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Understanding the proton and its structure
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Understanding the proton and its structure
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Structure of ma1er: 2 centuries of
inves5ga5ons and discoveries!

We have reached what we consider the
most fundamental level of nature

But the nucleon is not just a bound state of 3
quarks! Rather it appears as a complex
system of valence and sea quarks, and
gluons interac:ng with each-other and
moving rela:ve to each-other.
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Understanding the proton and its structure

Key question: how do the basic properties of the nucleon (mass, charge, spin, magnetic moment,
etc.) emerge from this gurgling microscopic world?

➔ need to access the effective degrees of freedom and study their interactions at large distances
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Understanding the proton and its structure

Since the late ’60s, Deep Inelastic Scattering has proven to 
be the most suitable process to access these d.o.f. and
study their complex dynamics within nucleons.

Key ques:on: how do the basic proper:es of the nucleon (mass, charge, spin, magne:c moment,
etc.) emerge from this gurgling microscopic world?

➔ need to access the effec5ve degrees of freedom and study their interac5ons at large distances
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Understanding the proton and its structure

Parton model: descrip5on in terms of PDFs in a frame where
the nucleon moves very fast and all transverse d.o.f. are
neglected.

The nucleon appears as a bunch of co-linearly moving partons,
each carrying a frac5on 𝑥 of the nucleon momentum.

𝑥𝑝

Since the late ’60s, Deep Inelas:c Sca1ering has proven to
be the most suitable process to access these d.o.f. and
study their complex dynamics within nucleons.

Key question: how do the basic properties of the nucleon (mass, charge, spin, magnetic moment,
etc.) emerge from this gurgling microscopic world?

➔ need to access the effective degrees of freedom and study their interactions at large distances
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The proton collinear structure
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The current picture of the proton
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Figure courtesy of: “Electron Ion Collider:  The Next QCD Frontier. 
Understanding the glue that binds us all”. arXiv:1212.1701 

Chapter 1

Overview: Science, Machine and
Deliverables of the EIC

1.1 Scientific Highlights

1.1.1 Nucleon Spin and its 3D Structure and Tomography

Several decades of experiments on deep inelastic scattering (DIS) of electron or muon beams
o↵ nucleons have taught us about how quarks and gluons (collectively called partons) share
the momentum of a fast-moving nucleon. They have not, however, resolved the question of
how partons share the nucleon’s spin and build up other nucleon intrinsic properties, such
as its mass and magnetic moment. The earlier studies were limited to providing the lon-
gitudinal momentum distribution of quarks and gluons, a one-dimensional view of nucleon
structure. The EIC is designed to yield much greater insight into the nucleon structure
(Fig. 1.1, from left to right), by facilitating multi-dimensional maps of the distributions of
partons in space, momentum (including momentum components transverse to the nucleon
momentum), spin, and flavor.

Figure 1.1: Evolution of our understanding of nucleon spin structure. Left: In the 1980s,
a nucleon’s spin was naively explained by the alignment of the spins of its constituent quarks.
Right: In the current picture, valence quarks, sea quarks and gluons, and their possible orbital
motion are expected to contribute to overall nucleon spin.
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The proton collinear structure
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• rather good knowledge of 𝒇𝟏 and 𝒈𝟏
• some knowledge of 𝒉𝟏 from SIDIS



The collinear PDFs

• But collinear PDFs provide only a 1D 
descrip@on of the nucleon structure!

L. L. Pappalardo                                                Sesto Incontro Nazionale di Fisica Nucleare (INFN 2024) - Trento 26-28 febbraio 2024 9

The proton collinear structure

𝑥∆! 𝑥

• rather good knowledge of 𝒇𝟏 and 𝒈𝟏
• some knowledge of 𝒉𝟏 from SIDIS

• A more detailed and multi-
dimensional  picture  of the nucleon 
requires a new paradigm!
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𝒑𝑻𝑷𝑻

• Exploring this new territories requires taking into account the transverse d.o.f (momentum, 
position, spin) of both parton and nucleon and their correlations

A new frontier awaits us beyond the collinear approximation!
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𝒑𝑻𝑷𝑻

• Exploring this new territories requires taking into account the transverse d.o.f (momentum, 
posi5on, spin) of both parton and nucleon and their correla5ons

• Final goal: 5-D Wigner func:on 𝑾 𝒙, 𝒌$, 𝒓$ ➔ full phase-space knowledge of parton distribu5ons
…but not directly accessible experimentally!

• One can access the 3D structure of the nucleon: there are two complementary ways! 

A new frontier awaits us beyond the collinear approximation!
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Transverse momentum coordinates nucleon 
tomography in 
mom. space

Courtesy QuantOm Collaboration
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Transverse momentum coordinates

TMDs
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Courtesy QuantOm Collaboration
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Transverse momentum coordinates

Transverse spatial coordinates
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Transverse momentum coordinates
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Courtesy QuantOm Collaboration

Transverse momentum coordinates

Transverse spatial coordinates
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• Mul@-dimensional analysis ® high sta(s(cal precision  ® High luminosity

• Wide kinema@c coverage, access both CFR and TFR ® Large and uniform acceptance detectors

• Sensi@vity to intrinsic 𝒌"	® precision measurement of 𝑃$" ® Excellent tracking

• Quark flavour tagging ® Excellent hadron PID

• Large asymmetries ® High beam and target polariza@on, small target dilu@on

• Systema@cs well under control ® Reliable MC
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The main ingredients from experiments
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The main contributors (with lepton probes)

HERMES (DESY) COMPASS/AMBER (CERN)

JLab Hall-AS. Diehl Progress in Particle and Nuclear Physics 133 (2023) 104069

Fig. 2.2. Schematic cross section of the CLAS detector during the 6 GeV era of JLAB (left) and schematic drawing of the CLAS12 detector after the
12 GeV upgrade (right). Left part reprinted from Nucl. Instr. and Meth. in Phys. Res. A 503, 513, B. A. Mecking et al. The CEBAF large acceptance
spectrometer (CLAS) (Ref. [22]), copyright 2003, with permission from Elsevier. Right part reprinted from Nucl. Instr. and Meth. in Phys. Res. A 959,
163419, V.D. Burkert et al. The CLAS12 Spectrometer at Jefferson Laboratory (Ref. [25]), copyright 2020, with permission from Elsevier.

for the detection of neutral particles and the energy measurement of photons. Fig. 2.2 shows a schematic cross-section
of the original CLAS detector and a schematic drawing of the CLAS12 detector after the 12 GeV upgrade.

During the 12 GeV CEBAF upgrade, CLAS was replaced by the new CLAS12 detector [25], which was designed to study
electro-induced nuclear and hadronic reactions. The design is especially focused on the efficient detection of charged and
neutral particles over a large fraction of the full solid angle. CLAS12 consists of 3 parts, a forward spectrometer, a central
spectrometer and a forward tagger for quasi-real photoproduction studies. The forward detector, covering the polar angle
from 5� to 40�, consists of six identical sectors within a toroidal magnetic field. The momentum of charged particles is
measured by 3 regions of drift chambers from the curvature of the particle trajectories in the magnetic field. The particle
ID is provided by Cherenkov counters, a time-of-flight system and an electromagnetic calorimeters, located downstream
of the tracking system. Besides the electron ID, the electromagnetic calorimeter is also used for the energy measurement
of high-energetic photons and the detection of neutrons. The central detector covers particles with polar angles between
35� and 125�, with a full 360� coverage of the azimuthal angle. The tracking of charged particles is provided by a Central
Vertex Tracker (CVT), while they are identified within the Central Time-of-Flight (CTOF) system. An additional Central
Neutron Detector is located radially outside of the CVT and the CTOF to provide an efficient detection of neutrons. The
forward tagger, covering the polar angle between 2.5� and 4.5� consists of a calorimeter, a micro-strip gas tracker, and a
hodoscope, with the purpose to detect and to identify scattered electrons under small polar angles.

2.2.3. Jefferson laboratory hall C
During the 6 GeV era, Jefferson Lab hall C was equipped with two highly-focusing magnetic spectrometers [28], both

with a relatively large momentum and solid angle acceptance. The first, high momentum spectrometer (HMS) had a path
length of 26 m and was optimized for the detection of high-momentum particles with a maximum central momentum
of 7.5 GeV/c, while the second, short orbit spectrometer (SOS) was designed with a short path length of 7.4 m to detect
short-lived decaying particles with a maximum central momentum of 1.74 GeV/c. The general setups of the HMS and SOS
are very similar. Both start with a series of quadrupole and dipole magnets, followed by two horizontal drift chambers for
track reconstruction, four scintillator hodoscope arrays for triggering and time-of-flight measurements and a threshold
gas Cherenkov detector and a lead-glass calorimeter for particle identification. Each spectrometer is mounted on an
individual carriage which can be moved on rails around the interaction point. A schematic drawing of the setup is shown
in Fig. 2.3. With this setup, hall C provides optimal conditions for the measurement of certain classes of semi-inclusive
and deep exclusive reactions, with a special focus on high quality Rosenbluth (longitudinal–transverse) cross section
separations [28].

During the 12 GeV upgrade, the short orbit spectrometer was replaced by a super high momentum spectrometer
(SHMS), while keeping the already existing HMS [21,30]. The SHMS detector setup, which is also mounted on a movable
carriage starts with a configuration of quadrupole and dipole magnets, followed by a drift chamber system for tracking,
quartz and scintillator hodoscopes, a noble gas Cerenkov counter, a heavy gas Cerenkov counter, and a lead glass
calorimeter. It can handle charged particles up to 11 GeV/c with a resolution better than 10�3. To allow the detection of
high energy photons, produced for example in the DVCS process or in ⇡0 decays, with a good energy and spatial resolution
and under the high rates of hall C, a PbWO4-based Neutral Particle Spectrometer (NPS) is currently under construction,
which can be used together with the existing high-momentum spectrometers [31].

6

JLab Hall-B

S. Diehl Progress in Particle and Nuclear Physics 133 (2023) 104069

Fig. 2.3. Left: Schematic view of the HMS and SOS spectrometers in hall C during the 6 GeV era of JLAB. Reprinted figure with permission from H.
P. Blok et al. Phys. Rev. C 78, 045202, 2008 (Ref. [28]). Copyright 2008 by the American Physical Society. Right: Schematic view of the SHMS and
HMS spectrometers in hall C after the 12 GeV upgrade of JLAB (right). Used with permission of IOP Publishing, from Primary beam steering due
to field leakage from superconducting SHMS magnets, M.H. Moore et al. 2014 JINST 9, T11002e (Ref. [29]); Copyright 2014; permission conveyed
through Copyright Clearance Center, Inc.

2.3. The COMPASS experiment at CERN

The COMPASS experiment [32] is operating at the CERN SPS beam line M2 since 2002. The beam line can provide high-
intensity positive muon beams with a momentum up to 190 GeV/c and a polarization of ⇠80% or high-intensity hadron
beams (protons, ⇡+ or ⇡�) with a momentum up to 280 GeV/c. Also negative muon beams are available with lower
intensities. COMPASS is designed as a fixed target experiment with a high rate capability, excellent particle identification
and a wide angular acceptance. Fig. 2.4 shows the layout of the COMPASS experiment in 2004. For the single runs,
different modifications and upgrades have been applied. The setup starts with a series of detectors upstream of the
target to measure the incoming beam particles. The main spectrometer with a total length of 50 m is located behind
the polarized target. It is separated in two parts, the large angle spectrometer (LAS) and the small angle spectrometer
(SAS) to cover the large momentum range and the required large angular acceptance. Each spectrometer starts with a
solenoid magnet (SM), followed by tracking detectors and ends with a hadron calorimeter (HCAL) and a muon filter to
identify high energetic muons. The LAS also includes a ring imaging Cherenkov detector (RICH) for hadron identification,
while the SAS implements an additional electromagnetic calorimeter (ECAL) in front of the hadron calorimeter. The newest
upgrade of COMPASS, also known as COMPASS++/AMBER [33] was approved in 2020 and the first phase of the physics
program is planned to run until the end of 2025. With this upgrade, besides other studies, also more detailed studies of
the 3D nucleon and meson structure will become possible. The upgrade is based on the original COMPASS spectrometer
and will add new components like a hydrogen filled high-pressure TPC detector, thin scintillating-fiber arrays and silicon
pixel detectors as well as a new data acquisition system.

2.4. The planned electron ion collider

The concept and physics case for the planned US based electron ion collider was presented in the 2015 NSAC Long-
Range Plan [34], the EIC White Paper [35] and the EIC Users Group Yellow Report [36]. The planned EIC accelerator will
be based on the existing RHIC complex at Brookhaven National Laboratory. The design foresees collisions of electrons of
up to 18 GeV/c with protons of up to 275 GeV/c or ions with up to (275 · Z/A) GeV/A. The luminosity will depend on the
beam momentum and reach up to 1034 cm�2 s�1. The final layout of the detectors which are specially designed for the
measurement of reactions sensitive to the 3D nucleon structure is currently under development and discussion.

7

JLab Hall-C

EIC (BNL)

But also: BaBar, Belle, RHIC, LHC,…  
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But also: BaBar, Belle, RHIC, LHC,…  

Complementarity is the key!
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GPDs



The collinear PDFsGPDs ➜ nucleon tomography in coordinate space 

L. L. Pappalardo                                                Sesto Incontro Nazionale di Fisica Nucleare (INFN 2024) - Trento 26-28 febbraio 2024 21

• Describe correla,ons between the partons transverse posi,on (impact parameter 𝑏#) and longit. momentum (𝑥)
• Provide nucleon tomography in 𝒙-𝒃# space

Phys.Rev.Lett.98:222001,2007

La#ce QCD predic.on for transv. GPDs

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.98.222001
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• Describe correlations between the partons transverse position (impact parameter 𝑏#) and longit. momentum (𝑥)
• Provide nucleon tomography in 𝒙-𝒃# space

Chiral-even Chiral-odd

Unpol. Spin dep.
Transversity GPDs: require 
helicity flip of the parton

(accessible in DVMP)

Ji sum rule
𝜉 ≈ $!

