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semi-inclusive one-hadron production (ep➙ehX)
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disclaimer: after two and a half days of intense  
                 discussion, refrain from introducing  
                 basics of SIDIS and PDFs, TMDs, and FFs
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➟ cf. Ralf’s talk yesterday
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 from 1d to 9d  

a century ago, things were “simple”: 
 

3



CFNS — May 15-17, 2024Gunar Schnell 

 from 1d to 9d  

a century ago, things were “simple”: 
 

inclusive DIS already requires 2d or 3d analyses
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INTRODUCTION

e↔ + p" → e′ + X

φ = (!k×!SN)·!k′

|(!k×!SN)·!k′|
arccos (!k×!k′)·(!k×!SN)

|!k×!k′||!k×!SN|

Spin Plane

Scattering Plane

SN

→

φ

θ

α

k′
→

k ,
→

Sl

→
‘

!SN(0,−1,0)

1 < Q2 < 15 GeV2

W2 > 4 GeV2

0.023 < x < 0.7

0.1 < y < 0.85

03c0 + 04c1 + 05c1: 6.9 mln DIS events

A.Ivanilov HERMES Collaboration Meeting, 05. 03. 2008 – p. 2
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a century ago, things were “simple”: 
 

inclusive DIS already requires 2d or 3d analyses

semi-inclusive single-hadron DIS: up to 6d
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 from 1d to 9d  

a century ago, things were “simple”: 
 

inclusive DIS already requires 2d or 3d analyses

semi-inclusive single-hadron DIS: up to 6d

semi-inclusive di-hadron DIS: up to 9d

3

JHEP06(2008)017
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Figure 1: Depiction of the azimuthal angles φR⊥ of the dihadron and φS of the component ST of
the target-polarization transverse to both the virtual-photon and target-nucleon momenta q and P ,
respectively. Both angles are evaluated in the virtual-photon-nucleon center-of-momentum frame.
Explicitly, φR⊥ ≡ (q×k)·RT

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

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

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

two chiral-odd naive-T-odd dihadron fragmentation function H!

1,q [20, 37].2 There are no

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

tributions to the fragmentation function H!

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

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

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

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

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

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

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

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

behavior.

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

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

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

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

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

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

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

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

2The superscript ! indicates that the fragmentation function does not survive integration over the

relative momentum of the hadron pair.

– 3 –

➟ both theoretical & experimental challenges
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 from 1d to 9d  

unpolarised DIS: obviously bin and 
unfold in 2d
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 from 1d to 9d  

unpolarised DIS: obviously bin and 
unfold in 2d

inclusive scattering spin-asymmetries: 
“saved” by weak Q2 dependence of 
longitudinally double-polarised DIS
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 from 1d to 9d  

unpolarised DIS: obviously bin and 
unfold in 2d

inclusive scattering spin-asymmetries: 
“saved” by weak Q2 dependence of 
longitudinally double-polarised DIS

however, don’t be misled!

g2, AUT, … 

4

➟ binning in only one variable might hide  
    dependence on other variable(s)
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inclusive hadrons: AUT sin! amplitude
clear left-right asymmetries for pions and 
positive kaons
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[Airapetian et al., Phys. Lett. B 728, 183-190 (2014)]

ep� � hX

⇥SN ⇥ph

lepton going 
into the plane

HERMES Collaboration / Physics Letters B 728 (2014) 183–190 185

equivalent [52] and that there also exists a kinematic region
in which a twist-three fragmentation function and the leading-
twist Collins fragmentation function can be mapped onto one
another [53]. For P 2

T ∼ Q 2 one cannot make any quantitative
theoretical statement about their connection.

A substantial number of theoretical predictions (see, e.g.,
Refs. [44,47,54–60]) have not yet been confronted with experimen-
tal data. More data are required in a wider kinematic range that
covers transverse momenta as high as possible but also approaches
P T values as small as ΛQCD for both AN in hadron–hadron re-
actions and SSAs in electroproduction of hadrons, lp↑ → h X . This
Letter reports on the first measurement of azimuthal SSAs in inclu-
sive electroproduction of charged pions and kaons off transversely
polarized protons. It addresses a portion of this unexplored kine-
matic space.

