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Abstract 

We present the results of the tree-level calculation of deep-inelastic leptoproduction, including 
polarization of target hadron and produced hadron. We also discuss the dependence on transverse 
momenta of the quarks, which leads to azimuthal asymmetries for the produced hadrons. 

1. Introduct ion  

In recent years several possible ways to probe the structure of hadrons in hard scatter- 
ing processes have been pointed out. Most well-known are the inclusive lepton-hadron 
(gH) scattering experiments that provide detailed information on the unpolarized and 
polarized quark distributions. This information is valuable as it, within the framework of 
Quantum Chromodynamics (QCD), can be expressed as well-defined matrix elements 
of quark and gluon operators within the nucleon. For instance, the operator product ex- 
pansion relates moments of quark distributions to expectation values of local operators 
that represent static properties of the nucleon such as its electric or axial charge, baryon 
number, etc. Some of these matrix elements can also be determined in an independent 
way, such as the axial charge of the nucleon from neutron decay. We will consider in this 
paper matrix elements of non-local combinations of quark fields [ 1,2]. They represent 
forward quark-target scattering amplitudes that can be interpreted as quark momentum 
distributions or multi-parton distributions [ 3 ]. 

In inclusive gH scattering one can determine combinations of the quark distributions 
f ~ ( x )  and ~ ( x )  where x is the fractional lightcone momentum x = p + / P +  of a quark 
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In this paper we study the effects of the possible presence
of time-reversal ~T! odd distribution functions in leptopro-
duction. We limit ourselves to the production of hadrons in
the current fragmentation region, for which we assume that
the cross section factorizes into a product of a distribution
function and a fragmentation function. Including the effects
of transverse momenta, the cross section is assumed to fac-
torize into a convolution of distribution and fragmentation
functions which not only depends on the light-cone momen-
tum fractions of quark and hadron, but also on the transverse
momentum of quark with respect to hadron or vice versa @1#.
Starting with the expressions of the soft parts in hard scat-

tering processes as quark-quark light-front correlation func-
tions, i.e. matrix elements of nonlocal combinations of quark
fields, one can analyze the various possible distribution and
fragmentation functions. Constraints arise from Lorentz in-
variance, Hermiticity, parity invariance and time-reversal in-
variance. The latter, however, cannot be used as a constraint
on fragmentation functions, because the produced hadron
can interact with the debris of the fragmenting quark, a well-
known phenomenon in any decay process @2#. This allows
so-called T-odd quantities, although it is hard to say some-
thing about their magnitude. In Ref. @3# it was even conjec-
tured that final state interaction phases average to zero for
single hadron production after summation over unobserved
final states.
Without considering transverse momenta of quarks, the

T-odd effects are higher twist, appearing at order 1/Q @4#.
Including transverse momenta of quarks, there are leading
order effects. One can have fragmentation of transversely
polarized quarks into unpolarized or spin zero hadrons or
production of transversely polarizated hadrons in the frag-
mentation of unpolarized quarks @1#. For the distribution
functions, it has been conjectured that T-odd quantities also
might appear without violating time-reversal invariance @5–
8#. This might be due to soft initial state interactions or, as
suggested recently @8#, be a consequence of chiral symmetry
breaking. Within QCD a possible description of the effects
may come from gluonic poles @9#.
It is convenient to use the hadron momenta in the process

lH!l8hX to define two lightlike vectors n1 and n2 , satis-

fying n1•n251. These vectors then define the light-cone
components of a vector as a6[a•n7 . Up to mass terms the
momentum P of the target hadron (H) is along n1 , that of
the outgoing hadron along n2 . We assume here that we are
discussing current fragmentation, for which one requires
P•Ph;Q2, where q252Q2 is the momentum transfer
squared. In leading order in 1/Q the process factorizes into a
product of two soft parts. For the description of the quark
content of the target the following quantity ~given in the
light-cone gauge A150! is relevant,

F~x ,pT!5E
dj2d2jT
~2p!3

eip•j^P ,Suc̄~0 !c~j!uP ,S&U
j150

,

~1!

depending on the light-cone fraction of the quark momen-
tum, x5p1/P1 and the transverse momentum component
pT . Using Lorentz invariance, Hermiticity, and parity invari-
ance one finds that the Dirac projections that will appear in a
calculation up to leading order in 1/Q can be expressed in a
number of distribution functions

F~x ,pT!5
1
2 H f 1n” 11 f 1T

'
emnrsgmn1

n pT
rST

s

M 1g1sg5n” 1

1h1Tismng5n1
m ST

n1h1s
'
ismng5n1

m pT
n

M

1h1
'

smnpT
mn1

n

M J , ~2!

with arguments f 15 f 1(x ,pT
2) etc. The quantity g1s ~and

similarly h1s
' ! is shorthand for

g1s~x ,pT!5lg1L~x ,pT
2 !1

pT•ST
M g1T~x ,pT

2 !, ~3!

with M the mass, l5MS1/P1 the light-cone helicity, and
ST the transverse spin of the target hadron. Note that the
difference with the analysis in Ref. @1#, in which the time-
reversal constraint has been imposed, is the appearance of
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Abstract: The data tables of azimuthal single-spin and double-spin asymmetries in semi-

inclusive leptoproduction of pions, charged kaons, protons, and antiprotons from trans-

versely polarized protons are presented. The sine of the polar angle between the lepton-

beam and the virtual-photon directions is tabulated to facilitate corrections for the con-

tribution from the longitudinal target-polarization component. The data tables are com-

plemented with additional figures of rapidity, transverse momemtum versus Q 2, as well

as of numerous two-dimensional distributions in typical kinematics of the deep-inelastic

scattering process.
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Figure 7. Rapidity distributions for π+ (left) and protons (right) in the kinematic region indicated.
(Distributions are normalized to unity.)

Scattered lepton: Q2 > 1GeV2

W 2 > 10GeV2

0.023< x < 0.6
0.1< y < 0.95

Detected hadrons: 2GeV< |Ph| < 15GeV charged mesons
4GeV< |Ph| < 15GeV (anti)protons

|Ph| > 2GeV neutral pions
Ph⊥ < 2GeV

0.2< z < 0.7 (1.2 for the “semi-exclusive” region)

Table 3. Restrictions on selected kinematics variables. The upper limit on z of 1.2 applies only to
the analysis of the z dependence.

π+ π 0 π − K+ K− p p̄

0.2<z < 0.7 755k 158k 543k 136k 57k 94k 14k
0.7<z < 1.2 68k 10k 40k 14k 1k 6k <1k

Table 4. Hadron yields for the semi-inclusive DIS range and the high-z region.

photon-nucleon center-of-mass system. Both are measures of the “forwardness” of the
hadron in that system. Positive values of xF and yh are more likely associated with hadrons
produced from the struck quark, while negative values point at target fragmentation. As
an example, the rapidity distributions for π+ and protons are shown in figure 7 for a
specific kinematic bin of small z and large Ph⊥. Even though proton production is more
susceptible to contributions from target fragmentation, the proton’s rapidity remains, like
that of pions, mainly positive. Further discussion including more distributions can be found
in appendix B.

