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The dynamical nature of nuclear matter

2

Nuclear Matter Interactions and structures, quark 
and gluons, are inextricably mixed up

Observed properties such as mass and spin 
emerge out of the complex system

Ultimate goal Understand how matter at its most 
fundamental level is made

To reach goal precisely image quarks and gluons 
and their interactions

QCD’s Dyson-Schwinger Equations
The equations of motion of QCD () QCD’s Dyson–Schwinger equations

an infinite tower of coupled integral equations
tractability =) must implement a symmetry preserving truncation

The most important DSE is QCD’s gap equation =) quark propagator

�1
=

�1
+

ingredients – dressed gluon propagator & dressed quark-gluon vertex

S(p) =
Z(p2)

i/p + M(p2)

S(p) has correct perturbative limit

mass function, M(p2), exhibits
dynamical mass generation

complex conjugate poles
no real mass shell =) confinement

[M. S. Bhagwat et al., Phys. Rev. C 68, 015203 (2003)]
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A reminiscence on the HERMES experiment
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• HERMES Collaboration (1988-now) 
• Several hundred physicists from Europe and North America to study 

the spin structure of nuclear matter. 

• HERMES Experiment (1995-2007) 
• Technically innovative HERMES experiment at the first electron-

proton collider, HERA. 

• HERMES Legacy
• Considerable impact of scientific results with many pioneering 

measurements. 
• Shaped an entire generation of young people into scientific leaders. 



Polarized DIS measurements
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Novel QCD phenomena

3D imaging in space and momentum 

longitudinal structure (PDF)
+ transverse momentum information (TMDs)

order of a few hundred MeV

Particles and Nuclei International Conference, September 5, 2021

3D DISTRIBUTIONS EXTRACTED FROM DATA

�30

Figure 8. The down quark TMD PDF in b-space(left) and kT -space(right) presented at different values of

x. The color shows the size of the uncertainty relative the value of distribution.

6 Conclusions

We have extracted the unpolarized transverse momentum dependent parton distribution function
(TMDPDF) and rapidity anomalous dimension (also known as Collins-Soper kernel) from Drell-Yan
data. The analysis has been performed in the ⇣-prescription with NNLO perturbative inputs. We
have also provided an estimation of the errors on the extracted functions with the replica method.
The values of TMDPDF and rapidity anomalous dimension, together with the code that evaluates
the cross-section, are available at [45], as a part of the artemide package. We plan to release grids
for TMDPDFs extracted in this work also through the TMDlib [69].

Theoretical predictions are based on the newly developed concepts of ⇣-prescription and op-
timal TMD proposed in ref. [27]. This combination provides a clear separation between the non-
perturbative effects in the evolution factor and the intrinsic transverse momentum dependence.
Additionally, the ⇣-prescription permits the usage of different perturbative orders in the collinear
matching and TMD evolution. For that reasons, the precise values of the rapidity anomalous di-
mension (±1%(4%, 6%) accuracy at b = 1(3, 5) GeV�1) are relevant for any observable that obeys
TMD evolution.

In our analysis, we have included a large set of data points, which spans a wide range of
energies (4 < Q < 150 GeV) and x (x > 10�4), see fig. 1. The data set can be roughly split into
the low-energy data, which includes experiments E288, E605, E772 and PHENIX at RHIC, and
the high-energy data from Tevatron (CDF and D0) and LHC (ATLAS, CMS, LHCb) in similar
proportion. To exclude the influence of power corrections to TMD factorization we consider only
the low-qT part of the data set, as described in sec. 3. A good portion of data is included in the fit
of TMD distributions for the first time, that is the data from E772, PHENIX, some parts of ATLAS
and D0 data. For the first time, the data from LHC have been included without restrictions (the
only previous attempt to include LHC data in a TMDPDF fit is [13], where systematic uncertainties
and normalization has been treated in a simplified manner). We have shown that the inclusion of
LHC data greatly restricts the non-perturbative models at smaller b (b . 2 GeV�1) and smaller x

(x . 0.05), and therefore they are highly relevant for studies of the intrinsic structure of hadrons.
A detailed comparison of fits with and without LHC data has been discussed in sec. 5.

The extracted TMDPDF shows a non-trivial x-dependence that is not dictated only by the
collinear asymptotic limit of PDFs. In particular, we find that the unpolarized TMDPDF is bigger
(in impact parameter space) at larger x, see fig. 7. This indirectly implies a smaller value of the
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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.
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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.
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nucleon



SSA in SIDIS measurements at HERMES 
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2.3. Probing spin-orbit correlations in the nucleon
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Figure 2.4.: In the semi-inclusive measurement of deep-inelastic scattering off a transversely po-
larised target, two planes are defined with respect to the virtual-photon direction q: the
lepton scattering plane, spanned by the directions of the incoming lepton, l, and q, and
the hadron production plane, spanned by the directions of q and the produced hadron,
Ph. The angle f (fS) is defined as the azimuthal angle of the hadron production plane
(target spin axis ST ) relative to the lepton scattering plane.

