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Figure 2.2: Cerenkov angles vs momentum for aerogel and C4F10 [3].

with a momentum P ⇥ [2, 15]GeV , as we can see in picture 2.2. The response of
the RICH is studied under the hypothesis of a particle a pion, a kaon, or a proton
in order to try to determine the type of the detected particle.

The TRD approaches the electromagnetic radiation (X-rays) emitted by highly
relativistic charged particles, with � > 1000 1 that cross the boundary between
two dielectric media [17]. It consists of 6 modules containing each a radiator and
a proportional wire chamber where the electrons and hadrons deposit energy due
to ionisation of the chamber gas. However, at the HERMES energy regime only
electrons (positrons) produce transition radiation. Since the radiation is emitted at
very small angles of the order of ⇥ � 1/� it is not possible to separate the transi-
tion radiation from other processes by which positrons loos energy in the detector.
In order to obtain a usable higher signal, several layers are needed, since when a
positron crosses the TRD only a very small number of photons is radiated.

1Here � = 1⇤
1� v
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2022 — so many anniversaries! 

25 years of COMPASS approval

20 years of COMPASS data taking 
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2022 — so many anniversaries! 

25 years of COMPASS approval

20 years of COMPASS data taking 

35 years of spin crisis/puzzle

30 years of HERA and (conditional) HERMES approval

15 years of HERA shutdown
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HERMES (1995–2007) @ HERA

.

hermes HERMES at DESY

27.5 GeV e+/e− beam of HERA

forward-acceptance spectrometer

⇒ 40mrad< θ <220mrad

high lepton ID efficiency and purity

excellent hadron ID thanks to dual-radiator RICH

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 14/50

4

- unpolarized (H, D, He,…, Xe) as well as  
- transversely (H) or  
- longitudinally (H, D, He) polarized  
 pure gas targets  

27.6 GeV polarized e+/e- beam scattered off ...
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 HERMES publication statistics (08/2022)
Total number of published HERMES papers:     83 

Total number of citations:                    10,135 

Average citations per paper:                     122 

2 top-cite 500+ & 9 topcite 250+ 
 

 [inspirehep.net as of Aug. 28, 2022]
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end of data taking
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towards submission
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Publication schedule for 2012 priority analyses (08/2022)

published

despite tremendous drop in analysis manpower, 
almost all priority analyses identified finished  

two analyses dropped 
one still ongoing in advanced state 

at same time new ideas; partially already 
published, others … waiting for manpower 
only possible thanks to tremendous data-
preservation efforts
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semi-inclusive one-hadron production (ep➙ehX)
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FIG. 3. Target-spin analyzing powers in the sinf moment as
a function of transverse momentum, for p1 (squares) and p2

(circles). Error bars show the statistical uncertainties and the
band represents the systematic uncertainties.

In summary, single-spin azimuthal asymmetries of pions
produced in deep-inelastic scattering of polarized positrons
from a longitudinally polarized hydrogen target have been
measured. The analyzing power involving the sinf mo-
ment of the cross section is found to be significant for p1

production with unpolarized (spin-averaged) positrons on
a longitudinally polarized hydrogen target, while for p2 it
is found to be consistent with zero. In addition, the analyz-
ing powers involving the sin2f moments of both p1 and
p2 are consistent with zero. The sinf target-related an-
alyzing power for p1, averaged over the full acceptance,
is found to be 0.022 6 0.005 6 0.003, and there are indi-
cations that this analyzing power increases with increasing
x, and also with P! up to !0.8 GeV. The appearance
of this single-spin asymmetry can be interpreted as an ef-
fect of chiral-odd spin distribution functions coupled with
a time-reversal-odd fragmentation function. This fragmen-
tation function offers a means to measure transversity in
future experiments using a transversely polarized target.
We thank M. Anselmino, J. Collins, A.M. Kotzinian,

and P. J. Mulders for many interesting discussions. We
gratefully acknowledge the DESY management for its sup-

port, the staffs at DESY and the collaborating institutions
for their significant effort, and our funding agencies for
financial support.
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to a specific single-spin-dependent moment of the pion
yield distribution in f.
The kinematics of the process are illustrated in Fig. 1.

The relevant variables are the 4-momentum transfer
squared 2Q2 ! q2 ! !k 2 k0"2, the energy transfer
n ! E 2 E0, the virtual photon fractional energy y !
n#E, the invariant mass of the photon-proton system
W !

p

2Mn 1 M2 2 Q2, the Bjorken variable x ! Q2#
2Mn, and the pion fractional energy z ! Ep#n. Here k
and k0 are the 4-momenta and E and E0 are the laboratory
energies of the incoming and outgoing leptons, respec-
tively. Ep is the pion laboratory energy and M is the
proton mass. The transverse momentum !P!" of the pion
is defined with respect to the virtual photon direction in
the initial photon-proton center-of-mass frame.
This Letter reports the first observation of a single-spin

azimuthal asymmetry for semi-inclusive pion production
in deep-inelastic scattering. The data were recorded
during the 1996 and 1997 running periods of the
HERMES experiment using both unpolarized and longi-
tudinally nuclear-polarized hydrogen internal gas targets
[10] in the 27.6 GeV HERA polarized positron stor-
age ring at DESY. Longitudinal beam polarization is
obtained by using spin rotators [11] located upstream
and downstream of the HERMES experiment. The
scattered positrons and associated pions are detected by
the HERMES spectrometer [12] in the polar angle range
0.04 , u , 0.22 rad. Positron and hadron identification
is based on information from four detectors: a threshold
gas Čerenkov counter, a transition-radiation detector, a
preshower scintillator detector, and a lead-glass electro-
magnetic calorimeter. The particle identification provides
an average positron identification efficiency of 99% with
a hadron contamination that is less than 1%.
The kinematic requirements on the scattered positron

used in this analysis are 1 , Q2 , 15 GeV2, W .
2 GeV, 0.023 , x , 0.4, and y , 0.85. Pions were
identified in the energy range 4.5 , Ep , 13.5 GeV.
Acceptance effects were minimized and exclusive pro-
duction was suppressed by imposing the requirement
0.2 , z , 0.7. The limit P! . 50 MeV was applied

FIG. 1. Kinematic planes for pion production in semi-inclusive
deep-inelastic scattering.

to the pions to allow an accurate measurement of the
angle f.
Measurements were performed with all combinations of

beam and target helicities, giving the possibility of measur-
ing single- and double-spin terms in the cross section. The
average hydrogen target polarization in the 1996 and 1997
HERMES running periods was 0.86 with a fractional un-
certainty of 5%. The average beam polarization for the an-
alyzed data was 0.55 with a fractional uncertainty of 3.4%.
The various contributions to the f-dependent spin

asymmetry are isolated by extracting moments of the
cross section weighted by corresponding f-dependent
functions. The analyzing powers for beam (target) longi-
tudinal polarization are evaluated as

AW
LU!UL" !

L"

L"
P

N "
P

i!1
W!f"

i" 2
L#

L#
P

N #
P

i!1
W!f#

i"

1
2 $N " 1 N #%

, (1)

where the " # # denotes positive/negative helicity of the
beam (target). Each summation is over the number N "## of
selected events involving a detected pion for each beam
(target) spin state corresponding to the dead-time cor-
rected luminosities L"## and L

"##
P , the latter being aver-

aged with the magnitude of the beam (target) polarization.
All of these quantities are effectively averaged over the
two target (beam) helicity states to arrive at single-spin
asymmetries. The weighting functions W!f" ! sinf and
W!f" ! sin2f are expected to provide sensitivity to the
Collins fragmentation function discussed above, in com-
bination with different spin-distribution functions [3,4].
Analyzing powers were extracted by integrating over the
spectrometer acceptance in the kinematic variables y and
z. Corrections were applied for the effects of the spec-
trometer acceptance, based on a Monte Carlo simulation.
The values of A

sinf
UL , A

sin2f
UL , and A

sinf
LU extracted from

the data according to Eq. (1) and averaged over x and P!

are given in Table I. For both p1 and p2 the beam-related
analyzing powers A

sinf
LU are consistent with zero. This is in

agreement with the small contributions to A
sinf
LU predicted

to arise from higher-twist and O!a2
S" QCD effects [13,14].

