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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.
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deep-inelastic scattering
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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
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- 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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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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current vs. target fragmentation
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Figure 5. Shape comparison of arbitrarily normalized π+ (red dotted line), K+ (blue line), and
proton (green dashed line) yield distributions in the hadron variables z (left) and Ph⊥ (right). The
region between the two vertical dashed lines indicates the range in z used for the semi-inclusive DIS
sample, while events in the extended range 0.7<z < 1.2 are analyzed only in the one-dimensional
z binning.
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Figure 6. Distribution in Q2 versus P 2
h⊥ of the semi-inclusive π+ yield.

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

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

yh ≡ 1
2 ln

P+
h

P−
h

, (3.1)

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

h ±PCM
h‖ , of the hadron in the virtual-
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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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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,
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current vs. target fragmentation
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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.
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TMDs - probabilistic interpretation
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parton with transverse or longitudinal spin

parton transverse momentum

nucleon with transverse or longitudinal spin

proton goes out of the screen / photon goes into the screen

[courtesy of A. Bacchetta, Pavia]
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quark polarimetry
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unpolarized quarks: easy - “just” hit them (and count) 

longitudinally polarized quarks: use polarized beam 
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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:
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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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Figure 5. The transversity distribution functions
for u and d flavours as determined by our global
fit, at Q2 = 2.4 GeV2; we also show the Sof-
fer bound [46] (highest or lowest lines) and the
(wider) uncertainty bands of our previous extrac-
tion [20].

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

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

δq =

∫ 1

0
dx (∆T q −∆T q̄) =

∫ 1

0
dx∆T q (20)

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

δu = 0.54+0.09
−0.22 δd = −0.23+0.09

−0.16 . (21)

Such values are quite close to various model pre-
dictions [47–50] for tensor charges which span the
ranges 0.5 ≤ δu ≤ 1.5 and −0.5 ≤ δd ≤ 0.5 (see
Fig. 8). In this context it is worth mentioning a
subtle point concerning the strong scale depen-
dence of the tensor charge, recently addressed in
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Figure 7. Comparison of the extracted transver-
sity (solid line) with the helicity distribution
(dashed line) at Q2 = 2.4 GeV2. The Soffer
bound [46] (blue solid line) is also shown.

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

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

[Anselmino et al., Nucl.Phys.Proc.Suppl.191 (2009) 98]
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GeV2. It results that, both for u and d quarks,
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Ref. [51]. For the effective models of baryons, as
those referred to above, the choice of their start-
ing energy scale and their Q2 evolution could play

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

[Anselmino et al., Nucl.Phys.Proc.Suppl.191 (2009) 98]
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semi-inclusive DIS 
excluding transverse polarization:

17
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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
19
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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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inclusive DIS (one-photon exchange)

22

INTRODUCTION

e↔ + p" → e′ + X

φ = (!k×!SN)·!k′
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03c0 + 04c1 + 05c1: 6.9 mln DIS events

A.Ivanilov HERMES Collaboration Meeting, 05. 03. 2008 – p. 2

4

where ∆CMS
NS (αs(Q2)) and ∆CMS

S (αs(Q2)) are the first
moments of the non-singlet and singlet Wilson coefficient
functions, respectively.

The difference of the g1 moments for proton and neu-
tron leads to the Bjorken Sum Rule [15, 16], which in
leading twist reads:

Γp
1(Q

2) − Γn
1 (Q2) =

1
6
a3∆CMS

NS (αs(Q2)), (12)

while their sum is given by:

Γp
1(Q

2) + Γn
1 (Q2) =

1
18

[
a8∆CMS

NS (αs(Q2))

+4a0∆CMS
S (αs(Q2))

]
. (13)

This sum equals twice the deuteron moment apart from
a small correction due to the D-wave admixture to the
deuteron wave function (see Eq. (23)). The measurement
of Γd

1 hence allows for a straightforward determination of
a0 using only a8 as additional input.

In the MS scheme, the non-singlet (singlet) coefficient
has been calculated up to third (second) order in the
strong coupling constant [17]:

∆CMS
NS (αs(Q2)) = 1 −αs

π
−3.583

(αs

π

)2
−20.215

(αs

π

)3

(14)

∆CMS
S (αs(Q2)) = 1 −

(αs

π

)
− 1.096

(αs

π

)2
, (15)

for Nq = 3 [18]. Estimates exist for the fourth (third)
order non-singlet (singlet) term [19].

The first determination of ∆Σ was a moment anal-
ysis of the EMC proton data [20], using Eq. (11) and
the moments of the Wilson coefficients in O(α1

s). It re-
sulted in ∆Σ = 0.120 ± 0.094(stat) ± 0.138(sys), much
smaller than the expectation (∆Σ ≈ 0.6) [21, 22] from the
relativistic constituent quark model. This result caused
enormous activity in both experiment and theory. A se-
ries of high-precision scattering experiments with polar-
ized beams and targets were completed at CERN [23–25],
SLAC [26–28], DESY [29] and continue at CERN [30] and
JLAB [31]. Such measurements are always restricted to
certain x and Q2 ranges due to the experimental con-
ditions. However, any determination of ∆Σ requires an
‘evolution’ to a fixed value of Q2 and an extrapolation of
g1 data to the full x range and substantial uncertainties
might arise from the necessary extrapolations x → 0 and
x → 1. This limitation applies also to recent determina-
tions of ∆Σ based on NLO fits [32–36] of the x and Q2

dependence of g1 for proton, deuteron, and neutron, us-
ing Eq. (10) and the corresponding evolution equations.

This paper reports final results obtained by the HER-
MES experiment on the structure function g1 for the pro-
ton, deuteron, and neutron. The results include an anal-
ysis of the proton data collected in 1996, a re-analysis of
1997 proton data previously published [37], as well as the
analysis of the deuteron data collected in the year 2000.

While the accuracy of the HERMES proton data is com-
parable to that of earlier measurements, the HERMES
deuteron data are more precise than all published data.
By combining HERMES proton and deuteron data, pre-
cise results on the neutron spin structure function gn

1 are
obtained.

For this analysis, the kinematic range has been ex-
tended with respect to the previous proton analysis, to
include the region at low x (0.0041 ≤ x ≤ 0.0212) with
low Q2. In this region the information available on g1

was sparse. As will be discussed in Sect. VI, the first
moment Γd

1 determined from HERMES data appears to
saturate for x < 0.04. This observation allows for a de-
termination of a0 with small uncertainties and for a test
of the Bjorken Sum Rule, as well as scheme-dependent
estimates of ∆Σ and the first moments of the flavor sep-
arated quark helicity distributions, ∆u + ∆ū, ∆d + ∆d̄
and ∆s +∆s̄.