"%$!
(skewness)

𝑡 = 𝑃# − 𝑃 $

Phys.Rev.Lett.98:222001,2007

Lattice QCD prediction for transv. GPDs
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Fig. 3.17. Quark transverse angular momentum densities Ju,d(x) based on fits of the GPDs H and E.
Source: Reprinted from J. High Energ. Phys. 2022, 215 (2022), Y. Guo, X. Ji and K. Shiells, Generalized parton distributions
through universal moment parametrization: zero skewness case (Ref. [68]).
© 2022 under Creative Commons CC BY License.

spin JN :

JN =

X

q,g

Jq,g =

X

q,g

lim
t!0

1
2

Z 1

�1
x
⇥
Hq,g (x, ⇠ , t) + Eq,g (x, ⇠ , t)

⇤
dx, (3.69)

with the contribution of the quarks q, for which the sum runs over all flavors, and the contribution of the gluons g .
As we have seen in the last sections, the GPDs H and E can be extracted from several DVCS observables with proton

and neutron targets and with different target polarizations. Additional constraints, especially for the flavor separation
of u and d quarks can also be obtained from deeply virtual vector meson production cross sections. In this context, the
production of �, J/ and Y mesons is especially helpful to access the gluon GPDs. As shown in Eq. (3.69), the extraction
of the contribution from the single partons to the nucleon spin is closely related to the extraction of the GPDs itself and
therefore suffers from the same limitations, especially the incomplete knowledge of the GPDs in the gluon regime (at low
xB), which will become accessible with the EIC. Nevertheless, several attempts have been made to extract the angular
momentum densities for the kinematic regime accessible with recent experiments. One of the most recent extractions of
the quark transverse angular momentum densities is provided in Ref. [68] and shown in Fig. 3.17. The major source of
uncertainty in Fig. 3.17 is originating from the GPD E, which is less constraint than the GPD H . In the near future, results
for DVCS off a neutron target will become available from CLAS12, which will further constrain the GPD E and reduce these
uncertainties. Also DVCS measurements with a transversely polarized target can provide further constraints.

3.4.2. Pressure and shear forces in the nucleon
Besides the relation to the nucleon spin, the GPD H can also be related to the gravitational form factors (GFFs) d1(t)

and M2(t) by [38]:
Z

dx x H(x, ⇠ , t) = M2(t) +
4
5
⇠ 2d1(t). (3.70)

The GFF M2(t) represents the mass/energy distribution within the nucleon and the GFF d1(t) can be directly related to the
shear forces and the pressure distribution within the nucleon.

Since a precise extraction of the GPD H is not available yet, attempts have been made to access the shear-force and
pressure distributions directly from the related CFF H. The CFF can be used to extract the D-term D = D(t = 0) of the
nucleon using the following relation [213,214]:

Re(H(⇠ , t)) = D(t) +
1
⇡
P

Z
dx

✓
1

⇠ � x
�

1
⇠ + x

◆
Im(H(⇠ , t)). (3.71)

Based on DVCS beam spin asymmetry measurements, which are proportional to the imaginary part of the CFF and cross
section measurements, which are proportional to the real part, it becomes possible to directly extract the D term. It was
determined for the first time based on CLAS data recorded during the 6 GeV era of JLAB to D = �1.63(12)(26) [215].

The GFF d1(t), which is equivalent to the coefficient of the polynomial C↵1 (z) in a Gegenbauer expansion of the D-term,
can be directly related to the pressure distribution p(r) within the nucleon via the spherical Bessel integral [213,214]:

d1(t) /

Z
j0(r

p
�t)

2t
p(r) d3r, (3.72)

with the zeroth spherical Bessel function j0(x).
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Fig. 3.1. Schematic drawing of the deeply virtual Compton scattering process (left) and of the Bethe–Heitler process (right).

Also for the transversity GPDs, the first moments of the GPDs can be related to higher level observables. The first
moment of the GPD ĒT is directly related to the anomalous tensor magnetic moment kT of the nucleon for the single
quark flavors (u, d) [62,71]:

ku,dT =

Z
dx(2eHu,d

T (x, ⇠ = 0, t = 0) + Eu,d
T (x, ⇠ = 0, t = 0)) =

Z
dxĒu,d

T (x, ⇠ = 0, t = 0). (3.20)

The anomalous tensor magnetic moment is a matrix element of the tensor current and can be interpreted as the shift
of the average position of spin 1/2 quarks within an unpolarized nucleon in the x-direction in relation to the y-direction
relative to the center of the transverse momentum [71]. Furthermore the first moment of the GPD HT represents the
tensor charge �T of the nucleon for the single quark flavors (u, d) [72]:

�u,dT =

Z
dxHu,d

T (x, ⇠ = 0, t = 0). (3.21)

The tensor charge represents the absolute magnitude of transversely polarized valence quarks inside a transversely
polarized nucleon and is, like the anomalous tensor magnetic moment, so far poorly known.

3.3. Experimental access to GPDs

GPDs can be directly related to experimental observables like cross sections or beam and target spin asymmetries. This
section will introduce the different exclusive reactions which are sensitive to GPDs, discuss the different observables and
their relation to GPDs and review the available experimental data.

3.3.1. Deeply virtual Compton scattering
The deeply virtual Compton scattering (DVCS) process lN ! l0N 0� is considered one of the golden channels to access

GPDs. During the scattering process of the lepton l (see Fig. 3.1), the struck parton emits a high-energetic photon, while the
nucleon N itself remains intact. Within the Bjorken limit, under very forward kinematics (�t/Q 2 ⌧ 1) and with xB fixed,
this process factorizes into a hard sub-process which can be described perturbatively at the quark level, � ⇤q ! � q, and a
soft non-perturbative part, described by hadronic matrix elements. The amplitudes of the process can be parametrized by
Compton Form Factors (CFFs), which are complex functions that can be related to integrals over x of the corresponding
GPDs. As an example, the Compton form factors H and eH are given by [73,74]:

H(⇠ , t) =

X

q

e2q

⇢
P

Z 1

�1
dx(Hq(x, ⇠ , t) � Hq(�x, ⇠ , t))


1

⇠ � x
+

1
⇠ + x

�
+ i⇡ [Hq(⇠ , ⇠ , t) � Hq(�⇠ , ⇠ , t)]

�
, (3.22)

eH(⇠ , t) =

X

q

e2q

⇢
P

Z 1

�1
dx(eHq(x, ⇠ , t) + eHq(�x, ⇠ , t))


1

⇠ � x
�

1
⇠ + x

�
+ i⇡ [eHq(⇠ , ⇠ , t) + eHq(�⇠ , ⇠ , t)]

�
, (3.23)

with the principle value integral P . The Compton form factors E and eE are defined in the same way, providing a relation
to the corresponding GPDs E and eE. All Compton form factors can be split in a real and an imaginary part. Considering
the leading order contributions, the DVCS process is only sensitive to the CFFs corresponding to the four chiral-even GPDs
H , E, eH andeE. Contributions from transversity GPDs are strongly suppressed, since the process does not allow a helicity
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Fig. 3.9. Schematic drawing of the double DVCS process.

(DVCS) or the initial state (TCS) of the scattering process involves a real photon. For the CFF H this means, that effectively
only

H(⇠ , ⇠ , t) =

X

q

e2q

⇢
P

Z 1

�1
dx(Hq(x, ⇠ , t) � Hq(�x, ⇠ , t))


1

⇠ � x
+

1
⇠ + x

�
+ i⇡ [Hq(⇠ , ⇠ , t) � Hq(�⇠ , ⇠ , t)]

�
(3.44)

can be accessed. This constrains the related GPD H(x, ⇠ , t), which is a function of the three variables x, ⇠ and t to
H(±⇠ , ⇠ , t) and limits the capability to test certain GPD related sum rules [138] (see Section 3.4).

The DDVCS process (� ⇤N ! � 0⇤N 0 ! l+l�N 0), which is schematically shown in Fig. 3.9 is able to release this
constraint, since it contains a virtual photon in the initial and final state. Therefore, this process can provide an individual
measurement of the GPDs for each x, ⇠ and t point with |⇠ 0| < ⇠ [134]. The CFF H then reads [134]:

H(⇠ 0, ⇠ , t) =

X

q

e2q

⇢
P

Z 1

�1
dx(Hq(x, ⇠ , t) � Hq(�x, ⇠ , t))


1

⇠ 0 + x
+

1
⇠ + x

�
+ i⇡ [Hq(⇠ 0, ⇠ , t) � Hq(�⇠ 0, ⇠ , t)]

�
.

(3.45)

The cross section of the process which depends besides the variables of the classical DVCS process also on Q 0 of the
final state virtual photon can be expressed in a similar way as for the DVCS process, considering that the BH process can
now take place in the initial (BH1) and/or in the final state (BH2).

d5�� ⇤p!p0 l+ l�
= d5� BH1 + d5� BH2 + d5� DDVCS

+ d5� I1 , (3.46)

where the interference term d5� I1 originates from the BH process in the initial state as for the classical DVCS process.
Therefore, DDVCS based observables with polarized beams and targets and also beam charge asymmetries are expected to
show the same relations to the CFFs as presented for the DVCS process in Section 3.3.1 [134,137]. Theoretical predictions
for the DDVCS process are so far only available based on the VGG model [128] and show that the expected cross section
at JLAB kinematics is three order of magnitude smaller than for the DVCS process, as shown in Fig. 3.10. Due to this small
cross section, it was so far not possible to measure the process with any existing experiment.

However, there are currently different initiatives ongoing to measure the DDVCS process with the new Neutral Particle
Spectrometer in JLAB hall C [139] and with a luminosity upgraded version of CLAS12 [140] as well as with the SOLID
detector in JLAB hall A [141]. Also feasibility studies for the EIC are ongoing [142].

3.3.4. Deeply virtual meson production
While DVCS, TCS and DDVCS are widely considered the golden channels for the extraction of chiral even GPDs (H , eH , E

andeE), they show two major limitations. On the one hand, they provide only limited capabilities for a flavor separation of
the GPDs, since even switching to a neutron target allows only a partial flavor separation. On the other hand, transversity
GPDs are strongly suppressed in these processes due to the suppression of sub-processes with a quark helicity-flip, and
can be practically not accessed. Only deeply virtual meson production (DVMP) lN ! l0N 0m, with a meson m in the
final state can overcome these limitations. As illustrated in Fig. 3.11, the process is composed of the hard perturbative
part of the lepton (l) scattering and of a soft part, which can be described by GPDs and a meson distribution amplitude
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Fig. 3.11. Schematic drawing of the deeply virtual meson production process.

proven, is typically treated as a higher twist-effect in current phenomenological models (e.g. [44]). However, the impact
of potentially non-factorizable higher-twist contributions as well as the role of radiative effects are not fully clarified yet
and the onset of the collinear description requires further phenomenological and experimental studies [143].

For the theoretical interpretation of the DVMP process in terms of GPDs, one has to separate the case of vector mesons
and pseudo-scalar mesons, which will be discussed in the following paragraphs.

Vector mesons: The relation of deeply virtual vector meson production to GPDs was originally investigated in Refs. [60,
114,128,144] and the role of transversely polarized virtual photons and the related transversity GPDs was further
investigated in Refs. [145–148]. In the one-photon exchange approximation, the � integrated cross section for deeply
virtual vector-meson (V ) production can be expressed as [114]:

d3� (eN ! e0N 0V )
dxBdQ 2dt

/
d�T

dt
+ ✏

d�L

dt
. (3.47)

The partial cross sections, which describe the interaction of transversely (�T ) and longitudinally (�L) polarized virtual
photons, can be directly related to GPDs [114]:

d�T

dt
/ | hHi |

2
+

��⌦eH
↵��2 ,

d�L

dt
/ | hHi |

2. (3.48)

Here, the brackets around the GPDs hFii represent the convolution of sub-process amplitudes M(x, ⇠ ,Q 2, �), which
describe elementary process, with the GPD F . These objects, are also called Generalized Form Factors (GFF). Similar to
the CFFs for the DVCS process, these GFFs also include an integration over x:

hFii =

X

�

Z 1

�1
dxM(x, ⇠ ,Q 2, �)F (x, ⇠ , t), (3.49)

with the unobserved helicities � of the partons which contribute to the sub-process amplitude.
For the angular dependencies of the cross section, one typically extracts spin density matrix elements (SDMEs) which

were initially defined in Ref. [149]. For a vector-meson decaying into two final state particles (e.g. ⇢0 ! ⇡+⇡�), the
measured angular intensity distribution W (�, �, cos(⇥)) can be expressed as a function of three angles. Explicitly, the
azimuthal angle � between the ⇢0 production plane and the lepton scattering plane in the hadronic center of mass system,
the azimuthal angle � between ⇢0 decay and production planes and the polar angle ⇥ of the ⇡+ produced in the ⇢0 decay
in the vector-meson rest frame. For the latter angle the z-axis is aligned opposite to the outgoing nucleon and the y-axis
is directed orthogonal to the outgoing nucleon and the virtual photon (for more details and a schematic drawing see
Ref. [150]). For a longitudinally polarized beam and an unpolarized target, W (�, �, cos(⇥)) can be split in an unpolarized
part WU and a polarized part WL which couples to the longitudinal beam polarization Pb:

W (�, �, cos(⇥)) = WU (�, �, cos(⇥)) + Pb WL(�, �, cos(⇥)). (3.50)
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Fig. 3.16. Schematic drawing of the exclusive di-photon photoproduction process.

squared t between the initial and final state nucleon. A first theoretical proof of the factorization was provided recently
and can be found in Ref. [200]. A feature of this process is given by the fact, that it has no contribution of a D-term
like DVCS and also besides GPDs no additional non-perturbative contributions like in the case of DVMP, which simplifies
the interpretation of the process in phenomenological studies. It can probe the charge-conjugation odd quark GPDs (Hq

and Eq), also known as valence GPDs. So far, leading (LO) and next to leading (NLO) order predictions are available for
unpolarized cross-sections, showing that gluons do not contribute to the NLO calculations and that the process can be
well measured with present JLAB kinematics and luminosities.

