera storage ring at Desy. The open-

ended target cell was fed by an atomic-beam source [39] based on Stern-Gerlach separation

combined with transitions of hydrogen hyperfine states. The nuclear polarization of the

atoms was flipped at 1–3 min. time intervals, while both this polarization and the atomic

fraction inside the target cell were continuously measured [40]. The average value of the

transverse proton polarization |S⊥| was 0.74 ± 0.06.

Scattered leptons and coincident hadrons were detected by the Hermes spectrome-

ter [41]. Its acceptance spanned the scattering-angle range 40 < |θy| < 140 mrad and

relative momentum of the hadron pair.

– 3 –
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Figure 1: Depiction of the azimuthal angles φR⊥ of the dihadron and φS of the component ST of
the target-polarization transverse to both the virtual-photon and target-nucleon momenta q and P ,
respectively. Both angles are evaluated in the virtual-photon-nucleon center-of-momentum frame.
Explicitly, φR⊥ ≡ (q×k)·RT

|(q×k)·RT | arccos (q×k)·(q×RT )
|q×k||q×RT | and φS ≡ (q×k)·ST

|(q×k)·ST | arccos (q×k)·(q×ST )
|q×k||q×ST | . Here,

RT = R − (R · P̂h)P̂h, with R ≡ (Pπ+ − Pπ−)/2, Ph ≡ Pπ+ + Pπ− , and P̂h ≡ Ph/ | Ph |,
thus RT is the component of Pπ+ orthogonal to Ph, and φR⊥ is the azimuthal angle of RT about
the virtual-photon direction. The dotted lines indicate how vectors are projected onto planes. The
short dotted line is parallel to the direction of the virtual photon. Also included is a description of
the polar angle θ, which is evaluated in the center-of-momentum frame of the pion pair.

contributions to this amplitude at subleading twist (i.e., twist-3). Among the various con-

tributions to the fragmentation function H!

1,q are the interference H!,sp
1,q between the s- and

p-wave components of the π+π− pair and the interference H!,pp
1,q between two p-waves. In

some of the literature, such functions have therefore been called interference fragmentation

functions [15], even though in general interference between different amplitudes is required

by all naive-T-odd functions. In this paper the focus is on the sp-interference, since it has

received the most theoretical attention. In particular, in Ref. [15] H!,sp
1,q was predicted to

change sign at a very specific value of the invariant mass Mππ of the π+π− pair, close to

the mass of the ρ0 meson. However, other models [37, 38] predict a completely different

behavior.

The data presented here were recorded during the 2002-2005 running period of the

Hermes experiment, using the 27.6 GeV positron or electron beam and a transversely

polarized hydrogen gas target internal to the Hera storage ring at Desy. The open-

ended target cell was fed by an atomic-beam source [39] based on Stern-Gerlach separation

combined with transitions of hydrogen hyperfine states. The nuclear polarization of the

atoms was flipped at 1–3 min. time intervals, while both this polarization and the atomic

fraction inside the target cell were continuously measured [40]. The average value of the

transverse proton polarization |S⊥| was 0.74 ± 0.06.

Scattered leptons and coincident hadrons were detected by the Hermes spectrome-

ter [41]. Its acceptance spanned the scattering-angle range 40 < |θy| < 140 mrad and

relative momentum of the hadron pair.
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invariant-mass dependence rules out Jaffe model 
predicting a sign change to rho mass
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Figure 1: Depiction of the azimuthal angles φR⊥ of the dihadron and φS of the component ST of
the target-polarization transverse to both the virtual-photon and target-nucleon momenta q and P ,
respectively. Both angles are evaluated in the virtual-photon-nucleon center-of-momentum frame.
Explicitly, φR⊥ ≡ (q×k)·RT

|(q×k)·RT | arccos (q×k)·(q×RT )
|q×k||q×RT | and φS ≡ (q×k)·ST

|(q×k)·ST | arccos (q×k)·(q×ST )
|q×k||q×ST | . Here,

RT = R − (R · P̂h)P̂h, with R ≡ (Pπ+ − Pπ−)/2, Ph ≡ Pπ+ + Pπ− , and P̂h ≡ Ph/ | Ph |,
thus RT is the component of Pπ+ orthogonal to Ph, and φR⊥ is the azimuthal angle of RT about
the virtual-photon direction. The dotted lines indicate how vectors are projected onto planes. The
short dotted line is parallel to the direction of the virtual photon. Also included is a description of
the polar angle θ, which is evaluated in the center-of-momentum frame of the pion pair.

contributions to this amplitude at subleading twist (i.e., twist-3). Among the various con-

tributions to the fragmentation function H!

1,q are the interference H!,sp
1,q between the s- and

p-wave components of the π+π− pair and the interference H!,pp
1,q between two p-waves. In

some of the literature, such functions have therefore been called interference fragmentation

functions [15], even though in general interference between different amplitudes is required

by all naive-T-odd functions. In this paper the focus is on the sp-interference, since it has

received the most theoretical attention. In particular, in Ref. [15] H!,sp
1,q was predicted to

change sign at a very specific value of the invariant mass Mππ of the π+π− pair, close to

the mass of the ρ0 meson. However, other models [37, 38] predict a completely different

behavior.

The data presented here were recorded during the 2002-2005 running period of the

Hermes experiment, using the 27.6 GeV positron or electron beam and a transversely

polarized hydrogen gas target internal to the Hera storage ring at Desy. The open-

ended target cell was fed by an atomic-beam source [39] based on Stern-Gerlach separation

combined with transitions of hydrogen hyperfine states. The nuclear polarization of the

atoms was flipped at 1–3 min. time intervals, while both this polarization and the atomic

fraction inside the target cell were continuously measured [40]. The average value of the

transverse proton polarization |S⊥| was 0.74 ± 0.06.

Scattered leptons and coincident hadrons were detected by the Hermes spectrome-

ter [41]. Its acceptance spanned the scattering-angle range 40 < |θy| < 140 mrad and

relative momentum of the hadron pair.

– 3 –

Transversity distribution
(2-hadron fragmentation)

hermes



GPD 2010, ECT* Trentogunar.schnell @ desy.de

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h⊥1

L g1L h⊥1L

T f⊥1T g1T h1, h⊥1T

Twist-2 TMDs

12

Transversity distribution
(2-hadron fragmentation)

non-zero amplitudes both 
from COMPASS and HERMES

similar Mππ dependence

COMPASS: hadron pairs 
HERMES: pion pairs 

larger amplitudes at 
COMPASS than at HERMES

data from pp consistent with 
zero but dominated by gluons

first results from e+e- by 
BELLE

A
U
!

"x
#

"z
#

"M
$
$
#
!G

e
V
"

"x
#

s
in

(%
R
!
+
% S

)s
in
&

M$$
z
x

8
.1

%
 s

c
a
le

 u
n

c
e
rt

a
in

ty '0

M$$ !GeV" x z

0

0.02

0.04

0.06

0.06

0.07

0.08

0.2 0.4 0.6 0.8 1

0.4

0.45

0.5

0.55

0.05 0.1 0.15

0.6

0.65

0.7

0.2 0.4 0.6 0.8

0.06

0.07

0.08

☛ H. Wollny

hermes



GPD 2010, ECT* Trentogunar.schnell @ desy.de

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h⊥1

L g1L h⊥1L

T f⊥1T g1T h1, h⊥1T

Twist-2 TMDs

12

Transversity distribution
(2-hadron fragmentation)

non-zero amplitudes both 
from COMPASS and HERMES

similar Mππ dependence

COMPASS: hadron pairs 
HERMES: pion pairs 

larger amplitudes at 
COMPASS than at HERMES

data from pp consistent with 
zero but dominated by gluons

first results from e+e- by 
BELLE

A
U
!

"x
#

"z
#

"M
$
$
#
!G

e
V
"

"x
#

s
in

(%
R
!
+
% S

)s
in
&

M$$
z
x

8
.1

%
 s

c
a
le

 u
n

c
e
rt

a
in

ty '0

M$$ !GeV" x z

0

0.02

0.04

0.06

0.06

0.07

0.08

0.2 0.4 0.6 0.8 1

0.4

0.45

0.5

0.55

0.05 0.1 0.15

0.6

0.65

0.7

0.2 0.4 0.6 0.8

0.06

0.07

0.08

☛ H. Wollny

hermes



GPD 2010, ECT* Trentogunar.schnell @ desy.de

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h⊥1

L g1L h⊥1L

T f⊥1T g1T h1, h⊥1T

Twist-2 TMDs

12

Transversity distribution
(2-hadron fragmentation)

non-zero amplitudes both 
from COMPASS and HERMES

similar Mππ dependence

COMPASS: hadron pairs 
HERMES: pion pairs 

larger amplitudes at 
COMPASS than at HERMES

data from pp consistent with 
zero but dominated by gluons

first results from e+e- by 
BELLE

A
U
!