The data reported here were collected during the period
2002–2005 with the Hermes spectrometer [61] using the 27.6 GeV
lepton beam (electrons or positrons) incident upon a transversely
nuclear-polarized gaseous hydrogen target internal to the Hera
lepton storage ring at Desy. The integrated luminosity of the data
sample was approximately 146 pb−1. The average magnitude of
the proton-polarization component perpendicular to the beam di-
rection, ST , was 0.713 ± 0.063. The direction of the target-spin
vector was reversed between the “upward” and “downward” direc-
tions at 1–3 minute intervals to minimize systematic effects, while
both the nuclear polarization and the atomic fraction inside the
target cell were measured continuously [62]. The beam was lon-
gitudinally polarized and its helicity reversed every few months.
A helicity-balanced data sample was used to obtain an effectively
unpolarized beam.

Selected events had to contain at least one charged-hadron
track, identified as either a pion or a kaon, within the angu-
lar acceptance of the spectrometer (±170 mrad horizontally and
±(40–140) mrad vertically) independent of whether there was
also a scattered lepton in the acceptance or not. Hadrons were
distinguished from leptons by using a transition-radiation de-
tector, a scintillator pre-shower counter, and an electromagnetic
calorimeter. This resulted in a tiny lepton contamination in the
hadron sample of less than 0.1%. Hadrons within the momentum
range 2–15 GeV were further identified using a dual-radiator ring-
imaging Cherenkov detector [63]. This identification is based on a
direct ray tracing algorithm that deduces the most probable parti-
cle types from the event-level hit pattern of Cherenkov photons on
the photomultiplier matrix [64].

The trigger of the experiment was formed, for each detector
half, by a coincidence of signals from a scintillation counter in
front of the spectrometer magnet and from a scintillator hodoscope
and the pre-shower counter behind the magnet, spaced by 1 m,
with the requirement of an energy deposit greater than 1.4 GeV
in the electromagnetic calorimeter. The trigger was almost 100%
efficient for leptons with energies above threshold. The energy
threshold of the calorimeter was low enough to trigger also on
events with only charged hadrons and no leptons in its geometri-
cal acceptance. In this case, the trigger efficiency was substantially
smaller and depended on the hadron momentum Ph , as well as on
the impact position and angle of the hadron track on the calorime-
ter surface and the hadron multiplicity in the event. Averaged over
the hadron multiplicity, the trigger efficiency was about 40–45% for
hadron momenta greater than approximately 7 GeV and decreased
smoothly with decreasing Ph to about 15% at Ph ≈ 2 GeV. In or-
der not to bias the inclusive-hadron sample towards events with
a coincident lepton in the detector acceptance, trigger-efficiency
corrections dependent on the event topology (e.g., additional lep-
ton or further hadrons in the event) were applied. In total, about

Fig. 1. The definition of the azimuthal angle ψ .

60 ·106 (50 ·106) tracks of positively (negatively) charged pions and
5.1 · 106 (2.8 · 106) tracks of positively (negatively) charged kaons
were collected. These correspond to about 172 · 106 (142 · 106)
positively (negatively) charged pions and 14.5 · 106 (7.3 · 106) pos-
itively (negatively) charged kaons after trigger-efficiency correction
(cf. Table 1), which are used in all of the subsequent results.

As the scattered lepton was not required for the primary anal-
ysis, the following hadron variables were used: P T , the trans-
verse momentum of the hadron with respect to the lepton beam
direction; xF , here calculated in the lepton-nucleon center-of-
momentum frame; and ψ , the azimuthal angle about the beam di-
rection between the “upward” target spin direction and the hadron
production plane, in accordance with the Trento Conventions [65]
(see Fig. 1).

The cross section for inclusive electroproduction of hadrons us-
ing an unpolarized lepton beam and a transversely polarized target
includes a polarization-averaged and a polarization-dependent part
and is given for each hadron species as

dσ = dσUU
[
1 + ST Asin ψ

UT sinψ
]
. (1)

Here, the first subscript U denotes unpolarized beam, the sec-
ond subscript U (T ) an unpolarized (transversely polarized) target.
The dependences of the cross section and of the azimuthal ampli-
tude Asin ψ

UT on P T and xF have been omitted. The sin ψ azimuthal
dependence follows directly from the term &S · (&Ph × &k) in the spin-
dependent part of the cross section (see, e.g., Ref. [60]), with &S
being the target-spin vector, and &k and &Ph the three-momenta of
the incident lepton and of the final-state hadron, respectively.