Exclusive photoproduction of a meson pair: Another proposed processes is the exclusive photoproduction or electro-
production of two vector mesons off a polarized nucleon target (� (⇤)N ! ⇢1⇢2N 0) [203]. In this process, for which the
cross section is especially sensitive to the transversity GPD HT , the first vector-meson ⇢1 is produced at large transverse
momentum, while the second vector-meson ⇢2 is transversely polarized. Both mesons have to be separated by a large
rapidity gap. Another quite similar process, which is also expected to show sensitivity to the transversity GPDs, especially
HT , is the exclusive photoproduction of a ⇡⇢ pair �N ! ⇡⇢N 0 [204]. Here the meson pair has to be produced with a large
invariant mass and the final state nucleon has to have a small transverse momentum to ensure that the vector meson is
produced with a transverse polarization.

Exclusive photoproduction of a photon–meson pair: Besides the two-meson production processes, also the exclusive
photoproduction of a photon–meson pair �N ! � 0N 0m with a large invariant mass can provide access to chiral-even
and chiral-odd GPDs [205–209]. The factorization of these processes which was theoretical proofed recently in Ref. [200],
typically requires a large center of mass energy and a fixed decay angle. Explicitly, GPD based cross section calculations
have been performed for m = ⇢0, ⇢+ and ⇡+ for the kinematics of JLAB and the upcoming EIC. In addition, studies with
COMPASS and based on ultra-peripheral collisions at the LHC have been discussed in Ref. [209].

Exclusive photoproduction of heavy quarkonia: Another process, which is expected to be sensitive to gluon GPDs is the
exclusive photoproduction of a heavy quarkonium, like J/ or ⌥ in the forward region [133,210–212]. While the lower
mass quarkonia can be produced with the GlueX detector in JLAB hall D, ultra-peripheral collisions at hadron colliders
like the LHC are proposed as an alternative approach to access especially the heavier quarkonium states [133].

3.4. Physics content of GPDs

GPDs are, as we have already seen, a generalized form of the classical form factors and parton distribution functions,
which can be obtained by integrating the GPDs (see Section 3.2). However, since GPDs correlate the transverse position
and longitudinal momentum information, unique new physics content can be extracted from them. This section will give
an overview over the most important physics observables and phenomena which can be related to GPDs.

3.4.1. GPDs and the nucleon spin
First of all, the space–momentum correlation which is encoded in the GPDs can provide us access to the orbital angular

momentum which is carried by partons inside the nucleon and which is considered the key to solve the puzzle of the
missing nucleon spin. Here, Ji’s sum rule [38] provides a direct relation between the GPDs H and E and the nucleon
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Fig. 3.23. Schematic drawing of the exclusive Drell–Yan process. Besides the GPDs, the process also involves a pion distribution amplitude.

Fig. 3.24. Double handbag for exclusive lepton-pair production in hadron–hadron collisions.

As shown in Ref. [238] the longitudinal part of the cross section for the reaction ⇡�N ! l+l�N shows a direct
proportionality to the GFFs eH and eE:

d�L

dtdQ 02

����
⌧

/
1
Q 08


(1 � ⇠ 2)|eH|

2
� 2⇠ 2Re

�
eH⇤eE

�
� ⇠ 2 t

4m2
N

|eE|
2
�

, (3.82)

with ⌧ ⇡ Q 02/(s � M2
N ) and ⇠ ⇡ ⌧/(2 � ⌧ ). On the other side, reactions with a baryon resonance in the final state

provide sensitivity to transition GPDs. As shown in Ref. [242], the transverse part of the cross section �T and the LT and
TT interference terms �LT and �TT are also sensitive to transversity GPDs.

Estimates of the cross section of the ⇡�N ! l+l�N process, for different kinematic points, accessible with the
interaction of a 13 GeV pion beam with a proton target at rest, are available in Refs. [239,241,242]. The same process
is also discussed for the measurements of Transition Distribution Amplitudes (TDAs) at small |u| (large |t|) in Ref. [243]
(see also Section 3.8 for more details on TDAs). Experimentally, the process can be well accessed with the un-separated
hadron beam, which is available at the high-momentum beam line of JPARC. This beam mainly contains pions and a beam
momentum of up to 20 GeV/c can be reached. A letter of intent to measure the reaction ⇡N ! µ+µ�N at J-PARC has been
submitted to the local program advisory committee [244] in 2018 and a full proposal is currently in preparation [234].

Lepton pair production in hard exclusive hadron scattering: Another hadronic process which is expected to be sensitive
to GPDs is the lepton-pair production in hard exclusive hadronic collisions [245]. This hadron scattering process which is
schematically shown in Fig. 3.24 can be describe within a double handbag approach with GPDs describing the transition
of the two hadrons and a virtual photon which is produced during the process and decays into a lepton–antilepton pair.
The process depends on the kinematic variables t1 and t2, describing the four momentum transfer between the beam
hadron and the scattered hadron on the one side and between the target and the scattered hadron on the other side as
well as on the four momentum squared Q 02 of the virtual photon (lepton pair). Factorization of the process is expected
but not proven yet for t1/Q 02 ⌧ 1 and t2/Q 02 ⌧ 1. As shown in Ref. [245] the process amplitude is determined by helicity
non-flip vertices, which are dominated by the GPD

Heff = H �
⇠ 2

1 � ⇠ 2 E. (3.83)

Based on the experience from hard exclusive vector meson electroproduction, the contributions from other GPDs like eH ,
eE and transversity GPD are expected to be small.
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Fig. 3.23. Schematic drawing of the exclusive Drell–Yan process. Besides the GPDs, the process also involves a pion distribution amplitude.

Fig. 3.24. Double handbag for exclusive lepton-pair production in hadron–hadron collisions.

As shown in Ref. [238] the longitudinal part of the cross section for the reaction ⇡�N ! l+l�N shows a direct
proportionality to the GFFs eH and eE:
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dtdQ 02
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with ⌧ ⇡ Q 02/(s � M2
N ) and ⇠ ⇡ ⌧/(2 � ⌧ ). On the other side, reactions with a baryon resonance in the final state

provide sensitivity to transition GPDs. As shown in Ref. [242], the transverse part of the cross section �T and the LT and
TT interference terms �LT and �TT are also sensitive to transversity GPDs.

Estimates of the cross section of the ⇡�N ! l+l�N process, for different kinematic points, accessible with the
interaction of a 13 GeV pion beam with a proton target at rest, are available in Refs. [239,241,242]. The same process
is also discussed for the measurements of Transition Distribution Amplitudes (TDAs) at small |u| (large |t|) in Ref. [243]
(see also Section 3.8 for more details on TDAs). Experimentally, the process can be well accessed with the un-separated
hadron beam, which is available at the high-momentum beam line of JPARC. This beam mainly contains pions and a beam
momentum of up to 20 GeV/c can be reached. A letter of intent to measure the reaction ⇡N ! µ+µ�N at J-PARC has been
submitted to the local program advisory committee [244] in 2018 and a full proposal is currently in preparation [234].

Lepton pair production in hard exclusive hadron scattering: Another hadronic process which is expected to be sensitive
to GPDs is the lepton-pair production in hard exclusive hadronic collisions [245]. This hadron scattering process which is
schematically shown in Fig. 3.24 can be describe within a double handbag approach with GPDs describing the transition
of the two hadrons and a virtual photon which is produced during the process and decays into a lepton–antilepton pair.
The process depends on the kinematic variables t1 and t2, describing the four momentum transfer between the beam
hadron and the scattered hadron on the one side and between the target and the scattered hadron on the other side as
well as on the four momentum squared Q 02 of the virtual photon (lepton pair). Factorization of the process is expected
but not proven yet for t1/Q 02 ⌧ 1 and t2/Q 02 ⌧ 1. As shown in Ref. [245] the process amplitude is determined by helicity
non-flip vertices, which are dominated by the GPD

Heff = H �
⇠ 2

1 � ⇠ 2 E. (3.83)

Based on the experience from hard exclusive vector meson electroproduction, the contributions from other GPDs like eH ,
eE and transversity GPD are expected to be small.
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Fig. 3.7. Schematic drawing of the time like Compton scattering process (left) and the corresponding Bethe–Heitler process (right).

and sea quark regime. However, even here the uncertainties and model dependent variations are still quite large. In this
regime, new upcoming data from 12 GeV JLAB and COMPASS will help to reduce the uncertainties in the near future. In
contrast to this, the uncertainties in the gluon regime (low xB, low ⇠ ) increase dramatically, since the limited, low statistics
data from H1 and ZEUS, which is the only data available in the 10�4 < xB < 10�2 region, is not able to provide sufficient
constraints. Even the different models tend to show diverging trends in this region. This clearly shows the need for a
future EIC, which will significantly constrain the CFFs in this kinematic domain and therefore, improve the overall quality
of the extraction. To overcome the observed model dependence of the CFF extraction, newer approaches try to implement
machine learning techniques to resolve or at least to reduce the model dependence of the CFF and GPD extraction [117].
Here, double distributions with an added D-term and an additional shadow term are used. This shadow term can be related
to additional shadow GPDs and can have a considerable size, depending on the kinematic region [118]. More examples
for recent approaches to extract CFFs based on different methods can be found e.g. in Refs. [84,85,119–121].

3.3.2. Time like Compton scattering
The time like Compton scattering (TCS) process, which describes the exclusive photoproduction of lepton pairs (�N !

Ne+e� or �N ! Nµ+µ�) was first introduced in 2002 in Ref. [122] and further discussed in [123]. Detailed theoretical
prediction for cross section and beam and target spin asymmetries for proton and neutron targets and their relation
to CFFs and GPDs were discussed in [124,125]. TCS can be seen as the time-reversal symmetric process of DVCS and is
expected to factorize for sufficiently large virtualities Q 02 of the final state virtual photon. Fig. 3.7 shows a schematic
drawing of the process and the corresponding Bethe–Heitler (BH) process which produces the same final state as the TCS
process. The cross section of the exclusive lepton pair production on the proton can therefore be expressed by the pure
BH (d� BH ) and TCS (d� TCS) cross sections and by the interference cross section between the TCS and the BH process (d� I)
in a similar way as for the DVCS process [122,124]:

d4��N!N 0e+e�
= d4� BH

+ d4� TCS
+ d4� I. (3.37)

The BH contribution can be precisely calculated based on the well known Dirac and Pauli form factors F1(t) and F2(t) and
the TCS cross section can be directly related to the Compton form factors by [122]:

d� TCS
/ (1 + cos2(✓ ))(1 � ⌘2)(|H|

2
+ |eH|

2) � 2⌘2Re(H⇤E + eH⇤eE) �

✓
⌘2

+
t

4M2

◆
|E|

2
� ⌘2 t

4M2 |eE|
2
, (3.38)

with the azimuthal angle � between the leptonic and hadronic planes, the mass M of the target nucleon, the polar angle
✓ of the lepton in the l�l+ rest frame, relative to the direction of the virtual photon and the scaling variable ⌘, which is
in leading-twist accuracy given by:

⌘ =
⌧

2 � ⌧
with ⌧ =

Q 02

s � M2 . (3.39)

It can be seen, that ⌘ and ⌧ in the context of TCS cover similar roles as ⇠ and xB in the DVCS process.
Similar to the DVCS process, also for the TCS process, the interference cross section can be related to Compton Form

Factors. For the unpolarized case the expression is given by [122]:

d4� I
unpol / cos(�)

1 + cos2(✓ )
sin(✓ )

Re
⇢
F1H � ⇠ (F1 + F2)eH �

t
4M2 F2E

�
+ · · · (3.40)
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Fig. 3.1. Schematic drawing of the deeply virtual Compton scattering process (left) and of the Bethe–Heitler process (right).

Also for the transversity GPDs, the first moments of the GPDs can be related to higher level observables. The first
moment of the GPD ĒT is directly related to the anomalous tensor magnetic moment kT of the nucleon for the single
quark flavors (u, d) [62,71]:

ku,dT =

Z
dx(2eHu,d

T (x, ⇠ = 0, t = 0) + Eu,d
T (x, ⇠ = 0, t = 0)) =

Z
dxĒu,d

T (x, ⇠ = 0, t = 0). (3.20)

The anomalous tensor magnetic moment is a matrix element of the tensor current and can be interpreted as the shift
of the average position of spin 1/2 quarks within an unpolarized nucleon in the x-direction in relation to the y-direction
relative to the center of the transverse momentum [71]. Furthermore the first moment of the GPD HT represents the
tensor charge �T of the nucleon for the single quark flavors (u, d) [72]:

�u,dT =

Z
dxHu,d

T (x, ⇠ = 0, t = 0). (3.21)

The tensor charge represents the absolute magnitude of transversely polarized valence quarks inside a transversely
polarized nucleon and is, like the anomalous tensor magnetic moment, so far poorly known.

3.3. Experimental access to GPDs

GPDs can be directly related to experimental observables like cross sections or beam and target spin asymmetries. This
section will introduce the different exclusive reactions which are sensitive to GPDs, discuss the different observables and
their relation to GPDs and review the available experimental data.