2.3. Probing spin-orbit correlations in the nucleon
The TMD discussed in section 2.2 cause distinctive signatures in the azimuthal dependence in the
distribution of unpolarised hadrons produced in deep-inelastic scattering (figure 2.4). This depen-
dence is manifested in single-spin asymmetries (SSA). The analysis of single-spin asymmetries in
deep-inelastic scattering off transversely polarised nucleons gave first evidence for the chiral-odd
transversity distribution and the naive-T -odd Sivers function [HERMES05c]. This measurement
provides also signals for the worm-gear distribution h?,q

1L
�
x,p2T

�
and the pretzelosity function. In

this section, the description of single-spin asymmetries within QCD, the decomposition of the deep-
inelastic scattering cross section in terms of extended structure functions and the interpretation of
these structure functions is presented.

2.3.1. Transverse single-spin asymmetries
Single-spin asymmetries are observed in various scattering processes over a wide range in the centre-
of-mass energy [DM08]. Prominent examples are the E704 effect seen in polarised pp scattering,
p*p! hX , and the evidences found by the HERMES collaboration in deep-inelastic scattering.

❑ The E581/E704 collaborations (Fermilab) studied single-spin asymmetries in the inclusive
measurement of pions produced in the collision of transversely polarised (anti)protons with
an unpolarised hydrogen target. They reported large left-right asymmetries relative to the
direction of the incoming (anti)protons [E581 91, E704 91]. The results obtained at centre-
of-mass energies of about 20GeV are confirmed by the STAR and BRAHMS collaboration
(RHIC) at centre-of-mass energies up to 200GeV [STAR04, BRAHMS08].

❑ In the semi-inclusive measurement of deep-inelastic scattering off longitudinally and trans-
versely polarised targets, the HERMES collaboration observed single-spin asymmetries at a
centre-of-mass energy of about 7GeV [HERMES00, HERMES01, HERMES05c].
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TSSA at HERMES
• two naive-T-odd functions at leading twist:

• Sivers TMD: Sivers effect
• Collins FF:    Collins effect

2. Spin-orbit correlations in the nucleon

Single-spin asymmetries are associated with spin-orbit correlations of the type S · (p1⇥p2). In
general, they are caused by the interference of scattering amplitudes with different complex phases
coupling to the same final state [BHS02]. Transverse single-spin asymmetries, i.e. single-spin asym-
metries involving transversely polarised hadrons, are related to the interference of scattering ampli-
tudes with different hadron helicities. This interference is suppressed in hard scattering processes
[KPR78], but can be caused by initial- or final-state interactions [BHS02]. The distribution and
fragmentation function with the property to induce interactions in the initial or final state are known
as naive-T -odd. At leading-twist, transverse single-spin asymmetries can only be related to two
naive-T -odd function: the Sivers quark distribution or the Collins fragmentation function.

❑ Quarks with certain helicity can be selected in deep-inelastic scattering using longitudinally
polarised leptons. In single-hadron production, transversely polarised quarks can be studied
without requiring polarimetry in the final state via the Collins function H?,q

1
�
z,z2k2T

�
[Col93]

only, which describes the hadronisation of a transversely polarised quark into an unpolarised
hadron. Besides on z, this fragmentation function depends on the fragmenting quark’s trans-
verse momentum kT defined with respect to the direction of the produced hadron.
The chiral-odd Collins function allows for the measurement of chiral-odd quark distribution
functions: In conjunction with the chiral-odd transversity distribution, the naive-T -odd Collins
function leads to a left-right asymmetry in the distribution of the produced hadron’s momentum
Ph with respect to the transverse spin sq of the fragmenting quark and the direction of the
virtual photon. This single-spin asymmetries is related to the mixed product sq · (pq⇥Ph) and
manifests itself in a sin(f +fS) modulation in the momentum distribution of the produced
hadrons. The Collins function represents also the chiral-odd partner to access the chiral-odd
pretzelosity function and the chiral-odd worm-gear distribution h?,q

1L
�
x,p2T

�
in a semi-inclusive

measurement of deep-inelastic scattering. The Collins mechanism in conjunction with the spin-
orbit correlation of these TMD results in a sin(3f �fS) and sin(2f) modulation in the cross
section, respectively.

❑ The naive-T -odd Sivers function is related to the spin-orbit correlation, SN · (q⇥Ph) (section
2.2.1), which can be interpreted as a left-right asymmetry of unpolarised quarks in a trans-
versely polarised nucleon [Bur04b]. The spatial asymmetry of the TMD in directions trans-
verse to the momentum of the virtual photon and the spin of the nucleon is transferred into a
left-right asymmetry in the momentum distribution of the final-state hadron due to the final-
state interaction. As a consequence, a sin(f �fS) modulation is found in the cross section.
Final-state interactions are required for non-vanishing signals for the naive-T -odd Sivers func-
tion. The associated single-spin asymmetries is caused by the interference of scattering am-
plitudes involving a helicity flip of only the nucleon, which has to be compensated by orbital
angular momentum of the unpolarised quarks [BHS02].