The target-related term A
sin2f
UL is also consistent with zero

within errors, both for p1 and p2.
The other target-related analyzing power A

sinf
UL is

consistent with zero for p2, while it is significantly
different from zero for p1. The appearance of such an

TABLE I. Target- and beam-related analyzing powers, aver-
aged over x and P!, for the azimuthal sinf and sin2f moments
of the pion production cross section in deep-inelastic scattering.

p1 p2

A
sinf
UL 0.022 6 0.005 6 0.003 20.002 6 0.006 6 0.004

A
sin2f
UL 20.002 6 0.005 6 0.010 20.005 6 0.006 6 0.005

A
sinf
LU 20.005 6 0.008 6 0.004 20.007 6 0.010 6 0.004
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FIG. 3. Target-spin analyzing powers in the sinf moment as
a function of transverse momentum, for p1 (squares) and p2

(circles). Error bars show the statistical uncertainties and the
band represents the systematic uncertainties.

In summary, single-spin azimuthal asymmetries of pions
produced in deep-inelastic scattering of polarized positrons
from a longitudinally polarized hydrogen target have been
measured. The analyzing power involving the sinf mo-
ment of the cross section is found to be significant for p1

production with unpolarized (spin-averaged) positrons on
a longitudinally polarized hydrogen target, while for p2 it
is found to be consistent with zero. In addition, the analyz-
ing powers involving the sin2f moments of both p1 and
p2 are consistent with zero. The sinf target-related an-
alyzing power for p1, averaged over the full acceptance,
is found to be 0.022 6 0.005 6 0.003, and there are indi-
cations that this analyzing power increases with increasing
x, and also with P! up to !0.8 GeV. The appearance
of this single-spin asymmetry can be interpreted as an ef-
fect of chiral-odd spin distribution functions coupled with
a time-reversal-odd fragmentation function. This fragmen-
tation function offers a means to measure transversity in
future experiments using a transversely polarized target.
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FIG. 3. Target-spin analyzing powers in the sinf moment as
a function of transverse momentum, for p1 (squares) and p2

(circles). Error bars show the statistical uncertainties and the
band represents the systematic uncertainties.

In summary, single-spin azimuthal asymmetries of pions
produced in deep-inelastic scattering of polarized positrons
from a longitudinally polarized hydrogen target have been
measured. The analyzing power involving the sinf mo-
ment of the cross section is found to be significant for p1

production with unpolarized (spin-averaged) positrons on
a longitudinally polarized hydrogen target, while for p2 it
is found to be consistent with zero. In addition, the analyz-
ing powers involving the sin2f moments of both p1 and
p2 are consistent with zero. The sinf target-related an-
alyzing power for p1, averaged over the full acceptance,
is found to be 0.022 6 0.005 6 0.003, and there are indi-
cations that this analyzing power increases with increasing
x, and also with P! up to !0.8 GeV. The appearance
of this single-spin asymmetry can be interpreted as an ef-
fect of chiral-odd spin distribution functions coupled with
a time-reversal-odd fragmentation function. This fragmen-
tation function offers a means to measure transversity in
future experiments using a transversely polarized target.
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quark polarimetry

10

unpolarized quarks: easy - “just” hit them (and count) 

longitudinally polarized quarks: use polarized beam 
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quark polarimetry

10

transversely polarized quarks: need final-state polarimetry, e.g.

unpolarized quarks: easy - “just” hit them (and count) 

longitudinally polarized quarks: use polarized beam 

.

Collins Fragmentation Function

π

z

y
x

π

Ph⊥

Ph⊥quark

Collins function H⊥
1
describes left-right asymmetry in the

direction of outgoing hadron

Originally proposed by Collins (& Heppelman)

T-odd ⇒ need interference of amplitudes

Schäfer-Teryaev Sum Rule:
∑

h

∫

dzH⊥,h
1 = 0

first data from Belle supports non-zero H⊥
1

Gunar Schnell Genties Group Meeting, February 17
th
, 2006 – p. 9/21
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probing TMDs in semi-inclusive DIS

in SIDIS*) couple PDFs to:

ordinary FF:

Collins FF: H
?,q!h
1

Dq!h
1

➟ give rise to characteristic azimuthal dependences

*) semi-inclusive DIS with unpolarized final state
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semi-inclusive DIS 
excluding transverse polarization:
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semi-inclusive DIS 
excluding transverse polarization: 
 
 
 
 
 
 
 
 
 

double-spin asymmetry:
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semi-inclusive DIS 
excluding transverse polarization: 
 
 
 
 
 
 
 
 
 

single-spin asymmetry: 

explicit angular dependence to be analyzed
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semi-inclusive DIS 
with transverse target polarization: 
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2d kinematic phase space
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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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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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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+

– 62 –

xF … Feynman x

selected hadrons at HERMES mainly 
forward-going in photon-nucleon c.m.s.

target nucleon

virtual-photon—nucleon c.m.s

virtual photon



Longitudinal double-spin asymmetries in semi-inclusive deep-inelastic
scattering of electrons and positrons by protons and deuterons

A. Airapetian,13,16 N. Akopov,26 Z. Akopov,6 E. C. Aschenauer,7 W. Augustyniak,25 R. Avakian,26 A. Avetissian,26

S. Belostotski,19 H. P. Blok,18,24 A. Borissov,6 V. Bryzgalov,20 G. P. Capitani,11 E. Cisbani,21 G. Ciullo,10

M. Contalbrigo,10 P. F. Dalpiaz,10 W. Deconinck,6 R. De Leo,2 L. De Nardo,6,12,22 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,22 S. Frullani,21,* G. Gavrilov,6,19,22

V. Gharibyan,26 F. Giordano,10 S. Gliske,16 D. Hasch,11 Y. Holler,6 A. Ivanilov,20 H. E. Jackson,1 S. Joosten,12

R. Kaiser,14 G. Karyan,26 T. Keri,13,14 E. Kinney,5 A. Kisselev,19 V. Korotkov,20,* V. Kozlov,17 P. Kravchenko,9,19

V. G. Krivokhijine,8 L. Lagamba,2 L. Lapikás,18 I. Lehmann,14 W. Lorenzon,16 B.-Q. Ma,3 D. Mahon,14

S. I. Manaenkov,19 Y. Mao,3 B. Marianski,25 H. Marukyan,26 Y. Miyachi,23 A. Movsisyan,10,26 V. Muccifora,11

A. Mussgiller,6,9 Y. Naryshkin,19 A. Nass,9 G. Nazaryan,26 W.-D. Nowak,7 L. L. Pappalardo,10 R. Perez-Benito,13

A. Petrosyan,26 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 Y. Salomatin,20,* G. Schnell,4,12 B. Seitz,14 T.-A. Shibata,23 M. Statera,10 E. Steffens,9

J. J. M. Steijger,18 S. Taroian,26 A. Terkulov,17 R. Truty,15 A. Trzcinski,25,* M. Tytgat,12 P. B. van der Nat,18

Y. Van Haarlem,12 C. Van Hulse,4,12 D. Veretennikov,4,19 V. Vikhrov,19 I. Vilardi,2 C. Vogel,9 S. Wang,3

S. Yaschenko,9 B. Zihlmann,6 and P. Zupranski25

(The HERMES Collaboration)

1Physics Division, Argonne National Laboratory, Argonne, Illinois 60439-4843, USA
2Istituto Nazionale di Fisica Nucleare, Sezione di Bari, 70124 Bari, Italy

3School of Physics, Peking University, Beijing 100871, China
4Department of Theoretical Physics, University of the Basque Country UPV/EHU,

48080 Bilbao, Spain and IKERBASQUE, Basque Foundation for Science,
48013 Bilbao, Spain

5Nuclear Physics Laboratory, University of Colorado, Boulder, Colorado 80309-0390, USA
6DESY, 22603 Hamburg, Germany
7DESY, 15738 Zeuthen, Germany

8Joint Institute for Nuclear Research, 141980 Dubna, Russia
9Physikalisches Institut, Universität Erlangen-Nürnberg, 91058 Erlangen, Germany

10Istituto Nazionale di Fisica Nucleare, Sezione di Ferrara and Dipartimento di Fisica e Scienze della
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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

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

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

1 is defined
as

Ah
1 ⌘

�h
1/2 � �h

3/2

�h
1/2 + �h

3/2

, (6)

where �h
1/2 (�

h
3/2) is the photoabsorption cross section for

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

1 is computed from Ah
k as

Ah
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.

4
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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.

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

1 is defined
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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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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.

4
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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

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

Ah
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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

1 is defined
as

Ah
1 ⌘

�h
1/2 � �h

3/2

�h
1/2 + �h

3/2

, (6)

where �h
1/2 (�

h
3/2) is the photoabsorption cross section for

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

1 is computed from Ah
k as

Ah
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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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
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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.
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Q2 > 1.0 GeV2

W 2 > 10 GeV2
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(0.1) 0.2 < z < 0.8
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where the contributions from the spin structure function
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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.