The criteria for the selection of scattered leptons and of hadrons detected in coinci-
dence are summarized in table 3. They have been chosen to ensure a good semi-inclusive
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Figure 5. Shape comparison of arbitrarily normalized π+ (red dotted line), K+ (blue line), and
proton (green dashed line) yield distributions in the hadron variables z (left) and Ph⊥ (right). The
region between the two vertical dashed lines indicates the range in z used for the semi-inclusive DIS
sample, while events in the extended range 0.7<z < 1.2 are analyzed only in the one-dimensional
z binning.
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Figure 6. Distribution in Q2 versus P 2
h⊥ of the semi-inclusive π+ yield.

hadrons with large transverse momentum might originate from the remnants of the target
and not from the fragmentation of the struck quark [100, 101], the region that is described
here in terms of TMD distribution and fragmentation functions. While no general recipe,
e.g., a quantitative limit on kinematic variables, is available, it appears appropriate to
provide additional information about the kinematic distributions in this measurement. For
this it is useful to introduce both Feynman-x, xF , the ratio of the longitudinal hadron
momentum PCM

h‖ along the virtual-photon direction to its maximum possible value in the
virtual-photon-nucleon center-of-mass system (CM), and rapidity,

yh ≡ 1
2 ln

P+
h

P−
h

, (3.1)

where P±
h are the ± light-cone momenta, i.e., ECM

h ±PCM
h‖ , of the hadron in the virtual-
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Figure 41. Distributions in xF vs. z of the K+ (left) and proton (right) yields.

Rather than explicitly applying stringent constraints on the kinematic variables, in this
work a large part of the available kinematic phase space is explored within reasonable limits
and the azimuthal modulations of interest studied in that kinematic region. In addition, in
order to facilitate interpretation of the results, kinematic distributions are provided for the
various choices of kinematic binning and hadron species. In this way, the door is open for
phenomenology to explore in more detail whether and where the factorized picture might
break down for these spin asymmetries.

The particular choice of kinematic distributions provided here are driven by the two
aspects considered in the beginning of this section, namely (i) the separation of current
and target fragmentation as studied through rapidity distributions, and (ii) the small
transverse-momentum requirement as explored by looking at both Q2 versus P 2

h⊥ and
Q2 versus P 2

h⊥/z
2.

A presentation in this paper of the distributions for all kinematic bins and hadron
species is not practical, they will hence be made available elsewhere (see supplementary
material). Instead, a selection of those are presented for the more extreme cases.

B.1 Separation of target and current fragmentation

In this measurement, hadrons were selected that have a high probability to stem from the
current fragmentation. For that a minimum z of 0.2 is required, which predominantly
selects forward-going hadrons in the virtual-photon-proton center-of-mass system, forward
being the direction of the virtual photon. This is visible in figure 41, where the correlation
between z and xF is plotted for both K+ and protons. For kaons (and likewise pions),
z > 0.2 corresponds to positive xF . The situation is slightly less favorable for protons, where
still a notable fraction of the yield in the lowest z bin falls in the category of negative xF .
This can be seen also in the rapidity distributions. They are depicted in figure 42 for the
last x bin, while those for pions are shown for the first and last x bin in figure 43. From
those distributions it is evident that the majority of events is at forward rapidity. Only
a small fraction of events, mainly in the case of protons, populates the region of negative
rapidity and do so only for large Ph⊥ and small z. Furthermore, clearly visible in the π+
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TMD factorization: a 2-scale problem

TMD factorization requires a large scale (Q2) 
and small transverse momentum 

overall, Q mainly larger than Ph⊥  

not fulfilled in all kinematic bins 

more challenging, especially at low x (=low Q2), 
for more stringent constraint of zQ >> Ph⊥
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TMD factorization: a 2-scale problem
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TMD factorization: a 2-scale problem
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semi-inclusive DIS 
excluding transverse polarization:
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semi-inclusive DIS 
excluding transverse polarization: 
 
 
 
 
 
 
 
 
 

double-spin asymmetry:

14

d�h

dx dy dz dP 2
h� d�

=
2��2

xyQ2

y2

2(1 � �)

�
1 +

�2

2x

�

�
Fh

UU,T + �Fh
UU,L + ��

�
1 � �2Fh

LL

+
�

2�
�
�
�

1 � � Fh,sin �
LU + �

�
1 + � Fh,sin �

UL

�
sin �

+
�

2�
�
��

�
1 � � Fh,cos �

LL +
�

1 + � Fh,cos �
UU

�
cos �

+�� Fh,sin 2�
UL sin 2� + � Fh,cos 2�

UU cos 2�

�

<latexit sha1_base64="a1eS7ARRb7gXdscdxLHLMUpU/Ik="></latexit>

Ah
LL �

�h
++ � �h

+� + �h
�� � �h

�+

�h
++ + �h

+� + �h
�� + �h

�+
<latexit sha1_base64="wS8/Yu4O1czS7WbaO+WfOQJMIP8="></latexit>

k′k

ST

Ph

Ph⊥
q

φ

φS



Transversity 2022Gunar Schnell 

semi-inclusive DIS 
excluding transverse polarization: 
 
 
 
 
 
 
 
 
 

single-spin asymmetry: 

explicit angular dependence to be fitted
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semi-inclusive DIS 
with transverse target polarization: 
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semi-inclusive DIS 
with transverse target polarization: 
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mixing of target polarizations
theory done w.r.t. virtual-photon direction

experiments use targets polarized w.r.t. lepton-beam direction
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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)]
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(cos θγ∗ % 1 , sin θγ∗ up to 15% at HERMES energies)
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theory done w.r.t. virtual-photon direction

experiments use targets polarized w.r.t. lepton-beam direction

➡  mixing of longitudinal and transverse polarization effects 
[Diehl & Sapeta, EPJ C 41 (2005) 515], e.g., 
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➡  need data on same target for both polarization orientations!
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mixing of target polarizations
theory done w.r.t. virtual-photon direction 

experiments use targets polarized w.r.t. lepton-beam direction 

➡  mixing of longitudinal and transverse polarization effects 
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revisited [PRD 71 (2005) 012003] A1 analysis at HERMES in order to  

exploit slightly larger data set (less restrictive momentum range) 

provide A‖ in addition to A1 

 

 

 

 

R (ratio of longitudinal-to-transverse cross-sec’n) still to be measured! 
[only available for inclusive DIS data, e.g., used in g1 SF measurements] 

correct for D-state admixture (deuteron case) on asymmetry level 

correct better for azimuthal asymmetries coupling to acceptance 

look at multi-dimensional (x, z, Ph⊥) dependences  

extract twist-3 cosine modulations
21

re-analysis of longitudinal double-spin asymmetries

TABLE I. Experimental configurations by year of longitudi-
nally polarized beam and target data taking. The varieties
of hadrons identified and the hadron-momentum range are
determined by the particle-identification systems available at
the time. A threshold Cherenkov counter was used during the
hydrogen data-taking period and a ring-imaging Cherenkov
detector was used throughout the deuterium running period.

Beam Target Hadron Hadron Momentum
Year Type Gas Type Ph

1996 e+ H ⇡± 4–13.8 GeV
1997 e+ H ⇡± 4–13.8 GeV
1998 e� D ⇡±,K± 2–15 GeV
1999 e+ D ⇡±,K± 2–15 GeV
2000 e+ D ⇡±,K± 2–15 GeV

polarization was randomly chosen each 60 s for hydro-
gen and 90 s for deuterium, providing yields in both spin
states while controlling systematic uncertainties. The ex-
perimental configurations by year are summarized in Ta-
ble I. Typical values for the beam (target) polarization
are around 53% (84%).