"x
#

"z
#

"M
$
$
#
!G

e
V
"

"x
#

s
in

(%
R
!
+
% S

)s
in
&

M$$
z
x

8
.1

%
 s

c
a
le

 u
n

c
e
rt

a
in

ty '0

M$$ !GeV" x z

0

0.02

0.04

0.06

0.06

0.07

0.08

0.2 0.4 0.6 0.8 1

0.4

0.45

0.5

0.55

0.05 0.1 0.15

0.6

0.65

0.7

0.2 0.4 0.6 0.8

0.06

0.07

0.08

☛ H. Wollny

hermes



GPD 2010, ECT* Trentogunar.schnell @ desy.de

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h⊥1

L g1L h⊥1L

T f⊥1T g1T h1, h⊥1T

Twist-2 TMDs

12

Transversity distribution
(2-hadron fragmentation)

non-zero amplitudes both 
from COMPASS and HERMES

similar Mππ dependence

COMPASS: hadron pairs 
HERMES: pion pairs 

larger amplitudes at 
COMPASS than at HERMES

data from pp consistent with 
zero but dominated by gluons

first results from e+e- by 
BELLE

A
U
!

"x
#

"z
#

"M
$
$
#
!G

e
V
"

"x
#

s
in

(%
R
!
+
% S

)s
in
&

M$$
z
x

8
.1

%
 s

c
a
le

 u
n

c
e
rt

a
in

ty '0

M$$ !GeV" x z

0

0.02

0.04

0.06

0.06

0.07

0.08

0.2 0.4 0.6 0.8 1

0.4

0.45

0.5

0.55

0.05 0.1 0.15

0.6

0.65

0.7

0.2 0.4 0.6 0.8

0.06

0.07

0.08

☛ H. Wollny

hermes



GPD 2010, ECT* Trentogunar.schnell @ desy.de

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h⊥1

L g1L h⊥1L

T f⊥1T g1T h1, h⊥1T

Twist-2 TMDs

12

Transversity distribution
(2-hadron fragmentation)

non-zero amplitudes both 
from COMPASS and HERMES

similar Mππ dependence

COMPASS: hadron pairs 
HERMES: pion pairs 

larger amplitudes at 
COMPASS than at HERMES

data from pp consistent with 
zero but dominated by gluons

A
U
!

"x
#

"z
#

"M
$
$
#
!G

e
V
"

"x
#

s
in

(%
R
!
+
% S

)s
in
&

M$$
z
x

8
.1

%
 s

c
a
le

 u
n

c
e
rt

a
in

ty '0

M$$ !GeV" x z

0

0.02

0.04

0.06

0.06

0.07

0.08

0.2 0.4 0.6 0.8 1

0.4

0.45

0.5

0.55

0.05 0.1 0.15

0.6

0.65

0.7

0.2 0.4 0.6 0.8

0.06

0.07

0.08

☛ H. Wollny

hermes



GPD 2010, ECT* Trentogunar.schnell @ desy.de

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h⊥1

L g1L h⊥1L

T f⊥1T g1T h1, h⊥1T

Twist-2 TMDs

12

Transversity distribution
(2-hadron fragmentation)

non-zero amplitudes both 
from COMPASS and HERMES

similar Mππ dependence

COMPASS: hadron pairs 
HERMES: pion pairs 

larger amplitudes at 
COMPASS than at HERMES

data from pp consistent with 
zero but dominated by gluons

first results from e+e- by 
BELLE

A
U
!

"x
#

"z
#

"M
$
$
#
!G

e
V
"

"x
#

s
in

(%
R
!
+
% S

)s
in
&

M$$
z
x

8
.1

%
 s

c
a
le

 u
n

c
e
rt

a
in

ty '0

M$$ !GeV" x z

0

0.02

0.04

0.06

0.06

0.07

0.08

0.2 0.4 0.6 0.8 1

0.4

0.45

0.5

0.55

0.05 0.1 0.15

0.6

0.65

0.7

0.2 0.4 0.6 0.8

0.06

0.07

0.08

☛ H. Wollny

Pre
lim
ina
ry

☛ S. Uehara

hermes



GPD 2010, ECT* Trentogunar.schnell @ desy.de

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h⊥1

L g1L h⊥1L

T f⊥1T g1T h1, h⊥1T

Twist-2 TMDs

significant in size and 
opposite in sign for charged 
pions

disfavored Collins FF large 
and opposite in sign to 
favored one

leads to various cancellations 
in SSA observables

13

Transversity distribution
(Collins fragmentation)
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Fit of Collins amplitudes
Milos, 27-29 September 2009

• Collins effect in SIDIS: Best Fit

Anselmino, Boglione, UD, Kotzinian, Melis, Murgia, Prokudin, Turk, NP Proc. Suppl. 2009
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Figure 5. The transversity distribution functions
for u and d flavours as determined by our global
fit, at Q2 = 2.4 GeV2; we also show the Sof-
fer bound [46] (highest or lowest lines) and the
(wider) uncertainty bands of our previous extrac-
tion [20].

As it is well known, in a non relativistic the-
ory the helicity and the transversity distributions
should be equal. We then show in Fig. 7 the
extracted transversity distribution together with
the helicity distribution of Ref. [38] at Q2 = 2.4
GeV2. It results that, both for u and d quarks,
we have |∆T q| < |∆q|.

Another interesting quantity, related to the
first x-moment of the transversity distribution,
is the tensor charge:

δq =

∫ 1

0
dx (∆T q − ∆T q̄) =

∫ 1

0
dx∆T q (20)

where the last equality is valid for zero antiquark
transversity, as assumed in our approach. From
our analysis we get, at Q2 = 0.8 GeV2,

δu = 0.54+0.09
−0.22 δd = −0.23+0.09

−0.16 . (21)

Such values are quite close to various model pre-
dictions [47–50] for tensor charges which span the
ranges 0.5 ≤ δu ≤ 1.5 and −0.5 ≤ δd ≤ 0.5 (see
Fig. 8). In this context it is worth mentioning a
subtle point concerning the strong scale depen-
dence of the tensor charge, recently addressed in
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Figure 6. Favoured and unfavoured Collins frag-
mentation functions as determined by our global
fit, at Q2 = 2.4 GeV2; we also show the positiv-
ity bound and the (wider) uncertainty bands as
obtained in Ref. [20].
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Figure 7. Comparison of the extracted transver-
sity (solid line) with the helicity distribution
(dashed line) at Q2 = 2.4 GeV2. The Soffer
bound [46] (blue solid line) is also shown.

Ref. [51]. For the effective models of baryons, as
those referred to above, the choice of their start-
ing energy scale and their Q2 evolution could play

M. Anselmino et al. / Nuclear Physics B (Proc. Suppl.) 191 (2009) 98–107104

fit to data

Collins FFs

[Anselmino et al., Nucl.Phys.Proc.Suppl.191 (2009) 98]
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should be equal. We then show in Fig. 7 the
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the helicity distribution of Ref. [38] at Q2 = 2.4
GeV2. It results that, both for u and d quarks,
we have |∆T q| < |∆q|.
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transversity, as assumed in our approach. From
our analysis we get, at Q2 = 0.8 GeV2,
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Fig. 8). In this context it is worth mentioning a
subtle point concerning the strong scale depen-
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Figure 7. Comparison of the extracted transver-
sity (solid line) with the helicity distribution
(dashed line) at Q2 = 2.4 GeV2. The Soffer
bound [46] (blue solid line) is also shown.

Ref. [51]. For the effective models of baryons, as
those referred to above, the choice of their start-
ing energy scale and their Q2 evolution could play
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• Collins effect in e+e− : Best Fit of Belle data
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e+e− → ππX
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for u and d flavours as determined by our global
fit, at Q2 = 2.4 GeV2; we also show the Sof-
fer bound [46] (highest or lowest lines) and the
(wider) uncertainty bands of our previous extrac-
tion [20].

As it is well known, in a non relativistic the-
ory the helicity and the transversity distributions
should be equal. We then show in Fig. 7 the
extracted transversity distribution together with
the helicity distribution of Ref. [38] at Q2 = 2.4
GeV2. It results that, both for u and d quarks,
we have |∆T q| < |∆q|.