3.3.1. Deeply virtual Compton scattering
The deeply virtual Compton scattering (DVCS) process lN ! l0N 0� is considered one of the golden channels to access

GPDs. During the scattering process of the lepton l (see Fig. 3.1), the struck parton emits a high-energetic photon, while the
nucleon N itself remains intact. Within the Bjorken limit, under very forward kinematics (�t/Q 2 ⌧ 1) and with xB fixed,
this process factorizes into a hard sub-process which can be described perturbatively at the quark level, � ⇤q ! � q, and a
soft non-perturbative part, described by hadronic matrix elements. The amplitudes of the process can be parametrized by
Compton Form Factors (CFFs), which are complex functions that can be related to integrals over x of the corresponding
GPDs. As an example, the Compton form factors H and eH are given by [73,74]:

H(⇠ , t) =

X

q

e2q

⇢
P

Z 1

�1
dx(Hq(x, ⇠ , t) � Hq(�x, ⇠ , t))


1

⇠ � x
+

1
⇠ + x

�
+ i⇡ [Hq(⇠ , ⇠ , t) � Hq(�⇠ , ⇠ , t)]

�
, (3.22)

eH(⇠ , t) =

X

q

e2q

⇢
P

Z 1

�1
dx(eHq(x, ⇠ , t) + eHq(�x, ⇠ , t))


1

⇠ � x
�

1
⇠ + x

�
+ i⇡ [eHq(⇠ , ⇠ , t) + eHq(�⇠ , ⇠ , t)]

�
, (3.23)

with the principle value integral P . The Compton form factors E and eE are defined in the same way, providing a relation
to the corresponding GPDs E and eE. All Compton form factors can be split in a real and an imaginary part. Considering
the leading order contributions, the DVCS process is only sensitive to the CFFs corresponding to the four chiral-even GPDs
H , E, eH andeE. Contributions from transversity GPDs are strongly suppressed, since the process does not allow a helicity
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Fig. 3.9. Schematic drawing of the double DVCS process.

(DVCS) or the initial state (TCS) of the scattering process involves a real photon. For the CFF H this means, that effectively
only

H(⇠ , ⇠ , t) =

X

q

e2q

⇢
P

Z 1

�1
dx(Hq(x, ⇠ , t) � Hq(�x, ⇠ , t))


1

⇠ � x
+

1
⇠ + x

�
+ i⇡ [Hq(⇠ , ⇠ , t) � Hq(�⇠ , ⇠ , t)]

�
(3.44)

can be accessed. This constrains the related GPD H(x, ⇠ , t), which is a function of the three variables x, ⇠ and t to
H(±⇠ , ⇠ , t) and limits the capability to test certain GPD related sum rules [138] (see Section 3.4).

The DDVCS process (� ⇤N ! � 0⇤N 0 ! l+l�N 0), which is schematically shown in Fig. 3.9 is able to release this
constraint, since it contains a virtual photon in the initial and final state. Therefore, this process can provide an individual
measurement of the GPDs for each x, ⇠ and t point with |⇠ 0| < ⇠ [134]. The CFF H then reads [134]:

H(⇠ 0, ⇠ , t) =

X

q

e2q

⇢
P

Z 1

�1
dx(Hq(x, ⇠ , t) � Hq(�x, ⇠ , t))


1

⇠ 0 + x
+

1
⇠ + x

�
+ i⇡ [Hq(⇠ 0, ⇠ , t) � Hq(�⇠ 0, ⇠ , t)]

�
.

(3.45)

The cross section of the process which depends besides the variables of the classical DVCS process also on Q 0 of the
final state virtual photon can be expressed in a similar way as for the DVCS process, considering that the BH process can
now take place in the initial (BH1) and/or in the final state (BH2).

d5�� ⇤p!p0 l+ l�
= d5� BH1 + d5� BH2 + d5� DDVCS

+ d5� I1 , (3.46)

where the interference term d5� I1 originates from the BH process in the initial state as for the classical DVCS process.
Therefore, DDVCS based observables with polarized beams and targets and also beam charge asymmetries are expected to
show the same relations to the CFFs as presented for the DVCS process in Section 3.3.1 [134,137]. Theoretical predictions
for the DDVCS process are so far only available based on the VGG model [128] and show that the expected cross section
at JLAB kinematics is three order of magnitude smaller than for the DVCS process, as shown in Fig. 3.10. Due to this small
cross section, it was so far not possible to measure the process with any existing experiment.

However, there are currently different initiatives ongoing to measure the DDVCS process with the new Neutral Particle
Spectrometer in JLAB hall C [139] and with a luminosity upgraded version of CLAS12 [140] as well as with the SOLID
detector in JLAB hall A [141]. Also feasibility studies for the EIC are ongoing [142].

3.3.4. Deeply virtual meson production
While DVCS, TCS and DDVCS are widely considered the golden channels for the extraction of chiral even GPDs (H , eH , E

andeE), they show two major limitations. On the one hand, they provide only limited capabilities for a flavor separation of
the GPDs, since even switching to a neutron target allows only a partial flavor separation. On the other hand, transversity
GPDs are strongly suppressed in these processes due to the suppression of sub-processes with a quark helicity-flip, and
can be practically not accessed. Only deeply virtual meson production (DVMP) lN ! l0N 0m, with a meson m in the
final state can overcome these limitations. As illustrated in Fig. 3.11, the process is composed of the hard perturbative
part of the lepton (l) scattering and of a soft part, which can be described by GPDs and a meson distribution amplitude
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Fig. 3.11. Schematic drawing of the deeply virtual meson production process.

proven, is typically treated as a higher twist-effect in current phenomenological models (e.g. [44]). However, the impact
of potentially non-factorizable higher-twist contributions as well as the role of radiative effects are not fully clarified yet
and the onset of the collinear description requires further phenomenological and experimental studies [143].

For the theoretical interpretation of the DVMP process in terms of GPDs, one has to separate the case of vector mesons
and pseudo-scalar mesons, which will be discussed in the following paragraphs.

Vector mesons: The relation of deeply virtual vector meson production to GPDs was originally investigated in Refs. [60,
114,128,144] and the role of transversely polarized virtual photons and the related transversity GPDs was further
investigated in Refs. [145–148]. In the one-photon exchange approximation, the � integrated cross section for deeply
virtual vector-meson (V ) production can be expressed as [114]:

d3� (eN ! e0N 0V )
dxBdQ 2dt

/
d�T

dt
+ ✏

d�L

dt
. (3.47)

The partial cross sections, which describe the interaction of transversely (�T ) and longitudinally (�L) polarized virtual
photons, can be directly related to GPDs [114]:

d�T

dt
/ | hHi |

2
+

��⌦eH
↵��2 ,

d�L

dt
/ | hHi |

2. (3.48)

Here, the brackets around the GPDs hFii represent the convolution of sub-process amplitudes M(x, ⇠ ,Q 2, �), which
describe elementary process, with the GPD F . These objects, are also called Generalized Form Factors (GFF). Similar to
the CFFs for the DVCS process, these GFFs also include an integration over x:

hFii =

X

�

Z 1

�1
dxM(x, ⇠ ,Q 2, �)F (x, ⇠ , t), (3.49)

with the unobserved helicities � of the partons which contribute to the sub-process amplitude.
For the angular dependencies of the cross section, one typically extracts spin density matrix elements (SDMEs) which

were initially defined in Ref. [149]. For a vector-meson decaying into two final state particles (e.g. ⇢0 ! ⇡+⇡�), the
measured angular intensity distribution W (�, �, cos(⇥)) can be expressed as a function of three angles. Explicitly, the
azimuthal angle � between the ⇢0 production plane and the lepton scattering plane in the hadronic center of mass system,
the azimuthal angle � between ⇢0 decay and production planes and the polar angle ⇥ of the ⇡+ produced in the ⇢0 decay
in the vector-meson rest frame. For the latter angle the z-axis is aligned opposite to the outgoing nucleon and the y-axis
is directed orthogonal to the outgoing nucleon and the virtual photon (for more details and a schematic drawing see
Ref. [150]). For a longitudinally polarized beam and an unpolarized target, W (�, �, cos(⇥)) can be split in an unpolarized
part WU and a polarized part WL which couples to the longitudinal beam polarization Pb:

W (�, �, cos(⇥)) = WU (�, �, cos(⇥)) + Pb WL(�, �, cos(⇥)). (3.50)
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Fig. 3.16. Schematic drawing of the exclusive di-photon photoproduction process.

squared t between the initial and final state nucleon. A first theoretical proof of the factorization was provided recently
and can be found in Ref. [200]. A feature of this process is given by the fact, that it has no contribution of a D-term
like DVCS and also besides GPDs no additional non-perturbative contributions like in the case of DVMP, which simplifies
the interpretation of the process in phenomenological studies. It can probe the charge-conjugation odd quark GPDs (Hq

and Eq), also known as valence GPDs. So far, leading (LO) and next to leading (NLO) order predictions are available for
unpolarized cross-sections, showing that gluons do not contribute to the NLO calculations and that the process can be
well measured with present JLAB kinematics and luminosities.

Exclusive photoproduction of a meson pair: Another proposed processes is the exclusive photoproduction or electro-
production of two vector mesons off a polarized nucleon target (� (⇤)N ! ⇢1⇢2N 0) [203]. In this process, for which the
cross section is especially sensitive to the transversity GPD HT , the first vector-meson ⇢1 is produced at large transverse
momentum, while the second vector-meson ⇢2 is transversely polarized. Both mesons have to be separated by a large
rapidity gap. Another quite similar process, which is also expected to show sensitivity to the transversity GPDs, especially
HT , is the exclusive photoproduction of a ⇡⇢ pair �N ! ⇡⇢N 0 [204]. Here the meson pair has to be produced with a large
invariant mass and the final state nucleon has to have a small transverse momentum to ensure that the vector meson is
produced with a transverse polarization.

Exclusive photoproduction of a photon–meson pair: Besides the two-meson production processes, also the exclusive
photoproduction of a photon–meson pair �N ! � 0N 0m with a large invariant mass can provide access to chiral-even
and chiral-odd GPDs [205–209]. The factorization of these processes which was theoretical proofed recently in Ref. [200],
typically requires a large center of mass energy and a fixed decay angle. Explicitly, GPD based cross section calculations
have been performed for m = ⇢0, ⇢+ and ⇡+ for the kinematics of JLAB and the upcoming EIC. In addition, studies with
COMPASS and based on ultra-peripheral collisions at the LHC have been discussed in Ref. [209].

Exclusive photoproduction of heavy quarkonia: Another process, which is expected to be sensitive to gluon GPDs is the
exclusive photoproduction of a heavy quarkonium, like J/ or ⌥ in the forward region [133,210–212]. While the lower
mass quarkonia can be produced with the GlueX detector in JLAB hall D, ultra-peripheral collisions at hadron colliders
like the LHC are proposed as an alternative approach to access especially the heavier quarkonium states [133].

3.4. Physics content of GPDs

GPDs are, as we have already seen, a generalized form of the classical form factors and parton distribution functions,
which can be obtained by integrating the GPDs (see Section 3.2). However, since GPDs correlate the transverse position
and longitudinal momentum information, unique new physics content can be extracted from them. This section will give
an overview over the most important physics observables and phenomena which can be related to GPDs.

3.4.1. GPDs and the nucleon spin
First of all, the space–momentum correlation which is encoded in the GPDs can provide us access to the orbital angular

momentum which is carried by partons inside the nucleon and which is considered the key to solve the puzzle of the
missing nucleon spin. Here, Ji’s sum rule [38] provides a direct relation between the GPDs H and E and the nucleon
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Fig. 3.23. Schematic drawing of the exclusive Drell–Yan process. Besides the GPDs, the process also involves a pion distribution amplitude.

Fig. 3.24. Double handbag for exclusive lepton-pair production in hadron–hadron collisions.

As shown in Ref. [238] the longitudinal part of the cross section for the reaction ⇡�N ! l+l�N shows a direct
proportionality to the GFFs eH and eE:

d�L

dtdQ 02

����
⌧

/
1
Q 08


(1 � ⇠ 2)|eH|

2
� 2⇠ 2Re

�
eH⇤eE

�
� ⇠ 2 t

4m2
N

|eE|
2
�

, (3.82)

with ⌧ ⇡ Q 02/(s � M2
N ) and ⇠ ⇡ ⌧/(2 � ⌧ ). On the other side, reactions with a baryon resonance in the final state

provide sensitivity to transition GPDs. As shown in Ref. [242], the transverse part of the cross section �T and the LT and
TT interference terms �LT and �TT are also sensitive to transversity GPDs.

Estimates of the cross section of the ⇡�N ! l+l�N process, for different kinematic points, accessible with the
interaction of a 13 GeV pion beam with a proton target at rest, are available in Refs. [239,241,242]. The same process
is also discussed for the measurements of Transition Distribution Amplitudes (TDAs) at small |u| (large |t|) in Ref. [243]
(see also Section 3.8 for more details on TDAs). Experimentally, the process can be well accessed with the un-separated
hadron beam, which is available at the high-momentum beam line of JPARC. This beam mainly contains pions and a beam
momentum of up to 20 GeV/c can be reached. A letter of intent to measure the reaction ⇡N ! µ+µ�N at J-PARC has been
submitted to the local program advisory committee [244] in 2018 and a full proposal is currently in preparation [234].

Lepton pair production in hard exclusive hadron scattering: Another hadronic process which is expected to be sensitive
to GPDs is the lepton-pair production in hard exclusive hadronic collisions [245]. This hadron scattering process which is
schematically shown in Fig. 3.24 can be describe within a double handbag approach with GPDs describing the transition
of the two hadrons and a virtual photon which is produced during the process and decays into a lepton–antilepton pair.
The process depends on the kinematic variables t1 and t2, describing the four momentum transfer between the beam
hadron and the scattered hadron on the one side and between the target and the scattered hadron on the other side as
well as on the four momentum squared Q 02 of the virtual photon (lepton pair). Factorization of the process is expected
but not proven yet for t1/Q 02 ⌧ 1 and t2/Q 02 ⌧ 1. As shown in Ref. [245] the process amplitude is determined by helicity
non-flip vertices, which are dominated by the GPD

Heff = H �
⇠ 2

1 � ⇠ 2 E. (3.83)

Based on the experience from hard exclusive vector meson electroproduction, the contributions from other GPDs like eH ,
eE and transversity GPD are expected to be small.
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Fig. 3.23. Schematic drawing of the exclusive Drell–Yan process. Besides the GPDs, the process also involves a pion distribution amplitude.