2.3.2. The azimuthal modulations in the cross section
The possible contributions to the cross section of deep-inelastic scattering in a semi-inclusive mea-
surement arise from the various combinations in the scattering of unpolarised (U) or longitudinally
polarised (L) leptons off unpolarised, longitudinally or transversely polarised (T) nucleons:

s h = s h
UU+ll s h

LU+SLs h
UL+llSLs h

LL+ST s h
UT+llST s h

LT. (2.23)

Here, ll states the helicity of the beam leptons. The degree of the longitudinal and transverse polari-
sation of the target nucleons is denoted as SL and ST .
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Signals for TMD PDFs and TMD FFs
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2.3. Probing spin-orbit correlations in the nucleon

The differential cross section of the process, lN! l0hX , has been studied including the dependence
on the azimuthal angles f and fS [MT96, BM98, BJM00, BDG+07]. In the one-photon exchange ap-
proximation, the general form of the cross section (equation 2.23) can be decomposed into extended
structure functions F related to the various azimuthal modulations in the differential cross section:

ds h

dxdydfS dzdf dP2h?
=

a2

xyQ2
y2

2(1� e)

 
1+

g2

2x

!

⇢ h
FUU,T+ eFUU,L

+
p
2e (1+ e)cos(f)F cos(f)

UU + e cos(2f)F cos(2f)
UU

i

+ ll
hp

2e (1� e)sin(f)F sin(f)
LU

i

+ SL
hp

2e (1+ e)sin(f)F sin(f)
UL + e sin(2f)F sin(2f)

UL

i

+ SL ll
hp
1� e2FLL+

p
2e (1� e)cos(f)F cos(f)

LL

i

+ ST
h
sin(f �fS)

⇣
F sin(f�fS)
UT,T + eF sin(f�fS)

UT,L

⌘

+e sin(f +fS)F sin(f+fS)
UT + e sin(3f �fS)F sin(3f�fS)

UT
+
p
2e (1+ e)sin(fS)F sin(fS)

UT

+
p
2e (1+ e)sin(2f �fS)F sin(2f�fS)

UT

i

+ ST ll
hp
1� e2 cos(f �fS)F cos(f�fS)

LT

+
p
2e (1� e)cos(fS)F cos(fS)LT

+
p
2e (1� e)cos(2f �fS)F cos(2f�fS)

LT

i

�
.

(2.24)
The extended structure functions F

�
x,Q2,z, |Ph?|

�
depend on the kinematic variables x, Q2, z and

|Ph?|. Their azimuthal modulation is given as superscript. Besides the subscript for the lepton and
nucleon polarisation, a third subscript indicates the polarisation of the virtual photon for the extended
structure functions FUU,T, FUU,L, F

sin(f�fS)
UT,T and F sin(f�fS)

UT,L . The dependence of the longitudinal and
transverse polarisation of the virtual photon is considered via the ratio e of the longitudinal to the
transverse photon flux:

e =
1� y� 1

4g2y2

1� y+ 1
2y2+ 1

4g2y2
, g =

2Mx
Q2

, (2.25)

which is determined by the kinematics of the lepton.
For small transverse hadron momentum, P2h?⌧Q2, the process-dependent structure functions can

be interpreted in terms of a convolution over the intrinsic transverse momenta pT and kT of quark
distribution and fragmentation functions [CS81, JMY04, JMY05]. Results complete at leading- and
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2.3. Probing spin-orbit correlations in the nucleon

spin-independent cross-section contribution

FUU,T = C [ f1D1]
FUU,L = 0

F cos(f)
UL =

2M
Q

C

"
ĥ ·kT
Mh

 
xhH?

1 +
Mh

M
f1
D̃?

z

!
�
ĥ ·pT
M

 
x f ?D1�

Mh

M
h?1

H̃
z

!#

F cos(2f)
UU = C

"
�
2
�
ĥ ·kT

��
ĥ ·kT

�
�kT ·pT

MMh
h?1 H?

1

#

longitudinal target spin-dependent cross-section

F sin(f)
UL =

2M
Q

C

"
ĥ ·kT
Mh

 
xhLH?

1 +
Mh

M
g1L

G̃?

z

!
+
ĥ ·pT
M

 
x f ?L D1�

Mh

M
h?1L

H̃
z

!#

F sin(2f)
UL = C

"
�
2
�
ĥ ·kT

��
ĥ ·kT

�
�kT ·pT

MMh
h?1LH?

1

#

transverse target spin-dependent cross-section

F sin(f�fS)
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"
�
ĥ ·pT
M

f ?1TD1

#

F sin(f�fS)
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F sin(f+fS)
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"
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ĥ ·kT
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1

#
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"
2
�
ĥ ·pT
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Table 2.3.: Expressions for the extended structure functions F
�
x,Q2,z,Ph?