The asymmetries are computed using basically the
same data set and procedure presented in prior HERMES
publications on longitudinal double-spin asymmetries [3–
5, 35]; di↵erences from previous analyses are discussed
below. The lepton-nucleon asymmetry is
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Here, Nh
◆(�) represents the hadron yield containing

events that meet the kinematic requirements summa-
rized in Table II, and L◆(�) and LP,◆(�) represent
the luminosity and polarization-weighted luminosity in
the parallel (antiparallel) experimental beam/target he-
licity configuration.4 The square brackets, [ ]B, indicate
that the enclosed quantity is corrected to Born level,
i.e., unfolded for radiative and detector smearing, using
Born and smeared Monte Carlo simulations according to
the essentially model-independent procedure described in
Ref. [5]. The unfolding is carried out in the same di-
mension used to present the data (see also Section III
and Table III). The factor fD represents the dilution of
the polarization of the nucleon with respect to that of
the nucleus and is explained in Section II B 1. Finally,
Ch

� is a correction that compensates for any distortion
caused by the convolution of the azimuthal moments of

4
Note that if experimental polarizations are not alternated so that

the average polarization of both beam and target samples are

zero, terms in Eq. (1) with a single “U” in the subscript do not

vanish, a priori, from both the numerator and denominator of

the ratio. In contrast, Eq. (2), i.e., the combination of all four

target- and beam-helicity states, leaves only the sum of terms

from Eq. (1) with the “LL” subscript divided by the sum of

terms with the “UU” subscript.

TABLE II. Inclusive and semi-inclusive kinematic require-
ments (value in parentheses is the limit for the extended range
discussed in Section II B 2). Here, Feynman-x (xF ) is defined
as the ratio of the hadron’s longitudinal momentum compo-
nent in the virtual-photon–nucleon center-of-mass system to
its maximal possible value.

Kinematic Requirements
Q2 > 1.0 GeV2

W 2 > 10 GeV2

y < 0.85
(0.1) 0.2 < z < 0.8

xF > 0.1

the polarization-independent cross section with the non-
uniform detector acceptance, which is described in more
detail in Section II B 6.
The virtual-photon–nucleon asymmetry Ah
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1 is computed from Ah
k as
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where the contributions from the spin structure function
g2 and, in case of a deuterium target, from the tensor
structure function b1 are negligible [36]. Furthermore,

⌘ =
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(8)

is a kinematic factor, and

D =
1� (1� y)✏

1 + ✏R
(9)

accounts for the limited degree of polarization transfer at
the electron–virtual-photon vertex, including the ratio R
of longitudinal-to-transverse cross sections. In this anal-
ysis, R was taken from the R1999 parameterization [37]
for all calculations of Ah

1 , which—strictly speaking—is
valid only for inclusive DIS measurements as pointed out
above.

B. Di↵erences from prior analyses

Although the analysis has much in common with
those in prior HERMES publications, several changes are
made, which increase statistical precision and reduce the
systematic uncertainties.
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hydrogen data-taking period and a ring-imaging Cherenkov
detector was used throughout the deuterium running period.
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Here, Nh
◆(�) represents the hadron yield containing

events that meet the kinematic requirements summa-
rized in Table II, and L◆(�) and LP,◆(�) represent
the luminosity and polarization-weighted luminosity in
the parallel (antiparallel) experimental beam/target he-
licity configuration.4 The square brackets, [ ]B, indicate
that the enclosed quantity is corrected to Born level,
i.e., unfolded for radiative and detector smearing, using
Born and smeared Monte Carlo simulations according to
the essentially model-independent procedure described in
Ref. [5]. The unfolding is carried out in the same di-
mension used to present the data (see also Section III
and Table III). The factor fD represents the dilution of
the polarization of the nucleon with respect to that of
the nucleus and is explained in Section II B 1. Finally,
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� is a correction that compensates for any distortion
caused by the convolution of the azimuthal moments of
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nent in the virtual-photon–nucleon center-of-mass system to
its maximal possible value.
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1 is computed from Ah
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where the contributions from the spin structure function
g2 and, in case of a deuterium target, from the tensor
structure function b1 are negligible [36]. Furthermore,

⌘ =
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is a kinematic factor, and
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accounts for the limited degree of polarization transfer at
the electron–virtual-photon vertex, including the ratio R
of longitudinal-to-transverse cross sections. In this anal-
ysis, R was taken from the R1999 parameterization [37]
for all calculations of Ah

1 , which—strictly speaking—is
valid only for inclusive DIS measurements as pointed out
above.

B. Di↵erences from prior analyses

Although the analysis has much in common with
those in prior HERMES publications, several changes are
made, which increase statistical precision and reduce the
systematic uncertainties.
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revisited [PRD 71 (2005) 012003] A1 analysis at HERMES in order to  

exploit slightly larger data set (less restrictive momentum range) 

provide A‖ in addition to A1 

 

 

 

 

R (ratio of longitudinal-to-transverse cross-sec’n) still to be measured! 
[only available for inclusive DIS data, e.g., used in g1 SF measurements] 

correct for D-state admixture (deuteron case) on asymmetry level 

correct better for azimuthal asymmetries coupling to acceptance 

look at multi-dimensional (x, z, Ph⊥) dependences  

extract twist-3 cosine modulations … consistent with zero
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TABLE I. Experimental configurations by year of longitudi-
nally polarized beam and target data taking. The varieties
of hadrons identified and the hadron-momentum range are
determined by the particle-identification systems available at
the time. A threshold Cherenkov counter was used during the
hydrogen data-taking period and a ring-imaging Cherenkov
detector was used throughout the deuterium running period.

Beam Target Hadron Hadron Momentum
Year Type Gas Type Ph
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1998 e� D ⇡±,K± 2–15 GeV
1999 e+ D ⇡±,K± 2–15 GeV
2000 e+ D ⇡±,K± 2–15 GeV

polarization was randomly chosen each 60 s for hydro-
gen and 90 s for deuterium, providing yields in both spin
states while controlling systematic uncertainties. The ex-
perimental configurations by year are summarized in Ta-
ble I. Typical values for the beam (target) polarization
are around 53% (84%).