Fig. 3.24. Double handbag for exclusive lepton-pair production in hadron–hadron collisions.

As shown in Ref. [238] the longitudinal part of the cross section for the reaction ⇡�N ! l+l�N shows a direct
proportionality to the GFFs eH and eE:

d�L

dtdQ 02
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with ⌧ ⇡ Q 02/(s � M2
N ) and ⇠ ⇡ ⌧/(2 � ⌧ ). On the other side, reactions with a baryon resonance in the final state

provide sensitivity to transition GPDs. As shown in Ref. [242], the transverse part of the cross section �T and the LT and
TT interference terms �LT and �TT are also sensitive to transversity GPDs.

Estimates of the cross section of the ⇡�N ! l+l�N process, for different kinematic points, accessible with the
interaction of a 13 GeV pion beam with a proton target at rest, are available in Refs. [239,241,242]. The same process
is also discussed for the measurements of Transition Distribution Amplitudes (TDAs) at small |u| (large |t|) in Ref. [243]
(see also Section 3.8 for more details on TDAs). Experimentally, the process can be well accessed with the un-separated
hadron beam, which is available at the high-momentum beam line of JPARC. This beam mainly contains pions and a beam
momentum of up to 20 GeV/c can be reached. A letter of intent to measure the reaction ⇡N ! µ+µ�N at J-PARC has been
submitted to the local program advisory committee [244] in 2018 and a full proposal is currently in preparation [234].

Lepton pair production in hard exclusive hadron scattering: Another hadronic process which is expected to be sensitive
to GPDs is the lepton-pair production in hard exclusive hadronic collisions [245]. This hadron scattering process which is
schematically shown in Fig. 3.24 can be describe within a double handbag approach with GPDs describing the transition
of the two hadrons and a virtual photon which is produced during the process and decays into a lepton–antilepton pair.
The process depends on the kinematic variables t1 and t2, describing the four momentum transfer between the beam
hadron and the scattered hadron on the one side and between the target and the scattered hadron on the other side as
well as on the four momentum squared Q 02 of the virtual photon (lepton pair). Factorization of the process is expected
but not proven yet for t1/Q 02 ⌧ 1 and t2/Q 02 ⌧ 1. As shown in Ref. [245] the process amplitude is determined by helicity
non-flip vertices, which are dominated by the GPD

Heff = H �
⇠ 2

1 � ⇠ 2 E. (3.83)

Based on the experience from hard exclusive vector meson electroproduction, the contributions from other GPDs like eH ,
eE and transversity GPD are expected to be small.
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Fig. 3.7. Schematic drawing of the time like Compton scattering process (left) and the corresponding Bethe–Heitler process (right).

and sea quark regime. However, even here the uncertainties and model dependent variations are still quite large. In this
regime, new upcoming data from 12 GeV JLAB and COMPASS will help to reduce the uncertainties in the near future. In
contrast to this, the uncertainties in the gluon regime (low xB, low ⇠ ) increase dramatically, since the limited, low statistics
data from H1 and ZEUS, which is the only data available in the 10�4 < xB < 10�2 region, is not able to provide sufficient
constraints. Even the different models tend to show diverging trends in this region. This clearly shows the need for a
future EIC, which will significantly constrain the CFFs in this kinematic domain and therefore, improve the overall quality
of the extraction. To overcome the observed model dependence of the CFF extraction, newer approaches try to implement
machine learning techniques to resolve or at least to reduce the model dependence of the CFF and GPD extraction [117].
Here, double distributions with an added D-term and an additional shadow term are used. This shadow term can be related
to additional shadow GPDs and can have a considerable size, depending on the kinematic region [118]. More examples
for recent approaches to extract CFFs based on different methods can be found e.g. in Refs. [84,85,119–121].

3.3.2. Time like Compton scattering
The time like Compton scattering (TCS) process, which describes the exclusive photoproduction of lepton pairs (�N !

Ne+e� or �N ! Nµ+µ�) was first introduced in 2002 in Ref. [122] and further discussed in [123]. Detailed theoretical
prediction for cross section and beam and target spin asymmetries for proton and neutron targets and their relation
to CFFs and GPDs were discussed in [124,125]. TCS can be seen as the time-reversal symmetric process of DVCS and is
expected to factorize for sufficiently large virtualities Q 02 of the final state virtual photon. Fig. 3.7 shows a schematic
drawing of the process and the corresponding Bethe–Heitler (BH) process which produces the same final state as the TCS
process. The cross section of the exclusive lepton pair production on the proton can therefore be expressed by the pure
BH (d� BH ) and TCS (d� TCS) cross sections and by the interference cross section between the TCS and the BH process (d� I)
in a similar way as for the DVCS process [122,124]:

d4��N!N 0e+e�
= d4� BH

+ d4� TCS
+ d4� I. (3.37)

The BH contribution can be precisely calculated based on the well known Dirac and Pauli form factors F1(t) and F2(t) and
the TCS cross section can be directly related to the Compton form factors by [122]:

d� TCS
/ (1 + cos2(✓ ))(1 � ⌘2)(|H|

2
+ |eH|

2) � 2⌘2Re(H⇤E + eH⇤eE) �

✓
⌘2

+
t

4M2

◆
|E|

2
� ⌘2 t

4M2 |eE|
2
, (3.38)

with the azimuthal angle � between the leptonic and hadronic planes, the mass M of the target nucleon, the polar angle
✓ of the lepton in the l�l+ rest frame, relative to the direction of the virtual photon and the scaling variable ⌘, which is
in leading-twist accuracy given by:

⌘ =
⌧

2 � ⌧
with ⌧ =

Q 02

s � M2 . (3.39)

It can be seen, that ⌘ and ⌧ in the context of TCS cover similar roles as ⇠ and xB in the DVCS process.
Similar to the DVCS process, also for the TCS process, the interference cross section can be related to Compton Form

Factors. For the unpolarized case the expression is given by [122]:

d4� I
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Deeply Virtual Compton Scattering (DVCS)

• DVCS is the cleanest probe of GPDs  (theoretical accuracy at NNLO)
• In the limit ⁄−𝑡 𝑄% ≪ 1 the process factorises into a hard subprocess (𝛾∗𝑞 → 𝑞𝛾) + 

a soft non-perturbative part parametrized in terms of GPDs
• At leading-twist provides access to all chiral-even  GPDS:  
• The amplitudes of the process can be parametrized in terms of Compton FF (CFF), 

related to integrals of GPDs, e.g.:
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Fig. 3.1. Schematic drawing of the deeply virtual Compton scattering process (left) and of the Bethe–Heitler process (right).

Also for the transversity GPDs, the first moments of the GPDs can be related to higher level observables. The first
moment of the GPD ĒT is directly related to the anomalous tensor magnetic moment kT of the nucleon for the single
quark flavors (u, d) [62,71]:

ku,dT =

Z
dx(2eHu,d

T (x, ⇠ = 0, t = 0) + Eu,d
T (x, ⇠ = 0, t = 0)) =

Z
dxĒu,d

T (x, ⇠ = 0, t = 0). (3.20)

The anomalous tensor magnetic moment is a matrix element of the tensor current and can be interpreted as the shift
of the average position of spin 1/2 quarks within an unpolarized nucleon in the x-direction in relation to the y-direction
relative to the center of the transverse momentum [71]. Furthermore the first moment of the GPD HT represents the
tensor charge �T of the nucleon for the single quark flavors (u, d) [72]:

�u,dT =

Z
dxHu,d

T (x, ⇠ = 0, t = 0). (3.21)

The tensor charge represents the absolute magnitude of transversely polarized valence quarks inside a transversely
polarized nucleon and is, like the anomalous tensor magnetic moment, so far poorly known.

3.3. Experimental access to GPDs

GPDs can be directly related to experimental observables like cross sections or beam and target spin asymmetries. This
section will introduce the different exclusive reactions which are sensitive to GPDs, discuss the different observables and
their relation to GPDs and review the available experimental data.

3.3.1. Deeply virtual Compton scattering
The deeply virtual Compton scattering (DVCS) process lN ! l0N 0� is considered one of the golden channels to access

GPDs. During the scattering process of the lepton l (see Fig. 3.1), the struck parton emits a high-energetic photon, while the
nucleon N itself remains intact. Within the Bjorken limit, under very forward kinematics (�t/Q 2 ⌧ 1) and with xB fixed,
this process factorizes into a hard sub-process which can be described perturbatively at the quark level, � ⇤q ! � q, and a
soft non-perturbative part, described by hadronic matrix elements. The amplitudes of the process can be parametrized by
Compton Form Factors (CFFs), which are complex functions that can be related to integrals over x of the corresponding
GPDs. As an example, the Compton form factors H and eH are given by [73,74]:

H(⇠ , t) =
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, (3.22)

eH(⇠ , t) =
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�
, (3.23)

with the principle value integral P . The Compton form factors E and eE are defined in the same way, providing a relation
to the corresponding GPDs E and eE. All Compton form factors can be split in a real and an imaginary part. Considering
the leading order contributions, the DVCS process is only sensitive to the CFFs corresponding to the four chiral-even GPDs
H , E, eH andeE. Contributions from transversity GPDs are strongly suppressed, since the process does not allow a helicity
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Fig. 3.1. Schematic drawing of the deeply virtual Compton scattering process (left) and of the Bethe–Heitler process (right).

Also for the transversity GPDs, the first moments of the GPDs can be related to higher level observables. The first
moment of the GPD ĒT is directly related to the anomalous tensor magnetic moment kT of the nucleon for the single
quark flavors (u, d) [62,71]:

ku,dT =

Z
dx(2eHu,d

T (x, ⇠ = 0, t = 0) + Eu,d
T (x, ⇠ = 0, t = 0)) =

Z
dxĒu,d

T (x, ⇠ = 0, t = 0). (3.20)

The anomalous tensor magnetic moment is a matrix element of the tensor current and can be interpreted as the shift
of the average position of spin 1/2 quarks within an unpolarized nucleon in the x-direction in relation to the y-direction
relative to the center of the transverse momentum [71]. Furthermore the first moment of the GPD HT represents the
tensor charge �T of the nucleon for the single quark flavors (u, d) [72]:

�u,dT =

Z
dxHu,d

T (x, ⇠ = 0, t = 0). (3.21)

The tensor charge represents the absolute magnitude of transversely polarized valence quarks inside a transversely
polarized nucleon and is, like the anomalous tensor magnetic moment, so far poorly known.

3.3. Experimental access to GPDs

GPDs can be directly related to experimental observables like cross sections or beam and target spin asymmetries. This
section will introduce the different exclusive reactions which are sensitive to GPDs, discuss the different observables and
their relation to GPDs and review the available experimental data.

3.3.1. Deeply virtual Compton scattering
The deeply virtual Compton scattering (DVCS) process lN ! l0N 0� is considered one of the golden channels to access

GPDs. During the scattering process of the lepton l (see Fig. 3.1), the struck parton emits a high-energetic photon, while the
nucleon N itself remains intact. Within the Bjorken limit, under very forward kinematics (�t/Q 2 ⌧ 1) and with xB fixed,
this process factorizes into a hard sub-process which can be described perturbatively at the quark level, � ⇤q ! � q, and a
soft non-perturbative part, described by hadronic matrix elements. The amplitudes of the process can be parametrized by
Compton Form Factors (CFFs), which are complex functions that can be related to integrals over x of the corresponding
GPDs. As an example, the Compton form factors H and eH are given by [73,74]:

H(⇠ , t) =

X

q

e2q

⇢
P

Z 1

�1
dx(Hq(x, ⇠ , t) � Hq(�x, ⇠ , t))
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, (3.22)
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, (3.23)

with the principle value integral P . The Compton form factors E and eE are defined in the same way, providing a relation
to the corresponding GPDs E and eE. All Compton form factors can be split in a real and an imaginary part. Considering
the leading order contributions, the DVCS process is only sensitive to the CFFs corresponding to the four chiral-even GPDs
H , E, eH andeE. Contributions from transversity GPDs are strongly suppressed, since the process does not allow a helicity
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• In the limit ⁄−𝑡 𝑄% ≪ 1 the process factorises into a hard subprocess (𝛾∗𝑞 → 𝑞𝛾) + 

a soft non-perturbative part parametrized in terms of GPDs
• At leading-twist provides access to all chiral-even  GPDS:  
• The amplitudes of the process can be parametrized in terms of Compton FF (CFF), 

related to integrals of GPDs, e.g.:
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Fig. 3.1. Schematic drawing of the deeply virtual Compton scattering process (left) and of the Bethe–Heitler process (right).

Also for the transversity GPDs, the first moments of the GPDs can be related to higher level observables. The first
moment of the GPD ĒT is directly related to the anomalous tensor magnetic moment kT of the nucleon for the single
quark flavors (u, d) [62,71]:

ku,dT =

Z
dx(2eHu,d

T (x, ⇠ = 0, t = 0) + Eu,d
T (x, ⇠ = 0, t = 0)) =

Z
dxĒu,d

T (x, ⇠ = 0, t = 0). (3.20)

The anomalous tensor magnetic moment is a matrix element of the tensor current and can be interpreted as the shift
of the average position of spin 1/2 quarks within an unpolarized nucleon in the x-direction in relation to the y-direction
relative to the center of the transverse momentum [71]. Furthermore the first moment of the GPD HT represents the
tensor charge �T of the nucleon for the single quark flavors (u, d) [72]:

�u,dT =

Z
dxHu,d

T (x, ⇠ = 0, t = 0). (3.21)

The tensor charge represents the absolute magnitude of transversely polarized valence quarks inside a transversely
polarized nucleon and is, like the anomalous tensor magnetic moment, so far poorly known.