4

re-analysis of longitudinal double-spin asymmetries
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double-spin asymmetry A||

dominated by statistical uncertainties

main systematics arise from 

polarization measurements [6.6% for hydrogen, 5.7% for deuterium) 

azimuthal correction [O(few %)]
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azimuthal-asymmetry corrections

both numerator and in particular denominator ! dependent 

in theory integrated out  

in praxis, detector acceptance also ! dependent 

convolution of physics & acceptance leads to bias in normalization of asymmetries
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fully consistent with previous HERMES publication [PRD 71 (2005) 012003]
27

x dependence of A||
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[HERMES, PRD 99 (2019) 112001]

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.112001
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first-ever 3d binning provides transverse-momentum 
dependence  

but also extra flavor sensitivity, e.g., 

"- asymmetries mainly coming from low-z region 
where disfavored fragmentation large and thus 
sensitivity to the large positive up-quark 
polarization
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FIG. 7. Ah,cos�
k (Ph?) in two x ranges for charged pions (and kaons) from protons (deuterons) as labelled. The inner error

bars represent statistical uncertainties while the outer ones statistical and systematic uncertainties added in quadrature. Data
points for the first x slice are plotted at their average kinematics, while the ones for the second x slice are slightly shifted
horizontally for better legibility.

A vanishing cos 2� asymmetry as found here can be
expected because in the one-photon-exchange approxi-
mation there is no Ah,cos 2�

LL contribution to the cross

section [cf. Eq. (1)] and thus a non-zero Ah,cos 2�
k can

arise in this approximation only through the very small
transverse component of the target-spin vector in a con-
figuration where the target is polarized along the beam
direction [18].

D. The hadron charge-di↵erence asymmetry

The hadron charge-di↵erence asymmetry
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provides additional spin-structure information and is
not trivially constructible from the simple semi-inclusive
asymmetries. The di↵erence asymmetries for pions from
the hydrogen target and pions, kaons, and undi↵eren-
tiated hadrons from the deuterium target are shown in
Fig. 8, together with results from the COMPASS Collab-
oration for unidentified hadrons from a 6LiD target [6].
A feature that might be unexpected is that the uncer-
tainties for the kaon asymmetry are considerably smaller
than those on the pion asymmetry despite the smaller
sample size. This is a result of the larger di↵erence be-
tween yields of charged kaons compared to that of the

charged pions (as K� shares no valence quarks with the
target), which causes a significantly larger denominator
of Eq. (12).
Under the assumption of leading-order (LO), leading-
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FIG. 8. Hadron charge-di↵erence asymmetries for pions
from the hydrogen target and pions, kaons, and all hadrons
from the deuterium target. Error bars represent statistical
uncertainties. Systematic uncertainties are given as bands.
Data from COMPASS [6] for undi↵erentiated hadrons using
a 6LiD target are also shown.
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hadron-charge difference asymmetries

at leading-order and leading-twist, assuming charge conjugation symmetry for 
fragmentation functions: 
 

 assuming also isospin symmetry in fragmentation: 
 

can be used to extract valence helicity distributions
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FIG. 9. Helicity distributions for valence quarks computed
using pion charge-di↵erence asymmetries and Eqs. (14) and
(16) compared with valence-quark densities (as indicated)
computed from the HERMES purity extraction [5]. Error
bars represent statistical uncertainties. Systematic uncer-
tainties from the di↵erence-asymmetry (purity) extraction are
shown as filled (open) bands.

twist (LT) QCD, and charge-conjugation symmetry of
the fragmentation functions, i.e.,

Dq!h+

1 = Dq̄!h�

1 , (13)

the di↵erence asymmetry on the deuteron may be
equated to a certain combination of parton distribu-
tions [33]:

Ah+�h�

1,d
LO LT

=
guv
1 + gdv

1

fuv
1 + fdv

1

. (14)

Here, fqv
1 ⌘ fq

1 � f q̄
1 (gqv1 ⌘ gq1 � gq̄1) is the polarization-

averaged (helicity) valence-quark distribution of the pro-
ton, and “LO LT” is a reminder of the assumptions men-
tioned previously. This is equivalent to assuming a well
di↵erentiated current and target region; a scenario in
which the struck quark has no memory of the hadron
variety to which it previously belonged.

By further assuming isospin symmetry in fragmenta-
tion, that is

Du!⇡+

1 = Dd!⇡�

1 and Du!⇡�

1 = Dd!⇡+

1 , (15)

a second valence-quark expression using charge-di↵erence
asymmetries from a hydrogen target is given by

Ah+�h�

1,p
LO LT

=
4guv

1 � gdv
1

4fuv
1 � fdv

1

. (16)

It follows that the charge-di↵erence asymmetries
should be independent of the hadron type, a feature con-
sistent with the results shown in Fig. 8. Valence-quark
helicity densities computed using Eqs. (14) and (16) are
presented in Fig. 9 alongside the same quantities com-
puted from the previous HERMES purity extraction [5].
The results are largely consistent using two methods that
have very di↵erent and quite complementary model as-
sumptions. Whereas the method presented here depends

on leading-order and leading-twist assumptions to pro-
vide the clean factorization, which ensures that fragmen-
tation can proceed without memory of the target con-
figuration, the purity method depends on a fragmenta-
tion model subject to its own uncertainties related to
the model tune and the believability of its phenomeno-
logically motivated dynamics. The lack of dependence
on hadron type of the charge-di↵erence asymmetries and
the consistency of the derived valence-quark helicity dis-
tributions with the results of the purity analysis suggest
that there is no significant deviation from the factoriza-
tion hypothesis.

IV. CONCLUSION

Several longitudinal double-spin asymmetries in semi-
inclusive deep-inelastic scattering have been presented.
They extend the analysis of the previous HERMES
publications to include also transverse-momentum de-
pendence. Within the precision of the measurements,
the virtual-photon–nucleon asymmetries Ah

1 (x, z) and
Ah

1 (x, Ph?) display no significant dependence on the
hadron variables. Azimuthal moments, Ah,cos�

k , are
found to be consistent with zero. The hadron charge-

di↵erence asymmetry Ah+�h�

1 (x) yields valence-quark
helicity densities consistent with the result of the prior
HERMES purity extraction. A common thread among
these results is that within the available statistical preci-
sion the longitudinal sector shows no deviation from the
leading-order, leading-twist assumption. In addition to
this interpretation, these data are expected to provide an
essentially model-independent constraint for theory and
parameterization as they provide the first ever longitudi-
nal double-spin semi-inclusive dataset binned in as many
as three kinematic variables simultaneously. They point
the way to future precision tests of models of nucleon
structure that go beyond a collinear framework.
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guv
1 + gdv

1

fuv
1 + fdv

1

. (14)

Here, fqv
1 ⌘ fq

1 � f q̄
1 (gqv1 ⌘ gq1 � gq̄1) is the polarization-

averaged (helicity) valence-quark distribution of the pro-
ton, and “LO LT” is a reminder of the assumptions men-
tioned previously. This is equivalent to assuming a well
di↵erentiated current and target region; a scenario in
which the struck quark has no memory of the hadron
variety to which it previously belonged.

By further assuming isospin symmetry in fragmenta-
tion, that is

Du!⇡+

1 = Dd!⇡�

1 and Du!⇡�

1 = Dd!⇡+

1 , (15)

a second valence-quark expression using charge-di↵erence
asymmetries from a hydrogen target is given by

Ah+�h�

1,p
LO LT

=
4guv

1 � gdv
1

4fuv
1 � fdv

1

. (16)

It follows that the charge-di↵erence asymmetries
should be independent of the hadron type, a feature con-
sistent with the results shown in Fig. 8. Valence-quark
helicity densities computed using Eqs. (14) and (16) are
presented in Fig. 9 alongside the same quantities com-
puted from the previous HERMES purity extraction [5].
The results are largely consistent using two methods that
have very di↵erent and quite complementary model as-
sumptions. Whereas the method presented here depends

on leading-order and leading-twist assumptions to pro-
vide the clean factorization, which ensures that fragmen-
tation can proceed without memory of the target con-
figuration, the purity method depends on a fragmenta-
tion model subject to its own uncertainties related to
the model tune and the believability of its phenomeno-
logically motivated dynamics. The lack of dependence
on hadron type of the charge-di↵erence asymmetries and
the consistency of the derived valence-quark helicity dis-
tributions with the results of the purity analysis suggest
that there is no significant deviation from the factoriza-
tion hypothesis.