The paper is organized as follows: the formalism lead-
ing to the extraction of the structure function g1 will
be briefly reviewed in Sect. II, Sect. III deals with the
HERMES experimental arrangement and the data anal-
ysis is described in Sect. IV. Final results are presented
in Sect. V and discussed in Sect. VI.

II. FORMALISM

In the one-photon-exchange approximation, the differ-
ential cross section for inclusive deep-inelastic scattering
of polarized charged leptons off polarized nuclear targets
can be written [38] as:

d2σ(s, S)
dx dQ2

=
2πα2y2

Q6
Lµν(s)Wµν(S) , (16)

where α is the fine-structure constant. As depicted in
Fig. 1 the leptonic tensor Lµν describes the emission of
a virtual photon at the lepton vertex, and the hadronic
tensor Wµν describes the hadron vertex. The main kine-
matic variables used for the description of deep-inelastic
scattering are defined in Tab. I. The tensor Lµν can
be calculated precisely in Quantum Electro-Dynamics
(QED) [15]:

Lµν(s) = 2(kµk′
ν + kνk′

µ − gµν(k · k′ − m2
l ))

+ 2iεµναβ(k − k′)αsβ . (17)

Here the spinor normalization s2 = −m2
l is used. In the

following the lepton mass ml is neglected. For a spin-1/2
target the representation of Wµν requires four structure
functions to describe the nucleon’s internal structure. It
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polarized structure function g1(x)
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Can HERMES do more than “just” inclusive g1?

unpolarized DIS: F2  & σd/σp
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Can HERMES do more than “just” inclusive g1?

unpolarized DIS: F2  & σd/σp

tensor structure function b1
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Can HERMES do more than “just” inclusive g1?

unpolarized DIS: F2  & σd/σp

tensor structure function b1

transverse: g2
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Can HERMES do more than “just” inclusive g1?

unpolarized DIS: F2  & σd/σp

tensor structure function b1

transverse: g2

2-photon exchange in incl. DIS
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Can HERMES do more than “just” inclusive g1?

unpolarized DIS: F2  & σd/σp

tensor structure function b1

transverse: g2

2-photon exchange in incl. DIS
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Sivers amplitudes for pions

27
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Sivers amplitudes for pions

27
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☛ d-quark Sivers DF > 0  
   (cancelation for π-)

Sivers amplitudes for pions

27
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A. BACCHETTA, M. CONTALBRIGO: THE PROTON IN 3D

Fig. 6  The transverse-momentum distribution may be di!erent for quarks of 
di!erent "avors. There are some indications that the up-quarks are closer to 
the center than the down-quarks. The above pictures are compatible with 
existing data.

VOL28 / NO1-2 / ANNO2012 > 23

Fig. 7  Polarization-averaged distributions, as in #gs. 4 and 5, are cylindrically 
symmetric. But when the spin of the nucleon is taken into account (indicated 
by the white arrow in the plots), the distribution can be distorted. These 
images are elaborated starting from real data and show that the distortion for 
up- and down-quarks is opposite (see, e.g., [19, 20]). Large uncertainties are 
still a!ecting these pictures.
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existing data.
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Fig. 7  Polarization-averaged distributions, as in #gs. 4 and 5, are cylindrically 
symmetric. But when the spin of the nucleon is taken into account (indicated 
by the white arrow in the plots), the distribution can be distorted. These 
images are elaborated starting from real data and show that the distortion for 
up- and down-quarks is opposite (see, e.g., [19, 20]). Large uncertainties are 
still a!ecting these pictures.

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

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

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

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

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

0 electroproduction to both the ⇡
+ and ⇡

�

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

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

0 electroproduction.
The K

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

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

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

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

As is the case for K
�, the ⇡

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

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

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

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

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

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

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

criteria:

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

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

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

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

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

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

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

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

2
Q

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

2) and low z.l

lA more detailed discussion is presented in appendix B, including further distributions, e.g., for the more
critical region of low z and Q 2.
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[A. Airapetian et al., JHEP12(2020)010]

high-z data probes region of increased flavor 
sensitivity to struck quark 
(but also where contributions from exclusive 
vector-meson production becomes significant)
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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
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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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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 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 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 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 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 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 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.

– 33 –

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


HERA-4-EIC — June 8-10, 2022Gunar Schnell 

quark pol.

U L T

nu
cl

eo
n

po
l.

U f1 h�1

L g1L h�1L

T f�1T g1T h1, h�1T

Twist-2 TMDs

Pretzelosity

-0.04

-0.02

0

0.02

0.04 π+

2
 〈

s
in

(3
φ
-φ

S
) 

/ 
ε〉

U
⊥

-0.04

-0.02

0

0.02

0.04

0.1 0.2

π-

x
0.5 1

z
0 0.5 1

Ph⊥ [GeV]

-0.2

-0.15

-0.1

-0.05

-0

0.05

0.1

0.15

0.2
K

+

2
 〈

s
in

(3
φ
-φ

S
) 

/ 
ε〉

U
⊥

-0.2

-0.15

-0.1

-0.05

-0

0.05

0.1

0.15

0.2

0.1 0.2

K
-

x
0.5 1

z
0 0.5 1

Ph⊥ [GeV]

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.

– 41 –

quadrupole deformation in momentum space  

chiral-odd ➥ needs Collins FF (or similar) 
1H, 2H & 3He data from various experiments consistently small/vanishing 

cancelations?  pretzelosity=zero? or just the additional general suppression 
of the asymmetry by two powers of Ph⊥/MN  
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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 

similar observation at COMPASS
36
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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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devil in the details & 
lessons learnt on the way
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TMD factorization: a 2-scale problem

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

overall, Q mainly larger than Ph⊥  

not fulfilled in all kinematic bins 

more challenging, especially at low x (=low Q2), 
for more stringent constraint of zQ >> Ph⊥
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choice of fitting function

39

Ah
LU

M.L. fit� Ãh,sin �
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choice of fitting function

asymmetry amplitudes extracted by minimizing, e.g., 

 
 
where wi is event weight from hadron-ID, charge-symmetric BG etc. 