The asymmetries are computed using basically the
same data set and procedure presented in prior HERMES
publications on longitudinal double-spin asymmetries [3–
5, 35]; di↵erences from previous analyses are discussed
below. The lepton-nucleon asymmetry is
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Here, Nh
◆(�) represents the hadron yield containing

events that meet the kinematic requirements summa-
rized in Table II, and L◆(�) and LP,◆(�) represent
the luminosity and polarization-weighted luminosity in
the parallel (antiparallel) experimental beam/target he-
licity configuration.4 The square brackets, [ ]B, indicate
that the enclosed quantity is corrected to Born level,
i.e., unfolded for radiative and detector smearing, using
Born and smeared Monte Carlo simulations according to
the essentially model-independent procedure described in
Ref. [5]. The unfolding is carried out in the same di-
mension used to present the data (see also Section III
and Table III). The factor fD represents the dilution of
the polarization of the nucleon with respect to that of
the nucleus and is explained in Section II B 1. Finally,
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� is a correction that compensates for any distortion
caused by the convolution of the azimuthal moments of
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the ratio. In contrast, Eq. (2), i.e., the combination of all four

target- and beam-helicity states, leaves only the sum of terms

from Eq. (1) with the “LL” subscript divided by the sum of

terms with the “UU” subscript.
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ments (value in parentheses is the limit for the extended range
discussed in Section II B 2). Here, Feynman-x (xF ) is defined
as the ratio of the hadron’s longitudinal momentum compo-
nent in the virtual-photon–nucleon center-of-mass system to
its maximal possible value.
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Q2 > 1.0 GeV2

W 2 > 10 GeV2

y < 0.85
(0.1) 0.2 < z < 0.8

xF > 0.1

the polarization-independent cross section with the non-
uniform detector acceptance, which is described in more
detail in Section II B 6.
The virtual-photon–nucleon asymmetry Ah
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, (6)

where �h
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photons for which the spin is antiparallel (parallel) to the
target-nucleon spin. Ah

1 is computed from Ah
k as
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1 =

1

D(1 + ⌘�)
Ah

k , (7)

where the contributions from the spin structure function
g2 and, in case of a deuterium target, from the tensor
structure function b1 are negligible [36]. Furthermore,

⌘ =
✏�y

1� (1� y) ✏
(8)

is a kinematic factor, and

D =
1� (1� y)✏

1 + ✏R
(9)

accounts for the limited degree of polarization transfer at
the electron–virtual-photon vertex, including the ratio R
of longitudinal-to-transverse cross sections. In this anal-
ysis, R was taken from the R1999 parameterization [37]
for all calculations of Ah

1 , which—strictly speaking—is
valid only for inclusive DIS measurements as pointed out
above.

B. Di↵erences from prior analyses

Although the analysis has much in common with
those in prior HERMES publications, several changes are
made, which increase statistical precision and reduce the
systematic uncertainties.
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nally polarized beam and target data taking. The varieties
of hadrons identified and the hadron-momentum range are
determined by the particle-identification systems available at
the time. A threshold Cherenkov counter was used during the
hydrogen data-taking period and a ring-imaging Cherenkov
detector was used throughout the deuterium running period.
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states while controlling systematic uncertainties. The ex-
perimental configurations by year are summarized in Ta-
ble I. Typical values for the beam (target) polarization
are around 53% (84%).
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same data set and procedure presented in prior HERMES
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5, 35]; di↵erences from previous analyses are discussed
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Ah
k ⌘

Ch
�

fD

"
L◆Nh

� � L�Nh
◆

LP,◆Nh
� + LP,�Nh

◆

#

B

. (5)

Here, Nh
◆(�) represents the hadron yield containing

events that meet the kinematic requirements summa-
rized in Table II, and L◆(�) and LP,◆(�) represent
the luminosity and polarization-weighted luminosity in
the parallel (antiparallel) experimental beam/target he-
licity configuration.4 The square brackets, [ ]B, indicate
that the enclosed quantity is corrected to Born level,
i.e., unfolded for radiative and detector smearing, using
Born and smeared Monte Carlo simulations according to
the essentially model-independent procedure described in
Ref. [5]. The unfolding is carried out in the same di-
mension used to present the data (see also Section III
and Table III). The factor fD represents the dilution of
the polarization of the nucleon with respect to that of
the nucleus and is explained in Section II B 1. Finally,
Ch

� is a correction that compensates for any distortion
caused by the convolution of the azimuthal moments of
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the average polarization of both beam and target samples are

zero, terms in Eq. (1) with a single “U” in the subscript do not

vanish, a priori, from both the numerator and denominator of

the ratio. In contrast, Eq. (2), i.e., the combination of all four
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from Eq. (1) with the “LL” subscript divided by the sum of

terms with the “UU” subscript.
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ments (value in parentheses is the limit for the extended range
discussed in Section II B 2). Here, Feynman-x (xF ) is defined
as the ratio of the hadron’s longitudinal momentum compo-
nent in the virtual-photon–nucleon center-of-mass system to
its maximal possible value.
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where the contributions from the spin structure function
g2 and, in case of a deuterium target, from the tensor
structure function b1 are negligible [36]. Furthermore,

⌘ =
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1� (1� y) ✏
(8)

is a kinematic factor, and

D =
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accounts for the limited degree of polarization transfer at
the electron–virtual-photon vertex, including the ratio R
of longitudinal-to-transverse cross sections. In this anal-
ysis, R was taken from the R1999 parameterization [37]
for all calculations of Ah

1 , which—strictly speaking—is
valid only for inclusive DIS measurements as pointed out
above.

B. Di↵erences from prior analyses

Although the analysis has much in common with
those in prior HERMES publications, several changes are
made, which increase statistical precision and reduce the
systematic uncertainties.
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re-analysis of longitudinal double-spin asymmetries
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fully consistent with previous HERMES publication [PRD 71 (2005) 012003]
23

x dependence of A||

A ,p
π +

0

0.1

0.2

0.3

0.4

0.5 A ,d
π + A ,d

K+

A ,p
π -

0.03 0.1 0.4

0

0.1

0.2

0.3

0.4

0.5 A ,d
π -

0.03 0.1 0.4

A ,d
K-

0.03 0.1 0.4
x

[HERMES, PRD 99 (2019) 112001]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.112001


Transversity 2022Gunar Schnell 24

3-dimensional binning
1−10

1−10

1−10

1−10

1−10

1−10

1−10

0.5−

0

0.5

1

1−10

1−10

0.5−

0

0.5

1

1−10

1−10

0.5−

0

0.5

1

1−10

0.2 < z < 0.35 0.35 < z < 0.5 0.5 < z < 0.8

A

A

A

A

A

A

||,p

||,p

||,d

||,d

||,d

||,d

π

π

π

π

K

K

+

+

+

-

-

-

0.0 < P  [GeV] < 0.3⊥h
0.3 < P  [GeV] < 0.5h⊥
0.5 < P  [GeV] < 2.0h⊥

0.03 0.03 0.03 0.30.30.3 0.1 0.10.1 x

1.0

1.0

1.0

1.0

1.0

1.0

0.5

0.5

0.5

0.5

0.5

0.5

0

0

0

0

0

0

- 0.5

- 0.5

- 0.5

- 0.5

- 0.5

- 0.5

first-ever 3d binning provides transverse-momentum 
dependence 



Transversity 2022Gunar Schnell 

first-ever 3d binning provides transverse-momentum 
dependence  

but also extra flavor sensitivity, e.g., 

𝞹- asymmetries mainly coming from low-z region 
where disfavored fragmentation large and thus 
sensitivity to the large positive up-quark 
polarization

25

3-dimensional binning
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the latter two should significantly increase the reliability of uncertainties resulting from763

phenomenological fits to combined data of one-dimensional projections as the latter have764

an unspecified degree of statistical and systematic correlation.765

Due to the more limited precision of the antiproton and neutral-pion data, such three-766

dimensional kinematic binning was not feasible. They were thus analyzed as functions of x,767

z, and Ph? individually (cf. tables 7 and 8), integrating over the corresponding remaining768

kinematic variables.769

Asymmetries in one overall kinematic bin are not presented as their extraction suffers770

from the largest acceptance effects. They are also of limited value for phenomenology.771

Instead, the results for all asymmetries were tested against the NULL hypothesis using the772

two-sided Student’s t-test. The asymmetry results binned in three dimensions were used,773

where available, to increase the robustness of the Student’s t-test by using 64 data points774

and avoiding cancelation effects from integrating over kinematic dependences. In the case of775