Another interesting quantity, related to the
first x-moment of the transversity distribution,
is the tensor charge:

δq =

∫ 1

0
dx (∆T q − ∆T q̄) =

∫ 1

0
dx∆T q (20)

where the last equality is valid for zero antiquark
transversity, as assumed in our approach. From
our analysis we get, at Q2 = 0.8 GeV2,

δu = 0.54+0.09
−0.22 δd = −0.23+0.09

−0.16 . (21)

Such values are quite close to various model pre-
dictions [47–50] for tensor charges which span the
ranges 0.5 ≤ δu ≤ 1.5 and −0.5 ≤ δd ≤ 0.5 (see
Fig. 8). In this context it is worth mentioning a
subtle point concerning the strong scale depen-
dence of the tensor charge, recently addressed in
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Ref. [51]. For the effective models of baryons, as
those referred to above, the choice of their start-
ing energy scale and their Q2 evolution could play
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a significant role and, eventually, mask the true
nature of the model. Consequently, the results
shown in Fig. 8, where our LO phenomenologi-
cal extraction seems in better agreement with the
quark-diquark model of Ref. [47] than with other
models, should be taken with some care. A safer
quantity, totally scale independent, and therefore
easy to compare with, would be the ratio of two
tensor charges. From our fit, for instance, we ob-
tain δd/δu = −0.42+0.0003

−0.20 , and all model pre-
dictions considered above would fall within our
uncertainty band, as shown in Fig. 7 of Ref. [51].

0 0.5 1 1.5
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−0.6 −0.4 −0.2 0

 uδ  dδ

Figure 8. Tensor charge from different models
compared to our result. 1: Quark-diquark model
of Ref. [47], 2: Chiral quark soliton model of
Ref. [48], 3: Lattice QCD [49], 4: QCD sum
rules [50].

4. Predictions

We now use the extracted transversity and
Collins functions to give predictions for new mea-
surements performed or planned at COMPASS
and JLab. The transverse single spin asymme-

try Asin(φh+φS)
UT has been recently measured by

the COMPASS experiment operating with a po-
larized hydrogen target (rather than a deuterium
one). In Fig. 9 we show our predictions compared
with these preliminary data. The agreement is
excellent.
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Figure 9. Predictions for the single spin asymme-

try Asin(φh+φS+π)
UT compared to preliminary data

by the COMPASS experiment operating with a
transversely polarized hydrogen target [40].

In Fig. 10 we present our estimates for JLab
operating with a proton target at 12 GeV. Notice
that JLab results will give important information
on the large x region, which is left basically un-
constrained by the present SIDIS data from HER-
MES and COMPASS. In this region our estimates
must be taken with some care. We recall that
the large x behaviour of our parameterization is
controlled by the same β parameter for ∆T u and
∆T d (since present data do not cover the large
x region). The same is true for the Collins frag-
mentation functions, whose large z behaviour is
driven by the same parameter δ for favoured and
unfavoured Collins FFs. On the other hand for
the small to medium x region, well constrained by
SIDIS measurements, data support the choice of
a universal behaviour xα for ∆T u and ∆T d. The
future JLab measurements, which will extend to
larger x values, will test the validity of this ap-
proximations.
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tion [20].

As it is well known, in a non relativistic the-
ory the helicity and the transversity distributions
should be equal. We then show in Fig. 7 the
extracted transversity distribution together with
the helicity distribution of Ref. [38] at Q2 = 2.4
GeV2. It results that, both for u and d quarks,
we have |∆T q| < |∆q|.

Another interesting quantity, related to the
first x-moment of the transversity distribution,
is the tensor charge:

δq =

∫ 1

0
dx (∆T q − ∆T q̄) =

∫ 1

0
dx∆T q (20)

where the last equality is valid for zero antiquark
transversity, as assumed in our approach. From
our analysis we get, at Q2 = 0.8 GeV2,

δu = 0.54+0.09
−0.22 δd = −0.23+0.09

−0.16 . (21)

Such values are quite close to various model pre-
dictions [47–50] for tensor charges which span the
ranges 0.5 ≤ δu ≤ 1.5 and −0.5 ≤ δd ≤ 0.5 (see
Fig. 8). In this context it is worth mentioning a
subtle point concerning the strong scale depen-
dence of the tensor charge, recently addressed in
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bound [46] (blue solid line) is also shown.

Ref. [51]. For the effective models of baryons, as
those referred to above, the choice of their start-
ing energy scale and their Q2 evolution could play
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(cos θγ∗ % 1 , sin θγ∗ up to 15% at HERMES energies)
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can also use longitudinally 
polarized targets:

sin(3φ− φS) ! − sin(3φ)



GPD 2010, ECT* Trentogunar.schnell @ desy.de

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h⊥1

L g1L h⊥1L

T f⊥1T g1T h1, h⊥1T

Twist-2 TMDs

20

Pretzelosity

.

hermes Mixing of Azimuthal Moments

x

y

z

θγ∗

φPh

Ph⊥
l

l′

q

S
S⊥

Experiment: Target Polariza-
tion w.r.t. Beam Direction (l)!
Theory: Polarization along virtual photon di-

rection (q)

⇒ mixing of “experimental” and “theory”

asymmetries via:

[Diehl and Sapeta, Eur. Phys. J. C41 (2005)]









〈 sinφ〉
l

UL

〈 sin(φ−φS)〉
l

UT

〈 sin(φ+φS)〉
l

UT










=








cos θγ∗ − sin θγ∗ − sin θγ∗

1
2 sin θγ∗ cos θγ∗ 0

1
2 sin θγ∗ 0 cos θγ∗
















〈 sinφ〉
q

UL

〈 sin(φ−φS)〉
UT

〈 sin(φ+φS)〉
UT









(cos θγ∗ % 1 , sin θγ∗ up to 15% at HERMES energies)

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 31/50

can also use longitudinally 
polarized targets:

sin(3φ− φS) ! − sin(3φ)



GPD 2010, ECT* Trentogunar.schnell @ desy.de

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h⊥1

L g1L h⊥1L

T f⊥1T g1T h1, h⊥1T

Twist-2 TMDs

20

Pretzelosity

.

hermes Mixing of Azimuthal Moments

x

y

z

θγ∗

φPh

Ph⊥
l

l′

q

S
S⊥

Experiment: Target Polariza-
tion w.r.t. Beam Direction (l)!
Theory: Polarization along virtual photon di-

rection (q)

⇒ mixing of “experimental” and “theory”

asymmetries via:

[Diehl and Sapeta, Eur. Phys. J. C41 (2005)]









〈 sinφ〉
l

UL

〈 sin(φ−φS)〉
l

UT

〈 sin(φ+φS)〉
l

UT










=








cos θγ∗ − sin θγ∗ − sin θγ∗

1
2 sin θγ∗ cos θγ∗ 0

1
2 sin θγ∗ 0 cos θγ∗
















〈 sinφ〉
q

UL

〈 sin(φ−φS)〉
UT

〈 sin(φ+φS)〉
UT









(cos θγ∗ % 1 , sin θγ∗ up to 15% at HERMES energies)

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 31/50

can also use longitudinally 
polarized targets:

! !
" " #

sin!!

"# $# $
% &" '( ) *+,

.tan
#

-
*$ , .

/

!

$0#
(

sin!!
% *',

sin!!
%

14
Spin-2010, A.Efremov. Azimuthal asymmetries of hadrons off L-polarized deuteron at COMPASS

(A.Kotzinian, DIS2007 [arXiv:07093253)

sin(3φ− φS) ! − sin(3φ)



GPD 2010, ECT* Trentogunar.schnell @ desy.de

! !" " #sin!!

"# $# %
& '" () *(+ , *-+.

!
%#
)

sin!!
& *(+

sin!! )

/& *-.0 +

sin!!
&

13
Spin-2010, A.Efremov. Azimuthal asymmetries of hadrons off L-polarized deuteron at COMPASS

!
"!# $

! !$
" # " #!

"

#$
% " " % $

$
! $ % &

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h⊥1

L g1L h⊥1L

T f⊥1T g1T h1, h⊥1T

Twist-2 TMDs

Worm-Gear I

chiral-odd

evidence from CLAS 
(new results coming soon)

consistent with zero at 
COMPASS and HERMES

21

5

tracted from HERMES [13] and Belle [37] data, are plot-
ted as filled bands in Fig. 4. The kinematic dependence
of the SSA for π+ from the CLAS data is roughly consis-
tent with these predictions. The interpretation of the π−

data, which tend to have SSAs with a sign opposite to ex-
pectations, may require accounting for additional contri-
butions (e.g. interference effects from exclusive ρ0p and
π−∆++ channels). This will require a detailed study with
higher statistics of both double and single spin asymme-
tries from pions coming from ρ-decays.
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FIG. 4: The measured x-dependence of the longitudinal tar-
get SSA Asin 2φ

UL (triangles). The squares show the existing
measurement ofAsin 2φ

UL from HERMES. The lower band shows
the systematic uncertainty. The upper band shows the exist-
ing theory predictions with uncertainties due to the Collins
function [28, 50].