need to include all possible modulations in fit
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 mixing of target polarizations
theory done w.r.t. virtual-photon direction

experiments use targets polarized w.r.t. lepton-beam direction
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Experiment: Target Polariza-
tion w.r.t. Beam Direction (l)!
Theory: Polarization along virtual photon di-
rection (q)
⇒ mixing of “experimental” and “theory”
asymmetries via:
[Diehl and Sapeta, Eur. Phys. J. C41 (2005)]
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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 
[Diehl & Sapeta, EPJ C 41 (2005) 515], e.g., 
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Gunar Schnell, Universiteit Gent QCD-N’06 – Frascati, June 14th , 2006 – p. 22/36

➡  need data on same target for both polarization orientations!
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difficult to evaluate precisely in absence of good physics model

general challenge to statistically precise data sets

avoid 1d binning/presentation of data

theorist: watch out for precise definition (if given!) of experimental 
results reported … and try not to treat data points of different 
projections as independent
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most TMD cross sections differential in at least 5 variables  

some easily parametrized (e.g., azimuthal dependences), others mostly unknown 

1-dimensional binning provide only (sometimes misleading) glimpse of true physics  

even different projections can’t fully disentangle underlying physics dependences  

e.g., binning in x involves [incomplete] integration(s) over Ph⊥ 

further complication: physics (cross sections) folded with acceptance  

NO experiment has flat acceptance in full multi-d kinematic space 
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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.

reconstructed 
MC

input model  
(fit to data)

small detector effects in fully differential analysis 

 inclusive hadrons: AUT sin" amplitude 
 “closure test”
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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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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.

reconstructed 
MC

input model  
(fit to data)

small detector effects in fully differential analysis 

 inclusive hadrons: AUT sin" amplitude 
 “closure test”
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not so small detector effects in 1D analysis 
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strong kinematic dependence can lead to 
large systematic effects if integrated over

 inclusive hadrons: AUT sin" amplitude 
 “closure test”
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detector effects — need for multi-d analyses

Why have 1d projections survived for so long? 

faster to catch features of functional dependence 

most prominent asymmetry was ALL (or A1) 

viewed with “collinear monocles” - thus blind for 3d effects 

no strong dependence on hadron kinematics observed 

48
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Ph⊥ dependence of A|| (three x ranges)
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again, no strong dependence (beyond on x)

also fit to A1 fit does not favor an 
additional dependence on Ph⊥

[HERMES, PRD 99 (2019) 112001]
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detector effects — need for multi-d analyses

Why have 1d projections survived for so long? 

faster to catch features of functional dependence 

most prominent asymmetry was ALL (or A1) 

viewed with “collinear monocles” - thus blind for 3d effects 

no strong dependence on hadron kinematics observed 

however, a priori this is a wrong starting point 

TMD physics with strong dependence on hadron kinematics 

even data for azimuthally flat A1 can be influenced by azimuthal acceptance
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detector effects — need for multi-d analyses

Why have 1d projections survived for so long? 

faster to catch features of functional dependence 

most prominent asymmetry was ALL (or A1) 

viewed with “collinear monocles” - thus blind for 3d effects 

no strong dependence on hadron kinematics observed 

however, a priori this is a wrong starting point 

TMD physics with strong dependence on hadron kinematics 

even data for azimuthally flat A1 can be influenced by azimuthal acceptance

need to evaluate systematics due to integration over phase space => Monte Carlo  
48
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correcting for geometric acceptance

49

.

hermes Acceptance effects

use asymmetries to minimize systematics for spin-dependent
observables, e.g.:

ε(φ,Ω) =
ε(φ,Ω)σUU (φ,Ω)

σUU (φ,Ω)
Ω = x, y, z, . . .

!=

∫
dΩσUU (φ,Ω) ε(φ,Ω)∫

dΩσUU (φ,Ω)

!=

∫
dΩ ε(φ,Ω) ≡ ε(φ)

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 1/1

extract acceptance from Monte Carlo simulation?

simulated acceptance simulated cross section
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correcting for geometric acceptance

49

extract acceptance from Monte Carlo simulation?

.

hermes Acceptance effects

use asymmetries to minimize systematics for spin-dependent
observables, e.g.:

ε(φ,Ω) =
ε(φ,Ω)σUU (φ,Ω)

σUU (φ,Ω)
Ω = x, y, z, . . .

!=

∫
dΩσUU (φ,Ω) ε(φ,Ω)∫

dΩσUU (φ,Ω)

!=

∫
dΩ ε(φ,Ω) ≡ ε(φ)

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 1/1

“Aus Differenzen und Summen 
kürzen nur die Dummen.”
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correcting for geometric acceptance

49

extract acceptance from Monte Carlo simulation?

cross-section model does NOT CANCEL in general when integrating 
numerator and denominator over (large) ranges in kinematic variables!.

hermes Acceptance effects

use asymmetries to minimize systematics for spin-dependent
observables, e.g.:

ε(φ,Ω) =
ε(φ,Ω)σUU (φ,Ω)

σUU (φ,Ω)
Ω = x, y, z, . . .

!=

∫
dΩσUU (φ,Ω) ε(φ,Ω)∫

dΩσUU (φ,Ω)

!=

∫
dΩ ε(φ,Ω) ≡ ε(φ)

Gunar Schnell, Universiteit Gent Jefferson Lab, January 11
th
, 2008 – p. 1/1

“Aus Differenzen und Summen 
kürzen nur die Dummen.”



HERA-4-EIC — June 8-10, 2022Gunar Schnell 

“classique” example: 〈cosφ〉UU

50

47
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[F. Giordano, Transversity 2008, Ferrara]
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Figure 6.7: Difference between two φS’s which evaluated with and without
the detector smearing effects. Note this result is independent of the QED
radiative effect.

Figure 6.8: Schematic illustration of event migration.

103

 further complication: event migration 

51

[courtesy of H. Tanaka]
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Figure 6.7: Difference between two φS’s which evaluated with and without
the detector smearing effects. Note this result is independent of the QED
radiative effect.

Figure 6.8: Schematic illustration of event migration.