IV. CONCLUSION

Several longitudinal double-spin asymmetries in semi-
inclusive deep-inelastic scattering have been presented.
They extend the analysis of the previous HERMES
publications to include also transverse-momentum de-
pendence. Within the precision of the measurements,
the virtual-photon–nucleon asymmetries Ah

1 (x, z) and
Ah

1 (x, Ph?) display no significant dependence on the
hadron variables. Azimuthal moments, Ah,cos�

k , are
found to be consistent with zero. The hadron charge-

di↵erence asymmetry Ah+�h�

1 (x) yields valence-quark
helicity densities consistent with the result of the prior
HERMES purity extraction. A common thread among
these results is that within the available statistical preci-
sion the longitudinal sector shows no deviation from the
leading-order, leading-twist assumption. In addition to
this interpretation, these data are expected to provide an
essentially model-independent constraint for theory and
parameterization as they provide the first ever longitudi-
nal double-spin semi-inclusive dataset binned in as many
as three kinematic variables simultaneously. They point
the way to future precision tests of models of nucleon
structure that go beyond a collinear framework.
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Azimuthal modulation Significant non-vanishing Fourier amplitude
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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

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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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

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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⇡
0 and antiprotons, where results in only the one-dimensional binning are available, they776
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Those asymmetry amplitudes that are found to be inconsistent with zero at 95% (90%)780
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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.

– 35 –

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.1 0.2

π0

x
2

〈s
in
(φ
-φ
S)

〉 U
⊥

0.5 1 0 0.5 1
z Ph⊥ [GeV]

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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Figure 16. Sivers SFA for protons (upper row) and antiprotons (lower row) 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 (no such high-z points are available for antiprotons due to a
lack of precision). 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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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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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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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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3

polarized 5.9 GeV electron beam with an average cur-
rent of 12µA. Polarized electrons were excited from a
superlattice GaAs photocathode by a circularly polar-
ized laser [31] at the injector of the CEBAF accelerator.
The laser polarization, and therefore the electron beam
helicity, was flipped at 30 Hz using a Pockels cell. The
average beam polarization was (76.8± 3.5)%, which was
measured periodically by Møller polarimetry. Through
an active feedback system [32], the beam charge asym-
metry between the two helicity states was controlled to
less than 150 ppm over a typical 20 minute period be-
tween target spin-flips and less than 10 ppm for the entire
experiment. In addition to the fast helicity flip, roughly
half of the data were accumulated with a half-wave plate
inserted in the path of the laser at the source, providing
a passive helicity reversal for an independent cross-check
of the systematic uncertainty.

The ground state 3He wavefunction is dominated by
the S-state, in which the two proton spins cancel and the
nuclear spin resides entirely on the single neutron [33].
Therefore, a polarized 3He target is the optimal effective
polarized neutron target. The target used in this mea-
surement is polarized by spin-exchange optical pumping
of a Rb-K mixture [34]. A significant improvement in tar-
get polarization compared to previous experiments was
achieved using spectrally narrowed pumping lasers [35],
which improved the absorption efficiency. The 3He gas of
~10 atm pressure was contained in a 40-cm-long glass ves-
sel, which provided an effective electron-polarized neu-
tron luminosity of 1036 cm−2s−1. The beam charge was
divided equally among two target spin orientations trans-
verse to the beamline, parallel and perpendicular to the
central !l-!l′ scattering plane. Within each orientation, the
spin direction of the 3He was flipped every 20 minutes
through adiabatic fast passage [36]. The average in-beam
polarization was (55.4± 2.8)% and was measured during
each spin flip using nuclear magnetic resonance, which
in turn was calibrated regularly using electron paramag-
netic resonance [37].

The scattered electron was detected in the BigBite
spectrometer, which consists of a single dipole magnet
for momentum analysis, three multi-wire drift cham-
bers for tracking, a scintillator plane for time-of-flight
measurement and a lead-glass calorimeter divided into
pre-shower/shower sections for electron identification
(ID) and triggering. Its angular acceptance was about
64 msr for a momentum range from 0.6 GeV to 2.5 GeV.
The left High Resolution Spectrometer (HRS) [38] was
used to detect hadrons in coincidence with the Big-
Bite Spectrometer. Its detector package included two
drift chambers for tracking, two scintillator planes for
timing and triggering, a gas Cerenkov detector and a
lead-glass calorimeter for electron ID. In addition, an
aerogel Čerenkov detector and a ring imaging Čerenkov
detector were used for hadron ID. The HRS central mo-
mentum was fixed at 2.35 GeV with a momentum accep-
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Figure 1. 3He A
cos(φh−φS)
LT azimuthal asymmetry plotted

against x for positive (top left) and negative (top right)
charged pions. The ALL correction (see text) that was ap-
plied and its uncertainty are shown in the bottom panels.

tance of ±4.5% and an angular acceptance of ∼6 msr.
The SIDIS event sample was selected with particle

identification and kinematic cuts, including the four mo-
mentum transfer squared Q2 > 1 GeV2, the virtual pho-
ton-nucleon invariant mass W > 2.3 GeV, and the mass
of undetected final-state particles W ′ > 1.6 GeV. The
kinematic coverage was in the valence quark region for
values of the Bjorken scaling variable in 0.16 < x < 0.35
at a scale of 1.4 < Q2 < 2.7GeV2. The range of measured
hadron transverse momentum Ph⊥ was 0.24-0.44 GeV.
The fraction z of the energy transfer carried by the ob-
served hadron was confined by the HRS momentum ac-
ceptance to a small range about z ∼ 0.5-0.6. Events
were divided into four x-bins with equivalent statistics.
At high x, the azimuthal acceptance in φh−φS was close
to 2π, while at lower x, roughly half of the 2π range
was covered, including the regions of maximal and mini-
mal sensitivity to Acos(φh−φS)

LT at cos (φh − φS) ∼ ±1 and
zero, respectively. The central kinematics were presented
in Ref. [30].

The beam-helicity DSA was formed from the mea-
sured yields as in Eq. (1). The azimuthal asymme-
try in each x-bin was extracted directly using an az-
imuthally unbinned maximum likelihood estimator with
corrections for the accumulated beam charge, the data
acquisition livetime, and the beam and target polariza-
tions. The result was confirmed by an independent bin-
ning-and-fitting procedure [30]. The sign of the asymme-
try was cross-checked with that of the known asymmetry
of 3 !He(!e, e′) elastic and quasi-elastic scattering on lon-
gitudinally and transversely polarized targets [39]. The
small amount of unpolarized N2 used in the target cell to
reduce depolarization diluted the measured 3He asymme-
try, which was corrected for the nitrogen dilution defined
as

fN2
≡

NN2
σN2

N3Heσ3He +NN2
σN2

, (2)
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for COMPASS kinematics (c) shown separately for reasons explained in the caption of figure 9.

6.1 Leading-twist A
cos(φh−φS)
LT

We assume for g⊥1T the Gaussian Ansatz as shown in (B.9a) of appendix B.3, see also [28],

and evaluate g⊥(1)q
1T (x) using (3.6a), which yields the result shown in figure 10. For our

numerical estimates we use 〈k2⊥〉g⊥1T = 〈k2⊥〉g1 , which is supported by lattice results [67].

In the Gaussian Ansatz the structure function F cos(φh−φS)
LT has the form

F cos(φh−φS)
LT (x, z, PhT ) = x

∑

q

e2q g
⊥(1)q
1T (x)Dq

1(z) b
(1)
B

(
zPhT

λ

)
G(PhT ) (6.1a)

F cos(φh−φS)
LT (x, z, 〈PhT 〉) = x

∑

q

e2q g
⊥(1)q
1T (x)Dq

1(z) c
(1)
B

(
z

λ1/2

)
(6.1b)

where λ = z2〈k2⊥〉g⊥1T + 〈P 2
⊥〉D1 , b

(1)
B = 2MN , c(1)B =

√
πMN , see appendix B.5 for details.

This asymmetry was measured at JLab [173], COMPASS [174–176] and HERMES [177,

178] (for the latter two experiments only preliminary results are available so far). Figure 11

shows the preliminary results from the 2010 COMPASS data [167], in addition to our calcu-

lation, where we approximate the charged hadrons (70–80 % of which are π± at COMPASS)

by charged pions, see appendix A.1. We observe that the WW-type approximation de-

scribes the data within their experimental uncertainties. For comparison also results from

the theoretical works [28, 170, 171] are shown. Our results are also compatible with the
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Figure 21. The 2hcos (�� �S)/
p
1� ✏2 ihL? 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 8.0% due to the precision in the determi-
nation of the target and beam polarizations.

4.4 Signals for the worm-gear (II) distribution g
q
1T

�
x,p2

T

�

The naive-T -even and chiral-even worm-gear (II) distribution g
q
1T

�
x,p2

T

�
is unique in the

sense that it is the only TMD that vanishes when integrating over pT but neither entails
nor is affected by final-state interactions. At leading twist, this TMD cannot contribute to
naive-T -odd effects that cause single-spin asymmetries. Its spin-orbit correlation, �Si

T p
i
T ,

involves a common product of the helicity of the struck quark and the transverse spin
direction of the nucleon. In combination with the selection of quarks with a certain helicity
by a longitudinally polarized lepton beam, the worm-gear (II) distribution g

q
1T

�
x,p2

T

�
can

be related to the cos (�� �S) modulation of the double-spin asymmetry in the scattering
of longitudinally polarized leptons by transversely polarized nucleons.