⇡
0 and antiprotons, where results in only the one-dimensional binning are available, they776

are considered to be inconsistent with zero if the Student’s t-test established this for at777

least one of the three projections (versus x, z, or Ph?).p It is found that most asymmetry778

amplitudes are consistent with zero in the semi-inclusive region 0.2 < z < 0.7 used here.779

Those asymmetry amplitudes that are found to be inconsistent with zero at 95% (90%)780

confidence level are listed in table 9. Significantly non-zero results were neither found781

for the pretzelosity 2 hsin (3�� �S)ihU? Fourier amplitudes nor for the M/Q-suppressed782

2 hcos (�+ �S)ihL? and 2 hcos (2�� �S)ihL? Fourier amplitudes. For the 2 hsin (2�� �S)ihU?783

Fourier amplitude, only antiprotons were found to be inconsistent with the NULL hypothesis784

pIt has to be kept in mind that the Student’s t-test becomes less reliable when using a small number of
data points as, e.g., the case for the one-dimensional binning.
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and avoiding cancelation effects from integrating over kinematic dependences. In the case of775

⇡
0 and antiprotons, where results in only the one-dimensional binning are available, they776

are considered to be inconsistent with zero if the Student’s t-test established this for at777

least one of the three projections (versus x, z, or Ph?).p It is found that most asymmetry778

amplitudes are consistent with zero in the semi-inclusive region 0.2 < z < 0.7 used here.779

Those asymmetry amplitudes that are found to be inconsistent with zero at 95% (90%)780

confidence level are listed in table 9. Significantly non-zero results were neither found781
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Fourier amplitude, only antiprotons were found to be inconsistent with the NULL hypothesis784

pIt has to be kept in mind that the Student’s t-test becomes less reliable when using a small number of
data points as, e.g., the case for the one-dimensional binning.

– 28 –

90% 
95% 



J
H
E
P
1
2
(
2
0
2
0
)
0
1
0

Published for SISSA by Springer
Received: July 31, 2020

Accepted: October 4, 2020
Published: December 2, 2020

Azimuthal single- and double-spin asymmetries in
semi-inclusive deep-inelastic lepton scattering by
transversely polarized protons

The HERMES Collaboration
A. Airapetian,13,16 N. Akopov,26 Z. Akopov,6 E.C. Aschenauer,7 W. Augustyniak,25
R. Avakian,26,a A. Bacchetta,21 S. Belostotski,19,a V. Bryzgalov,20 G.P. Capitani,11
E. Cisbani,22 G. Ciullo,10 M. Contalbrigo,10 W. Deconinck,6 R. De Leo,2
E. De Sanctis,11 M. Diefenthaler,9 P. Di Nezza,11 M. Düren,13 G. Elbakian,26
F. Ellinghaus,5 A. Fantoni,11 L. Felawka,23 G. Gavrilov,6,19,23 V. Gharibyan,26
D. Hasch,11 Y. Holler,6 A. Ivanilov,20 H.E. Jackson,1,a S. Joosten,12 R. Kaiser,14
G. Karyan,6,26 E. Kinney,5 A. Kisselev,19 V. Kozlov,17 P. Kravchenko,9,19 L. Lagamba,2
L. Lapikás,18 I. Lehmann,14 P. Lenisa,10 W. Lorenzon,16 S.I. Manaenkov,19
B. Marianski,25,a H. Marukyan,26 Y. Miyachi,24 A. Movsisyan,10,26 V. Muccifora,11
Y. Naryshkin,19 A. Nass,9 G. Nazaryan,26 W.-D. Nowak,7 L.L. Pappalardo,10
P.E. Reimer,1 A.R. Reolon,11 C. Riedl,7,15 K. Rith,9 G. Rosner,14 A. Rostomyan,6
J. Rubin,15 D. Ryckbosch,12 A. Schäfer,21 G. Schnell,3,4,12 B. Seitz,14 T.-A. Shibata,24
V. Shutov,8 M. Statera,10 A. Terkulov,17 M. Tytgat,12 Y. Van Haarlem,12
C. Van Hulse,12 D. Veretennikov,3,19 I. Vilardi,2 S. Yaschenko,9 D. Zeiler,9
B. Zihlmann6 and P. Zupranski25
1Physics Division, Argonne National Laboratory, Argonne, Illinois 60439-4843, U.S.A.
2Istituto Nazionale di Fisica Nucleare, Sezione di Bari, 70124 Bari, Italy
3Department of Theoretical Physics, University of the Basque Country UPV/EHU,
48080 Bilbao, Spain

4IKERBASQUE, Basque Foundation for Science, 48013 Bilbao, Spain
5Nuclear Physics Laboratory, University of Colorado, Boulder, Colorado 80309-0390, U.S.A.
6DESY, 22603 Hamburg, Germany
7DESY, 15738 Zeuthen, Germany
8Joint Institute for Nuclear Research, 141980 Dubna, Russia

aDeceased.

Open Access, c© The Authors.
Article funded by SCOAP3. https://doi.org/10.1007/JHEP12(2020)010

Azimuthal modulation Significant non-vanishing Fourier amplitude

⇡
+

⇡
�

K
+

K
�

p ⇡
0

p̄

sin (�+ �S) [Collins] X X X X
sin (�� �S) [Sivers] X X X X (X) X
sin (3�� �S) [Pretzelosity]

sin (�S) (X) X X
sin (2�� �S) (X)
sin (2�+ �S) X
cos (�� �S) [Worm-gear] X (X) (X)
cos (�+ �S)

cos (�S) X
cos (2�� �S)

Table 9. The various azimuthal modulations of the semi-inclusive cross section and those hadron
species whose corresponding Fourier amplitudes are incompatible with the NULL hypothesis at
95% (90%) confidence. Antiprotons and ⇡

0 are given separated in the last two columns to indicate
that the statistical test of those is based on the one-dimensional projections and hence restricted
to using only seven data points.

the latter two should significantly increase the reliability of uncertainties resulting from763

phenomenological fits to combined data of one-dimensional projections as the latter have764

an unspecified degree of statistical and systematic correlation.765

Due to the more limited precision of the antiproton and neutral-pion data, such three-766

dimensional kinematic binning was not feasible. They were thus analyzed as functions of x,767

z, and Ph? individually (cf. tables 7 and 8), integrating over the corresponding remaining768

kinematic variables.769

Asymmetries in one overall kinematic bin are not presented as their extraction suffers770

from the largest acceptance effects. They are also of limited value for phenomenology.771
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where available, to increase the robustness of the Student’s t-test by using 64 data points774
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are considered to be inconsistent with zero if the Student’s t-test established this for at777
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Figure 12. Sivers SFA for charged mesons (left: pions; right: kaons) presented either in bins of x,
z, or Ph?. Data at large values of z, marked by open points in the z projection, are not included
in the other projections. Systematic uncertainties are given as bands, not including the additional
scale uncertainty of 7.3% due to the precision of the target-polarization determination.

zero even at the lowest x values probed in this experiment. The rise with z and Ph? is
much more pronounced. However, while the rise continues throughout the semi-inclusive z

range, it is leveling off at larger values of Ph?.
The ⇡

� Sivers asymmetry in the one-dimensional x projection is consistent with zero.
While ⇡