103

 further complication: event migration 

51

- migration correlates yields in different bins 
- can’t be corrected properly in bin-by-bin approach
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 further complication: event migration -> unfolding

experimental yield in ith bin depends on all Born bins j …

… and on BG entering kinematic range from outside region 

52

Yexp(�i) �
N�

j=1

Sij

⇥

j
d� d�(�) + B(�i)
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 further complication: event migration -> unfolding

experimental yield in ith bin depends on all Born bins j …

… and on BG entering kinematic range from outside region 

smearing matrix Sij embeds information on migration 

determined from Monte Carlo — independent of physics model in limit of 
infinitesimally small bins and/or flat acceptance/cross-section in every bin  

in real life: dependence on BG and physics model due to finite bin sizes 

inversion of relation gives Born cross section from measured yields

52

Yexp(�i) �
N�

j=1

Sij

⇥

j
d� d�(�) + B(�i)
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multi-D vs. 1D unfolding 

53

Neglecting to unfold in z changes x 
dependence dramatically 
➡ 1D unfolding clearly insufficient
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Figure 4.5: The x-dependence of the (K+ + K�)-multiplicities di↵ers drastically
between a proper three-dimensional analysis (red), compared to a simple one-
dimensional extraction (blue). This illustrates the large systematic uncertainty in-
troduced by not considering the proper kinematic dependencies during the analy-
sis, in particular the acceptance correction. The points in this figure were extracted
from the 2000 proton sample.

43

[S.J. Joosten, PhD thesis UIUC (2013)]
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multi-D vs. 1D unfolding 
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Figure 4.5: The x-dependence of the (K+ + K�)-multiplicities di↵ers drastically
between a proper three-dimensional analysis (red), compared to a simple one-
dimensional extraction (blue). This illustrates the large systematic uncertainty in-
troduced by not considering the proper kinematic dependencies during the analy-
sis, in particular the acceptance correction. The points in this figure were extracted
from the 2000 proton sample.

43

[S.J. Joosten, PhD thesis UIUC (2013)]

even though only interested in 
collinear observable, need to 
carefully consider all, e.g., also 
transverse, d.o.f.
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multi-D vs. 1D unfolding

54

Acceptance Correction

w = (x, y, z, Ph�)

MC

Generated in 4�
Inside acceptance

MC

MC simulation of spectrometers to correct for 
acceptance/QED radiation

Model 4D  1D

13

n =

�
L⇥0

w[1 + 2�cos⇤h⇥w + 2�cos 2⇤h⇥w]�accw,�h
�radw,�h

dw

Francesca Giordano

fully simulated yield with clear cosine 
modulations from migration and acceptance
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Francesca Giordano

multi-D vs. 1D unfolding
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Acceptance Correction

w = (x, y, z, Ph�)

MC

Generated in 4�
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MC

MC simulation of spectrometers to correct for 
acceptance/QED radiation

Model 4D  1D
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n =

�
L⇥0

w[1 + 2�cos⇤h⇥w + 2�cos 2⇤h⇥w]�accw,�h
�radw,�h

dw

Francesca Giordano

fully simulated yield with clear cosine 
modulations from migration and acceptance

1D clearly not 
sufficient
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Monte Carlo simulation for TMD analyses
early Collins and Sivers analyses used dedicated 
TMD single-hadron MC: gmcTRANS  based on 
Gaussian Ansatz 

fully analytic, but no full-blown “event generator”  

55
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Figure 5.2.4: The implemented and extracted asymmetry amplitudes (upper

half) and the differences between implemented and extracted

amplitudes (lower half) for generated and reconstructed negative

pion events. The generated events cover the whole range of the

solid angle.



HERA-4-EIC — June 8-10, 2022Gunar Schnell 

Monte Carlo simulation for TMD analyses
early Collins and Sivers analyses used dedicated 
TMD single-hadron MC: gmcTRANS  based on 
Gaussian Ansatz 

fully analytic, but no full-blown “event generator”  

adopted “polarizing” procedure for PYTHIA, 
introducing spin states according to model for spin-
dependent cross section: 
 
 
 
throwing a random variable 0<#<1 

model: fully differential Taylor series fit to 
HERMES data  

55
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Figure 5.2.4: The implemented and extracted asymmetry amplitudes (upper

half) and the differences between implemented and extracted

amplitudes (lower half) for generated and reconstructed negative
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the Fourier amplitudes extracted. A rigorous analysis procedure involves a fully differential
unfolding as done, e.g., for the HERMES measurement of the cosine modulations in the
polarization-averaged semi-inclusive deep-inelastic scattering cross section [32]. Here, the
limited number of events precludes an unfolding in six dimensions. However, being effec-
tively an asymmetry measurement results in various approximate cancelations of detector
effects. Nevertheless, even though the angular Fourier decomposition uses a maximum-
likelihood fit unbinned in the azimuthal angles, the limited instrumental acceptance in the
remaining kinematic variables can still influence the measurement [106], especially if not
performed differential in all the remaining kinematic variables.

Monte Carlo simulations of both the underlying physics as well as of the detector
response have become a vital tool for evaluating such systematic effects. The basis for
those is a reliable modeling of the experimental setup but also realistic simulations of
the physics processes. The measurements presented here enter a territory for which the
latter are scarce, mainly due to a lack of knowledge about the various TMDs. Several
dedicated physics generators have become available, but none that covers all the TMDs
and modulations examined here.

The approach chosen in this analysis makes use of an already very good description
of the spin-independent semi-inclusive deep-inelastic scattering cross section provided by
Pythia6.2 [96, 97]. Pythia6.2 events come with event weights equal to unity and are
hence easy to reshuffle. This is exploited to introduce spin dependence into the otherwise
spin-independent event generator [106, 183, 184]. A polarization state P is assigned to
each event i based on a model of the spin asymmetry of interest, e.g.,

ρ<
1
2

[
1+Asin(φ−φS)

U⊥ (Ωi)sin(φi−φi
S)

]
⇒ P =+1 (C.1)

ρ>
1
2

[
1+Asin(φ−φS)

U⊥ (Ωi)sin(φi−φi
S)

]
⇒ P =−1 (C.2)

in case of the Sivers Fourier amplitude, by throwing a random variable 0< ρ< 1. Here,
(Ωi,φi,φi

S) are the fully differential true kinematics for that particular event and Asin(φ−φS)
U⊥

is a suitable parameterization for the Sivers modulation. In the specific analysis, eqs. (C.1)
and (C.2) are to include all ten azimuthal modulations including the double-spin asymme-
tries. Virtually any parameterization of the spin dependence can be implemented (as long
as fulfilling positivity constraints) without limiting oneself to, e.g., the Gaussian Ansatz
for the transverse-momentum dependence. In addition, the full event will remain avail-
able, which allows a more thorough study of systematics due to event-topology-dependent
detector responses.