�
of the cross-section con-

tributions s h
UU, s h

UL and s h
UT are given in terms of convolutions over intrinsic quark mo-

menta pT and kT of distribution functions and fragmentation functions. For the sake of
clarity, the dependence of the distribution (fragmentation) functions on x (z) and pT (kT )
is omitted and the unit vector ĥ= Ph?/ |Ph?| is introduced.
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Collins effect

Differential 
cross section

Cross section decomposition
in terms of structure functions

Factorized results in terms 
of TMD PDFs and TMD FFs

Sivers TMD and spin-independent FF

Transversity PDF and Collins FF

at tree-level and twist-2 and twist-3 accuracy 

Assuming one-photon exchange, current 
fragmentation only, TMD factorization hold, 
small transverse momenta, Gaussian Ansatz 
valid
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2.3. Probing spin-orbit correlations in the nucleon

The differential cross section of the process, lN! l0hX , has been studied including the dependence
on the azimuthal angles f and fS [MT96, BM98, BJM00, BDG+07]. In the one-photon exchange ap-
proximation, the general form of the cross section (equation 2.23) can be decomposed into extended
structure functions F related to the various azimuthal modulations in the differential cross section:
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=
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(2.24)
The extended structure functions F

�
x,Q2,z, |Ph?|

�
depend on the kinematic variables x, Q2, z and

|Ph?|. Their azimuthal modulation is given as superscript. Besides the subscript for the lepton and
nucleon polarisation, a third subscript indicates the polarisation of the virtual photon for the extended
structure functions FUU,T, FUU,L, F

sin(f�fS)
UT,T and F sin(f�fS)

UT,L . The dependence of the longitudinal and
transverse polarisation of the virtual photon is considered via the ratio e of the longitudinal to the
transverse photon flux:

e =
1� y� 1

4g2y2

1� y+ 1
2y2+ 1

4g2y2
, g =

2Mx
Q2

, (2.25)

which is determined by the kinematics of the lepton.
For small transverse hadron momentum, P2h?⌧Q2, the process-dependent structure functions can

be interpreted in terms of a convolution over the intrinsic transverse momenta pT and kT of quark
distribution and fragmentation functions [CS81, JMY04, JMY05]. Results complete at leading- and
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10 type of asymmetries

• 6 SSA
• 4 DSA

7 hadron types

• π+, π0, π-

• K+, K-

• protons and antiprotons

3D projections and optimized 1D projections

• x 0.023 < x < 0.6 (before x < 0.4)
• z 0.2 < z < 1.2 (before z < 0.7) 
• Ph⟂

2 types of extractions 

• Cross-Section Asymmetries (CSA) entire Fourier amplitude of each 
cross-section contribution. 

• Structure-Function Asymmetries (SFA) pure ratios of structure 
functions, including correction for ε-dependent kinematic prefactors. 
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✓ := incompatible with NULL hypothesis at 95% CL (✓) := incompatible with NULL hypothesis at 90% CL

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

Azimuthal modulation Significant non-vanishing Fourier amplitude
π+ π − K+ K− p π 0 p̄

sin(φ+φS) [Collins] ! ! ! !
sin(φ−φS) [Sivers] ! ! ! ! (!) !
sin(3φ−φS) [Pretzelosity]
sin(φS) (!) ! !

sin(2φ−φS) (!)
sin(2φ+φS) !
cos(φ−φS) [Worm-gear] ! (!) (!)
cos(φ+φS)
cos(φS) !

cos(2φ−φS)

Table 9. The various azimuthal modulations of the semi-inclusive cross section and those hadron
species whose corresponding Fourier amplitudes are incompatible with the NULL hypothesis at
95% (90%) confidence. Antiprotons and π 0 are given separated in the last two columns to indicate
that the statistical test of those is based on the one-dimensional projections and hence restricted
to using only seven data points.

Due to the more limited precision of the antiproton and neutral-pion data, such three-
dimensional kinematic binning was not feasible. They were thus analyzed as functions of x,
z, and Ph⊥ individually (cf. tables 7 and 8), integrating over the corresponding remaining
kinematic variables.

Asymmetries in one overall kinematic bin are not presented as their extraction suffers
from the largest acceptance effects. They are also of limited value for phenomenology.
Instead, the results for all asymmetries were tested against the NULL hypothesis using
the two-sided Student’s t-test. The asymmetry results binned in three dimensions were
used, where available, to increase the robustness of the Student’s t-test by using 64 data
points and avoiding cancelation effects from integrating over kinematic dependences. In
the case of π 0 and antiprotons, where results in only the one-dimensional binning are
available, they are considered to be inconsistent with zero if the Student’s t-test estab-
lished this for at least one of the three projections (versus x, z, or Ph⊥).16 It is found
that most asymmetry amplitudes are consistent with zero in the semi-inclusive region
0.2<z < 0.7 used here. Those asymmetry amplitudes that are found to be inconsistent
with zero at 95% (90%) confidence level are listed in table 9. Significantly non-zero re-
sults were neither found for the pretzelosity 2〈sin(3φ−φS)〉hU⊥ Fourier amplitudes nor for
the M/Q-suppressed 2〈cos(φ+φS)〉hL⊥ and 2〈cos(2φ−φS)〉hL⊥ Fourier amplitudes. For the
2〈sin(2φ−φS)〉hU⊥ Fourier amplitude, only antiprotons were found to be inconsistent with
the NULL hypothesis and this only at the 90% but not at the 95% confidence level.