+ electroproduction off protons is dominated by up-quark scattering, ⇡� receives
large contributions from down quarks. The vanishing Sivers asymmetry for negative pions
can thus be understood as a cancelation of a Sivers effect that is opposite in sign for up and
down quarks. This may also explain the peculiar behavior of the z dependence: at low values
of z disfavored fragmentation plays a significant role and thus contributions from up quarks
can push the asymmetry towards positive values. At large values of z, however, disfavored
fragmentation dies out and the favored production off down quarks prevails leading to a
negative asymmetry. Some caution with this argumentation is deserved as at large values of
z, the contribution from the decay of exclusive ⇢

0 electroproduction to both the ⇡
+ and ⇡

�

samples becomes sizable, as can be concluded from a Pythia6.2 Monte Carlo simulation
(cf. figure 4), even more so for ⇡� than for ⇡+. Charge-conjugation dictates that the decay
pions from the ⇢

0 exhibit the same asymmetry regardless of their charge.v Examining
the large-z behavior of the charged-pion asymmetries, indeed a clear change of trend can
be observed for positive pions. Still, the significant difference between the charged-pion
asymmetries over most of the kinematic range suggests that the non-vanishing asymmetries
observed are not driven merely by exclusive ⇢

0 electroproduction.
The K

+ Sivers asymmetry follows a similar kinematic behavior as the one for ⇡
+,

but is larger in magnitude, as can be seen in figure 13. While u-quark scattering should
dominate production off protons of both positive pions and kaons, various differences be-

vThis is also one motivation for looking at the charge-difference asymmetry in ref. [40] in which such
contributions cancel.
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Figure 14. Sivers SFA for ⇡
0 presented either in bins of x, z, or Ph?. Data at large values of z,

marked by open points in the z projection, are not included in the other projections. Systematic
uncertainties are given as bands, not including the additional scale uncertainty of 7.3% due to the
precision of the target-polarization determination.

As is the case for K
�, the ⇡

0 results, presented in figure 14, have poor statistical
precision but still indicate a positive asymmetry. This can be expected from the results for
charged pions due to isospin symmetry in semi-inclusive deep-inelastic scattering. In the
high-z range, the ⇡

0 asymmetries remain positive around 5–10%, thus not following the
strongly falling trend of the ⇡

+ asymmetries. Also here the contribution from exclusive
vector-meson production is much smaller than for ⇡+ (cf. figure 4); thus, an interpretation
in terms of ordinary fragmentation is likely much more applicable, leading to a positive
asymmetry due to u-quark dominance.

Figure 15 shows, as an illustrative example, the Sivers asymmetry for ⇡
+ mesons in

the three-dimensional binning, compared to a phenomenological fit [147]. The latter, being
based on previous versions of these data (as well as data from COMPASS), describes the
overall behavior well. The multi-dimensional binning as well as the much reduced system-
atics of the data presented here should help to better constrain future phenomenological
analyses.

In figure 16, the first measurement of Sivers asymmetries for proton and antiprotons is
presented. A clearly positive Sivers asymmetry is observed for protons. Also the less precise
antiproton data favor a positive Sivers asymmetry. Baryon production is a less understood
process at lower center-of-mass energies. Therefore, care must be taken when interpreting
those in the usual factorized way. Leaving this warning aside and assuming quark fragmen-
tation as the dominant process here, u-quark fragmentation prevails proton production,
and — having no valence quark in common with the target proton — antiprotons as well
are likely to originate from u-quarks, in particular at these values of x, where sea quarks
are still scarce in the target proton. Dominance of u-quarks in proton and antiproton lep-
toproduction is supported by results from global fits of fragmentation functions [159]. The
Sivers effect is sometimes referred to as a “quark-jet effect”, e.g., already before forming
the final hadron, the transverse-momentum distribution of the fragmenting quark exhibits
the Sivers signature of a left-right asymmetry with respect to the direction of the target
polarization. It is thus natural to expect similar asymmetries for “current-fragmentation”
protons and antiprotons as those for the other hadrons whose electroproduction off the
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Figure 4. The simulated fraction of pions originating from diffractive vector-meson production and
decay is shown as a function of z. (The open squares indicating ⇡

� are slightly shifted horizontally).
The contributions are simulated by a version of Pythia6.2 [90, 91] tuned for HERMES kinematics.
By limiting z to z < 0.7, a kinematic region is probed where the vector-meson contribution to the
electroproduction of pions is suppressed, in particular for charged pions. For charged kaons, the
contribution from � decay is at maximum 10% [92].

criteria:

(i) All identified hadrons are selected (and not only the leading hadron, i.e., the one with
the highest momentum in the event).

(ii) A lower limit z > 0.2 is applied to suppress contributions from the target fragmenta-
tion region.

(iii) An upper limit z < 0.7 is generally applied to suppress contributions from hadrons
originating from the decay of diffractively produced vector-mesons. As shown in
figure 4, contributions due to exclusive channels (in particular for charged pions)
become sizable at large z. However, when looking at only the one-dimensional z

dependence of the azimuthal asymmetries, this requirement is lifted and instead an
upper limit of 1.2 (driven by the detector resolution) is imposed, in order to probe this
“semi-exclusive” transition region. The resulting yield distributions for the positively
charged hadrons are shown in figure 5 (left). The shift towards higher z in the
distribution of protons mainly results from the larger hadron mass and the 4 GeV
minimum-momentum requirement (compared to 2 GeV for charged mesons).

(iv) The formalism of TMD factorization involves one hard scale, Q
2, and transverse

momenta that are small in comparison. While no lower limit on Ph? is imposed,
an upper limit of Ph? < 2 GeV is applied in this analysis (cf. figure 5, right). On
average, the constraint P 2

h? ⌧ Q
2 is fulfilled for most deep-inelastic scattering events

(cf. figure 6), while the stricter constraint P 2
h? ⌧ z

2
Q

2 is often violated at large Ph?
in the kinematic region of low x (which corresponds to low Q

2) and low z.l

lA more detailed discussion is presented in appendix B, including further distributions, e.g., for the more
critical region of low z and Q 2.
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clear rise towards very low z, which might indicate the onset of significant target-fragmentation
contributions, excluded in the data sample used by the minimum-z requirement of 0.2.

scattering, which exhibits a positive Sivers asymmetry. The recoiling target fragments
are thus expected to exhibit a Sivers asymmetry of opposite sign. As the proton Sivers
asymmetry is positive, it appears less likely that those protons came from the fragmenting
target. All these features are, however, also not sufficient to establish that the protons and
antiprotons are dominantly produced in the hadronization of the current-quark jet, which
needs to be kept in mind when interpreting the results in such framework.