The sinψ amplitude Asin ψ
UT is related to the left-right asymme-

try AN along the direction of the incident lepton beam and with
respect to the nucleon-spin direction,2 measured with a detector
with full 2π -coverage in ψ and constant efficiency, by

AN ≡
∫ 2π
π dψ dσ −

∫ π
0 dψ dσ

∫ 2π
π dψ dσ +

∫ π
0 dψ dσ

= − 2
π

Asin ψ
UT . (2)

Experimentally, the Asin ψ
UT amplitudes were extracted by per-

forming a maximum-likelihood fit to the cross section of Eq. (1),
i.e., the measured yield distribution for the two target-spin states
weighted with the inverse of the trigger efficiencies and lumi-
nosity, binned in P T and xF , but unbinned in ψ . The detection

2 The sign convention of AN in hadron collisions commonly differs through defin-
ing “left” and “right” with respect to the momentum and transverse-spin directions
of the incoming polarized hadron.
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inclusive hadrons: AUT sin! amplitude
clear left-right asymmetries for pions and 
positive kaons

increasing with xF  (as in pp) 
 
 
 

initially increasing with PT with a fall-off at 
larger PT

xF and PT  correlated 
                   ➥ look at 2D dependences
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[Airapetian et al., Phys. Lett. B 728, 183-190 (2014)]
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inclusive hadrons: AUT sin! amplitude
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Figure E.6. The Asin �
UT

fit function (with squares) evaluated at the average bin
kinematics hxF i, plotted together with the Asin�

UT
amplitudes as a function

of xF in four di0erent slices of pT . See Section 5.3.1.
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Figure E.7. The Asin �
UT,MC

amplitudes extracted from the polarized PYTHIA sample as
a function of xF in four slices of pT . The Asin �

UT
function is also shown

for comparison; this is evaluated at the average bin kinematics hpT iMC ,
hxF iMC for each hadron species. See Section 5.3.3.
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small detector effects in fully differential analysis 

inclusive hadrons: AUT sin! amplitude
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strong kinematic dependence can 
lead to large systematic effects 

if integrated over
not so small detector effects 

in 1D analysis 

inclusive hadrons: AUT sin! amplitude

➟ need a good MC model for realistic uncertainty estimate
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so why have we stayed with 1d?
somewhat more objective reasoning: e.g., 

weak Q2 dependence of asymmetries 

some pragmatic reasoning: e.g.,  

less precision 

less phase space and thus less variation of cross sections, … 

some plainly wrong reasoning: e.g.,  

stick to the approach that seemed to work before  

multi-d dependences difficult to visualise 

“we are doing collinear physics, no need for TMD d.o.f. 
9
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… example measurements

10

d2⇥incl.DIS

dxdy
� FT + �FL

d4Mh(x, y, z, P 2
h⇥)

dxdydzdP 2
h⇥

⇤
�
1 +

�2

2x

⇥
FUU,T + ⇥FUU,L

FT + ⇥FL

⇥
⇤

q e
2
q f

q
1 (x, p

2
T )�Dq�h

1 (z,K2
T )⇤

q e
2
q f

q
1 (x)

normalize to inclusive DIS 
cross section 

hadron multiplicity:

MhMhMhMhMh

2⌅cos 2⇤⇧UU ⇥ 2

⇥
d⇤hcos 2⇤ d⇥⇥

d⇤hd⇥
=

�F cos 2�
UU

FUU,T + �FUU,L

⇤ �

�
q e

2
q h⇥,q

1 (x, p2T )�BM H⇥,q�h
1 (z,K2

T )�
q e

2
q fq

1 (x, p
2
T )�Dq�h

1 (z,K2
T )

d5⇤

dxdydzd⌅hdP 2
h�

⇥
�
1 +

�2

2x

⇥
{FUU,T + ⇥FUU,L

+
⇤
2⇥(1� ⇥)F cos�h

UU cos⌅h + ⇥F cos 2�h

UU cos 2⌅h}

normalize to azimuth- 
independent cross-section

moments:
�cos 2�⇥UU�cos 2�⇥UU�cos 2�⇥UU�cos 2�⇥UU

✗
✗

✗
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➟ even though two data points might have similar average kinematics, 
multiplicities in the two projections can be different
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hM(Q2)iQ2 6= M(hQ2i)

the average along the valley will 
be smaller than the average 
along the gradient

still the average kinematics can 
be the same

take-away message: (when told so) integrate your cross section over the     
                                 kinematic ranges dictated by the experiment 
                         (e.g., do not simply evaluate it at the average kinematics) 

to experiments: fully differential analyses!
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results, e.g., cosine moments of 
unpolarised cross section?