The sin 2φ moment of the π+ SSA at large x is domi-
nated by u-quarks; therefore with additional input from
Belle measurements [37] on the ratio of unfavored to fa-
vored Collins fragmentation functions, it can provide a
first glimpse of the twist-2 TMD function h⊥

1L.
In summary, kinematic dependencies of single and dou-

ble spin asymmetries have been measured in a wide kine-
matic range in x and PT with CLAS and a longitudi-
nally polarized proton target. Measurements of the PT -
dependence of the double spin asymmetry, performed for
the first time, indicate the possibility of different average
transverse momentum for quarks aligned or anti-aligned
with the nucleon spin. A non-zero sin 2φ single-target
spin asymmetry is measured for the first time, indicat-
ing that spin-orbit correlations of transversely polarized
quarks in the longitudinally polarized nucleon may be
significant.
New, higher statistics measurements of SSAs in SIDIS

at CLAS [51] will allow us to examine the Q2, x, and PT

dependences of azimuthal moments in multi-dimensional
bins and investigate the twist nature of different observ-
ables.
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Orsay, France

§§ Current address:College of William and Mary, Williams-
burg, Virginia 23187-8795

[1] J. C. Collins and A. Metz, Phys. Rev. Lett. 93, 252001
(2004).

[2] J. C. Collins and D. E. Soper, Nucl. Phys. B193, 381
(1981).

[3] X. Ji, J. Ma, and F. Yuan, Phys. Rev. D71, 034005
(2005).

[4] A. Bacchetta et al., JHEP 02, 093 (2007).
[5] M. Anselmino and F. Murgia, Phys. Lett. B442, 470

(1998).
[6] S. J. Brodsky, D. S. Hwang, and I. Schmidt, Phys. Lett.

B530, 99 (2002).
[7] J. C. Collins, Phys. Lett. B536, 43 (2002).
[8] X. Ji and F. Yuan, Phys. Lett. B543, 66 (2002).
[9] D. W. Sivers, Phys. Rev. D43, 261 (1991).

[10] P. J. Mulders and R. D. Tangerman, Nucl. Phys. B461,
197 (1996).

[11] A. Airapetian et al. (HERMES), Phys. Rev. Lett. 84,
4047 (2000).

[12] A. Airapetian et al. (HERMES), Phys. Rev.D64, 097101
(2001).

[13] A. Airapetian et al. (HERMES), Phys. Rev. Lett. 94,
012002 (2005).

[14] A. Airapetian et al. (HERMES), Phys. Lett. B648, 164
(2007).

[15] V. Y. Alexakhin et al. (COMPASS), Phys. Rev. Lett. 94,

☛ H. Avakian



GPD 2010, ECT* Trentogunar.schnell @ desy.de

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h⊥1

L g1L h⊥1L

T f⊥1T g1T h1, h⊥1T

Twist-2 TMDs

Worm-Gear II

chiral even

first direct evidence 
for worm-gear g1T on 
3He target 

22

!"#$%&'()#*+,-.$/+011#230$456$$

! 

"
g
1T

# q
(x)$ D

1q

h
(z)

f
1

q
(x)$ D

1q

h
(z)

•!!"#$%&!'(%)$*+&#',!'-!+!,',)./)$'!0123!

•!!"#$%&!4)+%5$)4),&!',!,)5&$',678)93!

•!!:);+&)!&'!<5+$=!2>?!@A26BC!=293!

•!!2D)!$)+;!E+$&!'-!<5+$=!1FG!1FA!#,&)$-)$),H)C!

I&J#,.($'&D)$K!'-!L#*)$%3!

MD3?3!&D)%#%!'-!N3!85+,@!6>O2!PGAA93!

Q#+'R',@!N#+,@C!!N5,)!7$RC!PGAG! 7S!

! 

" n

# +
$ 4d %D

1

fav
+ u %D

1

unfav

! 

" n

# $
% 4d &D

1

unfav
+ u &D

1

fav

R'J,.<5+$=T%!@A26B9!#%!$+&D)$!%4+;;3!

5E.<5+$=T%!@A26B9!#%!,'&!%4+;;3!!!

456$&.$,3&2&.$+7&')%$(#$.&2-8#/()#$9:;$$

☛ J.-P. Chen



GPD 2010, ECT* Trentogunar.schnell @ desy.de

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h⊥1

L g1L h⊥1L

T f⊥1T g1T h1, h⊥1T

Twist-2 TMDs

Worm-Gear II

chiral even

first direct evidence 
for worm-gear g1T on 
3He target 

only indirect hints 
from proton data via 
AUT  

22

!"#$%&'()#*+,-.$/+011#230$456$$

! 

"
g
1T

# q
(x)$ D

1q

h
(z)

f
1

q
(x)$ D

1q

h
(z)

•!!"#$%&!'(%)$*+&#',!'-!+!,',)./)$'!0123!

•!!"#$%&!4)+%5$)4),&!',!,)5&$',678)93!

•!!:);+&)!&'!<5+$=!2>?!@A26BC!=293!

•!!2D)!$)+;!E+$&!'-!<5+$=!1FG!1FA!#,&)$-)$),H)C!

I&J#,.($'&D)$K!'-!L#*)$%3!

MD3?3!&D)%#%!'-!N3!85+,@!6>O2!PGAA93!

Q#+'R',@!N#+,@C!!N5,)!7$RC!PGAG! 7S!

! 

" n

# +
$ 4d %D

1

fav
+ u %D

1

unfav

! 

" n

# $
% 4d &D

1

unfav
+ u &D

1

fav

R'J,.<5+$=T%!@A26B9!#%!$+&D)$!%4+;;3!

5E.<5+$=T%!@A26B9!#%!,'&!%4+;;3!!!

456$&.$,3&2&.$+7&')%$(#$.&2-8#/()#$9:;$$∝
(

xf⊥TD1 −
Mh

M
h1

H̃
z

)

− W(pT,kT,Ph⊥)

[(
xhTH⊥

1 +
Mh

M
g1T

G̃⊥

z

)

−
(

xh⊥TH⊥
1 −

Mh

M
f⊥1T

D̃⊥

z

)]

☛ J.-P. Chen



GPD 2010, ECT* Trentogunar.schnell @ desy.de

-0.1

0

0.1
Q

2
 < !Q2

(xi)"
Q

2
 > !Q2

(xi)"

2
 !

s
in

(#
S
)"

U
$

%- HERMES PRELIMINARY
7.3% scale uncertainty

1

10

10
-1

x

!Q
2
" 

[G
e

V
2
]

x

!Q
2
" 

[G
e

V
2
]

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h⊥1

L g1L h⊥1L

T f⊥1T g1T h1, h⊥1T

Twist-2 TMDs

Worm-Gear II
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Sivers amplitudes for pions
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☛ d-quark Sivers DF > 0 
   (cancelation for π-)

Sivers amplitudes for pions
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2006 data
Integrated asymmetry for
each of the beam

cancelation for D target 
supports opposite signs of u 
and d Sivers

small gluon Sivers 
suggested by PHENIX

new results from JLab using 
3He target and from 
COMPASS for proton 
target

check sign change of Sivers 
function in upcoming DY 
experiments
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pp collisions

Sivers fit to HERMES data 
nicely describes AN in pp

may also originate from 
Collins effect
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pp collisions

Sivers fit to HERMES data 
nicely describes AN in pp

may also originate from 
Collins effect

only sizable in forward 
direction
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pp collisions

Sivers fit to HERMES data 
nicely describes AN in pp

may also originate from 
Collins effect

only sizable in forward 
direction

AN in pp persist over wide 
energy range: 

25

 Phys.Rev.Lett.101 (2008) 222001.  • Measurement of AN in p p-scattering for different center of mass energies:

1976 2002 1991 2008

4.9 GeV 6.6 GeV 19.4 GeV 62.4 GeV

3

NR - NL

NR + NL
AN = 

• Only two models consistently describing the data:
* TMDs (Transverse Momentum Dependent) distributions
* high-twist correlations

• Interpretation not yet completely satisfactory

• All available models predict AN goes to zero at 
high pT  values.