This cos (�� �S) modulation provides a leading-twist signal for the worm-gear (II)
distribution g

q
1T

�
x,p2

T

�
in combination with the spin-independent fragmentation function

D
q!h
1

�
z, z

2k2
T

�
[c.f. eq. (2.10)]. As such it is not additionally suppressed in the asymmetry

amplitude by the relative magnitude of H ?,q!h
1

�
z, z

2k2
T

�
compared to D

q!h
1

�
z, z

2k2
T

�
.

In figures 21 and 22, the 2hcos (�� �S)/
p
1� ✏2 ihL? Fourier amplitudes of the double-

spin asymmetry A
h
L? are presented for pions, charged kaons, as well as for (anti)protons.

As a consequence of the relatively small degree of polarization of the HERA lepton beam
during the years 2002–2005, the statistical uncertainties are generally larger than those for
the Fourier amplitudes of the transverse single-spin asymmetry A

h
U?.

For positively charged pions, non-vanishing 2hcos (�� �S)/
p
1� ✏2 ihL? Fourier ampli-

tudes are extracted, providing an indication for a non-vanishing worm-gear (II) distribution
g
q
1T

�
x,p2

T

�
. Results for ⇡� and K

+ are inconsistent with zero at 90% but not at 95% con-
fidence level.

When comparing the meson results to the Sivers asymmetries, which also involve only
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Figure 10. Collins SFA for ⇡
� extracted simultaneously in bins of x, z, and Ph?, presented as

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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Figure 11. Collins SFA for ⇡ 0 (left), protons, and antiprotons (right) 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
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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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Figure 11. Collins SFA for ⇡ 0 (left), protons, and antiprotons (right) 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 (no such high-z points are available for antiprotons due to a lack of precision).
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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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
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.

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 19. Pretzelosity 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.
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Figure 20. Pretzelosity SFA for ⇡
0 (left), protons, and antiprotons (right) 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 (no such high-z points are available for antiprotons due to a
lack of precision). Systematic uncertainties are given as bands, not including the additional scale
uncertainty of 7.3% due to the precision of the target-polarization determination.

lations, e.g., from the Collins function that changes sign for favored and disfavored frag-
mentation, might also contribute to the vanishing signal. Model calculations thus predict
in general small asymmetries below 0.01 (see, e.g., ref. [57]), beyond the precision of this
measurement.
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 surprises: subleading twist, e.g., <sin(φs)>UT

clearly non-zero asymmetries 

opposite sign for charged pions (Collins-like behavior) 

striking z dependence and in particular magnitude 
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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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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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1 Ẽ � xg�D1 � Mh

Mz
f1G̃

� � xeH�
1

<latexit sha1_base64="AP2zdNBeUcFnmUZUz08QljpRUh0="></latexit>

0.05 0.10 0.15

Bx

0.2−

0.1−

0.0

0.1

0.2 p

0.2−

0.1−

0.0

0.1

0.2 p

0.2−

0.1−

0.0

0.1 −K

0.2−

0.1−

0.0

0.1 +K0.05 0.10 0.15

0.05−

0.00

0.05 −π

0.05−

0.00

0.05

 L
U

)
φ

si
n

(
A

+π

0.4 0.6 0.8

z

0.2

0.1

0.0

0.1

0.2

0.2

0.1

0.0

0.1

0.2

0.2

0.1

0.0

0.1

0.2

0.1

0.0

0.1 0.4 0.6 0.8

0.05

0.00

0.05

0.05

0.00

0.05

0.5 1.0

[GeV] hP

0.2

0.1

0.0

0.1

0.2

0.2

0.1

0.0

0.1

0.2

0.2

0.1

0.0

0.1

0.2

0.1

0.0

0.1 0.5 1.0

0.05

0.00

0.05

0.05

0.00

0.05 H
D

3% scale uncertainty

0.05 0.10 0.15

Bx

0.2−

0.1−

0.0

0.1

0.2 p

0.2−

0.1−

0.0

0.1

0.2 p

0.2−

0.1−

0.0

0.1 −K

0.2−

0.1−

0.0

0.1 +K0.05 0.10 0.15

0.05−

0.00

0.05 −π

0.05−

0.00

0.05

 L
U

)
φ

si
n

(
A

+π

0.4 0.6 0.8

z

0.2

0.1

0.0

0.1

0.2

0.2

0.1

0.0

0.1

0.2

0.2

0.1

0.0

0.1

0.2

0.1

0.0

0.1 0.4 0.6 0.8

0.05

0.00

0.05

0.05

0.00

0.05

0.5 1.0

[GeV] hP

0.2

0.1

0.0

0.1

0.2

0.2

0.1

0.0

0.1

0.2

0.2

0.1

0.0

0.1

0.2

0.1

0.0

0.1 0.5 1.0

0.05

0.00

0.05

0.05

0.00

0.05 H
D

3% scale uncertainty

[HERMES, PLB 797 (2019) 134886]

https://doi.org/10.1016/j.physletb.2019.134886


IWHSS 2022 — Aug. 29-31, 2022Gunar Schnell 

1−10

Bx

0.10−

0.05−

0.00

0.05

−π

0.05−

0.00

0.05

0.10

0.15)
φ

Q
, 
si

n
(

 L
U

A
+π

0.2 0.4 0.6 0.8

z

0.10

0.05

0.00

0.05

0.05

0.00

0.05

0.10

0.15
 Xπ e → H  e

0.5 1.0

[GeV] 
h

P

0.10

0.05

0.00

0.05

 

0.05

0.00

0.05

0.10

0.15
HERMES

3% scale uncertainty

CLAS

subleading twist II - <sin(φ)>LU                  HERMES & CLAS

opposite behavior at HERMES/CLAS of negative pions in z projection due to different x-range probed

45

Mh

Mz
h�
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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 

equally important are studies of generalized parton distributions (see DVCS summary in 
backup) and many other results not related to 3d structure (e.g., nuclear effects)
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Fig. 1. Illustration of a quark distribution in impact parameter space.

is the probability density of quarks carrying a momentum fraction x at distance b⊥ to the center
of momentum of the parent hadron h, as illustrated in Fig. 1. Probability density interpreta-
tions, as for the PDFs discussed above, also hold for, e.g., the polarized and tensor/transversity
nucleon GPDs, H̃(x, 0, t) and HT (x, 0, t), respectively. An interpretation of the nucleon GPD
E(x, 0, t) in the framework of impact parameter densities has already been given in [Bur02], and
a comprehensive physical interpretation of the GPDs in impact parameter space can be given
based on probability densities of (longitudinally or transversely) polarized quarks in a (lon-
gitudinally or transversely) polarized nucleon [DH05]. To give an example, the corresponding
density for transverse polarization is given by

ρ(x, b⊥, s⊥, S⊥) = 〈N⊥|
∞∫
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eiηxq
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}

,

(65)

where the nucleon states are |N⊥〉 = |P+, R⊥ = 0, S⊥〉, and f ′(b2
⊥) = ∂b2

⊥
f(b2

⊥). The interpreta-

tion of the different GPDs becomes now very clear: While H(x, b2
⊥) is the spherically symmetric

charge distribution, the GPD E(x, b2
⊥) is responsible for dipole-like distortions ∝ S× b of the

charge density. Similarly, the tensor GPD ET accounts for dipole-distortions of the form s×b

for transversely polarized quarks.

Finally, the tensor GPDs HT and H̃T contribute to the monopole structure ∝ S · s, and to
the quadrupole distortion given by the last term in Eq. (65). Similar expressions hold for
longitudinal polarizations [DH05], as well as for transversely polarized quarks in the pion
[B+08h].