either directly in fully 
differential fits
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Figure 5.18: 〈cos φh〉FUU (left) and 〈cos 2φh〉FUU (right) moments for positive hadrons
extracted from data collected with hydrogen target in 2000 in each of the 500 kinematical
bins of table 5.2.

is high, its contribution is generally negligible in the projection in one kinematical
variable. However, if the low statistics is due to low acceptance in that bin, when
weighted by the 4π PYTHIA cross-section, which is independent from acceptance,
the bin result can significantly increase the uncertainty of the final results.

For this reason the bins with very low statistics are not accounted in the pro-
jection. This can produce some bias in the projected results, therefore Monte Carlo
tests were used to validate this procedure.

5.1.5 Fake moments with 5-dimensional analysis

As for the one-dimensional case (see sec. 5.1.2), the cos φh and cos 2φh fake modula-
tions were extracted fitting the ratio between standard PYTHIA and LEPTO 1

productions with a multidimensional analysis. The comparison between the 1-
dimensional and 5-dimensional fake moments are shown from figure 5.19 to 5.22
for positive and negative hadrons.

The fake moments extracted in the multidimensional analysis are significantly
smaller than the mono-dimensional ones, and in general they are compatible with
zero. The model-dependence of the ’ratio’ method is notably decreased in a fully
di erential multidimensional analysis.

It is important to notice that the uncertainties in case of multidimensional anal-
ysis is significantly increased, even if the statistical significance is identical in two
cases, as the event sample is the same. Therefore the error amplification should
be attributed only to the analysis procedure. Indeed in a multidimensional fit the
correlation between the two parameters, namely 〈cos φh〉 and 〈cos 2φh〉, increase
resulting in uncertainties inflation. However, the full statistical information of data

1In this test, as for the one-dimensional case, the LEPTO GMC is the standard one, without any

modulation in the born azimuthal distribution.

[F. Giordano, Ph.D. U. Ferrara]
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is high, its contribution is generally negligible in the projection in one kinematical
variable. However, if the low statistics is due to low acceptance in that bin, when
weighted by the 4π PYTHIA cross-section, which is independent from acceptance,
the bin result can significantly increase the uncertainty of the final results.

For this reason the bins with very low statistics are not accounted in the pro-
jection. This can produce some bias in the projected results, therefore Monte Carlo
tests were used to validate this procedure.

5.1.5 Fake moments with 5-dimensional analysis

As for the one-dimensional case (see sec. 5.1.2), the cos φh and cos 2φh fake modula-
tions were extracted fitting the ratio between standard PYTHIA and LEPTO 1

productions with a multidimensional analysis. The comparison between the 1-
dimensional and 5-dimensional fake moments are shown from figure 5.19 to 5.22
for positive and negative hadrons.

The fake moments extracted in the multidimensional analysis are significantly
smaller than the mono-dimensional ones, and in general they are compatible with
zero. The model-dependence of the ’ratio’ method is notably decreased in a fully
di erential multidimensional analysis.

It is important to notice that the uncertainties in case of multidimensional anal-
ysis is significantly increased, even if the statistical significance is identical in two
cases, as the event sample is the same. Therefore the error amplification should
be attributed only to the analysis procedure. Indeed in a multidimensional fit the
correlation between the two parameters, namely 〈cos φh〉 and 〈cos 2φh〉, increase
resulting in uncertainties inflation. However, the full statistical information of data

1In this test, as for the one-dimensional case, the LEPTO GMC is the standard one, without any

modulation in the born azimuthal distribution.

[F. Giordano, Ph.D. U. Ferrara]
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to the hydrogen results; this might be because of a different
magnitude of the Boer-Mulders function for up and down
quarks.

Model calculations [74–77] of the contribution of the
Boer-Mulders-Collins effect to the hcos2!iUU moment are
in qualitative agreement with the moments reported here.
In particular, the opposite sign for oppositely charged pions
seems to be a signature of the Collins effect.