Given the scant availability of parameterizations for all modulations studied here, a
data-driven approach is employed. An approximate model of reality is obtained by expand-
ing the various Fourier amplitudes measured in a Taylor series in all kinematic variables.
A maximum-likelihood fit is employed to extract the coefficients of the fully differential
(though truncated) Taylor series for every single azimuthal amplitude appearing in the
cross section and for every hadron type. These parameterizations are then used to assign
spin states to the Pythia6.2 Monte Carlo simulation — augmented with RadGen [107] to
account for QED radiative effects and passed through a Geant3 [108] description of the
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Figure 48. Left: comparison of the HERMES data for charged-pion Collins SFA amplitudes with
the fully differential model of those evaluated at the average kinematics of each bin. The dashed
curve (red) uses the model based on data in the standard 0.2<z < 0.7 range, while the solid line
(blue) includes also the high-z data. Right: comparison of the fully differential models evaluated
at the average kinematics of each bin with the fully reconstructed “polarized Pythia6.2” simula-
tion (in HERMES acceptance) based on those models. The difference is assigned as systematic
uncertainty and shown as uncertainty bands at the bottom of each panel.

using the average, 〈Mπ±〉, of the π± multiplicities [98].
Figures 48 (right) and 49 illustrate the subsequent extraction of systematic uncertain-

ties. The “polarized Pythia6.2” events were tracked through a realistic simulation of the
experiment and analyzed in the same way as normal experimental data. The reconstructed
asymmetry amplitudes are compared to the parameterizations evaluated at the mean re-
constructed kinematics of each data point, i.e., in each experimental bin. (This is the same
as how the data are usually used in phenomenological fits, e.g., interpreted as the true value
of the observable for the average kinematics given alongside.) In each kinematic bin, the
difference of the reconstructed Monte Carlo asymmetries and the parameterization, e.g.,

δsys (2〈sin(φ−φS)〉U⊥) ≡ | 2〈sin(φ−φS)〉MC
U⊥ −Asin(φ−φS)

U⊥ (〈Ω〉bin) | (C.5)

stems from detector effects including smearing, but more importantly from the integration
over kinematic variables, and is assigned as the corresponding systematic uncertainty.

It is worthwhile to highlight that the difference of an average asymmetry in a bin
and the asymmetry value at the average kinematics of that bin strongly depends on the
non-linearity of the asymmetry and the kinematic region integrated over. That makes the
one-dimensional projections much more susceptible to acceptance effects than the three-
dimensional data presented as the main results in this analysis.
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the Fourier amplitudes extracted. A rigorous analysis procedure involves a fully differential
unfolding as done, e.g., for the HERMES measurement of the cosine modulations in the
polarization-averaged semi-inclusive deep-inelastic scattering cross section [32]. Here, the
limited number of events precludes an unfolding in six dimensions. However, being effec-
tively an asymmetry measurement results in various approximate cancelations of detector
effects. Nevertheless, even though the angular Fourier decomposition uses a maximum-
likelihood fit unbinned in the azimuthal angles, the limited instrumental acceptance in the
remaining kinematic variables can still influence the measurement [106], especially if not
performed differential in all the remaining kinematic variables.

Monte Carlo simulations of both the underlying physics as well as of the detector
response have become a vital tool for evaluating such systematic effects. The basis for
those is a reliable modeling of the experimental setup but also realistic simulations of
the physics processes. The measurements presented here enter a territory for which the
latter are scarce, mainly due to a lack of knowledge about the various TMDs. Several
dedicated physics generators have become available, but none that covers all the TMDs
and modulations examined here.

The approach chosen in this analysis makes use of an already very good description
of the spin-independent semi-inclusive deep-inelastic scattering cross section provided by
Pythia6.2 [96, 97]. Pythia6.2 events come with event weights equal to unity and are
hence easy to reshuffle. This is exploited to introduce spin dependence into the otherwise
spin-independent event generator [106, 183, 184]. A polarization state P is assigned to
each event i based on a model of the spin asymmetry of interest, e.g.,

ρ<
1
2

[
1+Asin(φ−φS)

U⊥ (Ωi)sin(φi−φi
S)

]
⇒ P =+1 (C.1)

ρ>
1
2

[
1+Asin(φ−φS)

U⊥ (Ωi)sin(φi−φi
S)

]
⇒ P =−1 (C.2)

in case of the Sivers Fourier amplitude, by throwing a random variable 0< ρ< 1. Here,
(Ωi,φi,φi

S) are the fully differential true kinematics for that particular event and Asin(φ−φS)
U⊥

is a suitable parameterization for the Sivers modulation. In the specific analysis, eqs. (C.1)
and (C.2) are to include all ten azimuthal modulations including the double-spin asymme-
tries. Virtually any parameterization of the spin dependence can be implemented (as long
as fulfilling positivity constraints) without limiting oneself to, e.g., the Gaussian Ansatz
for the transverse-momentum dependence. In addition, the full event will remain avail-
able, which allows a more thorough study of systematics due to event-topology-dependent
detector responses.

Given the scant availability of parameterizations for all modulations studied here, a
data-driven approach is employed. An approximate model of reality is obtained by expand-
ing the various Fourier amplitudes measured in a Taylor series in all kinematic variables.
A maximum-likelihood fit is employed to extract the coefficients of the fully differential
(though truncated) Taylor series for every single azimuthal amplitude appearing in the
cross section and for every hadron type. These parameterizations are then used to assign
spin states to the Pythia6.2 Monte Carlo simulation — augmented with RadGen [107] to
account for QED radiative effects and passed through a Geant3 [108] description of the
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Figure 48. Left: comparison of the HERMES data for charged-pion Collins SFA amplitudes with
the fully differential model of those evaluated at the average kinematics of each bin. The dashed
curve (red) uses the model based on data in the standard 0.2<z < 0.7 range, while the solid line
(blue) includes also the high-z data. Right: comparison of the fully differential models evaluated
at the average kinematics of each bin with the fully reconstructed “polarized Pythia6.2” simula-
tion (in HERMES acceptance) based on those models. The difference is assigned as systematic
uncertainty and shown as uncertainty bands at the bottom of each panel.

using the average, 〈Mπ±〉, of the π± multiplicities [98].
Figures 48 (right) and 49 illustrate the subsequent extraction of systematic uncertain-

ties. The “polarized Pythia6.2” events were tracked through a realistic simulation of the
experiment and analyzed in the same way as normal experimental data. The reconstructed
asymmetry amplitudes are compared to the parameterizations evaluated at the mean re-
constructed kinematics of each data point, i.e., in each experimental bin. (This is the same
as how the data are usually used in phenomenological fits, e.g., interpreted as the true value
of the observable for the average kinematics given alongside.) In each kinematic bin, the
difference of the reconstructed Monte Carlo asymmetries and the parameterization, e.g.,

δsys (2〈sin(φ−φS)〉U⊥) ≡ | 2〈sin(φ−φS)〉MC
U⊥ −Asin(φ−φS)

U⊥ (〈Ω〉bin) | (C.5)

stems from detector effects including smearing, but more importantly from the integration
over kinematic variables, and is assigned as the corresponding systematic uncertainty.