16It 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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Next slides Discussion of the Sivers amplitudes, expanding on the earlier publication, PRL103 (2009) 

152002, where HERMES reported clear evidence for the Sivers effect in SIDIS. 
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Fully differential approach with small bin-sizes

• minimizes the dominant contributions to the 
systematic uncertainty, and therefore 
maximizes the attainable experimental 
precision

• maximize information for QCD analysis
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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.

As in the previous publication [40], significantly positive Sivers amplitudes are observed
for positive pions. The asymmetries rise slightly with x, though remain significantly non-
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 π − Sivers asymmetry in the one-dimensional x projection is consistent with zero.
While π+ electroproduction off protons is dominated by up-quark scattering, π − 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 ρ0 electroproduction to both
the π+ and π − samples becomes sizable, as can be concluded from a Pythia6.2 Monte
Carlo simulation (cf. figure 4), even more so for π − than for π+. Charge-conjugation
dictates that the decay pions from the ρ0 exhibit the same asymmetry regardless of their
charge.22 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 ρ0 electroproduction.

The K+ Sivers asymmetry follows a similar kinematic behavior as the one for π+, but
is larger in magnitude, as can be seen in figure 13. While u-quark scattering should domi-

22This is also one motivation for looking at the charge-difference asymmetry in ref. [40] in which such
contributions cancel.
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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.

As in the previous publication [40], significantly positive Sivers amplitudes are observed
for positive pions. The asymmetries rise slightly with x, though remain significantly non-
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 π − Sivers asymmetry in the one-dimensional x projection is consistent with zero.
While π+ electroproduction off protons is dominated by up-quark scattering, π − 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 ρ0 electroproduction to both
the π+ and π − samples becomes sizable, as can be concluded from a Pythia6.2 Monte
Carlo simulation (cf. figure 4), even more so for π − than for π+. Charge-conjugation
dictates that the decay pions from the ρ0 exhibit the same asymmetry regardless of their
charge.22 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 ρ0 electroproduction.

The K+ Sivers asymmetry follows a similar kinematic behavior as the one for π+, but
is larger in magnitude, as can be seen in figure 13. While u-quark scattering should domi-

22This is also one motivation for looking at the charge-difference asymmetry in ref. [40] in which such
contributions cancel.
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Figure 15. Sivers SFA for π+ 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 [152] 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 [164]. 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 π+ 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 sec-
ond 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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Sivers amplitudes for charged pions
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Sivers amplitudes: pions results

• large positive amplitude → clear evidence of non-zero "#$%,'
• signal rises with (, ) and *+% in SIDIS region (0.2 < ) < 0.7)

• More informative 3D projections confirm and further detail 
the rise of the amplitude at large (, ) and *+%

Vanishing due to the
cancellation of the
opposite Sivers effect
for u and d quarks
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Sivers amplitudes for charged kaons
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Sivers amplitudes: Kaons results

Large positive amplitude, similar kinematic dep. of !"

Positive amplitude, different than !#
$# is a pure sea object with no valence quarks in 
common with target proton
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6.1. Evidence for the naive-T-odd Sivers function
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Figure 6.5.: The difference in the Sivers amplitudes for K+ and p + is presented as a function of the
Bjorken scaling variable x. In the right panels the difference in these amplitudes is also
shown for a lower (Q2 <

⌦
Q2(x)

↵
) and a higher scale (Q2 >

⌦
Q2(x)

↵
).

The sea-quark Sivers functions might play a crucial role in the understanding of the difference in
the Sivers amplitudes for p + and K+. In figure 6.5 the x-dependence of the 2hsin(f �fS)iK

+

UT �
2hsin(f �fS)ip +

UT difference is shown. The systematic uncertainties of these amplitudes are not
estimated using the difference in the models for K+ and p + but using a model for the difference to
account for a possible correlation of the systematic uncertainties. At a confidence level of 90% a
K+�p + difference, i.e. 2hsin(f �fS)iK

+

UT �2hsin(f �fS)ip +

UT, is measured in the order of 10�2.
In detailed studies, presented in section 5.4, no influence from experimental effects on the K+�

p + difference is found. The observed difference might imply that other quark flavours than u con-
tribute to the Sivers amplitudes for positively charged pions (p + =

��ud̄
↵
) and kaons (K+ =|us̄i). But

the disagreement in these amplitudes could be also caused by the convolutions in the Sivers ampli-
tudes different in the numerator and denominator (equation 6.4). The K+�p + difference might also
be affected by higher twist effects. The difference found at lower scale, Q2 <