Equation (3) only includes terms up to a suppression
ð1=QÞ, but at a suppression of ð1=QÞ2 there is at least one
additional term that includes the Cahn effect [see Eq. (4)].
The restrictedQ2 range of the HERMES data does not allow
for a conclusive study that disentangles the leading term
from the suppressed terms. Nonetheless, an attempt to
describe preliminary HERMES results in a more complete
way has been done in Ref. [76], where the authors evaluated
this suppressed Cahn contribution to the cos2! amplitude,
assuming a flavor-blind Cahn term, i.e., a flavor-independent
hp2

Ti. The comparison of this calculation to data indicates
that, in the HERMES kinematic regime, the Cahn term is
smaller than expected or is counteracted by additional terms
that have been neglected. In the same paper, a possible Cahn
flavor dependence was also estimated by varying the hp2

Ti
for down quarks while maintaining a fixed hp2

Ti for up
quarks; no significant changes were observed in the calcu-
lated Cahn term. However, this test was performed on a
hydrogen target, and not a deuterium target where the results
might be more sensitive to the down quarks.

In Ref. [71], the authors attempted to simultaneously
describe preliminary unidentified hadron cos2! amplitude
extracted at HERMES [78] and COMPASS [39]. The
Boer-Mulders-Collins effect is described using the
Collins fragmentation function from Ref. [66] while for
the Boer-Mulders function, the same functional form that
was used for the Sivers function [79] was applied. In the

calculation the Cahn effect is also included, which
is sensitive to the quark average transverse momenta.
The previously reported average momentum of hp2

Ti ¼
0:25 GeV2 [80] describes the COMPASS data well. In
contrast, the HERMES data are better described by the
lower value of hp2

Ti ¼ 0:18 GeV2, leading to a smaller
Cahn effect at HERMES. This is in accordance with the
broadening of the pT distribution when considering Q2

evolution, as observed in Ref. [81].

2. Pion cos! amplitudes

The cos! amplitudes come suppressed as 1=Q in
the hadron cross section, and, in contrast to the cos2!
amplitudes, several terms contribute at the same level of
suppression [Eq. (5)]. Results for the cos! amplitudes
2hcos!iUU extracted for pions from hydrogen and deute-
rium data are shown in Fig. 5. Results extracted from
hydrogen and deuterium are similar, but deuterium results
for positive pions are smaller than hydrogen results. This
could be related to flavor dependence of the contributions
involved in the amplitudes. The cos! amplitudes are found
to be negative for both positively and negatively charged
pions, but for positive pions they are in general larger in
magnitude. For both positive and negative pions, the mag-
nitudes increase with the pion energy fraction z.
The z dependence of the amplitudes can be interpreted in

terms of the Cahn effect. Indeed, Cahn anticipated a rise of
amplitudes with z because of the reduced dilution by the
random transverse momentum that the pions acquire during
fragmentation [17,18]. At high z the amplitudes for oppo-
sitely charged pions are very similar and reach their largest
magnitude (up to $0:2). Different behaviors are observed
for oppositely charged pions versus Ph?. The magnitude of
the amplitudes for positive pions increases with Ph?,
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FIG. 5 (color online). As in Fig. 4, but for the cos! amplitudes.
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[Airapetian et al., PRD 87 (2013) 012010]
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Figure 5.18: 〈cos φh〉FUU (left) and 〈cos 2φh〉FUU (right) moments for positive hadrons
extracted from data collected with hydrogen target in 2000 in each of the 500 kinematical
bins of table 5.2.

is high, its contribution is generally negligible in the projection in one kinematical
variable. However, if the low statistics is due to low acceptance in that bin, when
weighted by the 4π PYTHIA cross-section, which is independent from acceptance,
the bin result can significantly increase the uncertainty of the final results.

For this reason the bins with very low statistics are not accounted in the pro-
jection. This can produce some bias in the projected results, therefore Monte Carlo
tests were used to validate this procedure.

5.1.5 Fake moments with 5-dimensional analysis

As for the one-dimensional case (see sec. 5.1.2), the cos φh and cos 2φh fake modula-
tions were extracted fitting the ratio between standard PYTHIA and LEPTO 1

productions with a multidimensional analysis. The comparison between the 1-
dimensional and 5-dimensional fake moments are shown from figure 5.19 to 5.22
for positive and negative hadrons.