• BUT: not yet DATA at such kinematic region

• all available data coming from p p scattering

MOTIVATION
Alejandro López Ruiz

Universiteit Gent
Florence/DIS 10

SSA in inclusive hadron production 

at HERMES

ANL BNL FNAL RHIC
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convolution integrals depend on kT dependence of fragmentation functions
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convolution integrals depend on kT dependence of fragmentation functions

possible difference in dependences on the kinematics integrated over

quark pol.
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COMPASS

The
COMPASS
spectrometer

The Collins
modulation

The Sivers
modulation
Charged hadrons
Identified
hadrons

Conclusions

The Sivers modulation, identified K
COMPASS 2007 proton data
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The Sivers asymmetry shows a clear signal at small values of W for K+
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Inclusive hadron electro-production
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Inclusive hadron electro-production
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!SN !ph

φ

scattered lepton undetected
➥ lepton kinematics unknown 

dominated by quasi-real 
photo-production (low Q2) 
➥ hadronic component of 
photon relevant?

cross section proportional to 
SN (k x ph) ~ sinφ
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transversely polarized target

unpolarized beam

collected hadrons with

Here, σUU is the unpolarized cross section, L↑(↓) is the total luminosity in the ↑ (↓)
polarization state, L↑(↓)

P =
∫

L↑(↓)(t) P (t) dt is the integrated luminosity weighted by the
magnitude P of the target polarization, and Ω is the detector acceptance efficiency. The
sin φ azimuthal dependence derivates from the integration of the spin-dependent part of
the cross section over all leptonic variables [11]; Asin φ

UT refers to its amplitude.
With the use of Eq. (2.2), it can be approximated, for small differences of the two

average target polarizations 〈P ↑(↓)〉 = L↑(↓)
P /L↑(↓), as

AUT (pT , xF , φ) % Asin φ
UT sin φ +

1

2

〈P ↓〉 − 〈P ↑〉
〈P ↑〉〈P ↓〉 . (2.3)

Variable Bins Bin borders

pT 10 [0.0, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 1.0, 1.2, 3.0] GeV

xF 10 [-0.01, 0.1, 0.13, 0.17, 0.2, 0.23, 0.27, 0.3, 0.37, 0.43, 1]

φ 20 [0.0, 0.27, 0.54, 0.81, 1.08, 1.35, 2.02, 2.29, 2.56, 2.83,
3.10, 3.37, 3.64, 3.91, 4.18, 4.45, 5.17, 5.44, 5.71, 5.98, 6.29] rad

Table 1: Binning in the kinematic variables pT and xF . For the azimuthal angle φ, the
binning was carefully selected to avoid having bins with no (or very low) statistics due
to the gap in the acceptance around the beam pipe.

As shown in Table 2, 〈P ↑〉 and 〈P ↓〉 are the same for all data taking periods.

Year 〈P ↑〉 〈P ↓〉 〈∆P 〉 ∆Apol
UT

2002 0.783 0.783 0.041 5.24%

2003 0.795 0.795 0.033 4.15%

2004 0.737 0.737 0.056 7.53%

2005 0.705 0.705 0.065 9.24%

all 0.713 0.713 0.063 8.81%

Table 2: Average target polarizations for the data sets used in this analysis. The last two
column contain the average uncertainty on the measurement of the target polarization,
and the relative uncertainty which is transferred to the asymmetries.

The relation between the sinφ amplitude Asin φ
UT and the left-right asymmetry AN can

be easily obtained, in the case of a detector with full 2π-coverage, as

AN =

∫ π

0 dφσUT sin φ∫ π

0 dφσUU
= 2

π · Asin φ
UT . (2.4)

3

relation to the left-right asymmetry:

Figure 1: Overview of measured SSAs in inclusive hadron production.

are undefined, like xB, Q2 or φS. A natural choice, an equivalent to the previous set of
“leptonic” variables, is to use instead:

• pT , the transverse momentum of the hadron,

• , xF = 2pL/
√

s, related to the longitudinal momentum pL of the hadron

• φ, the azimuthal angle about the beam direction between the hadron momentum
and the “upwards” target spin direction.

The reader is also reffered to Florian’s thesis[10] for further information on the analysis
that may not have been covered in this report.

The asymmetry was calculated as

AUT (pT , xF , φ) =

N↑

L↑
P

− N↓

L↓
P

N↑

L↑ +
N↓

L↓

, (2.1)

where N↑(↓) are the number of events measured in bins of pT and φ. The complete analysis
was analogously performed in bins of xF and φ.

Given the extense set of data collected (about 120 million tracks), a much finer binning
was chosen in comparison to what other (SI)DIS analyses at Hermes allow. The same
binning was used for kaons and pions making comparisons and interpretations easier. See
Table 1 for details. For the 2D analysis, see section 4.2.

The differential yield for a given target spin direction (↑ upwards or ↓ downwards)
can be expressed as

d3N↑(↓)

dpT dxF dφ
=

[
L↑(↓) d3σUU + (−)L↑(↓)

P d3σUT

]
Ω(pT , xF , φ)

= d3σUU

[
L↑(↓) + (−)

L↑(↓)
P Asin φ

UT (pT , xF ) sin φ
]

Ω(pT , xF , φ). (2.2)
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• , xF = 2pL/
√

s, related to the longitudinal momentum pL of the hadron

• φ, the azimuthal angle about the beam direction between the hadron momentum
and the “upwards” target spin direction.
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that may not have been covered in this report.
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where N↑(↓) are the number of events measured in bins of pT and φ. The complete analysis
was analogously performed in bins of xF and φ.

Given the extense set of data collected (about 120 million tracks), a much finer binning
was chosen in comparison to what other (SI)DIS analyses at Hermes allow. The same
binning was used for kaons and pions making comparisons and interpretations easier. See
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Here, σUU is the unpolarized cross section, L↑(↓) is the total luminosity in the ↑ (↓)
polarization state, L↑(↓)

P =
∫

L↑(↓)(t) P (t) dt is the integrated luminosity weighted by the
magnitude P of the target polarization, and Ω is the detector acceptance efficiency. The
sin φ azimuthal dependence derivates from the integration of the spin-dependent part of
the cross section over all leptonic variables [11]; Asin φ

UT refers to its amplitude.
With the use of Eq. (2.2), it can be approximated, for small differences of the two

average target polarizations 〈P ↑(↓)〉 = L↑(↓)
P /L↑(↓), as

AUT (pT , xF , φ) % Asin φ
UT sin φ +

1

2

〈P ↓〉 − 〈P ↑〉
〈P ↑〉〈P ↓〉 . (2.3)

Variable Bins Bin borders

pT 10 [0.0, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 1.0, 1.2, 3.0] GeV

xF 10 [-0.01, 0.1, 0.13, 0.17, 0.2, 0.23, 0.27, 0.3, 0.37, 0.43, 1]

φ 20 [0.0, 0.27, 0.54, 0.81, 1.08, 1.35, 2.02, 2.29, 2.56, 2.83,
3.10, 3.37, 3.64, 3.91, 4.18, 4.45, 5.17, 5.44, 5.71, 5.98, 6.29] rad

Table 1: Binning in the kinematic variables pT and xF . For the azimuthal angle φ, the
binning was carefully selected to avoid having bins with no (or very low) statistics due
to the gap in the acceptance around the beam pipe.

As shown in Table 2, 〈P ↑〉 and 〈P ↓〉 are the same for all data taking periods.

Year 〈P ↑〉 〈P ↓〉 〈∆P 〉 ∆Apol
UT

2002 0.783 0.783 0.041 5.24%

2003 0.795 0.795 0.033 4.15%

2004 0.737 0.737 0.056 7.53%

2005 0.705 0.705 0.065 9.24%

all 0.713 0.713 0.063 8.81%

Table 2: Average target polarizations for the data sets used in this analysis. The last two
column contain the average uncertainty on the measurement of the target polarization,
and the relative uncertainty which is transferred to the asymmetries.

The relation between the sinφ amplitude Asin φ
UT and the left-right asymmetry AN can

be easily obtained, in the case of a detector with full 2π-coverage, as

AN =

∫ π

0 dφσUT sin φ∫ π

0 dφσUU
= 2

π · Asin φ
UT . (2.4)
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Figure 1: Overview of measured SSAs in inclusive hadron production.

are undefined, like xB, Q2 or φS. A natural choice, an equivalent to the previous set of
“leptonic” variables, is to use instead:

• pT , the transverse momentum of the hadron,

• , xF = 2pL/
√

s, related to the longitudinal momentum pL of the hadron

• φ, the azimuthal angle about the beam direction between the hadron momentum
and the “upwards” target spin direction.

The reader is also reffered to Florian’s thesis[10] for further information on the analysis
that may not have been covered in this report.

The asymmetry was calculated as

AUT (pT , xF , φ) =
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P
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, (2.1)

where N↑(↓) are the number of events measured in bins of pT and φ. The complete analysis
was analogously performed in bins of xF and φ.

Given the extense set of data collected (about 120 million tracks), a much finer binning
was chosen in comparison to what other (SI)DIS analyses at Hermes allow. The same
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all together:

Inclusive hadron electro-production
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➥ hadronic component of 
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Inclusive hadrons in ep
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Modulations in spin-independent 
SIDIS cross section
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Ẽ

z

)

+
2
(
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Notice that distribution and fragmentation functions do not appear in a symmetric fashion

in these expressions: there are only twist-three fragmentation functions with a tilde and

only twist-three distribution functions without tilde. This asymmetry is not surprising

because in eq. (2.7) the structure functions themselves are introduced in an asymmetric

way, with azimuthal angles referring to the axis given by the four-momenta of the target

nucleon and the photon, rather than of the target nucleon and the detected hadron.