⌦
Q2(x)

↵
, vanishes at

the higher scale Q2 >
⌦
Q2(x)

↵
(figure 6.5). This facet of the data, suggesting a possible higher twist

effect on the Sivers amplitudes for p + and K+, will stimulate further phenomenological discussion.
In the studies of twist-four (or even higher twist) effects, no evidence for significant 1

Q2 -suppressed
contributions is provided (section 5.3). These studies are hampered by the strong correlation of x
and Q2 and thus higher twist effects cannot be ruled out. But this question can be resolved in a
comparison with an experimental result with higher Q2-resolution. The COMPASS collaboration
recorded events from deep-inelastic scattering on a transversely polarised NH3 target with average
kinematics of hQi= 3.29GeV2, hxi= 0.045, hzi= 0.37 and hPh?i= 0.49GeV. A comparison with
their upcoming results will provide more insight into the possible role of higher twist effects.
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Figure 5.18.: The K+ �p + difference: Collins (left panel) and Sivers amplitudes (right panel) for
charged pions (black closed symbols) and kaons (blue open symbols) are compared.

5.4. The difference in the Collins and Sivers SSA for positively
charged pions and kaons

In the interpretation of deep-inelastic scattering measurements on a proton target, the scattering off
u quarks is commonly assumed to be the dominant contribution. This assumption is, e.g, supported
by the HERMES measurement of the double-spin asymmetry Ah1,

Ah1(x,z) =
∑
q
e2q g

q
1 (x)D

q
1 (z)

∑
q
e2q f

q
1 (x)Dq

1 (z)
, (5.18)

in the electroproduction of p + =
��ud̄

↵
and K+ =|us̄i [HERMES05b]. In the analysis of the double-

spin asymmetries for Ap +

1 and AK+

1 the contributions from u quarks is found as the dominant con-
tribution due to their electric-charge factors, eu = 2/3, and their large densities f u1 (x) in the proton
(p = |uud i). The double-spin asymmetries Ap +

1 and AK+

1 are signals for mainly the u-quark polari-
sation, gu1 (x)/ f u1 (x). In the assumption of u-quark dominance, only this term is considered in the
interpretation.
On the basis of u-quark dominance, similar SSA amplitudes are expected for positively charged

pions and kaons. But the extracted Collins and Sivers amplitudes for K+ are found to be larger than
those for p + (figure 5.18). Also differences are seen in the Collins and Sivers amplitudes for p +

and protons (figure 5.19) as well as K+ and protons. In the interpretation of the SSA amplitudes
for protons, the assumption of u-quark dominance is hampered by the poorly understood role of
diquarks in the electroproduction of protons. Thus, the focus is put on positively charged pions and
kaons only.
Before discussing in chapter 6 the implications of the observed difference, effects on the K+�p +

difference due to the identification of hadrons or the possible influence of target remnant fragmenta-
tion are studied using the Sivers amplitudes as example.
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Figure 5.11.: Correlation of x and Q2: In the left panel, the scale Q2 of the selected p + is studied
as a function of Bjorken-x. Due to the limited geometric acceptance of the HERMES
spectrometer and the kinematic requirements in the event selection the correlation is en-
hanced. In the right panel, average Q2 values are shown for every x-bin when splitting
the events (as indicated) according to the mean value in Q2(x) of the bin.

5.3. The role of higher twist terms
In an analysis of single-spin asymmetries on a longitudinally polarised target, the size of subleading-
twist and leading-twist effects was found to be similar [HERMES05d]. This observation indicates
that higher twist terms cannot be neglected a priori in the interpretation of single-spin asymmetries.
The various contributions to the transverse single-spin asymmetries are known at leading-twist (twist-
two) and subleading-twist (twist-three) accuracy [BDG+07]. There is no twist-three contribution to
the twist-two Collins, Sivers and sin(3f �fS)-terms. The sin(fS), sin(2f �fS) and sin(2f +fS)
terms are related to twist-three contributions. The possible influence of twist-four (or even higher
twist) effects on the significant Collins, Sivers and 2hsin(fS)iU? amplitudes is investigated by study-
ing the Q2-dependence of the SSA amplitudes and examining the contribution from decay products
of exclusive vector-meson production.

5.3.1. The scale dependence of the SSA amplitudes
As a consequence of the strong correlation of the scaling variables x andQ2 (figure 5.11), in particular
for low values of x or Q2, not only a scale dependence of the SSA amplitudes is observed (left
panels of figures 5.12–5.14), but also the study of possible 1

Q2 -suppressed contributions is hampered.
When increasing the requirement on Q2, the mean values in x change in addition to the scale of the
measurement. For this reason, SSA amplitudes extracted in various ranges in Q2, as e.g. shown in
figures 5.12–5.14 for Q2 > 4GeV2 and Q2 < 4GeV2, are difficult to compare. The differences seen,
e.g., for the Collins amplitudes of p� are related to the strong x-dependence of these amplitudes.
To study SSA amplitudes at different scales but at fixed x, the hadron events in each bin are

divided into two Q2 ranges below and above the average Q2 of the particular bin. As shown in
figure 5.11 for p + events, the mean values in Q2 differ by a factor of 1.7, while the mean values
in x (as well as z and |Ph?|) are in good agreement. When there is a strong x-dependence such
as for the Collins amplitudes for charged pions, also a clear difference in the SSA amplitudes for
Q2 >