The fake moments extracted in the multidimensional analysis are significantly
smaller than the mono-dimensional ones, and in general they are compatible with
zero. The model-dependence of the ’ratio’ method is notably decreased in a fully
di erential multidimensional analysis.

It is important to notice that the uncertainties in case of multidimensional anal-
ysis is significantly increased, even if the statistical significance is identical in two
cases, as the event sample is the same. Therefore the error amplification should
be attributed only to the analysis procedure. Indeed in a multidimensional fit the
correlation between the two parameters, namely 〈cos φh〉 and 〈cos 2φh〉, increase
resulting in uncertainties inflation. However, the full statistical information of data

1In this test, as for the one-dimensional case, the LEPTO GMC is the standard one, without any

modulation in the born azimuthal distribution.

[F. Giordano, Ph.D. U. Ferrara]

➟ requires good knowledge of 
unpolarized cross section
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to the hydrogen results; this might be because of a different
magnitude of the Boer-Mulders function for up and down
quarks.

Model calculations [74–77] of the contribution of the
Boer-Mulders-Collins effect to the hcos2!iUU moment are
in qualitative agreement with the moments reported here.
In particular, the opposite sign for oppositely charged pions
seems to be a signature of the Collins effect.

Equation (3) only includes terms up to a suppression
ð1=QÞ, but at a suppression of ð1=QÞ2 there is at least one
additional term that includes the Cahn effect [see Eq. (4)].
The restrictedQ2 range of the HERMES data does not allow
for a conclusive study that disentangles the leading term
from the suppressed terms. Nonetheless, an attempt to
describe preliminary HERMES results in a more complete
way has been done in Ref. [76], where the authors evaluated
this suppressed Cahn contribution to the cos2! amplitude,
assuming a flavor-blind Cahn term, i.e., a flavor-independent
hp2

Ti. The comparison of this calculation to data indicates
that, in the HERMES kinematic regime, the Cahn term is
smaller than expected or is counteracted by additional terms
that have been neglected. In the same paper, a possible Cahn
flavor dependence was also estimated by varying the hp2

Ti
for down quarks while maintaining a fixed hp2

Ti for up
quarks; no significant changes were observed in the calcu-
lated Cahn term. However, this test was performed on a
hydrogen target, and not a deuterium target where the results
might be more sensitive to the down quarks.

In Ref. [71], the authors attempted to simultaneously
describe preliminary unidentified hadron cos2! amplitude
extracted at HERMES [78] and COMPASS [39]. The
Boer-Mulders-Collins effect is described using the
Collins fragmentation function from Ref. [66] while for
the Boer-Mulders function, the same functional form that
was used for the Sivers function [79] was applied. In the

calculation the Cahn effect is also included, which
is sensitive to the quark average transverse momenta.
The previously reported average momentum of hp2

Ti ¼
0:25 GeV2 [80] describes the COMPASS data well. In
contrast, the HERMES data are better described by the
lower value of hp2

Ti ¼ 0:18 GeV2, leading to a smaller
Cahn effect at HERMES. This is in accordance with the
broadening of the pT distribution when considering Q2

evolution, as observed in Ref. [81].

2. Pion cos! amplitudes

The cos! amplitudes come suppressed as 1=Q in
the hadron cross section, and, in contrast to the cos2!
amplitudes, several terms contribute at the same level of
suppression [Eq. (5)]. Results for the cos! amplitudes
2hcos!iUU extracted for pions from hydrogen and deute-
rium data are shown in Fig. 5. Results extracted from
hydrogen and deuterium are similar, but deuterium results
for positive pions are smaller than hydrogen results. This
could be related to flavor dependence of the contributions
involved in the amplitudes. The cos! amplitudes are found
to be negative for both positively and negatively charged
pions, but for positive pions they are in general larger in
magnitude. For both positive and negative pions, the mag-
nitudes increase with the pion energy fraction z.
The z dependence of the amplitudes can be interpreted in

terms of the Cahn effect. Indeed, Cahn anticipated a rise of
amplitudes with z because of the reduced dilution by the
random transverse momentum that the pions acquire during
fragmentation [17,18]. At high z the amplitudes for oppo-
sitely charged pions are very similar and reach their largest
magnitude (up to $0:2). Different behaviors are observed
for oppositely charged pions versus Ph?. The magnitude of
the amplitudes for positive pions increases with Ph?,
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FIG. 5 (color online). As in Fig. 4, but for the cos! amplitudes.
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➟ when using 1d projections, ask yourself and your experiment’s 
friends why 1d is sufficient and why not go multi-d?
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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