4.3 The vanishing signals for the pretzelosity function

The chiral-odd pretzelosity distribution, h?,q
1T

�
x,p2

T

�
, provides information about the non-

spherical shape of transversely polarized protons in momentum space caused by significant
contributions from orbital angular momentum to a quadrupole modulation of the parton
distributions [50]. It can be accessed coupled to the chiral-odd Collins fragmentation func-
tion in semi-inclusive deep-inelastic scattering through the sin (3�� �S) modulation of the
cross section. So far, only the measurement of this amplitude using a transversely polar-
ized 3He target by the Jefferson Lab Hall A Collaboration has been published [53]. In a
combination with preliminary data from both the COMPASS and HERMES collabora-
tions as well as the Collins fragmentation function from a phenomenological analysis [106],
h
?,q
1T

�
x,p2

T

�
was extracted both for up and down quarks and found to be consistent with

zero albeit within large uncertainties [161].
The underlying transverse-momentum convolution in eq. (2.7) involves a weight that

is expected to scale with P
3
h?. As relatively low transverse momenta are observed, hPh?i <

1 GeV, the amplitude of the sin (3�� �S) modulation is suppressed with respect to, e.g.,
the Collins amplitude, which also involves a convolution of a chiral-odd parton distribution
with the Collins fragmentation function, but which scales with Ph?.

In this analysis, the 2hsin (3�� �S)/✏ ihU? amplitudes, shown in figure 19 for charged
mesons and in figure 20 for neutral pions as well as for (anti)protons, are found to be
consistent with zero. There is a hint of a small negative amplitude for negative pions that
is, however, statistically not sufficiently significant to claim a non-vanishing pretzelosity.

As noted before, the pretzelosity amplitudes are expected to be suppressed. Cance-
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Figure 15. Sivers SFA for ⇡
+ extracted simultaneously in bins of x, z, and Ph?, presented as

a function of x. Systematic uncertainties are given as bands, not including the additional scale
uncertainty of 7.3% due to the precision of the target-polarization determination. Overlaid is a
phenomenological fit [147] to previously available data, with the three lines corresponding to the
central value of the fit and the fit uncertainty.

proton is dominated by u-quark scattering [160]. Figure 17 compares the Sivers asymme-
tries for both protons and antiprotons with those for positive pions. Within the available
precision an almost surprising agreement of proton and ⇡

+ asymmetries is visible. Also the
asymmetries for antiprotons are very similar, however, the present measurement is plagued
by large uncertainties.

In order to investigate slightly more the nature of proton and antiproton production
at HERMES, figure 18 depicts the ratio of their raw production rates, e.g., yields not
corrected for instrumental effects. The sudden increase of the proton-over-antiproton ratio
towards very low z might indicate the onset of target fragmentation, while in most of the z

range studied here the ratio exhibits a behavior consistent with current fragmentation. In
particular, with increasing z the production of antiprotons, which have no valence quarks in
common with the target nucleons, is increasingly suppressed compared to protons. A second
qualitative argument supporting the hypothesis of dominance of current fragmentation is
the sign of the Sivers asymmetry for protons. The current jet is dominated by u-quark
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a function of x. Systematic uncertainties are given as bands, not including the additional scale
uncertainty of 7.3% due to the precision of the target-polarization determination. Overlaid is a
phenomenological fit [147] to previously available data, with the three lines corresponding to the
central value of the fit and the fit uncertainty.

proton is dominated by u-quark scattering [160]. Figure 17 compares the Sivers asymme-
tries for both protons and antiprotons with those for positive pions. Within the available
precision an almost surprising agreement of proton and ⇡

+ asymmetries is visible. Also the
asymmetries for antiprotons are very similar, however, the present measurement is plagued
by large uncertainties.

In order to investigate slightly more the nature of proton and antiproton production
at HERMES, figure 18 depicts the ratio of their raw production rates, e.g., yields not
corrected for instrumental effects. The sudden increase of the proton-over-antiproton ratio
towards very low z might indicate the onset of target fragmentation, while in most of the z

range studied here the ratio exhibits a behavior consistent with current fragmentation. In
particular, with increasing z the production of antiprotons, which have no valence quarks in
common with the target nucleons, is increasingly suppressed compared to protons. A second
qualitative argument supporting the hypothesis of dominance of current fragmentation is
the sign of the Sivers asymmetry for protons. The current jet is dominated by u-quark
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a function of x. Systematic uncertainties are given as bands, not including the additional scale
uncertainty of 7.3% due to the precision of the target-polarization determination. Overlaid is a
phenomenological fit [147] to previously available data, with the three lines corresponding to the
central value of the fit and the fit uncertainty.

proton is dominated by u-quark scattering [160]. Figure 17 compares the Sivers asymme-
tries for both protons and antiprotons with those for positive pions. Within the available
precision an almost surprising agreement of proton and ⇡

+ asymmetries is visible. Also the
asymmetries for antiprotons are very similar, however, the present measurement is plagued
by large uncertainties.

In order to investigate slightly more the nature of proton and antiproton production
at HERMES, figure 18 depicts the ratio of their raw production rates, e.g., yields not
corrected for instrumental effects. The sudden increase of the proton-over-antiproton ratio
towards very low z might indicate the onset of target fragmentation, while in most of the z

range studied here the ratio exhibits a behavior consistent with current fragmentation. In
particular, with increasing z the production of antiprotons, which have no valence quarks in
common with the target nucleons, is increasingly suppressed compared to protons. A second
qualitative argument supporting the hypothesis of dominance of current fragmentation is
the sign of the Sivers asymmetry for protons. The current jet is dominated by u-quark

– 38 –

[A. Airapetian et al., JHEP12(2020)010]

https://doi.org/10.1007/JHEP12(2020)010


Transversity 2022Gunar Schnell 

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

Sivers amplitudes 
multi-dimensional analysis

3d analysis: 4x4x4 bins in (x,z, Ph⊥) 

reduced systematics

disentangle correlations

isolate phase-space region with large signal 
strength

allows more detailed comparison with calculations 

31

hermes

-0.2

-0.1

0

0.1

0.2

π+

0.00 < Ph⊥ [GeV] < 0.23

2
 〈

s
in

(φ
-φ

S
)〉

U
⊥

0.23 < Ph⊥ [GeV] < 0.36 0.36 < Ph⊥ [GeV] < 0.54 0.54 < Ph⊥ [GeV] < 2.00

0
.2

0
 <

 z <
 0

.2
8

-0.2

-0.1

0

0.1

0.2

0
.2

8
 <

 z <
 0

.3
7

-0.2

-0.1

0

0.1

0.2

0
.3

7
 <

 z <
 0

.4
9

-0.2

-0.1

0

0.1

0.2

0 0.2 0 0.2 0 0.2 0 0.2

0
.4

9
 <

 z <
 0

.7
0

x
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a function of x. Systematic uncertainties are given as bands, not including the additional scale
uncertainty of 7.3% due to the precision of the target-polarization determination. Overlaid is a
phenomenological fit [147] to previously available data, with the three lines corresponding to the
central value of the fit and the fit uncertainty.

proton is dominated by u-quark scattering [160]. Figure 17 compares the Sivers asymme-
tries for both protons and antiprotons with those for positive pions. Within the available
precision an almost surprising agreement of proton and ⇡

+ asymmetries is visible. Also the
asymmetries for antiprotons are very similar, however, the present measurement is plagued
by large uncertainties.