⌦
Q2(x,z, |Ph?|)

↵
andQ2 <

⌦
Q2(x,z, |Ph?|)

↵
is found due to the correlation (figures 5.12–5.14).
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as a function of Bjorken-x. Due to the limited geometric acceptance of the HERMES
spectrometer and the kinematic requirements in the event selection the correlation is en-
hanced. In the right panel, average Q2 values are shown for every x-bin when splitting
the events (as indicated) according to the mean value in Q2(x) of the bin.

5.3. The role of higher twist terms
In an analysis of single-spin asymmetries on a longitudinally polarised target, the size of subleading-
twist and leading-twist effects was found to be similar [HERMES05d]. This observation indicates
that higher twist terms cannot be neglected a priori in the interpretation of single-spin asymmetries.
The various contributions to the transverse single-spin asymmetries are known at leading-twist (twist-
two) and subleading-twist (twist-three) accuracy [BDG+07]. There is no twist-three contribution to
the twist-two Collins, Sivers and sin(3f �fS)-terms. The sin(fS), sin(2f �fS) and sin(2f +fS)
terms are related to twist-three contributions. The possible influence of twist-four (or even higher
twist) effects on the significant Collins, Sivers and 2hsin(fS)iU? amplitudes is investigated by study-
ing the Q2-dependence of the SSA amplitudes and examining the contribution from decay products
of exclusive vector-meson production.

5.3.1. The scale dependence of the SSA amplitudes
As a consequence of the strong correlation of the scaling variables x andQ2 (figure 5.11), in particular
for low values of x or Q2, not only a scale dependence of the SSA amplitudes is observed (left
panels of figures 5.12–5.14), but also the study of possible 1

Q2 -suppressed contributions is hampered.
When increasing the requirement on Q2, the mean values in x change in addition to the scale of the
measurement. For this reason, SSA amplitudes extracted in various ranges in Q2, as e.g. shown in
figures 5.12–5.14 for Q2 > 4GeV2 and Q2 < 4GeV2, are difficult to compare. The differences seen,
e.g., for the Collins amplitudes of p� are related to the strong x-dependence of these amplitudes.
To study SSA amplitudes at different scales but at fixed x, the hadron events in each bin are

divided into two Q2 ranges below and above the average Q2 of the particular bin. As shown in
figure 5.11 for p + events, the mean values in Q2 differ by a factor of 1.7, while the mean values
in x (as well as z and |Ph?|) are in good agreement. When there is a strong x-dependence such
as for the Collins amplitudes for charged pions, also a clear difference in the SSA amplitudes for
Q2 >

⌦
Q2(x,z, |Ph?|)

↵
andQ2 <
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Q2(x,z, |Ph?|)
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is found due to the correlation (figures 5.12–5.14).
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Figure 5.18.: The K+ �p + difference: Collins (left panel) and Sivers amplitudes (right panel) for
charged pions (black closed symbols) and kaons (blue open symbols) are compared.

5.4. The difference in the Collins and Sivers SSA for positively
charged pions and kaons

In the interpretation of deep-inelastic scattering measurements on a proton target, the scattering off
u quarks is commonly assumed to be the dominant contribution. This assumption is, e.g, supported
by the HERMES measurement of the double-spin asymmetry Ah1,

Ah1(x,z) =
∑
q
e2q g

q
1 (x)D

q
1 (z)

∑
q
e2q f

q
1 (x)Dq

1 (z)
, (5.18)

in the electroproduction of p + =
��ud̄

↵
and K+ =|us̄i [HERMES05b]. In the analysis of the double-

spin asymmetries for Ap +

1 and AK+

1 the contributions from u quarks is found as the dominant con-
tribution due to their electric-charge factors, eu = 2/3, and their large densities f u1 (x) in the proton
(p = |uud i). The double-spin asymmetries Ap +

1 and AK+

1 are signals for mainly the u-quark polari-
sation, gu1 (x)/ f u1 (x). In the assumption of u-quark dominance, only this term is considered in the
interpretation.
On the basis of u-quark dominance, similar SSA amplitudes are expected for positively charged

pions and kaons. But the extracted Collins and Sivers amplitudes for K+ are found to be larger than
those for p + (figure 5.18). Also differences are seen in the Collins and Sivers amplitudes for p +

and protons (figure 5.19) as well as K+ and protons. In the interpretation of the SSA amplitudes
for protons, the assumption of u-quark dominance is hampered by the poorly understood role of
diquarks in the electroproduction of protons. Thus, the focus is put on positively charged pions and
kaons only.
Before discussing in chapter 6 the implications of the observed difference, effects on the K+�p +

difference due to the identification of hadrons or the possible influence of target remnant fragmenta-
tion are studied using the Sivers amplitudes as example.
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Figure 5.19.: The p� p + difference: Collins (left panel) and Sivers amplitudes (right panel) for
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Additional HERMES results on DSA and SSA