It is worthwhile to highlight that the difference of an average asymmetry in a bin
and the asymmetry value at the average kinematics of that bin strongly depends on the
non-linearity of the asymmetry and the kinematic region integrated over. That makes the
one-dimensional projections much more susceptible to acceptance effects than the three-
dimensional data presented as the main results in this analysis.
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the Fourier amplitudes extracted. A rigorous analysis procedure involves a fully differential
unfolding as done, e.g., for the HERMES measurement of the cosine modulations in the
polarization-averaged semi-inclusive deep-inelastic scattering cross section [32]. Here, the
limited number of events precludes an unfolding in six dimensions. However, being effec-
tively an asymmetry measurement results in various approximate cancelations of detector
effects. Nevertheless, even though the angular Fourier decomposition uses a maximum-
likelihood fit unbinned in the azimuthal angles, the limited instrumental acceptance in the
remaining kinematic variables can still influence the measurement [106], especially if not
performed differential in all the remaining kinematic variables.

Monte Carlo simulations of both the underlying physics as well as of the detector
response have become a vital tool for evaluating such systematic effects. The basis for
those is a reliable modeling of the experimental setup but also realistic simulations of
the physics processes. The measurements presented here enter a territory for which the
latter are scarce, mainly due to a lack of knowledge about the various TMDs. Several
dedicated physics generators have become available, but none that covers all the TMDs
and modulations examined here.

The approach chosen in this analysis makes use of an already very good description
of the spin-independent semi-inclusive deep-inelastic scattering cross section provided by
Pythia6.2 [96, 97]. Pythia6.2 events come with event weights equal to unity and are
hence easy to reshuffle. This is exploited to introduce spin dependence into the otherwise
spin-independent event generator [106, 183, 184]. A polarization state P is assigned to
each event i based on a model of the spin asymmetry of interest, e.g.,

ρ<
1
2

[
1+Asin(φ−φS)

U⊥ (Ωi)sin(φi−φi
S)

]
⇒ P =+1 (C.1)

ρ>
1
2

[
1+Asin(φ−φS)

U⊥ (Ωi)sin(φi−φi
S)

]
⇒ P =−1 (C.2)

in case of the Sivers Fourier amplitude, by throwing a random variable 0< ρ< 1. Here,
(Ωi,φi,φi

S) are the fully differential true kinematics for that particular event and Asin(φ−φS)
U⊥

is a suitable parameterization for the Sivers modulation. In the specific analysis, eqs. (C.1)
and (C.2) are to include all ten azimuthal modulations including the double-spin asymme-
tries. Virtually any parameterization of the spin dependence can be implemented (as long
as fulfilling positivity constraints) without limiting oneself to, e.g., the Gaussian Ansatz
for the transverse-momentum dependence. In addition, the full event will remain avail-
able, which allows a more thorough study of systematics due to event-topology-dependent
detector responses.

Given the scant availability of parameterizations for all modulations studied here, a
data-driven approach is employed. An approximate model of reality is obtained by expand-
ing the various Fourier amplitudes measured in a Taylor series in all kinematic variables.
A maximum-likelihood fit is employed to extract the coefficients of the fully differential
(though truncated) Taylor series for every single azimuthal amplitude appearing in the
cross section and for every hadron type. These parameterizations are then used to assign
spin states to the Pythia6.2 Monte Carlo simulation — augmented with RadGen [107] to
account for QED radiative effects and passed through a Geant3 [108] description of the

– 69 –

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

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

π+

2
 〈

s
in

(φ
+

φ
S
) 

/ 
ε〉

U
⊥

0.2<z<0.7 model

0.2<z<1.2 model

-0.12

-0.1

-0.08

-0.06

-0.04

-0.02

-0

0.02

0.04

0.1 0.2

π-

x
0.5 1

z
0 0.5 1

Ph⊥ [GeV]

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

π+

2
 〈

s
in

(φ
+

φ
S
) 

/ 
ε〉

U
⊥

0.2<z<0.7 model

0.2<z<1.2 model

-0.12

-0.1

-0.08

-0.06

-0.04

-0.02

-0

0.02

0.04

0.1 0.2 0.3

π-

x
0.5 1

z
0 0.5 1

Ph⊥ [GeV]

Figure 48. Left: comparison of the HERMES data for charged-pion Collins SFA amplitudes with
the fully differential model of those evaluated at the average kinematics of each bin. The dashed
curve (red) uses the model based on data in the standard 0.2<z < 0.7 range, while the solid line
(blue) includes also the high-z data. Right: comparison of the fully differential models evaluated
at the average kinematics of each bin with the fully reconstructed “polarized Pythia6.2” simula-
tion (in HERMES acceptance) based on those models. The difference is assigned as systematic
uncertainty and shown as uncertainty bands at the bottom of each panel.

using the average, 〈Mπ±〉, of the π± multiplicities [98].
Figures 48 (right) and 49 illustrate the subsequent extraction of systematic uncertain-

ties. The “polarized Pythia6.2” events were tracked through a realistic simulation of the
experiment and analyzed in the same way as normal experimental data. The reconstructed
asymmetry amplitudes are compared to the parameterizations evaluated at the mean re-
constructed kinematics of each data point, i.e., in each experimental bin. (This is the same
as how the data are usually used in phenomenological fits, e.g., interpreted as the true value
of the observable for the average kinematics given alongside.) In each kinematic bin, the
difference of the reconstructed Monte Carlo asymmetries and the parameterization, e.g.,

δsys (2〈sin(φ−φS)〉U⊥) ≡ | 2〈sin(φ−φS)〉MC
U⊥ −Asin(φ−φS)

U⊥ (〈Ω〉bin) | (C.5)

stems from detector effects including smearing, but more importantly from the integration
over kinematic variables, and is assigned as the corresponding systematic uncertainty.