Equations (4.2) to (4.19) are a main result of this paper. A few comments concerning

the comparison with the existing literature are in order here. First of all, it has to be

– 18 –
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Ẽ

z

)]

, (4.10)

F sin(φh−φS)
UT,T = C

[

−
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PT at moderately small PT for π+. The slope for π−

could be positive for moderate PT (ignoring the first data
point).
A possible interpretation of the PT -dependence of the

double-spin asymmetry may involve different widths of
the transverse momentum distributions of quarks with
different flavor and polarizations [45] resulting from dif-
ferent orbital motion of quarks polarized in the direc-
tion of the proton spin and opposite to it [46, 47]. In
Fig. 2 the measured A1 is compared with calculations
of the Torino group [45], which uses different values of
the ratio of widths in kT for partonic helicity, g1, and
momentum, f1, distributions, assuming Gaussian kT dis-
tributions with no flavor dependence. A fit to A1(PT )
for π+ using the same approach yields a ratio of widths
of 0.7± 0.1 with χ2 = 1.5. The fit to A1 with a straight
line (no difference in g1 and f1 widths) gives a χ2 = 1.9.
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FIG. 2: The double spin asymmetry A1 as a function of trans-
verse momentum PT , integrated over all kinematical vari-
ables. The open band corresponds to systematic uncertain-
ties. The dashed, dotted and dash-dotted curves are calcula-
tions for different values for the ratio of transverse momentum
widths for g1 and f1 (0.40, 0.68, 1.0) for a fixed width for f1
(0.25 GeV2) [45].

Asymmetries as a function of the azimuthal angle φ
provide access to different combinations of TMD parton
distribution and fragmentation functions [4]. The lon-
gitudinally polarized (L) target spin asymmetry for an
unpolarized beam (U),

AUL =
1

fPt

N+ −N−

N+ +N−
(3)

is measured from data by counting in φ-bins the differ-
ence of luminosity-normalized events with proton spin
states anti-parallel (N+) and parallel (N−) to the beam
direction.
The standard procedure for the extraction of the dif-

ferent moments involves sorting AUL in bins of φ and
fitting this φ-distribution with theoretically motivated
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FIG. 3: Azimuthal modulation of the target single spin asym-
metry AUL for pions integrated over the full kinematics. Only
statistical uncertainties are shown. Fit parameters p1/p2 are
0.047±0.010/−0.042±0.010, −0.046±0.016/−0.060±0.016,
0.059 ± 0.018/0.010 ± 0.019 for π+,π− and π0, respectively.
Dotted and dash-dotted lines for π+ show separately contri-
butions from sinφ and sin 2φ moments, whereas the solid line
shows the sum.

functions. Results for the function p1 sinφ + p2 sin 2φ
and, alternatively, for (p1 sinφ+ p2 sin 2φ)/(1 + p3 cosφ)
are consistent, indicating a weak dependence of the ex-
tracted sinnφ moments on the presence of the cosφ mo-
ment in the φ-dependence of the spin-independent sum.
The main sources of systematic uncertainties in the mea-
surements of single spin asymmetries include uncertain-
ties in target polarizations (6%), acceptance effects (8%),
and uncertainties in the dilution factor (5%). The con-
tribution due to differences between the true luminosity
for the two different target spin states is below 2%. Ra-
diative corrections for sinφ-type moments, for moderate
values of y are expected to be negligible [48].
The dependence of the target single spin asymmetry

on φ, integrated over all other kinematical variables, is
plotted in Fig. 3. We observe a significant sin 2φ mod-
ulation for π+ (0.042± 0.010). A relatively small sin 2φ
term in the azimuthal dependence for π0 is in agree-
ment with observations by HERMES [13]. Since the only
known contribution to the sin 2φ moments comes from
the Collins effect, one can infer that, for π0, the Collins
function is suppressed. Indeed, both HERMES [13] and
Belle [37] measurements indicate that favored and unfa-
vored Collins functions are roughly equal and have oppo-
site signs, which means that they largely cancel for π0.
On the other hand, the amplitudes of the sinφ modula-
tions for π+ and π0 are comparable in size. This indicates
that the contribution from the Collins effect to the sinφ
SSA, in general, is relatively small.
The sin 2φ moment Asin 2φ

UL as a function of x is plotted
in Fig. 4. Calculations [28, 34] using h⊥

1L from the chiral
quark soliton model [49] and the Collins function [50] ex-
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Using the equation of motion for the quark field, the following relations can be established

between the functions appearing in the above correlator and the functions in the quark-

quark correlator (3.38):
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4. Results for structure functions

Inserting the parameterizations of the different correlators in the expression (3.9) of the

hadronic tensor and using the equation-of-motion constraints just discussed, one can calcu-

late the leptoproduction cross section for semi-inclusive DIS and project out the different

structure functions appearing in eq. (2.7). To have a compact notation for the results, we

introduce the unit vector ĥ = P h⊥/|P h⊥| and the notation
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(4.1)

where w(pT ,kT ) is an arbitrary function and the summation runs over quarks and anti-

quarks. The expressions for the structure functions appearing in eq. (2.7) are
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Notice that distribution and fragmentation functions do not appear in a symmetric fashion

in these expressions: there are only twist-three fragmentation functions with a tilde and

only twist-three distribution functions without tilde. This asymmetry is not surprising

because in eq. (2.7) the structure functions themselves are introduced in an asymmetric

way, with azimuthal angles referring to the axis given by the four-momenta of the target

nucleon and the photon, rather than of the target nucleon and the detected hadron.

Equations (4.2) to (4.19) are a main result of this paper. A few comments concerning

the comparison with the existing literature are in order here. First of all, it has to be
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Using the equation of motion for the quark field, the following relations can be established

between the functions appearing in the above correlator and the functions in the quark-

quark correlator (3.38):
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4. Results for structure functions

Inserting the parameterizations of the different correlators in the expression (3.9) of the

hadronic tensor and using the equation-of-motion constraints just discussed, one can calcu-

late the leptoproduction cross section for semi-inclusive DIS and project out the different

structure functions appearing in eq. (2.7). To have a compact notation for the results, we

introduce the unit vector ĥ = P h⊥/|P h⊥| and the notation
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where w(pT ,kT ) is an arbitrary function and the summation runs over quarks and anti-

quarks. The expressions for the structure functions appearing in eq. (2.7) are
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ĥ ·pT

M

(

xf⊥
L D1 −

Mh

M
h⊥

1L

H̃

z

)]

, (4.7)

F sin 2φh

UL = C
[

−
2
(
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4

PT at moderately small PT for π+. The slope for π−

could be positive for moderate PT (ignoring the first data
point).
A possible interpretation of the PT -dependence of the

double-spin asymmetry may involve different widths of
the transverse momentum distributions of quarks with
different flavor and polarizations [45] resulting from dif-
ferent orbital motion of quarks polarized in the direc-
tion of the proton spin and opposite to it [46, 47]. In
Fig. 2 the measured A1 is compared with calculations
of the Torino group [45], which uses different values of
the ratio of widths in kT for partonic helicity, g1, and
momentum, f1, distributions, assuming Gaussian kT dis-
tributions with no flavor dependence. A fit to A1(PT )
for π+ using the same approach yields a ratio of widths
of 0.7± 0.1 with χ2 = 1.5. The fit to A1 with a straight
line (no difference in g1 and f1 widths) gives a χ2 = 1.9.
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FIG. 2: The double spin asymmetry A1 as a function of trans-
verse momentum PT , integrated over all kinematical vari-
ables. The open band corresponds to systematic uncertain-
ties. The dashed, dotted and dash-dotted curves are calcula-
tions for different values for the ratio of transverse momentum
widths for g1 and f1 (0.40, 0.68, 1.0) for a fixed width for f1
(0.25 GeV2) [45].