3.3. Experimental access to GPDs

GPDs can be directly related to experimental observables like cross sections or beam and target spin asymmetries. This
section will introduce the different exclusive reactions which are sensitive to GPDs, discuss the different observables and
their relation to GPDs and review the available experimental data.

3.3.1. Deeply virtual Compton scattering
The deeply virtual Compton scattering (DVCS) process lN ! l0N 0� is considered one of the golden channels to access

GPDs. During the scattering process of the lepton l (see Fig. 3.1), the struck parton emits a high-energetic photon, while the
nucleon N itself remains intact. Within the Bjorken limit, under very forward kinematics (�t/Q 2 ⌧ 1) and with xB fixed,
this process factorizes into a hard sub-process which can be described perturbatively at the quark level, � ⇤q ! � q, and a
soft non-perturbative part, described by hadronic matrix elements. The amplitudes of the process can be parametrized by
Compton Form Factors (CFFs), which are complex functions that can be related to integrals over x of the corresponding
GPDs. As an example, the Compton form factors H and eH are given by [73,74]:

H(⇠ , t) =

X

q

e2q

⇢
P

Z 1

�1
dx(Hq(x, ⇠ , t) � Hq(�x, ⇠ , t))
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, (3.22)

eH(⇠ , t) =
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, (3.23)

with the principle value integral P . The Compton form factors E and eE are defined in the same way, providing a relation
to the corresponding GPDs E and eE. All Compton form factors can be split in a real and an imaginary part. Considering
the leading order contributions, the DVCS process is only sensitive to the CFFs corresponding to the four chiral-even GPDs
H , E, eH andeE. Contributions from transversity GPDs are strongly suppressed, since the process does not allow a helicity
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➔ experimentally undis@nguishable
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Fig. 3.1. Schematic drawing of the deeply virtual Compton scattering process (left) and of the Bethe–Heitler process (right).

Also for the transversity GPDs, the first moments of the GPDs can be related to higher level observables. The first
moment of the GPD ĒT is directly related to the anomalous tensor magnetic moment kT of the nucleon for the single
quark flavors (u, d) [62,71]:

ku,dT =

Z
dx(2eHu,d

T (x, ⇠ = 0, t = 0) + Eu,d
T (x, ⇠ = 0, t = 0)) =

Z
dxĒu,d

T (x, ⇠ = 0, t = 0). (3.20)

The anomalous tensor magnetic moment is a matrix element of the tensor current and can be interpreted as the shift
of the average position of spin 1/2 quarks within an unpolarized nucleon in the x-direction in relation to the y-direction
relative to the center of the transverse momentum [71]. Furthermore the first moment of the GPD HT represents the
tensor charge �T of the nucleon for the single quark flavors (u, d) [72]:

�u,dT =

Z
dxHu,d

T (x, ⇠ = 0, t = 0). (3.21)

The tensor charge represents the absolute magnitude of transversely polarized valence quarks inside a transversely
polarized nucleon and is, like the anomalous tensor magnetic moment, so far poorly known.

3.3. Experimental access to GPDs

GPDs can be directly related to experimental observables like cross sections or beam and target spin asymmetries. This
section will introduce the different exclusive reactions which are sensitive to GPDs, discuss the different observables and
their relation to GPDs and review the available experimental data.

3.3.1. Deeply virtual Compton scattering
The deeply virtual Compton scattering (DVCS) process lN ! l0N 0� is considered one of the golden channels to access

GPDs. During the scattering process of the lepton l (see Fig. 3.1), the struck parton emits a high-energetic photon, while the
nucleon N itself remains intact. Within the Bjorken limit, under very forward kinematics (�t/Q 2 ⌧ 1) and with xB fixed,
this process factorizes into a hard sub-process which can be described perturbatively at the quark level, � ⇤q ! � q, and a
soft non-perturbative part, described by hadronic matrix elements. The amplitudes of the process can be parametrized by
Compton Form Factors (CFFs), which are complex functions that can be related to integrals over x of the corresponding
GPDs. As an example, the Compton form factors H and eH are given by [73,74]:

H(⇠ , t) =

X

q

e2q

⇢
P

Z 1

�1
dx(Hq(x, ⇠ , t) � Hq(�x, ⇠ , t))
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+ i⇡ [Hq(⇠ , ⇠ , t) � Hq(�⇠ , ⇠ , t)]

�
, (3.22)

eH(⇠ , t) =
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, (3.23)

with the principle value integral P . The Compton form factors E and eE are defined in the same way, providing a relation
to the corresponding GPDs E and eE. All Compton form factors can be split in a real and an imaginary part. Considering
the leading order contributions, the DVCS process is only sensitive to the CFFs corresponding to the four chiral-even GPDs
H , E, eH andeE. Contributions from transversity GPDs are strongly suppressed, since the process does not allow a helicity
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Fig. 3.1. Schematic drawing of the deeply virtual Compton scattering process (left) and of the Bethe–Heitler process (right).

Also for the transversity GPDs, the first moments of the GPDs can be related to higher level observables. The first
moment of the GPD ĒT is directly related to the anomalous tensor magnetic moment kT of the nucleon for the single
quark flavors (u, d) [62,71]:

ku,dT =

Z
dx(2eHu,d

T (x, ⇠ = 0, t = 0) + Eu,d
T (x, ⇠ = 0, t = 0)) =

Z
dxĒu,d

T (x, ⇠ = 0, t = 0). (3.20)

The anomalous tensor magnetic moment is a matrix element of the tensor current and can be interpreted as the shift
of the average position of spin 1/2 quarks within an unpolarized nucleon in the x-direction in relation to the y-direction
relative to the center of the transverse momentum [71]. Furthermore the first moment of the GPD HT represents the
tensor charge �T of the nucleon for the single quark flavors (u, d) [72]:

�u,dT =

Z
dxHu,d

T (x, ⇠ = 0, t = 0). (3.21)

The tensor charge represents the absolute magnitude of transversely polarized valence quarks inside a transversely
polarized nucleon and is, like the anomalous tensor magnetic moment, so far poorly known.

3.3. Experimental access to GPDs

GPDs can be directly related to experimental observables like cross sections or beam and target spin asymmetries. This
section will introduce the different exclusive reactions which are sensitive to GPDs, discuss the different observables and
their relation to GPDs and review the available experimental data.

3.3.1. Deeply virtual Compton scattering
The deeply virtual Compton scattering (DVCS) process lN ! l0N 0� is considered one of the golden channels to access

GPDs. During the scattering process of the lepton l (see Fig. 3.1), the struck parton emits a high-energetic photon, while the
nucleon N itself remains intact. Within the Bjorken limit, under very forward kinematics (�t/Q 2 ⌧ 1) and with xB fixed,
this process factorizes into a hard sub-process which can be described perturbatively at the quark level, � ⇤q ! � q, and a
soft non-perturbative part, described by hadronic matrix elements. The amplitudes of the process can be parametrized by
Compton Form Factors (CFFs), which are complex functions that can be related to integrals over x of the corresponding
GPDs. As an example, the Compton form factors H and eH are given by [73,74]:

H(⇠ , t) =
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⇢
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, (3.23)

with the principle value integral P . The Compton form factors E and eE are defined in the same way, providing a relation
to the corresponding GPDs E and eE. All Compton form factors can be split in a real and an imaginary part. Considering
the leading order contributions, the DVCS process is only sensitive to the CFFs corresponding to the four chiral-even GPDs
H , E, eH andeE. Contributions from transversity GPDs are strongly suppressed, since the process does not allow a helicity
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• In the limit ⁄−𝑡 𝑄% ≪ 1 the process factorises into a hard subprocess (𝛾∗𝑞 → 𝑞𝛾) + 

a soft non-perturbative part parametrized in terms of GPDs
• At leading-twist provides access to all chiral-even  GPDS:  
• The amplitudes of the process can be parametrized in terms of Compton FF (CFF), 

related to integrals of GPDs, e.g.:
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Fig. 3.1. Schematic drawing of the deeply virtual Compton scattering process (left) and of the Bethe–Heitler process (right).

Also for the transversity GPDs, the first moments of the GPDs can be related to higher level observables. The first
moment of the GPD ĒT is directly related to the anomalous tensor magnetic moment kT of the nucleon for the single
quark flavors (u, d) [62,71]:

ku,dT =

Z
dx(2eHu,d

T (x, ⇠ = 0, t = 0) + Eu,d
T (x, ⇠ = 0, t = 0)) =

Z
dxĒu,d

T (x, ⇠ = 0, t = 0). (3.20)

The anomalous tensor magnetic moment is a matrix element of the tensor current and can be interpreted as the shift
of the average position of spin 1/2 quarks within an unpolarized nucleon in the x-direction in relation to the y-direction
relative to the center of the transverse momentum [71]. Furthermore the first moment of the GPD HT represents the
tensor charge �T of the nucleon for the single quark flavors (u, d) [72]:

�u,dT =

Z
dxHu,d

T (x, ⇠ = 0, t = 0). (3.21)

The tensor charge represents the absolute magnitude of transversely polarized valence quarks inside a transversely
polarized nucleon and is, like the anomalous tensor magnetic moment, so far poorly known.

3.3. Experimental access to GPDs

GPDs can be directly related to experimental observables like cross sections or beam and target spin asymmetries. This
section will introduce the different exclusive reactions which are sensitive to GPDs, discuss the different observables and
their relation to GPDs and review the available experimental data.

3.3.1. Deeply virtual Compton scattering
The deeply virtual Compton scattering (DVCS) process lN ! l0N 0� is considered one of the golden channels to access

GPDs. During the scattering process of the lepton l (see Fig. 3.1), the struck parton emits a high-energetic photon, while the
nucleon N itself remains intact. Within the Bjorken limit, under very forward kinematics (�t/Q 2 ⌧ 1) and with xB fixed,
this process factorizes into a hard sub-process which can be described perturbatively at the quark level, � ⇤q ! � q, and a
soft non-perturbative part, described by hadronic matrix elements. The amplitudes of the process can be parametrized by
Compton Form Factors (CFFs), which are complex functions that can be related to integrals over x of the corresponding
GPDs. As an example, the Compton form factors H and eH are given by [73,74]:

H(⇠ , t) =
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eH(⇠ , t) =
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with the principle value integral P . The Compton form factors E and eE are defined in the same way, providing a relation
to the corresponding GPDs E and eE. All Compton form factors can be split in a real and an imaginary part. Considering
the leading order contributions, the DVCS process is only sensitive to the CFFs corresponding to the four chiral-even GPDs
H , E, eH andeE. Contributions from transversity GPDs are strongly suppressed, since the process does not allow a helicity
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• The Bethe-Heiltler processes result in the same final state (𝑒, 𝑁, 𝛾)
➔ experimentally undis@nguishable

• In the accessible kinematic regions the BH process is dominant over DVCS (can be precisely calculated)

• But GPDs can be accessed also through the interference!
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Fig. 3.1. Schematic drawing of the deeply virtual Compton scattering process (left) and of the Bethe–Heitler process (right).

Also for the transversity GPDs, the first moments of the GPDs can be related to higher level observables. The first
moment of the GPD ĒT is directly related to the anomalous tensor magnetic moment kT of the nucleon for the single
quark flavors (u, d) [62,71]:

ku,dT =

Z
dx(2eHu,d

T (x, ⇠ = 0, t = 0) + Eu,d
T (x, ⇠ = 0, t = 0)) =

Z
dxĒu,d

T (x, ⇠ = 0, t = 0). (3.20)

The anomalous tensor magnetic moment is a matrix element of the tensor current and can be interpreted as the shift
of the average position of spin 1/2 quarks within an unpolarized nucleon in the x-direction in relation to the y-direction
relative to the center of the transverse momentum [71]. Furthermore the first moment of the GPD HT represents the
tensor charge �T of the nucleon for the single quark flavors (u, d) [72]:

�u,dT =

Z
dxHu,d

T (x, ⇠ = 0, t = 0). (3.21)

The tensor charge represents the absolute magnitude of transversely polarized valence quarks inside a transversely
polarized nucleon and is, like the anomalous tensor magnetic moment, so far poorly known.

3.3. Experimental access to GPDs

GPDs can be directly related to experimental observables like cross sections or beam and target spin asymmetries. This
section will introduce the different exclusive reactions which are sensitive to GPDs, discuss the different observables and
their relation to GPDs and review the available experimental data.

3.3.1. Deeply virtual Compton scattering
The deeply virtual Compton scattering (DVCS) process lN ! l0N 0� is considered one of the golden channels to access

GPDs. During the scattering process of the lepton l (see Fig. 3.1), the struck parton emits a high-energetic photon, while the
nucleon N itself remains intact. Within the Bjorken limit, under very forward kinematics (�t/Q 2 ⌧ 1) and with xB fixed,
this process factorizes into a hard sub-process which can be described perturbatively at the quark level, � ⇤q ! � q, and a
soft non-perturbative part, described by hadronic matrix elements. The amplitudes of the process can be parametrized by
Compton Form Factors (CFFs), which are complex functions that can be related to integrals over x of the corresponding
GPDs. As an example, the Compton form factors H and eH are given by [73,74]:

H(⇠ , t) =
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with the principle value integral P . The Compton form factors E and eE are defined in the same way, providing a relation
to the corresponding GPDs E and eE. All Compton form factors can be split in a real and an imaginary part. Considering
the leading order contributions, the DVCS process is only sensitive to the CFFs corresponding to the four chiral-even GPDs
H , E, eH andeE. Contributions from transversity GPDs are strongly suppressed, since the process does not allow a helicity
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Fig. 3.1. Schematic drawing of the deeply virtual Compton scattering process (left) and of the Bethe–Heitler process (right).