In particular with respect to lattice QCD calculations it is interesting to study x-moments of
the density in Eq. (65). The first moment, n = 1, is then entirely given in terms of nucleon
vector, F1,2, and tensor form factors (Fourier transformed to impact parameter space) and
corresponds to the x-integrated density of quarks minus the density of anti-quarks, according
to Eqs. (54),(56). All n-even moments are given by the sum of quark and anti-quark densities
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longitudinal polarizations [DH05], as well as for transversely polarized quarks in the pion
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In particular with respect to lattice QCD calculations it is interesting to study x-moments of
the density in Eq. (65). The first moment, n = 1, is then entirely given in terms of nucleon
vector, F1,2, and tensor form factors (Fourier transformed to impact parameter space) and
corresponds to the x-integrated density of quarks minus the density of anti-quarks, according
to Eqs. (54),(56). All n-even moments are given by the sum of quark and anti-quark densities
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Fig. 1. Illustration of a quark distribution in impact parameter space.

is the probability density of quarks carrying a momentum fraction x at distance b⊥ to the center
of momentum of the parent hadron h, as illustrated in Fig. 1. Probability density interpreta-
tions, as for the PDFs discussed above, also hold for, e.g., the polarized and tensor/transversity
nucleon GPDs, H̃(x, 0, t) and HT (x, 0, t), respectively. An interpretation of the nucleon GPD
E(x, 0, t) in the framework of impact parameter densities has already been given in [Bur02], and
a comprehensive physical interpretation of the GPDs in impact parameter space can be given
based on probability densities of (longitudinally or transversely) polarized quarks in a (lon-
gitudinally or transversely) polarized nucleon [DH05]. To give an example, the corresponding
density for transverse polarization is given by
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(65)

where the nucleon states are |N⊥〉 = |P+, R⊥ = 0, S⊥〉, and f ′(b2
⊥) = ∂b2

⊥
f(b2

⊥). The interpreta-

tion of the different GPDs becomes now very clear: While H(x, b2
⊥) is the spherically symmetric

charge distribution, the GPD E(x, b2
⊥) is responsible for dipole-like distortions ∝ S× b of the

charge density. Similarly, the tensor GPD ET accounts for dipole-distortions of the form s×b

for transversely polarized quarks.

Finally, the tensor GPDs HT and H̃T contribute to the monopole structure ∝ S · s, and to
the quadrupole distortion given by the last term in Eq. (65). Similar expressions hold for
longitudinal polarizations [DH05], as well as for transversely polarized quarks in the pion
[B+08h].

In particular with respect to lattice QCD calculations it is interesting to study x-moments of
the density in Eq. (65). The first moment, n = 1, is then entirely given in terms of nucleon
vector, F1,2, and tensor form factors (Fourier transformed to impact parameter space) and
corresponds to the x-integrated density of quarks minus the density of anti-quarks, according
to Eqs. (54),(56). All n-even moments are given by the sum of quark and anti-quark densities
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is the probability density of quarks carrying a momentum fraction x at distance b⊥ to the center
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tions, as for the PDFs discussed above, also hold for, e.g., the polarized and tensor/transversity
nucleon GPDs, H̃(x, 0, t) and HT (x, 0, t), respectively. An interpretation of the nucleon GPD
E(x, 0, t) in the framework of impact parameter densities has already been given in [Bur02], and
a comprehensive physical interpretation of the GPDs in impact parameter space can be given
based on probability densities of (longitudinally or transversely) polarized quarks in a (lon-
gitudinally or transversely) polarized nucleon [DH05]. To give an example, the corresponding
density for transverse polarization is given by
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where the nucleon states are |N⊥〉 = |P+, R⊥ = 0, S⊥〉, and f ′(b2
⊥) = ∂b2

⊥
f(b2

⊥). The interpreta-

tion of the different GPDs becomes now very clear: While H(x, b2
⊥) is the spherically symmetric

charge distribution, the GPD E(x, b2
⊥) is responsible for dipole-like distortions ∝ S× b of the

charge density. Similarly, the tensor GPD ET accounts for dipole-distortions of the form s×b

for transversely polarized quarks.

Finally, the tensor GPDs HT and H̃T contribute to the monopole structure ∝ S · s, and to
the quadrupole distortion given by the last term in Eq. (65). Similar expressions hold for
longitudinal polarizations [DH05], as well as for transversely polarized quarks in the pion
[B+08h].

In particular with respect to lattice QCD calculations it is interesting to study x-moments of
the density in Eq. (65). The first moment, n = 1, is then entirely given in terms of nucleon
vector, F1,2, and tensor form factors (Fourier transformed to impact parameter space) and
corresponds to the x-integrated density of quarks minus the density of anti-quarks, according
to Eqs. (54),(56). All n-even moments are given by the sum of quark and anti-quark densities
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subleading twist I - <sin(φ)>UL

theory done w.r.t. virtual-photon direction

experiments use targets polarized w.r.t. lepton-beam direction
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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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subleading twist I - <sin(φ)>UL

experimental AUL dominated by twist-3 contribution 

correction for AUT contribution increases the 
longitudinal asymmetry for positive pions 

consistent with zero for π- 
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[Airapetian et al., PLB 622 (2005) 14]
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experimental AUL dominated by twist-3 contribution 

in contrast to WW-type approximation [1807.10606] 
(both COMPASS and HERMES data) 
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experimental AUL dominated by twist-3 contribution 

in contrast to WW-type approximation [1807.10606] 
(for both COMPASS and HERMES data) 

sizable also for new CLAS neutral-pion data
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Fig. 3. The sinφh moments for AU L vs. x (left) and P T (right). The open triangles are 
the data from HERMES [9], and the solid triangles are our new measurements with 
z > 0.4. The long dashed line is zero for reference. The short-dashed and dotted 
lines are twist-3 calculations from Sivers (larger) and Collins (smaller) terms [54,55], 
respectively, and the solid line is the sum of the two. The error bars represent the 
statistical uncertainties, whereas the yellow bands represent the total experimental 
systematic uncertainties.

twist-3 TMDs f ⊥
L and hL have been calculated in two different 

spectator-diquark models [54,55]. Our data for Asin φh
U L (shown in 

Fig. 3 together with equaivalent data from [9] at higher beam 
energies) is plotted versus x and P T . The data suggest that a 
Sivers-type contribution coming from the convolution of f ⊥

L and 
D1 (dashed curve from Ref. [55] in Fig. 3) indeed may be dominat-
ing the sin φh moment of AU L , and quark–gluon correlations are 
significant for x > 0.2.

The x-dependence of AU L is consistent with HERMES mea-
surements [9] in both magnitude and x-dependence. The increas-
ing P T -dependence is also consistent with HERMES. Precise di-
rect comparisons, however, require taking out the kinematic factor √

2ε(1 + ε) from the structure functions, and adding a factor of Q
to account for the higher twist nature of this asymmetry, as de-
fined in Ref. [6]. Tables with detailed relevant information on dou-
ble and single target spin asymmetries for ep → e′π0 X , extracted 
for multidimensional bins including x, z and P T -dependences, are 
available at arXiv:1709 .10054.

In summary, kinematic dependencies of single and double spin 
asymmetries for neutral pions have been measured in multidi-
mensional bins over a wide kinematic range in x and P T us-
ing CLAS with a polarized proton target. Measurements of the 
P T -dependence of the double spin asymmetry, performed for the 
first time for different x-bins, indicate the possibility of differ-
ent average transverse momenta for quarks aligned or anti-aligned 
with the nucleon spin. A non-zero sin φh target single-spin asym-
metry was measured for neutral pions with high precision, indicat-
ing that the target SSA may be generated through the Sivers mech-
anism. A small sin 2φh moment of the target SSA is consistent with 
expectations of strong suppression of the Collins effect for neutral 
pions, due to cancellation of roughly equal favored and unfavored 
Collins functions. The extent to which higher twist contributes to 
these extracted moments at relatively low Q 2 constitutes a large 
part of the upcoming CLAS program with 11 GeV beams.
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subleading twist II - <sin(φ)>LU

naive-T-odd Boer-Mulders (BM) function coupled to a twist-3 FF 

signs of BM from unpolarized SIDIS 

little known about interaction-dependent FF 

little known about naive-T-odd g⊥; singled out in ALU in jet production 

large unpolarized f1, coupled to interaction-dependent FF 

twist-3 e survives integration over Ph⊥; here coupled to Collins FF 

e linked to the pion–nucleon $-term  

interpreted as color force (from remnant) on transversely polarized quarks at the moment 
of being struck by virtual photon 

all terms vanish in WW-type approximation
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vanishes in inclusive limit, e.g. after integration over Ph⊥ and z, and summation over all hadrons  

tested to permille level at HERMES: 
 
 
 
 

subleading twist III - <sin(φs)>UT
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vanishes in inclusive limit, e.g. after integration over Ph⊥ and z, and summation over all hadrons  

various contributing terms related to transversity, worm-gear, Sivers etc.:  
 
 
 
 
 
 

non-vanishing collinear limit:

subleading twist III - <sin(φs)>UT
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It thus provides, in principle, sensitivity to the transversity distribution without involving
a convolution over intrinsic transverse momenta [70]. In addition, the modulation does not
necessarily have to vanish in the limit of Ph? going to zero. Another rather interesting
aspect of the sin (�S) modulation — as pointed out already in section 2.2.5 — is the fact
that the inclusive analogue, i.e., summing over all final-state hadrons and integrating over
their four-momenta, must vanish in the one-photon-exchange approximation, which was
tested at HERMES to the 10�3 level [72].