Asymmetries as a function of the azimuthal angle φ
provide access to different combinations of TMD parton
distribution and fragmentation functions [4]. The lon-
gitudinally polarized (L) target spin asymmetry for an
unpolarized beam (U),

AUL =
1

fPt

N+ −N−

N+ +N−
(3)

is measured from data by counting in φ-bins the differ-
ence of luminosity-normalized events with proton spin
states anti-parallel (N+) and parallel (N−) to the beam
direction.
The standard procedure for the extraction of the dif-

ferent moments involves sorting AUL in bins of φ and
fitting this φ-distribution with theoretically motivated
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FIG. 3: Azimuthal modulation of the target single spin asym-
metry AUL for pions integrated over the full kinematics. Only
statistical uncertainties are shown. Fit parameters p1/p2 are
0.047±0.010/−0.042±0.010, −0.046±0.016/−0.060±0.016,
0.059 ± 0.018/0.010 ± 0.019 for π+,π− and π0, respectively.
Dotted and dash-dotted lines for π+ show separately contri-
butions from sinφ and sin 2φ moments, whereas the solid line
shows the sum.

functions. Results for the function p1 sinφ + p2 sin 2φ
and, alternatively, for (p1 sinφ+ p2 sin 2φ)/(1 + p3 cosφ)
are consistent, indicating a weak dependence of the ex-
tracted sinnφ moments on the presence of the cosφ mo-
ment in the φ-dependence of the spin-independent sum.
The main sources of systematic uncertainties in the mea-
surements of single spin asymmetries include uncertain-
ties in target polarizations (6%), acceptance effects (8%),
and uncertainties in the dilution factor (5%). The con-
tribution due to differences between the true luminosity
for the two different target spin states is below 2%. Ra-
diative corrections for sinφ-type moments, for moderate
values of y are expected to be negligible [48].
The dependence of the target single spin asymmetry

on φ, integrated over all other kinematical variables, is
plotted in Fig. 3. We observe a significant sin 2φ mod-
ulation for π+ (0.042± 0.010). A relatively small sin 2φ
term in the azimuthal dependence for π0 is in agree-
ment with observations by HERMES [13]. Since the only
known contribution to the sin 2φ moments comes from
the Collins effect, one can infer that, for π0, the Collins
function is suppressed. Indeed, both HERMES [13] and
Belle [37] measurements indicate that favored and unfa-
vored Collins functions are roughly equal and have oppo-
site signs, which means that they largely cancel for π0.
On the other hand, the amplitudes of the sinφ modula-
tions for π+ and π0 are comparable in size. This indicates
that the contribution from the Collins effect to the sinφ
SSA, in general, is relatively small.
The sin 2φ moment Asin 2φ

UL as a function of x is plotted
in Fig. 4. Calculations [28, 34] using h⊥

1L from the chiral
quark soliton model [49] and the Collins function [50] ex-
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Using the equation of motion for the quark field, the following relations can be established
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4. Results for structure functions

Inserting the parameterizations of the different correlators in the expression (3.9) of the

hadronic tensor and using the equation-of-motion constraints just discussed, one can calcu-

late the leptoproduction cross section for semi-inclusive DIS and project out the different

structure functions appearing in eq. (2.7). To have a compact notation for the results, we
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Notice that distribution and fragmentation functions do not appear in a symmetric fashion

in these expressions: there are only twist-three fragmentation functions with a tilde and

only twist-three distribution functions without tilde. This asymmetry is not surprising

because in eq. (2.7) the structure functions themselves are introduced in an asymmetric

way, with azimuthal angles referring to the axis given by the four-momenta of the target

nucleon and the photon, rather than of the target nucleon and the detected hadron.

Equations (4.2) to (4.19) are a main result of this paper. A few comments concerning

the comparison with the existing literature are in order here. First of all, it has to be
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Using the equation of motion for the quark field, the following relations can be established

between the functions appearing in the above correlator and the functions in the quark-

quark correlator (3.38):

E

z
=

Ẽ

z
+

m

Mh
D1, (3.76)

D⊥

z
=

D̃⊥

z
+ D1, (3.77)

G⊥

z
=

G̃⊥

z
+

m

Mh
H⊥

1 , (3.78)

H

z
=

H̃

z
+

k2
T

M2
h

H⊥
1 . (3.79)

4. Results for structure functions

Inserting the parameterizations of the different correlators in the expression (3.9) of the

hadronic tensor and using the equation-of-motion constraints just discussed, one can calcu-

late the leptoproduction cross section for semi-inclusive DIS and project out the different

structure functions appearing in eq. (2.7). To have a compact notation for the results, we

introduce the unit vector ĥ = P h⊥/|P h⊥| and the notation

C
[

wf D
]

= x
∑
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e2
a

∫

d2pT d2kT δ(2)
(

pT − kT − P h⊥/z
)

w(pT ,kT ) fa(x, p2
T )Da(z, k2

T ),

(4.1)

where w(pT ,kT ) is an arbitrary function and the summation runs over quarks and anti-

quarks. The expressions for the structure functions appearing in eq. (2.7) are
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, (4.2)

FUU,L = 0, (4.3)
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ĥ ·kT

Mh

(

xhH⊥
1 +

Mh

M
f1

D̃⊥

z

)

−
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, (4.8)

FLL = C
[

g1LD1
]

, (4.9)
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transverse force on transversely pol. quarks [M. Burkardt]

4

PT at moderately small PT for π+. The slope for π−

could be positive for moderate PT (ignoring the first data
point).
A possible interpretation of the PT -dependence of the

double-spin asymmetry may involve different widths of
the transverse momentum distributions of quarks with
different flavor and polarizations [45] resulting from dif-
ferent orbital motion of quarks polarized in the direc-
tion of the proton spin and opposite to it [46, 47]. In
Fig. 2 the measured A1 is compared with calculations
of the Torino group [45], which uses different values of
the ratio of widths in kT for partonic helicity, g1, and
momentum, f1, distributions, assuming Gaussian kT dis-
tributions with no flavor dependence. A fit to A1(PT )
for π+ using the same approach yields a ratio of widths
of 0.7± 0.1 with χ2 = 1.5. The fit to A1 with a straight
line (no difference in g1 and f1 widths) gives a χ2 = 1.9.
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FIG. 2: The double spin asymmetry A1 as a function of trans-
verse momentum PT , integrated over all kinematical vari-
ables. The open band corresponds to systematic uncertain-
ties. The dashed, dotted and dash-dotted curves are calcula-
tions for different values for the ratio of transverse momentum
widths for g1 and f1 (0.40, 0.68, 1.0) for a fixed width for f1
(0.25 GeV2) [45].

Asymmetries as a function of the azimuthal angle φ
provide access to different combinations of TMD parton
distribution and fragmentation functions [4]. The lon-
gitudinally polarized (L) target spin asymmetry for an
unpolarized beam (U),

AUL =
1

fPt

N+ −N−

N+ +N−
(3)

is measured from data by counting in φ-bins the differ-
ence of luminosity-normalized events with proton spin
states anti-parallel (N+) and parallel (N−) to the beam
direction.
The standard procedure for the extraction of the dif-

ferent moments involves sorting AUL in bins of φ and
fitting this φ-distribution with theoretically motivated
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FIG. 3: Azimuthal modulation of the target single spin asym-
metry AUL for pions integrated over the full kinematics. Only
statistical uncertainties are shown. Fit parameters p1/p2 are
0.047±0.010/−0.042±0.010, −0.046±0.016/−0.060±0.016,
0.059 ± 0.018/0.010 ± 0.019 for π+,π− and π0, respectively.
Dotted and dash-dotted lines for π+ show separately contri-
butions from sinφ and sin 2φ moments, whereas the solid line
shows the sum.

functions. Results for the function p1 sinφ + p2 sin 2φ
and, alternatively, for (p1 sinφ+ p2 sin 2φ)/(1 + p3 cosφ)
are consistent, indicating a weak dependence of the ex-
tracted sinnφ moments on the presence of the cosφ mo-
ment in the φ-dependence of the spin-independent sum.
The main sources of systematic uncertainties in the mea-
surements of single spin asymmetries include uncertain-
ties in target polarizations (6%), acceptance effects (8%),
and uncertainties in the dilution factor (5%). The con-
tribution due to differences between the true luminosity
for the two different target spin states is below 2%. Ra-
diative corrections for sinφ-type moments, for moderate
values of y are expected to be negligible [48].
The dependence of the target single spin asymmetry

on φ, integrated over all other kinematical variables, is
plotted in Fig. 3. We observe a significant sin 2φ mod-
ulation for π+ (0.042± 0.010). A relatively small sin 2φ
term in the azimuthal dependence for π0 is in agree-
ment with observations by HERMES [13]. Since the only
known contribution to the sin 2φ moments comes from
the Collins effect, one can infer that, for π0, the Collins
function is suppressed. Indeed, both HERMES [13] and
Belle [37] measurements indicate that favored and unfa-
vored Collins functions are roughly equal and have oppo-
site signs, which means that they largely cancel for π0.
On the other hand, the amplitudes of the sinφ modula-
tions for π+ and π0 are comparable in size. This indicates
that the contribution from the Collins effect to the sinφ
SSA, in general, is relatively small.
The sin 2φ moment Asin 2φ

UL as a function of x is plotted
in Fig. 4. Calculations [28, 34] using h⊥

1L from the chiral
quark soliton model [49] and the Collins function [50] ex-
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Using the equation of motion for the quark field, the following relations can be established

between the functions appearing in the above correlator and the functions in the quark-

quark correlator (3.38):
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4. Results for structure functions

Inserting the parameterizations of the different correlators in the expression (3.9) of the

hadronic tensor and using the equation-of-motion constraints just discussed, one can calcu-

late the leptoproduction cross section for semi-inclusive DIS and project out the different

structure functions appearing in eq. (2.7). To have a compact notation for the results, we

introduce the unit vector ĥ = P h⊥/|P h⊥| and the notation
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where w(pT ,kT ) is an arbitrary function and the summation runs over quarks and anti-

quarks. The expressions for the structure functions appearing in eq. (2.7) are
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Ẽ

z

)

+
kT ·pT

2MMh

[(

xeT H⊥
1 −

Mh

M
g1T

D̃⊥

z

)

+

(

xe⊥T H⊥
1 +

Mh

M
f⊥
1T

G̃⊥

z

)]}

, (4.18)

F cos(2φh−φS)
LT =

2M

Q
C
{

−
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Notice that distribution and fragmentation functions do not appear in a symmetric fashion

in these expressions: there are only twist-three fragmentation functions with a tilde and

only twist-three distribution functions without tilde. This asymmetry is not surprising

because in eq. (2.7) the structure functions themselves are introduced in an asymmetric

way, with azimuthal angles referring to the axis given by the four-momenta of the target

nucleon and the photon, rather than of the target nucleon and the detected hadron.