Also for the transversity GPDs, the first moments of the GPDs can be related to higher level observables. The first
moment of the GPD ĒT is directly related to the anomalous tensor magnetic moment kT of the nucleon for the single
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ku,dT =

Z
dx(2eHu,d

T (x, ⇠ = 0, t = 0) + Eu,d
T (x, ⇠ = 0, t = 0)) =

Z
dxĒu,d

T (x, ⇠ = 0, t = 0). (3.20)

The anomalous tensor magnetic moment is a matrix element of the tensor current and can be interpreted as the shift
of the average position of spin 1/2 quarks within an unpolarized nucleon in the x-direction in relation to the y-direction
relative to the center of the transverse momentum [71]. Furthermore the first moment of the GPD HT represents the
tensor charge �T of the nucleon for the single quark flavors (u, d) [72]:

�u,dT =

Z
dxHu,d

T (x, ⇠ = 0, t = 0). (3.21)

The tensor charge represents the absolute magnitude of transversely polarized valence quarks inside a transversely
polarized nucleon and is, like the anomalous tensor magnetic moment, so far poorly known.
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their relation to GPDs and review the available experimental data.

3.3.1. Deeply virtual Compton scattering
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with the principle value integral P . The Compton form factors E and eE are defined in the same way, providing a relation
to the corresponding GPDs E and eE. All Compton form factors can be split in a real and an imaginary part. Considering
the leading order contributions, the DVCS process is only sensitive to the CFFs corresponding to the four chiral-even GPDs
H , E, eH andeE. Contributions from transversity GPDs are strongly suppressed, since the process does not allow a helicity

12

DVCS



The collinear PDFsAccessing GPDs

L. L. Pappalardo                                                Sesto Incontro Nazionale di Fisica Nucleare (INFN 2024) - Trento 26-28 febbraio 2024 29

Each term of the cross sec(on can be expressed in terms of harmonics in the azimuthal angle 𝜙

S. Diehl Progress in Particle and Nuclear Physics 133 (2023) 104069

Fig. 3.2. Schematic drawing of the reaction planes for the DVCS process in the center of mass frame, with the electron scattering plane (blue) and
the photon–nucleon plane (green).

flip at leading order and leading twist [73]. A detailed discussion on the contribution of transversity gluon GPDs can be
found in Ref. [75].

Besides the DVCS process, also the Bethe–Heitler (BH) process, during which a photon is radiated by the incoming or
scattered lepton can produce the same final state as shown in Fig. 3.1. Since the processes can be experimentally not
distinguished, the measured electro-production cross section has to include the interference of the two processes. For a
polarized electron beam and an unpolarized target, it can be expressed as [73,76]:

d4� e±p�
= d4� BH

+ d4� DVCS
unpol. + � d4� DVCS

pol. ⌥ (IRe
+ � IIm), (3.24)

with the beam or target polarization �, the cross sections of the DVCS (� DVCS) and Bethe–Heitler (� BH ) processes and
the real (IRe) an imaginary (IIm) part of the cross section, describing the interference between the amplitudes of the two
processes. It can be seen, that the interference terms contribute in an opposite way (⌥) for the scattering of electrons
and positrons (e±). For the kinematic region which is typically accessible today, for example at JLAB, the Bethe–Heitler
process is typically dominating the contribution from the pure DVCS process. However, since the Bethe–Heitler process
can be theoretically calculated with a high precision based on QED models and the experimentally well known proton
form factors [73], it can be included in theoretical models with small uncertainties. All parts of the cross section show
a characteristic dependence on the angle � between the lepton scattering plane and the plane defined by the final state
photon and nucleon in the center of mass frame, as shown in Fig. 3.2.

This � dependence of the cross section can be expressed in terms of harmonics by [73]:

d�BH / cBH0 + cBH1 cos� + cBH2 cos 2�,

d� unpol
DVCS / cDVCS0 + cDVCS1 cos� + cDVCS2 cos 2�,

d� pol
DVCS / sDVCS1 sin�,

IRe
/ cI0 + cI1 cos� + cI2 cos 2� + cI3 cos 3�,

IIm
/ sI1 sin� + sI2 sin 2�.

(3.25)

The coefficients of the polarized and unpolarized parts of the pure DVCS cross section can be expressed by bi-linear
combinations of Compton form factors, while the interference terms contain linear combinations of Compton form factors
and Dirac (F1) and Pauli (F2) nucleon form factors. As an example, the first term of the unpolarized DVCS cross section is
given by:

cDVCS0 =
1

(2 � xB)2
⇥

⇢
4(1 � xB)

�
HH⇤

+ eHeH⇤
�
� x2B

�
HE⇤

+ EH⇤
+ eHeE⇤

+ eEeH⇤
�

�
�
x2B + k (2 � xB)2

�
EE⇤

� x2B k eEeE⇤

�
,

(3.26)

and the first term of the imaginary part of the interference cross section is given by:

sI1 = F1 H +
xB

2 � xB
(F1 + F2) eH + k F2 E, (3.27)

with k = t/4M2 and the mass of the target nucleon M . The relations for the remaining terms can be found in Ref. [73].
Measurements of the unpolarized total DVCS cross section can provide access to the real part of the Compton scattering

amplitude <(TDVCS), if the contribution from the Bethe–Heitler process is subtracted. However, since the Bethe–Heitler
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Fig. 3.2. Schematic drawing of the reaction planes for the DVCS process in the center of mass frame, with the electron scattering plane (blue) and
the photon–nucleon plane (green).

flip at leading order and leading twist [73]. A detailed discussion on the contribution of transversity gluon GPDs can be
found in Ref. [75].

Besides the DVCS process, also the Bethe–Heitler (BH) process, during which a photon is radiated by the incoming or
scattered lepton can produce the same final state as shown in Fig. 3.1. Since the processes can be experimentally not
distinguished, the measured electro-production cross section has to include the interference of the two processes. For a
polarized electron beam and an unpolarized target, it can be expressed as [73,76]:

d4� e±p�
= d4� BH

+ d4� DVCS
unpol. + � d4� DVCS

pol. ⌥ (IRe
+ � IIm), (3.24)

with the beam or target polarization �, the cross sections of the DVCS (� DVCS) and Bethe–Heitler (� BH ) processes and
the real (IRe) an imaginary (IIm) part of the cross section, describing the interference between the amplitudes of the two
processes. It can be seen, that the interference terms contribute in an opposite way (⌥) for the scattering of electrons
and positrons (e±). For the kinematic region which is typically accessible today, for example at JLAB, the Bethe–Heitler
process is typically dominating the contribution from the pure DVCS process. However, since the Bethe–Heitler process
can be theoretically calculated with a high precision based on QED models and the experimentally well known proton
form factors [73], it can be included in theoretical models with small uncertainties. All parts of the cross section show
a characteristic dependence on the angle � between the lepton scattering plane and the plane defined by the final state
photon and nucleon in the center of mass frame, as shown in Fig. 3.2.

This � dependence of the cross section can be expressed in terms of harmonics by [73]:

d�BH / cBH0 + cBH1 cos� + cBH2 cos 2�,

d� unpol
DVCS / cDVCS0 + cDVCS1 cos� + cDVCS2 cos 2�,

d� pol
DVCS / sDVCS1 sin�,

IRe
/ cI0 + cI1 cos� + cI2 cos 2� + cI3 cos 3�,

IIm
/ sI1 sin� + sI2 sin 2�.

(3.25)

The coefficients of the polarized and unpolarized parts of the pure DVCS cross section can be expressed by bi-linear
combinations of Compton form factors, while the interference terms contain linear combinations of Compton form factors
and Dirac (F1) and Pauli (F2) nucleon form factors. As an example, the first term of the unpolarized DVCS cross section is
given by:

cDVCS0 =
1
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and the first term of the imaginary part of the interference cross section is given by:

sI1 = F1 H +
xB

2 � xB
(F1 + F2) eH + k F2 E, (3.27)

with k = t/4M2 and the mass of the target nucleon M . The relations for the remaining terms can be found in Ref. [73].
Measurements of the unpolarized total DVCS cross section can provide access to the real part of the Compton scattering

amplitude <(TDVCS), if the contribution from the Bethe–Heitler process is subtracted. However, since the Bethe–Heitler
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which computed the sum of the signal from all channels in a
80 ns window. If a signal above a programmable threshold
was found in the calorimeter, the digitization process took
128 μs; otherwise the ARS system resumed sampling after
500 ns. The level-2 trigger was based on a field-program-
mable gate array module, and was used only during high
counting rate settings (> 1 kHz). For settings with low
rates, all level-1 triggers were validated and waveforms

digitized [21]. Off-line analysis of the calorimeter signals
and regular energy calibrations resulted in an energy
resolution of 3% at 7 GeV. Missing-mass reconstruction
identified the nondetected proton (see Fig. 2). The time
resolution between the electron and photon detections was
better than 1 ns. The number of random coincidences was
evaluated by analyzing events in a time window shifted
with respect to the coincidence time of the HRS and
calorimeter signals.
An important source of background was neutral-pion

electroproduction events for which only one of the decay
photons was detected. The number of one-photon events
from π0 decays was estimated by a Monte Carlo simulation
normalized bin by bin to the number of detected π0 → γγ
events. The acceptance and resolution of the experiment
were modeled by a GEANT4 simulation. The simulation
included bin migration effects due to real and virtual
radiation and the PbF2 calorimeter energy resolution, as
described in [19]. During the data taking, the first quadru-
pole of the HRS experienced the gradual failure of its
cryogenic current lead. For the first part of the experiment,
the faulty quadrupole could only be used at a reduced
current supply. Before the fall 2016 data taking, that
quadrupole was replaced by a room-temperature quadru-
pole providing a similar magnetic field. Optics calibrations
data were taken to maintain the excellent resolution of the
HRS. Effects on the spectrometer acceptance were taken
into account for each kinematic setting and run period by
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FIG. 2. Missing mass squared of the ep → eγX reaction for
kinematic setting Kin-48-1, integrated over t and ϕ. Experimental
data are shown in black. The subtraction of the accidental
contribution (green) and photons from π0 decays (blue) yields
the red histogram.
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FIG. 3. Helicity-independent (top) and helicity-dependent (bottom) DVCS cross section at xB ¼ 0.36 (left), xB ¼ 0.48 (center), and
xB ¼ 0.60 (right) for the values ofQ2 and t indicated on the top of each figure. Bars around the points indicate statistical uncertainty and
boxes show the total systematic uncertainty, computed as the quadratic sum of the point-to-point and correlated systematic uncertainties.
Black curves display the total fit to the cross sections, at constant xB and t, in the BMMP formalism. The BH cross section is shown in
green. The contribution from the BH-DVCS interference is shown by the blue bands, whereas the contribution from the DVCS2 term is
indicated by the red bands. All band widths correspond to one standard deviation. The KM15 model is shown in magenta.
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which computed the sum of the signal from all channels in a
80 ns window. If a signal above a programmable threshold
was found in the calorimeter, the digitization process took
128 μs; otherwise the ARS system resumed sampling after
500 ns. The level-2 trigger was based on a field-program-
mable gate array module, and was used only during high
counting rate settings (> 1 kHz). For settings with low
rates, all level-1 triggers were validated and waveforms

digitized [21]. Off-line analysis of the calorimeter signals
and regular energy calibrations resulted in an energy
resolution of 3% at 7 GeV. Missing-mass reconstruction
identified the nondetected proton (see Fig. 2). The time
resolution between the electron and photon detections was
better than 1 ns. The number of random coincidences was
evaluated by analyzing events in a time window shifted
with respect to the coincidence time of the HRS and
calorimeter signals.
An important source of background was neutral-pion

electroproduction events for which only one of the decay
photons was detected. The number of one-photon events
from π0 decays was estimated by a Monte Carlo simulation
normalized bin by bin to the number of detected π0 → γγ
events. The acceptance and resolution of the experiment
were modeled by a GEANT4 simulation. The simulation
included bin migration effects due to real and virtual
radiation and the PbF2 calorimeter energy resolution, as
described in [19]. During the data taking, the first quadru-
pole of the HRS experienced the gradual failure of its
cryogenic current lead. For the first part of the experiment,
the faulty quadrupole could only be used at a reduced
current supply. Before the fall 2016 data taking, that
quadrupole was replaced by a room-temperature quadru-
pole providing a similar magnetic field. Optics calibrations
data were taken to maintain the excellent resolution of the
HRS. Effects on the spectrometer acceptance were taken
into account for each kinematic setting and run period by
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indicated by the red bands. All band widths correspond to one standard deviation. The KM15 model is shown in magenta.
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applying similar multidimensional cuts (R cuts, [26]) on
both the experimental and simulated data.
Deep inelastic scattering data were taken simultaneously

to the main DVCS data using an ancillary trigger for all
kinematic settings, which allowed a monitor of the scat-
tered electron detection efficiency and acceptance [21]. The
total systematic uncertainty of the DVCS cross-section
measurements includes the uncertainty on the electron
detection and acceptance, the luminosity evaluation, the
uncertainty on the photon detection, and the exclusivity.
Radiative corrections are included in the analysis based on
calculations of [27] and using the procedure described in
detail in [21].
Figure 3 shows a sample of the cross section measured at

each of the xB settings. See Supplemental Material [28] for
the full set of data. The azimuthal dependence of the cross
section is fit using the BMMP formalism [6], and the
contribution from the BH-DVCS interference and DVCS2