It is worthwhile to highlight that the difference of an average asymmetry in a bin
and the asymmetry value at the average kinematics of that bin strongly depends on the
non-linearity of the asymmetry and the kinematic region integrated over. That makes the
one-dimensional projections much more susceptible to acceptance effects than the three-
dimensional data presented as the main results in this analysis.
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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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(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
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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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
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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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
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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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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 exclusive meson production

60

GK … S. Goloskokov & P. Kroll, e.g., EPJ C50 (2007) 829; C53 (2008) 367

GPDs convoluted with meson amplitude 

access to various quark-flavor combinations 

factorization proven for longitudinal photons 

generalized to transverse photons in GK model ρ0 2u+d, 9g/4
ω 2u−d, 3g/4
φ s, g
ρ+ u−d

J/ψ g

π0 2Δu+Δd
η 2Δu−Δd

exclusive meson production
modified perturbative approach -Goloskokov, Kroll (2006)-

A ∝ F (x, ξ, t; µ2) ⊗ K(x, ξ, z; log(Q2/µ2) ⊗ Φ(z, k⊥; µ2)

t

−2ξ

x + ξ x − ξ

at leading-twist: H, E, eH, eE
H and eH conserve the nucleon helicity

E and eE describe the nucleon helicity flip

quantum numbers of final state selects different GPDs

vector mesons (γ∗
L → ρL, ωL, φL): H, E

pseudoscalar mesons (γ∗
L → π, η): eH, eE

factorization for σL (and ρL, ωL, φL ) only

σL − σT suppressed by 1/Q

σT suppressed by 1/Q2

power corrections: k⊥ is not neglected

regulate the singularity in the transverse

amplitude

γ∗
T → ρ0

T transitions can be calculated

(model dependent)

-Ami Rostomyan- – p. 2

H,E, H̃, Ẽ, . . .
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look at various angular (decay) distributions to study helicity transitions 
[“spin-density matrix elements” (SDMEs), “amplitude ratios”]
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 exclusive meson production
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SDMEs from angular decay distribution

62

666 Eur. Phys. J. C (2009) 62: 659–695

W U+L
(
W,Q2, t,Φ,φ, cosΘ

)

≡ dσfull

dt dΦ dφ d cosΘ

/
dσfull

dt
(36)

reveals the helicity structure of the γ ∗N → ρ0N transition.
Its integral over the variables Φ , φ, and cosΘ is equal to

unity. The W,Q2 and t dependences of W U+L are con-
tained in the corresponding dependences of the SDMEs
rα
λV λ′

V
. The full angular dependence of W U+L(Φ,φ, cosΘ),

as a linear function of the SDMEs rα
λV λ′

V
, is given in (37)–

(39) as derived in Ref. [26].

W U+L(Φ,φ, cosΘ) = W U(Φ,φ, cosΘ) + W L(Φ,φ, cosΘ), (37)
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W L(Φ,φ, cosΘ) = 3
8π2 Pbeam
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3.7 s-channel helicity conservation

The measurement of SDMEs allows the determination of the
extent to which s-channel helicity is conserved for a given
process and kinematic conditions. SCHC implies that the
contributions from all non-diagonal transitions FλV λ′

N ;λγ λN

with λγ '= λV are zero. In terms of NPE and UPE ampli-
tudes, only T00, T11, and U11 remain. As a consequence, all
spin density matrix elements vanish except the unpolarized
SDMEs r04

00 , r1
1−1, Im{r2

1−1}, Re{r5
10}, Im{r6

10}, and the po-
larized ones Im{r7

10} and Re{r8
10}, as can be seen from (A.1)–

(A.23) of Appendix A. If SCHC holds, SDMEs are not in-
dependent, as the following relations apply:

r1
1−1 = − Im

{
r2

1−1
}
, (40)

Re
{
r5

10
}

= − Im
{
r6

10
}
, (41)

Re
{
r8

10
}

= Im
{
r7

10
}
. (42)

The measurement of SDMEs also allows for the determi-
nation of the extent to which the unnatural-parity-exchange
mechanism is relevant for a given process and for given
kinematic conditions. If natural-parity exchange dominates,

so that the amplitude U11 can be neglected, an additional
relation is obtained:

1 − r04
00 = 2r1

1−1 = −2 Im
{
r2

1−1
}
. (43)

4 The HERMES experiment

The HERMES experiment at DESY used a 27.6 GeV lon-
gitudinally polarized positron or electron beam impinging
on pure hydrogen or deuterium gas targets internal to the
HERA storage ring. Parts of the data set were collected with
longitudinally or transversely polarized targets, the polar-
ization of which was flipped approximately every minute.
The average over the target polarization values was con-
firmed to be consistent with zero, as required for the ex-
traction of SDMEs in this analysis. The lepton beam was
transversely self-polarized by the emission of synchrotron
radiation [42]. Longitudinal polarization at the interaction
point was achieved by spin rotators located upstream and
downstream of the HERMES apparatus. For both positive
and negative beam helicities, the beam polarization was con-
tinuously measured by two Compton polarimeters [43, 44].
The average beam polarization for the hydrogen (deuterium)

(angle definitions in backup)unpolarized   long. polarized  
beam              beam   
☟                   ☟                        
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analyses only use subset of data 

high-statistics data set from 2006/07 with dedicated recoil-proton detector not 
used so far 

corresponding analysis for $ started but not finished / published 

analysis can be expanded to, e.g., pion-pairs 

only HERA-I data published: PLB 599 (2004) 212 

exclusive pion/kaon cross sections 

only pions (w/o 2006/07 data) published: PLB 659 (2008) 486 

exclusive kaon spin-asymmetries 

only pions published with partially surprisingly large asym’s: PLB 682 (2010) 345 

kaons in SIDIS exhibit large asymmetries!
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(semi)-inclusive hadron production 

beam-helicity transfer to Lambda being analyzed in DIS regime  
(spin-dependent fragmentation function) 

preliminary results for high-statistics quasi-photoproduction, but not published 

longitudinal and transverse target-spin transfer in quasi-photoproduction 

preliminary results, but not published 

charged pion and kaon multiplicities: subset of data published: PRD 87 (2013) 074029 

high-statistics 2006/07 data set not included; fully differential analysis missing 

pi0 and eta also interesting, preliminary studies exist 

hadron production in nuclear environment; K- enhancement at large x&z ongoing
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(semi)-inclusive hadron production 

ALT in inclusive pion and kaon production 

AUT published; sneak-preview of ALT exists coming out from summer-student project 

beam-spin asymmetry in target-current-region hadron correlations 

novel distributions (fracture functions etc.)  