In order to investigate slightly more the nature of proton and antiproton production
at HERMES, figure 18 depicts the ratio of their raw production rates, e.g., yields not
corrected for instrumental effects. The sudden increase of the proton-over-antiproton ratio
towards very low z might indicate the onset of target fragmentation, while in most of the z

range studied here the ratio exhibits a behavior consistent with current fragmentation. In
particular, with increasing z the production of antiprotons, which have no valence quarks in
common with the target nucleons, is increasingly suppressed compared to protons. A second
qualitative argument supporting the hypothesis of dominance of current fragmentation is
the sign of the Sivers asymmetry for protons. The current jet is dominated by u-quark
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+ extracted simultaneously in bins of x, z, and Ph?, presented as

a function of x. Systematic uncertainties are given as bands, not including the additional scale
uncertainty of 7.3% due to the precision of the target-polarization determination. Overlaid is a
phenomenological fit [147] to previously available data, with the three lines corresponding to the
central value of the fit and the fit uncertainty.

proton is dominated by u-quark scattering [160]. Figure 17 compares the Sivers asymme-
tries for both protons and antiprotons with those for positive pions. Within the available
precision an almost surprising agreement of proton and ⇡

+ asymmetries is visible. Also the
asymmetries for antiprotons are very similar, however, the present measurement is plagued
by large uncertainties.

In order to investigate slightly more the nature of proton and antiproton production
at HERMES, figure 18 depicts the ratio of their raw production rates, e.g., yields not
corrected for instrumental effects. The sudden increase of the proton-over-antiproton ratio
towards very low z might indicate the onset of target fragmentation, while in most of the z

range studied here the ratio exhibits a behavior consistent with current fragmentation. In
particular, with increasing z the production of antiprotons, which have no valence quarks in
common with the target nucleons, is increasingly suppressed compared to protons. A second
qualitative argument supporting the hypothesis of dominance of current fragmentation is
the sign of the Sivers asymmetry for protons. The current jet is dominated by u-quark
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a function of z. Systematic uncertainties are given as bands, not including the additional scale
uncertainty of 7.3% due to the precision of the target-polarization determination.
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due to the precision of the target-polarization determination.
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Figure 8. Collins SFA for charged mesons (left: pions; right: kaons) presented either in bins of x,
z, or Ph?. Data at large values of z, marked by open points in the z projection, are not included
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scale uncertainty of 7.3% due to the precision of the target-polarization determination.

scales, the focus has moved to employ TMD evolution in more recent works, especially in
view of the B-factory data at Q

2 ⇠ 100 GeV2.
The results for the transversity distributions from global fits are of the same signr as

results for the helicity distribution, but somewhat smaller in magnitude, by as much as a
factor of two for the d-quark distribution. Flavor decompositions of the collinear transver-
sity distribution, based on analysis of dihadron production in semi-inclusive deep-inelastic
scattering [122–124], e+e� annihilation [125], and more recently in p

"
p collision [126], con-

firm this general behavior [127–130]. In general, the d-quark transversity distribution is
much less constrained, given the u-quark dominance in many of the processes employed
in the extractions. It is interesting to remark that all phenomenological extractions of the
transversity distribution present some discrepancies with respect to lattice predictions, es-
pecially for what concerns the u-quark contribution to the nucleon tensor charge (see, e.g.,
refs. [131–133]).

The Collins asymmetries extracted here for mesons in one-dimensional projections re-
semble to a high degree those published previously [29]. This is expected as based on the
same data set, though involving a number of analysis improvements (cf. section 3.4). The
most significant advancement in the measurement of the SFA shown in figure 8 is the in-
clusion of the ✏-dependent kinematic prefactors in the probability density function (3.3) of
the maximum-likelihood fit. This leads on average to an amplification of the asymmetry
magnitude as, in the case of the Collins asymmetry, this prefactor is smaller than unity and
thus diminishes the transversity/Collins-induced modulation.

The Collins asymmetries for charged pions are opposite in sign and increasing with x,
which can be attributed to transversity predominantly being a valence-quark effect. The

rNote that the absolute sign can not be determined unambiguously due to the chiral-odd nature of both
transversity and the Collins fragmentation function.
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Figure 25. The 2hsin (�S)/
p

2✏(1 + ✏) ihU? amplitudes for charged mesons (left: pions; right:
kaons) presented either in bins of x, z, or Ph?. Data at large values of z, marked by open points
in the z projection, are not included in the other projections. Systematic uncertainties are given
as bands, not including the additional scale uncertainty of 7.3% due to the precision of the target-
polarization determination.

of 0.2 < z < 0.7, without presenting data binned in z or for z > 0.7. Likewise, pre-
liminary COMPASS data, both for the semi-inclusive z region and for large z, do not
exhibit a sizable 2 hsin (2�)ihUk asymmetry [165]. Only the CLAS collaboration reported
non-vanishing 2 hsin (2�)ihUk asymmetry amplitudes for charged pions [166], however, not
for the z > 0.7 range considered here. In contrast to the earlier HERMES measure-
ment of 2 hsin (2�)ihUk, the CLAS data are on average at larger z since they are integrated
over the range 0.4 < z < 0.7. Thus, the non-zero CLAS data might be a hint of an in-
crease in magnitude of these asymmetry amplitudes with increasing z. On the other hand,
the negative values of these asymmetry amplitudes are not compatible with the positive
2hsin (2�� �S)/

p
2✏(1 + ✏) i⇡+

U? amplitudes presented here. Last but not least, positive
sin (2�� �S) modulations have been observed in exclusive ⇡

+ electroproduction off trans-
versely polarized protons [167], which suggests a smooth transition from the semi-exclusive
high-z region studied here to exclusive ⇡

+ production.
One of the more striking results of this analysis is the observation of large subleading-

twist 2hsin (�S)/
p

2✏(1 + ✏) ihU? Fourier amplitudes. In particular, they provide the largest
twist-3 signal in this measurement. They surprise also with a large kinematic dependence
as visible in figure 25, where they are shown for charged mesons. In the semi-inclusive
deep-inelastic scattering region, mainly the Fourier amplitudes for negative mesons are sig-
nificantly different from zero, being of order -0.02. The three-dimensional binning, depicted
in figure 26 for the ⇡

�, reveals that those non-vanishing asymmetries stem predominantly
from the large-x and large-z region, where they reach even larger magnitudes. The ampli-
tudes clearly rise with z for charged pions and positive kaons. The precision for K

� and
neutral pions in that region is insufficient for drawing a strong conclusion, though also here
an increase in magnitude with z is hinted. A noteworthy characteristic of the results is the
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Figure 25. The 2hsin (�S)/
p

2✏(1 + ✏) ihU? amplitudes for charged mesons (left: pions; right:
kaons) presented either in bins of x, z, or Ph?. Data at large values of z, marked by open points
in the z projection, are not included in the other projections. Systematic uncertainties are given
as bands, not including the additional scale uncertainty of 7.3% due to the precision of the target-
polarization determination.
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opposite behavior at HERMES/CLAS of negative pions in z projection 
due to different x-range probed 

CLAS more sensitive to e(x)Collins term due to higher x probed?
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subleading twist II - <sin(φ)>LU      HERMES & COMPASS   
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consistent behavior for charged pions / hadrons at HERMES / COMPASS for isoscalar targets
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Conclusions 

HERMES continues producing results long after its shut-down,  

latest pub’s providing 3d presentations of longitudinal & transverse SSA & DSA 

completes the TMD analyses of single-hadron production   

several significant leading-twist spin-momentum correlations (Sivers, Collins, worm-
gear) but no sign for pretzelosity => clear dipole but no quadrupole deformations 

surprisingly large twist-3 effects 

by now, basically all asymmetries (except one: AUL) extracted simultaneously in three 
or even four dimensions — a rich data set on transverse-momentum distributions 

complementary to data from other facilities
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