A serious experimental drawback in using the relation (4.1) to extract transversity
could be the systematic effect arising from the usually incomplete integration over Ph?
due to limitations in the geometric acceptance or kinematic requirements in experiments.
Furthermore, a current drawback of such measurement is the lack of knowledge about the
interaction-dependent fragmentation function H̃

q (z). However, it has been shown that the
latter, the Collins fragmentation function, as well as the collinear twist-3 fragmentation
function that is suspected to cause the transverse-spin asymmetries in inclusive pion pro-
duction in single-polarized proton-proton collisions are related [73]. This may explain the
similar qualitative behavior of the Collins asymmetries and of the 2 hsin (�S)i⇡U? Fourier
amplitudes.
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It thus provides, in principle, sensitivity to the transversity distribution without involving
a convolution over intrinsic transverse momenta [70]. In addition, the modulation does not
necessarily have to vanish in the limit of Ph? going to zero. Another rather interesting
aspect of the sin (�S) modulation — as pointed out already in section 2.2.5 — is the fact
that the inclusive analogue, i.e., summing over all final-state hadrons and integrating over
their four-momenta, must vanish in the one-photon-exchange approximation, which was
tested at HERMES to the 10�3 level [72].

A serious experimental drawback in using the relation (4.1) to extract transversity
could be the systematic effect arising from the usually incomplete integration over Ph?
due to limitations in the geometric acceptance or kinematic requirements in experiments.
Furthermore, a current drawback of such measurement is the lack of knowledge about the
interaction-dependent fragmentation function H̃

q (z). However, it has been shown that the
latter, the Collins fragmentation function, as well as the collinear twist-3 fragmentation
function that is suspected to cause the transverse-spin asymmetries in inclusive pion pro-
duction in single-polarized proton-proton collisions are related [73]. This may explain the
similar qualitative behavior of the Collins asymmetries and of the 2 hsin (�S)i⇡U? Fourier
amplitudes.
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subleading twist III - <sin(φs)>UT

hint of Q2 dependence seen in 
signal for negative pions
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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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hermes Mixing of Azimuthal Moments
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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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Figure 41. Distributions in xF vs. z of the K
+ (left) and proton (right) yields.

e.g., at very low z and large transverse momentum and especially at low values of Q 2. But
where exactly to draw the boundary remains an open issue.

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 Q

2 versus P
2
h? and Q

2 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 [104]. 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
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Figure 42. Rapidity distributions for protons in the various (z, Ph?) bins of the last x bin. The
dashed lines indicate zero rapidity.

rapidity and do so only for large Ph? and small z. Furthermore, clearly visible in the ⇡
+

figure is a general increase of rapidity with increasing z as well as when decreasing Ph? and
x.

B.2 Transverse-momentum versus hard scale

The interpretation of transverse-momentum-dependent azimuthal distributions in terms of
TMD PDFs and FFs as discussed in section 2 requires the presence of one hard scale (Q 2)
— which is much larger than a typical nonperturbative-QCD scale like the proton mass
or ⇤QCD ⇠= 0.3 GeV, the QCD-scale parameter — and transverse momentum that is small
in comparison to Q

2. Under these conditions, the transverse momentum of the hadron
observed can be interpreted as originating from non-pertubative sources in the initial proton
structure and in the fragmentation process (including their calculable variations with the
hard scale). By contrast, in the region of large transverse momentum, perturbative-QCD
radiation is the primary source of the observed transverse momentum of the final-state
hadron. This is typically accompanied by a 1/Ph? suppression of the observable, which
usually can be interpreted in terms of collinear PDFs and FFs. In the intermediate region
of relatively large transverse momentum but still larger Q

2, these two descriptions are
expected to match their behaviors for a number of azimuthal modulations studied here [175].

In this measurement, Ph? is of the order of the QCD scale. However, Q 2 is neither
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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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multi-d dependence and kinematical distribution 
should facilitate analyses within TMD formalism

[A. Airapetian et al., arXiv:2007.07755]
[A. Airapetian et al., arXiv:2007.07755]
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Figure 13. Comparison of Sivers SFA for positive pions (squares) and kaons (circles) 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.

tween pion and kaon production might point to the origin for the larger K
+ asymmetry:

(i) differences in the relative strengths of the disfavored d-quark fragmentation compared
to the favored u-quark fragmentation for positive pions and kaons might lead to a reduced
canceling contribution from the d-quark Sivers function; (ii) in general, differences in the
role of sea quarks; (iii) differences — as hinted in a phenomenological analysis [157] of
HERMES multiplicity data [92] — in the transverse-momentum dependence of hadroniza-
tion for different quark flavors that enters the convolution over transverse momentum in
eq. (2.6); (iv) and also higher-twist effects as it was observed in ref. [40] that the ⇡

+–K +

difference was more pronounced at lower values of Q 2. Notwithstanding those differences,
acknowledging u-quark dominance in both ⇡

+ and K
+ production and relating their pos-

itive Sivers asymmetries to eq. (2.6) leads immediately to the conclusion that the u-quark
Sivers function, f ?,u

1T , must be negative. Adding the ⇡
� data, as argued before, results in

a positive f
?,d
1T .

Looking at the newly explored large-z region, the similarity of ⇡
+ and K

+ Sivers
asymmetries disappears: in contrast to the drop at large z of the asymmetry values in the
case of positive pions, the K

+ Sivers asymmetry continues its trend to increase with z,
which is indeed the expected behavior. This divergence of behavior for positive pions and
kaons can also be seen in the corresponding data of the COMPASS Collaboration [116],
in particular in the x region overlapping with HERMES. As decay products from exclu-
sively produced vector-mesons contribute significantly less to K

+ production, this might
be another indication of a non-negligible role of those in the case of the pion data.

While the data on negative kaons is more limited in precision, also here a positive
asymmetry is clearly visible in the right plot of figure 12. Negative kaons and the target
proton have no valence quarks in common. While sensitive to the nucleon’s sea-quark,
u-quark scattering will still be a dominant contribution, as can be concluded from the K

�

purity in ref. [158]. However, in contrast to K
+, the u-quark contribution is suppressed

and diluted w in the case of the K
� asymmetry.

w“Diluted” in the literal sense or through competing/canceling contributions from other quark flavors,
e.g., d-quarks.

– 36 –

[A. Airapetian et al., arXiv:2007.07755]
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tween pion and kaon production might point to the origin for the larger K
+ asymmetry:

(i) differences in the relative strengths of the disfavored d-quark fragmentation compared
to the favored u-quark fragmentation for positive pions and kaons might lead to a reduced
canceling contribution from the d-quark Sivers function; (ii) in general, differences in the
role of sea quarks; (iii) differences — as hinted in a phenomenological analysis [157] of
HERMES multiplicity data [92] — in the transverse-momentum dependence of hadroniza-
tion for different quark flavors that enters the convolution over transverse momentum in
eq. (2.6); (iv) and also higher-twist effects as it was observed in ref. [40] that the ⇡

+–K +

difference was more pronounced at lower values of Q 2. Notwithstanding those differences,
acknowledging u-quark dominance in both ⇡

+ and K
+ production and relating their pos-

itive Sivers asymmetries to eq. (2.6) leads immediately to the conclusion that the u-quark
Sivers function, f ?,u

1T , must be negative. Adding the ⇡
� data, as argued before, results in

a positive f
?,d
1T .

Looking at the newly explored large-z region, the similarity of ⇡
+ and K

+ Sivers
asymmetries disappears: in contrast to the drop at large z of the asymmetry values in the
case of positive pions, the K

+ Sivers asymmetry continues its trend to increase with z,
which is indeed the expected behavior. This divergence of behavior for positive pions and
kaons can also be seen in the corresponding data of the COMPASS Collaboration [116],
in particular in the x region overlapping with HERMES. As decay products from exclu-
sively produced vector-mesons contribute significantly less to K

+ production, this might
be another indication of a non-negligible role of those in the case of the pion data.