beam-spin asymmetry in di-hadron production 

transverse target-spin asymmetry published for pion pairs: JHEP 06 (2008) 017 

in general, hadron production data in RIVET for Monte Carlo tuning 

important kinematic region between high-energy and photo-production domains
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summary
HERMES was a latecomer to HERA 

brought a new, exciting, and very successful spin to the physics program 

focus on spin asymmetries in inclusive, semi-inclusive, and exclusive processes, 
but also on hadronization studies (including hadronization in nuclear environment) 

kinematic regime complementary to that of the EIC and the other HERA exp’s 

analyses still ongoing with still a quite range of topics … limited mainly by manpower 

while not 1:1 transferable to the EIC (e.g., fixed-target vs. collider), many analysis 
concepts can serve as a blue print for several studies to come at the EIC, but also 
at JLab 

worthwhile to put some effort in keeping the knowledge alive until first related 
EIC data becomes available 
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that the statistical test of those is based on the one-dimensional projections and hence restricted
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the latter two should significantly increase the reliability of uncertainties resulting from763

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

an unspecified degree of statistical and systematic correlation.765

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

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

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

kinematic variables.769

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

pIt has to be kept in mind that the Student’s t-test becomes less reliable when using a small number of
data points as, e.g., the case for the one-dimensional binning.
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Instead, the results for all asymmetries were tested against the NULL hypothesis using the772
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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
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0 and antiprotons, where results in only the one-dimensional binning are available, they776

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

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

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

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

confidence level are listed in table 9. Significantly non-zero results were neither found781
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are considered to be inconsistent with zero if the Student’s t-test established this for at777
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Fig. 3 Definition of angles in the process γ "N → ρ0N ′ →
π+π−N ′ [40]. Here Φ is the angle between the ρ0-production plane
and the lepton scattering plane in the “hadronic” center-of-mass system
of virtual photon and target nucleon. Θ and φ are polar and azimuthal
angles of the decay π+ in the vector meson rest frame

in the “hadronic” center-of-mass system of virtual photon
and target nucleon, where the Z-axis is directed along the
virtual-photon three-momentum q. The Y -axis of the right-
handed system is parallel to q × v. It is the normal to the ρ0

production plane spanned by the three-momenta q and v, of
the virtual photon and ρ0-meson, respectively. The angle Φ

between the ρ0-production plane and the lepton-scattering
plane in the “hadronic” center-of-mass system is specified
by

cosΦ = (q × v) · (k × k′)
|q × v| · |k × k′| ,

sinΦ = [(q × v) × (k × k′)] · q
|q × v| · |k × k′| · |q| .

(10)

The angle φ between the ρ0-production plane and ρ0-
decay plane is defined by

cosφ = (q × v) · (v × pπ+)

|q × v| · |v × pπ+| ,

sinφ = [(q × v) × v] · (pπ+ × v)

|(q × v) × v| · |pπ+ × v| ,

(11)

where pπ+ is the three-momentum of the positive decay pion
in the “hadronic” center-of-mass system.

The polar angle Θ of the decay π+ in the vector meson
rest frame, with the z-axis aligned opposite to the outgoing
nucleon momentum P′ and the y-axis parallel to Y and di-
rected along P′ × q, is defined by

cosΘ = −P′ · Pπ+

|P′| · |Pπ+| , (12)

where Pπ+ is the three-momentum of the positive decay
pion.

Note that the relation between this notation and the nota-
tions of the so-called “Trento convention” [41] and Ref. [28]
is: Φ = −φ[28] = −φh[41], φ = ϕ[28], Θ = ϑ[28].

3 Formalism

3.1 Helicity amplitudes

Exclusive vector meson leptoproduction (1) is commonly
described by helicity amplitudes FλV λ′

N ;λγ λN
, defined in the

“hadronic” center-of-mass system of virtual photon and tar-
get nucleon [26] (see Fig. 3). Helicity indices λγ and λV

describe the spin states of virtual photon and ρ meson, re-
spectively, while λN (λ′

N ) is the helicity of the initial (scat-
tered) nucleon. The helicity amplitude can be expressed as
the scalar product of the matrix element of the electromag-
netic current vector Jµ and the virtual-photon polarization
vector e

(λγ )
µ :

FλV λ′
N ;λγ λN

= (−1)λγ 〈vλV ;p′λ′
N |Jµ|pλN 〉e(λγ )

µ , (13)

where e
(±1)
µ describes the transverse and e

(0)
µ the longi-

tudinal polarization of the virtual photon. The ket vector
|pλN 〉 corresponds to the incident nucleon and the bra vec-
tor 〈vλV ;p′λ′

N | describes the final state of the ρ0 meson and
scattered nucleon. The amplitudes depend on Q2, W and t .
For convenience, these dependences may be omitted in the
following.

The amplitudes obey the relation [26]

F−λV −λ′
N ;−λγ −λN

= (−1)(λV −λ′
N )−(λγ −λN )FλV λ′

N ;λγ λN
, (14)

which is a consequence of parity conservation in the strong
and electromagnetic interactions.

3.2 Natural and unnatural-parity-exchange amplitudes

A helicity amplitude F can be decomposed into an ampli-
tude T for natural-parity exchange and an amplitude U for
unnatural-parity exchange:

FλV λ′
N ;λγ λN

= TλV λ′
N ;λγ λN

+ UλV λ′
N ;λγ λN

, (15)

with

TλV λ′
N ;λγ λN

= 1
2

(
FλV λ′

N ;λγ λN
+ (−1)−λV +λγ F−λV λ′

N ;−λγ λN

)
, (16)

back
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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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[Diehl and Sapeta, Eur. Phys. J. C41 (2005)]
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TMD factorization: a 2-scale problem

Q2 = P2h⊥ 
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TMD factorization: a 2-scale problem

Q2 = P2h⊥ 
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TMD factorization: a 2-scale problem

Q2 = P2h⊥/z2 
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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 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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similar-magnitude asymmetries for (anti)protons and 
pions  
➥consequence of u-quark dominance in both cases?
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(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
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not including the additional scale uncertainty of 7.3% due to the precision of the target-polarization
determination.
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one example of “collinear case”: A||(x,z,Q2) 

involves integration over typical TMD variables 
 
 

both cross sections depend on TMD variables, and this 
correlated with kinematics 
➥ couples to acceptance dependence on those variables 
➥ can easily reduce/increase observed asymmetry 
    [same is true for hadron multiplicities] 

ideally, fully differential analysis  
➥ in practice, resort to more approximate methods  
    with reliable systematics
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COMPASS azimuthal acc.

[Nucl. Phys. B 886 (2014) 1046–1077]