15

- 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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2d kinematic phase space
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current and future data for Sivers asymmetries (selection):

COMPASS h±: PhT < 1.6 GeV
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JLab 12 (upcoming)

STAR W bosons

1

10

102

103

104

10-4 10-3 10-2 10-1 1

COMPASS Drell-Yan

STAR Drell-Yan (upcoming)

LHC-FT Drell-Yan (proposed)

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

0.2<z<0.28
0.54<Ph⊥[GeV]<2
0.023<x<0.072

0 0.5 1

0.05

0.1

0.15

π+

0 0.5 yh

ev
en
ts
(n
or
m
al
iz
ed
)

p0.2<z<0.34
0.57<Ph⊥[GeV]<2
0.023<x<0.073

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

– 18 –
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semi-inclusive DIS 
excluding transverse polarization:
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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: 
 
 
 
 
 
 
 
 
 

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

double-spin asymmetry:
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double-spin asymmetry:

19

d�h

dx dy dz dP 2
h� d�

=
2��2

xyQ2

y2

2(1 � �)

�
1 +

�2

2x

�

�
Fh

UU,T + �Fh
UU,L + ��

�
1 � �2Fh

LL

+
�

2�
�
�
�

1 � � Fh,sin �
LU + �

�
1 + � Fh,sin �

UL

�
sin �

+
�

2�
�
��

�
1 � � Fh,cos �

LL +
�

1 + � Fh,cos �
UU

�
cos �

+�� Fh,sin 2�
UL sin 2� + � Fh,cos 2�

UU cos 2�

�

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

Ah
LL �

�h
++ � �h

+� + �h
�� � �h

�+

�h
++ + �h

+� + �h
�� + �h

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

k′k

ST

Ph

Ph⊥
q

φ

φS



Gunar Schnell IWHSS 2022 — Aug 29-31, 2022

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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semi-inclusive DIS 
with transverse target polarization: 
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revisited [PRD 71 (2005) 012003] A1 analysis at HERMES in order to  

exploit slightly larger data set (less restrictive momentum range) 

provide A‖ in addition to A1 

 

 

 

 

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

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

correct better for azimuthal asymmetries coupling to acceptance 

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

extract twist-3 cosine modulations … consistent with zero
24

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.
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detector was used throughout the deuterium running period.
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the parallel (antiparallel) experimental beam/target he-
licity configuration.4 The square brackets, [ ]B, indicate
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accounts for the limited degree of polarization transfer at
the electron–virtual-photon vertex, including the ratio R
of longitudinal-to-transverse cross sections. In this anal-
ysis, R was taken from the R1999 parameterization [37]
for all calculations of Ah

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

B. Di↵erences from prior analyses

Although the analysis has much in common with
those in prior HERMES publications, several changes are
made, which increase statistical precision and reduce the
systematic uncertainties.
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re-analysis of longitudinal double-spin asymmetries
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fully consistent with previous HERMES publication [PRD 71 (2005) 012003]
25

x dependence of A||
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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

27
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Azimuthal modulation Significant non-vanishing Fourier amplitude

⇡
+

⇡
�

K
+

K
�

p ⇡
0

p̄

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

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

cos (�S) X
cos (2�� �S)

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

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

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

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

an unspecified degree of statistical and systematic correlation.765

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

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

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

kinematic variables.769

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

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

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

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

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

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

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

0 electroproduction to both the ⇡
+ and ⇡

�

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

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

0 electroproduction.
The K

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

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

vThis is also one motivation for looking at the charge-difference asymmetry in ref. [40] in which such
contributions cancel.
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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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high-z data probes region of increased flavor 
sensitivity to struck quark 
(but also where contributions from exclusive 
vector-meson production becomes significant) 

only last z bin shows indication of sizable #0 
contribution (decaying into charged pions)
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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 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
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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� 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
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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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high-z region with larger quark-flavour sensitivity, with increasing amplitudes for positive pions and kaons
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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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 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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