While the data on negative kaons is more limited in precision, also here a positive
asymmetry is clearly visible in the right plot of figure 12. Negative kaons and the target
proton have no valence quarks in common. While sensitive to the nucleon’s sea-quark,
u-quark scattering will still be a dominant contribution, as can be concluded from the K

�

purity in ref. [158]. However, in contrast to K
+, the u-quark contribution is suppressed

and diluted w in the case of the K
� asymmetry.

w“Diluted” in the literal sense or through competing/canceling contributions from other quark flavors,
e.g., d-quarks.
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4

xbj y z Q2 Pt W W ′

GeV2 GeV GeV GeV
K+ 0.137 0.85 0.48 1.29 0.46 3.0 2.08
K+ 0.190 0.81 0.51 1.69 0.40 2.85 1.96
K+ 0.250 0.77 0.53 2.11 0.33 2.69 1.83
K+ 0.324 0.73 0.56 2.60 0.26 2.51 1.69
K− 0.210 0.80 0.51 1.83 0.38 2.80 1.93

TABLE I. Tabulated central values for kinematical variables
xbj , y, Q

2, z, Pt, W , W ′, where y = q·P
l·P , W =

√

(P + q)2,

W ′ =
√

(q + P − Ph)2, and l is the four-momentum of the
incoming lepton.

The likelihood was formed by the φh and φS dependent
yield as shown in Eq. (1),

yield(φh,φS) = ρ ·σ ·a±(φh,φS)(1+P
2∑

j=1

εjAj(φh,φS)),

(1)
where ρ is the target density, σ is the unpolarized cross
section, a±(φh, φS) is the acceptance for target spin state
±, Aj(φh, φS) is the jth azimuthal angular modulation,
sin(φh + φS) or sin(φh - φS), P is the target polarization,
and εj is the amplitude of each modulation. The φh and
φS definition follows the Trento Conventions [31]. The
MLE method has been used for charged pion analysis
[23] and has been checked through Monte Carlo simula-
tions. The results extracted from MLE take into account
the unbalanced beam charge associated with two target
spin directions and the data acquisition livetime. The
3He Collins and Sivers moments were then obtained by
correcting the dilution from unpolarized N2 gas in the
target cell. The nitrogen dilution factor is defined as

fN2
≡

ρN2
σN2

ρ3Heσ3He + ρN2
σN2

, (2)

where ρ is the density of the gas in the production target
cell and σ is the unpolarized SIDIS cross section. The ra-
tio of unpolarized cross sections σN2

/σ3He was measured
in dedicated runs on targets filled with known amounts
of unpolarized N2 or 3He gas. The fN2

in this experiment
was determined to be about 10%.
The dominant systematic uncertainty in our mea-

surement was the contamination from photon-induced
charge-symmetric e± pairs, of which the e− was detected
in BigBite. The yield of (e+, K±) coincidences was mea-
sured directly by reversing the magnetic field of BigBite,
and hence the contamination of photon-induced electrons
in the electron sample was determined. The contamina-
tion for K− detection was 14±7%. Hardly any events
were observed in the latter 3 bins for K+ detection from
calibration runs which indicated that the contamination
in these bins was small. To be conservative, the con-
taminations were given by a limit in these bins with
the assumption that the contamination decreases linearly
through 4 bins. The photon-induced electron contamina-
tion for K+ was determined to be 18.6±8.3%, <10%,
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FIG. 3. (Color online) The extracted Collins and Sivers mo-
ments on 3He are shown together with their statistical errors
and systematic error bands for both K+ and K− electro-
production. The Sivers moments are compared to theoretical
predictions from a phenomenological fit to the world data.

<5%, <3%, respectively for the four xbj-bins. Since
this contamination is primarily from photon-induced pair
production, it carries the same asymmetry as photon pro-
duction. The asymmetry contamination correction for
K− and the first bin of K+ was given by the asymme-
try from high energy γ-K± coincidence events. Addi-
tional experimental systematic uncertainties include: 1)
π− contamination in the electron sample, 2) π± contam-
ination in the K± sample, 3) random coincidence con-
tamination in the (e−, K±) coincidence sample, 4) target
density fluctuations, 5) detector response drift caused by
radiation damage to the BigBite calorimeter, 6) target
polarization, and 7) bin-centering effects. The quadra-
ture sum of these uncertainties is quoted as the “experi-
mental” systematic uncertainty for our measurement.
For the asymmetry extraction from Eq. (1), we only

included sin(φh + φS) and sin(φh - φS) modulations by
neglecting other modulations, including sin(3φh - φS)
modulation at twist-2 [32], sin(φS) and sin(2φh - φS)
modulations at twist-3, Cahn cos(φh) and Boer-Mulders
cos(2φh) modulations from unpolarized cross section.
The leakage from the longitudinal polarized target sin-
gle spin asymmetry (AUL) due to the small longitudinal
component of the target polarization was also neglected.
These effects were estimated by varying each term within
an allowed range derived from the HERMES proton data
[33], assuming that the magnitude of each term for the
neutron is similar to that of the proton. These effects
were summed in quadrature to yield the “fit” systematic
uncertainty, which is dominated by the sin(φS) term.
The extracted 3He Collins and Sivers moments are

shown in Fig. 3 and tabulated in Table II. The error bars
represent statistical uncertainties. Experimental system-
atic uncertainties combined in quadrature from different
sources are shown as a band labeled “Exp.”. System-
atic uncertainties due to neglecting other modulations
are shown as a band labeled “Fit”. The K+ Collins
and Sivers moments are consistent with zero within er-

surprisingly large K- asymmetry for 3He target 
(but zero for K+?!)

[PRC90 (2014) 055201]
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Figure 13. Comparison of Sivers SFA for positive pions (squares) and kaons (circles) 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.

tween pion and kaon production might point to the origin for the larger K
+ asymmetry:

(i) differences in the relative strengths of the disfavored d-quark fragmentation compared
to the favored u-quark fragmentation for positive pions and kaons might lead to a reduced
canceling contribution from the d-quark Sivers function; (ii) in general, differences in the
role of sea quarks; (iii) differences — as hinted in a phenomenological analysis [157] of
HERMES multiplicity data [92] — in the transverse-momentum dependence of hadroniza-
tion for different quark flavors that enters the convolution over transverse momentum in
eq. (2.6); (iv) and also higher-twist effects as it was observed in ref. [40] that the ⇡

+–K +

difference was more pronounced at lower values of Q 2. Notwithstanding those differences,
acknowledging u-quark dominance in both ⇡

+ and K
+ production and relating their pos-

itive Sivers asymmetries to eq. (2.6) leads immediately to the conclusion that the u-quark
Sivers function, f ?,u

1T , must be negative. Adding the ⇡
� data, as argued before, results in

a positive f
?,d
1T .

Looking at the newly explored large-z region, the similarity of ⇡
+ and K

+ Sivers
asymmetries disappears: in contrast to the drop at large z of the asymmetry values in the
case of positive pions, the K

+ Sivers asymmetry continues its trend to increase with z,
which is indeed the expected behavior. This divergence of behavior for positive pions and
kaons can also be seen in the corresponding data of the COMPASS Collaboration [116],
in particular in the x region overlapping with HERMES. As decay products from exclu-
sively produced vector-mesons contribute significantly less to K

+ production, this might
be another indication of a non-negligible role of those in the case of the pion data.

While the data on negative kaons is more limited in precision, also here a positive
asymmetry is clearly visible in the right plot of figure 12. Negative kaons and the target
proton have no valence quarks in common. While sensitive to the nucleon’s sea-quark,
u-quark scattering will still be a dominant contribution, as can be concluded from the K

�

purity in ref. [158]. However, in contrast to K
+, the u-quark contribution is suppressed

and diluted w in the case of the K
� asymmetry.

w“Diluted” in the literal sense or through competing/canceling contributions from other quark flavors,
e.g., d-quarks.

– 36 –

[A. Airapetian et al., arXiv:2007.07755]
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Figure 16. Sivers SFA for protons (upper row) and antiprotons (lower row) 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 (no such high-z points are available for antiprotons due to a
lack of precision). 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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Figure 17. Comparison of Sivers SFA for positive pions and protons (upper plot) or antiprotons
(lower plot) 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 (no such high-z points are
available for antiprotons due to a lack of precision). 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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Figure 18. Ratio of raw proton to antiproton yields at HERMES as a function of z. The bin
boundaries for the semi-inclusive DIS range are marked by dashed lines. The ratio exhibits a
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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possibly, onset of target fragmentation only at lower z

[A. Airapetian et al., arXiv:2007.07755]

[A. Airapetian et al., arXiv:2007.07755]

similar-magnitude asymmetries for (anti)protons and 
pions  
➥consequence of u-quark dominance in both cases?
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Figure 16. Sivers SFA for protons (upper row) and antiprotons (lower row) 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 (no such high-z points are available for antiprotons due to a
lack of precision). 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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Figure 17. Comparison of Sivers SFA for positive pions and protons (upper plot) or antiprotons
(lower plot) 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 (no such high-z points are
available for antiprotons due to a lack of precision). 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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[A. Airapetian et al., JHEP12(2020)010]

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