Equations (4.2) to (4.19) are a main result of this paper. A few comments concerning

the comparison with the existing literature are in order here. First of all, it has to be
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Using the equation of motion for the quark field, the following relations can be established

between the functions appearing in the above correlator and the functions in the quark-

quark correlator (3.38):
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4. Results for structure functions

Inserting the parameterizations of the different correlators in the expression (3.9) of the

hadronic tensor and using the equation-of-motion constraints just discussed, one can calcu-

late the leptoproduction cross section for semi-inclusive DIS and project out the different

structure functions appearing in eq. (2.7). To have a compact notation for the results, we
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where w(pT ,kT ) is an arbitrary function and the summation runs over quarks and anti-
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ĥ ·kT

Mh

(

xeH⊥
1 +

Mh

M
f1

G̃⊥

z

)

+
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ĥ ·pT

M

(

xf⊥
L D1 −

Mh

M
h⊥

1L

H̃

z

)]

, (4.7)

F sin 2φh

UL = C
[

−
2
(
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4

PT at moderately small PT for π+. The slope for π−

could be positive for moderate PT (ignoring the first data
point).
A possible interpretation of the PT -dependence of the

double-spin asymmetry may involve different widths of
the transverse momentum distributions of quarks with
different flavor and polarizations [45] resulting from dif-
ferent orbital motion of quarks polarized in the direc-
tion of the proton spin and opposite to it [46, 47]. In
Fig. 2 the measured A1 is compared with calculations
of the Torino group [45], which uses different values of
the ratio of widths in kT for partonic helicity, g1, and
momentum, f1, distributions, assuming Gaussian kT dis-
tributions with no flavor dependence. A fit to A1(PT )
for π+ using the same approach yields a ratio of widths
of 0.7± 0.1 with χ2 = 1.5. The fit to A1 with a straight
line (no difference in g1 and f1 widths) gives a χ2 = 1.9.
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FIG. 2: The double spin asymmetry A1 as a function of trans-
verse momentum PT , integrated over all kinematical vari-
ables. The open band corresponds to systematic uncertain-
ties. The dashed, dotted and dash-dotted curves are calcula-
tions for different values for the ratio of transverse momentum
widths for g1 and f1 (0.40, 0.68, 1.0) for a fixed width for f1
(0.25 GeV2) [45].

Asymmetries as a function of the azimuthal angle φ
provide access to different combinations of TMD parton
distribution and fragmentation functions [4]. The lon-
gitudinally polarized (L) target spin asymmetry for an
unpolarized beam (U),

AUL =
1

fPt

N+ −N−

N+ +N−
(3)

is measured from data by counting in φ-bins the differ-
ence of luminosity-normalized events with proton spin
states anti-parallel (N+) and parallel (N−) to the beam
direction.
The standard procedure for the extraction of the dif-

ferent moments involves sorting AUL in bins of φ and
fitting this φ-distribution with theoretically motivated

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0 200

!
+

A
U

L

p1sin"+p2sin2"

0 200

!
-

" (deg)

0 200

!
0

FIG. 3: Azimuthal modulation of the target single spin asym-
metry AUL for pions integrated over the full kinematics. Only
statistical uncertainties are shown. Fit parameters p1/p2 are
0.047±0.010/−0.042±0.010, −0.046±0.016/−0.060±0.016,
0.059 ± 0.018/0.010 ± 0.019 for π+,π− and π0, respectively.
Dotted and dash-dotted lines for π+ show separately contri-
butions from sinφ and sin 2φ moments, whereas the solid line
shows the sum.

functions. Results for the function p1 sinφ + p2 sin 2φ
and, alternatively, for (p1 sinφ+ p2 sin 2φ)/(1 + p3 cosφ)
are consistent, indicating a weak dependence of the ex-
tracted sinnφ moments on the presence of the cosφ mo-
ment in the φ-dependence of the spin-independent sum.
The main sources of systematic uncertainties in the mea-
surements of single spin asymmetries include uncertain-
ties in target polarizations (6%), acceptance effects (8%),
and uncertainties in the dilution factor (5%). The con-
tribution due to differences between the true luminosity
for the two different target spin states is below 2%. Ra-
diative corrections for sinφ-type moments, for moderate
values of y are expected to be negligible [48].
The dependence of the target single spin asymmetry

on φ, integrated over all other kinematical variables, is
plotted in Fig. 3. We observe a significant sin 2φ mod-
ulation for π+ (0.042± 0.010). A relatively small sin 2φ
term in the azimuthal dependence for π0 is in agree-
ment with observations by HERMES [13]. Since the only
known contribution to the sin 2φ moments comes from
the Collins effect, one can infer that, for π0, the Collins
function is suppressed. Indeed, both HERMES [13] and
Belle [37] measurements indicate that favored and unfa-
vored Collins functions are roughly equal and have oppo-
site signs, which means that they largely cancel for π0.
On the other hand, the amplitudes of the sinφ modula-
tions for π+ and π0 are comparable in size. This indicates
that the contribution from the Collins effect to the sinφ
SSA, in general, is relatively small.
The sin 2φ moment Asin 2φ

UL as a function of x is plotted
in Fig. 4. Calculations [28, 34] using h⊥

1L from the chiral
quark soliton model [49] and the Collins function [50] ex-

J
H
E
P
0
2
(
2
0
0
7
)
0
9
3

Using the equation of motion for the quark field, the following relations can be established

between the functions appearing in the above correlator and the functions in the quark-

quark correlator (3.38):

E

z
=

Ẽ

z
+

m

Mh
D1, (3.76)

D⊥

z
=

D̃⊥

z
+ D1, (3.77)

G⊥

z
=

G̃⊥

z
+

m

Mh
H⊥

1 , (3.78)

H

z
=

H̃

z
+

k2
T

M2
h

H⊥
1 . (3.79)

4. Results for structure functions

Inserting the parameterizations of the different correlators in the expression (3.9) of the

hadronic tensor and using the equation-of-motion constraints just discussed, one can calcu-

late the leptoproduction cross section for semi-inclusive DIS and project out the different

structure functions appearing in eq. (2.7). To have a compact notation for the results, we

introduce the unit vector ĥ = P h⊥/|P h⊥| and the notation

C
[

wf D
]

= x
∑

a

e2
a

∫

d2pT d2kT δ(2)
(

pT − kT − P h⊥/z
)

w(pT ,kT ) fa(x, p2
T )Da(z, k2

T ),

(4.1)

where w(pT ,kT ) is an arbitrary function and the summation runs over quarks and anti-

quarks. The expressions for the structure functions appearing in eq. (2.7) are

FUU,T = C
[

f1D1
]

, (4.2)

FUU,L = 0, (4.3)

F cos φh

UU =
2M

Q
C
[

−
ĥ ·kT

Mh

(

xhH⊥
1 +

Mh

M
f1

D̃⊥

z

)

−
ĥ ·pT

M

(

xf⊥D1 +
Mh

M
h⊥

1
H̃

z

)]

, (4.4)

F cos 2φh

UU = C
[

−
2
(

ĥ ·kT

) (

ĥ ·pT

)

− kT ·pT

MMh
h⊥

1 H⊥
1

]

, (4.5)

F sin φh

LU =
2M

Q
C
[

−
ĥ ·kT

Mh

(

xeH⊥
1 +

Mh

M
f1

G̃⊥

z

)

+
ĥ ·pT

M

(

xg⊥D1 +
Mh

M
h⊥

1
Ẽ

z

)]

, (4.6)

F sin φh

UL =
2M

Q
C
[

−
ĥ ·kT

Mh

(

xhLH⊥
1 +

Mh

M
g1L

G̃⊥

z

)

+
ĥ ·pT

M

(

xf⊥
L D1 −

Mh

M
h⊥

1L

H̃

z

)]

, (4.7)

F sin 2φh

UL = C
[

−
2
(

ĥ ·kT

) (

ĥ ·pT

)

− kT ·pT

MMh
h⊥

1LH⊥
1

]

, (4.8)

FLL = C
[

g1LD1
]

, (4.9)
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