Multidimensional analysis of longitudinal DSA A∥ in SIDIS,  
including transverse dependence 
Phys.Rev.D 99 (2019) 11, 112001
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FIG. 4. The longitudinal double-spin asymmetries Ah
k,N as a function of Ph? in three di↵erent x ranges as labeled, with

N = p, d denoting the target nucleus and h = ⇡±,K± the final-state hadron detected. Data points for the first x slice are
plotted at their average kinematics, while the ones for the other two x slices are slightly shifted horizontally for better legibility.
The inner error bars represent statistical uncertainties while the outer ones statistical and systematic uncertainties added in
quadrature.

TABLE V. The �2 values for polynomial fits to the Ah
1,N (x, Ph?) data points for each combination of target (N = p, d) and

final-state hadron h, and number of degrees of freedom as indicated. The Ch
i are the polynomial terms of the fit functions. The

fit function linear in Ph? yields little improvement over the fit constant in that variable suggesting little or no Ph? dependence
of the asymmetry within the statistical precision of the data.

A⇡+

1,p A⇡�
1,p A⇡+

1,d A⇡�
1,d AK+

1,d AK�
1,d

�2 (NDF=16)

Ch
1
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2
x

12.7 14.0 33.7 22.9 16.0 24.4

�2 (NDF=15)

Ch
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as omitting it—that is using the single-bin uncertainties
alone—underestimates the statistical significance of these
data. These three-dimensionally binned asymmetries are
the most complete, unintegrated, longitudinally polar-
ized double-spin dataset to date.

C. Azimuthal asymmetries

As described in the introduction, azimuthal moments
of asymmetries are potentially sensitive to unique com-
binations of distribution and fragmentation functions,
a number of which vanish when integrated over semi-
inclusive kinematic parameters.

For each hadron and target combination, the asymme-
try is divided into 10 � bins and fit with an azimuthally
periodic function in each of either 2 x ⇥ 5 z-bins, 2 x ⇥

5 Ph?-bins, or 2 z ⇥ 5 x-bins as detailed in Table VI.
The functional form used included constant, cos�, and

TABLE VI. Bin boundaries used for the various projections
of Ah,cos�

LL .

x binning z binning
0.023 – 0.1 – 0.6 0.2 – 0.32 – 0.44 – 0.56 –0.68 – 0.8

x binning Ph?[ GeV] binning
0.023 – 0.1 – 0.6 0 – 0.3 – 0.4 – 0.5 –0.6 – 2

z binning x binning
0.2 – 0.4 – 0.6 0.023 – 0.04 – 0.055 – 0.075 – 0.14 – 0.6
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Figure 2: Virtual-photon asymmetry amplitudes for positively and negatively charged pions and kaons, for protons and anti-protons, as a function
of xB, z, and Ph?, for data collected on a hydrogen (closed symbols) and deuterium (open symbols) target. The open symbols are slightly o↵set
horizontally. The error bars represent the statistical uncertainties, while the error bands represent systematic uncertainties. In addition, there is a
systematic uncertainty originating from the measurement of the beam polarization, corresponding to a scale factor of 3%. The grey data points
represent the region for which z > 0.7, which is not included in the presentations of the asymmetry amplitudes as a function of xB and Ph?.

and thus suppressed at smaller xB values. The Collins FFs for
up quarks extracted from data from electron-positron annihila-
tion [59–61] and semi-inclusive DIS [62–65] are positive for
positively charged pions, and negative for negatively charged
pions. Therefore, if eH?1 forms the dominant contribution to
the structure function Fsin(�)

LU and scattering takes predominantly
place o↵ an up quark, opposite signs are expected for the asym-
metries for positive and negative pions. A positive asymmetry
is indeed observed for positively charged pions, while a neg-
ative asymmetry is seen for negatively charged pions for the

CLAS measurement, which probes the valence-quark region.
On the other hand, the asymmetries from the present paper, sen-
sitive to lower values of xB, are positive for both positively and
negatively charged pions. This could hint at the dominance of
contributions from di↵erent pairs of PDFs and FFs appearing in
Eq. (1).

Finally, the virtual-photon asymmetry in three dimensions,
as a function of z, in bins of xB and Ph?, is presented in Fig. 5
for negatively charged pions. Unlike the one-dimensional re-
sults, the uncertainties on the data points are now dominated
by the statistical precision. The rise of the asymmetry am-
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Multidimensional analysis of beam-helicity asymmetries 
for single-hadron production in SIDIS 
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• TMDs Imaging quarks and gluons within the nucleon. 

• HERMES Pioneering TMD measurements
• Recent HERMES results in 3D binning maximize 

information for QCD analysis. 
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