contributions are shown along with the BH cross section.
The BMMP calculation includes kinematic power correc-
tions ∼t=Q2 and ∼M2=Q2 that were proven to be important
at these kinematics [20]. The cross section is expressed as a
function of helicity-conserving CFFs (Hþþ, H̃þþ, Eþþ,
and Ẽþþ), longitudinal-to-transverse helicity-flip CFFs
(H0þ, H̃0þ, E0þ, and Ẽ0þ), and transverse helicity-flip
CFFs (H−þ, H̃−þ, E−þ, and Ẽ−þ). For each GPD label, the
subscripts λ, λ0 refer to the light cone helicity of the initial
(virtual) and final (real) photon, respectively. In this
formalism, the light cone is defined by linear combinations
of qμ and q0μ. Our whole dataset has been fitted using this
complete and consistent scheme, with the real and imagi-
nary part of all these CFFs being the free parameters (a total
of 24) of the fit. All kinematics bins inQ2 and ϕ at constant
ðxB; tÞ are fitted simultaneously, however possible QCD
evolution of the CFFs as functions of Q2 is not considered.
While the number of fit parameters is large, the high

accuracy of the data allows to simultaneously extract all the
helicity-conserving CFFs with good statistical uncertain-
ties. Figure 4 shows the real and imaginary part of all four
helicity-conserving CFFs as a function of xB averaged over
t. These results represent the first complete extraction of all
helicity-conserving CFFs appearing in the DVCS cross
section, including the poorly known Eþþ and Ẽþþ. The
state-of-the-art GPD parametrization KM15 [29] that
reproduces worldwide DVCS data show a reasonable
agreement but fail to describe Eþþ and Ẽþþ accurately.
As first demonstrated in [20] and described theoretically

in [30], the measurement of the DVCS cross section at two
or more values of the ep center-of-mass energy

ffiffiffi
s

p

provides statistically significant separation of the real
and imaginary parts of the BH-DVCS interference term
as well as the DVCS2 contribution in the cross sections for
polarized electrons. A new analysis [31] of all previous
JLab DVCS data followed a similar procedure, and

obtained flavor-separated Compton form factors, after
inclusion of our recent neutron DVCS data [32]. In the
present analysis, realistic error bands on the chiral-evenCFFs
are obtained by explicit inclusion of higher-order terms (e.g.,
H0þ, H−þ, etc.) in the cross section fit, with these terms
primarily constrained by inclusion of higher Fourier terms in
the azimuthal variableϕ. Although the extracted values of the
helicity-flip CFFs are largely statistically consistent with
zero, the statistical correlations between all of the CFF values
at fixed xB are essential to obtaining realistic experimental
uncertainties. Figure 5 illustrates for setting xB ¼ 0.60 the
values of CFFs as a function of t obtained when the fit
includes only the helicity-conserving CFFs (red points)
and when both helicity-conserving and helicity-flip CFFs
are included (black points). One can see that fitting only
helicity-conserving CFFs significantly underestimates their
uncertainties.
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FIG. 4. Values of the helicity-conserving CFFs, averaged over t,
as a function of xB. Bars around the points indicate statistical
uncertainty and boxes show the total systematic uncertainty. The
fit results of previous data [19] at xB ¼ 0.36 are displayed with
the open markers. The average t values are −0.281 GeV2 [19]
and −0.345, −0.702, −1.050 GeV2 at xB ¼ 0.36, 0.48, 0.60,
respectively. The solid lines show the KM15 model [29].
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applying similar multidimensional cuts (R cuts, [26]) on
both the experimental and simulated data.
Deep inelastic scattering data were taken simultaneously

to the main DVCS data using an ancillary trigger for all
kinematic settings, which allowed a monitor of the scat-
tered electron detection efficiency and acceptance [21]. The
total systematic uncertainty of the DVCS cross-section
measurements includes the uncertainty on the electron
detection and acceptance, the luminosity evaluation, the
uncertainty on the photon detection, and the exclusivity.
Radiative corrections are included in the analysis based on
calculations of [27] and using the procedure described in
detail in [21].
Figure 3 shows a sample of the cross section measured at

each of the xB settings. See Supplemental Material [28] for
the full set of data. The azimuthal dependence of the cross
section is fit using the BMMP formalism [6], and the
contribution from the BH-DVCS interference and DVCS2

contributions are shown along with the BH cross section.
The BMMP calculation includes kinematic power correc-
tions ∼t=Q2 and ∼M2=Q2 that were proven to be important
at these kinematics [20]. The cross section is expressed as a
function of helicity-conserving CFFs (Hþþ, H̃þþ, Eþþ,
and Ẽþþ), longitudinal-to-transverse helicity-flip CFFs
(H0þ, H̃0þ, E0þ, and Ẽ0þ), and transverse helicity-flip
CFFs (H−þ, H̃−þ, E−þ, and Ẽ−þ). For each GPD label, the
subscripts λ, λ0 refer to the light cone helicity of the initial
(virtual) and final (real) photon, respectively. In this
formalism, the light cone is defined by linear combinations
of qμ and q0μ. Our whole dataset has been fitted using this
complete and consistent scheme, with the real and imagi-
nary part of all these CFFs being the free parameters (a total
of 24) of the fit. All kinematics bins inQ2 and ϕ at constant
ðxB; tÞ are fitted simultaneously, however possible QCD
evolution of the CFFs as functions of Q2 is not considered.
While the number of fit parameters is large, the high

accuracy of the data allows to simultaneously extract all the
helicity-conserving CFFs with good statistical uncertain-
ties. Figure 4 shows the real and imaginary part of all four
helicity-conserving CFFs as a function of xB averaged over
t. These results represent the first complete extraction of all
helicity-conserving CFFs appearing in the DVCS cross
section, including the poorly known Eþþ and Ẽþþ. The
state-of-the-art GPD parametrization KM15 [29] that
reproduces worldwide DVCS data show a reasonable
agreement but fail to describe Eþþ and Ẽþþ accurately.
As first demonstrated in [20] and described theoretically

in [30], the measurement of the DVCS cross section at two
or more values of the ep center-of-mass energy

ffiffiffi
s

p

provides statistically significant separation of the real
and imaginary parts of the BH-DVCS interference term
as well as the DVCS2 contribution in the cross sections for
polarized electrons. A new analysis [31] of all previous
JLab DVCS data followed a similar procedure, and

obtained flavor-separated Compton form factors, after
inclusion of our recent neutron DVCS data [32]. In the
present analysis, realistic error bands on the chiral-evenCFFs
are obtained by explicit inclusion of higher-order terms (e.g.,
H0þ, H−þ, etc.) in the cross section fit, with these terms
primarily constrained by inclusion of higher Fourier terms in
the azimuthal variableϕ. Although the extracted values of the
helicity-flip CFFs are largely statistically consistent with
zero, the statistical correlations between all of the CFF values
at fixed xB are essential to obtaining realistic experimental
uncertainties. Figure 5 illustrates for setting xB ¼ 0.60 the
values of CFFs as a function of t obtained when the fit
includes only the helicity-conserving CFFs (red points)
and when both helicity-conserving and helicity-flip CFFs
are included (black points). One can see that fitting only
helicity-conserving CFFs significantly underestimates their
uncertainties.
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FIG. 4. Values of the helicity-conserving CFFs, averaged over t,
as a function of xB. Bars around the points indicate statistical
uncertainty and boxes show the total systematic uncertainty. The
fit results of previous data [19] at xB ¼ 0.36 are displayed with
the open markers. The average t values are −0.281 GeV2 [19]
and −0.345, −0.702, −1.050 GeV2 at xB ¼ 0.36, 0.48, 0.60,
respectively. The solid lines show the KM15 model [29].
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𝑡-dependence of 𝐼𝑚 ℋ extracted
in a global fit of measurements of σ
and ∆σ from CLAS (open squares)
and Hall-A (solid triangles) as well
as on measurements of 𝐴() and
𝐴)) asymmetries from CLAS (solid
circles) in 20 𝑄" bins!
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applying similar multidimensional cuts (R cuts, [26]) on
both the experimental and simulated data.
Deep inelastic scattering data were taken simultaneously

to the main DVCS data using an ancillary trigger for all
kinematic settings, which allowed a monitor of the scat-
tered electron detection efficiency and acceptance [21]. The
total systematic uncertainty of the DVCS cross-section
measurements includes the uncertainty on the electron
detection and acceptance, the luminosity evaluation, the
uncertainty on the photon detection, and the exclusivity.
Radiative corrections are included in the analysis based on
calculations of [27] and using the procedure described in
detail in [21].
Figure 3 shows a sample of the cross section measured at

each of the xB settings. See Supplemental Material [28] for
the full set of data. The azimuthal dependence of the cross
section is fit using the BMMP formalism [6], and the
contribution from the BH-DVCS interference and DVCS2

contributions are shown along with the BH cross section.
The BMMP calculation includes kinematic power correc-
tions ∼t=Q2 and ∼M2=Q2 that were proven to be important
at these kinematics [20]. The cross section is expressed as a
function of helicity-conserving CFFs (Hþþ, H̃þþ, Eþþ,
and Ẽþþ), longitudinal-to-transverse helicity-flip CFFs
(H0þ, H̃0þ, E0þ, and Ẽ0þ), and transverse helicity-flip
CFFs (H−þ, H̃−þ, E−þ, and Ẽ−þ). For each GPD label, the
subscripts λ, λ0 refer to the light cone helicity of the initial
(virtual) and final (real) photon, respectively. In this
formalism, the light cone is defined by linear combinations
of qμ and q0μ. Our whole dataset has been fitted using this
complete and consistent scheme, with the real and imagi-
nary part of all these CFFs being the free parameters (a total
of 24) of the fit. All kinematics bins inQ2 and ϕ at constant
ðxB; tÞ are fitted simultaneously, however possible QCD
evolution of the CFFs as functions of Q2 is not considered.
While the number of fit parameters is large, the high

accuracy of the data allows to simultaneously extract all the
helicity-conserving CFFs with good statistical uncertain-
ties. Figure 4 shows the real and imaginary part of all four
helicity-conserving CFFs as a function of xB averaged over
t. These results represent the first complete extraction of all
helicity-conserving CFFs appearing in the DVCS cross
section, including the poorly known Eþþ and Ẽþþ. The
state-of-the-art GPD parametrization KM15 [29] that
reproduces worldwide DVCS data show a reasonable
agreement but fail to describe Eþþ and Ẽþþ accurately.
As first demonstrated in [20] and described theoretically

in [30], the measurement of the DVCS cross section at two
or more values of the ep center-of-mass energy
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provides statistically significant separation of the real
and imaginary parts of the BH-DVCS interference term
as well as the DVCS2 contribution in the cross sections for
polarized electrons. A new analysis [31] of all previous
JLab DVCS data followed a similar procedure, and

obtained flavor-separated Compton form factors, after
inclusion of our recent neutron DVCS data [32]. In the
present analysis, realistic error bands on the chiral-evenCFFs
are obtained by explicit inclusion of higher-order terms (e.g.,
H0þ, H−þ, etc.) in the cross section fit, with these terms
primarily constrained by inclusion of higher Fourier terms in
the azimuthal variableϕ. Although the extracted values of the
helicity-flip CFFs are largely statistically consistent with
zero, the statistical correlations between all of the CFF values
at fixed xB are essential to obtaining realistic experimental
uncertainties. Figure 5 illustrates for setting xB ¼ 0.60 the
values of CFFs as a function of t obtained when the fit
includes only the helicity-conserving CFFs (red points)
and when both helicity-conserving and helicity-flip CFFs
are included (black points). One can see that fitting only
helicity-conserving CFFs significantly underestimates their
uncertainties.
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FIG. 4. Values of the helicity-conserving CFFs, averaged over t,
as a function of xB. Bars around the points indicate statistical
uncertainty and boxes show the total systematic uncertainty. The
fit results of previous data [19] at xB ¼ 0.36 are displayed with
the open markers. The average t values are −0.281 GeV2 [19]
and −0.345, −0.702, −1.050 GeV2 at xB ¼ 0.36, 0.48, 0.60,
respectively. The solid lines show the KM15 model [29].
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𝑡-dependence of 𝐼𝑚 ℋ extracted
in a global fit of measurements of σ
and ∆σ from CLAS (open squares)
and Hall-A (solid triangles) as well
as on measurements of 𝐴() and
𝐴)) asymmetries from CLAS (solid
circles) in 20 𝑄" bins! 5

Figure 4: x-dependence of hb2?i for quarks in the proton. The
band shows the empirical result using the logarithmic ansatz
for B0(x) of Eqs. (17, 18). The data points correspond with
the results obtained in this work for B(x), as displayed in
Fig. 3. They have been multiplied by the correction factor
B0/B ' 0.925±0.025 in the x-range of the data. The resulting
(small) model uncertainty is shown by the outer error bars.

both the data for A and B, yield: 0.90 < B0/B < 0.95.
As a result, we can convert the data for B(x) to data
for hb2?i(x) using Eq. (15), as shown in Fig. 4. They are
compared with the result using the logarithmic ansatz for
B0(x) of Eq. (17), with parameter aB determined from
the proton Dirac radius. One sees that within errors both
determinations are perfectly compatible. We have here
extracted the x-dependence of the squared radius of the
quark distributions in the transverse plane, demonstrat-
ing an increase of this radius with decreasing value of the
longitudinal quark momentum fraction x. Fig. 5 shows
a three-dimensional view of the numerical function that
we obtained by the fit of the data of Fig. 4.

In summary, we have analyzed in a GPD QCD leading-
twist and leading-order framework the latest ep ! ep�

unpolarized cross sections, di↵erence of beam-polarized
cross sections, longitudinally polarized target single spin,
and beam-longitudinally polarized target double spin
asymmetries recently measured at JLab. We have ex-
tracted constraints on the HIm CFF over a large range
in ⇠. From the amplitude and the t-slope ofHIm, we have
been able to derive a functional mapping of the density
and transverse size of the proton charge as a function of
the quark’s longitudinal momentum.
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Great expectations from JLab12, AMBER and EIC!

separation to access the purely DVCS terms in the scatter-
ing amplitude.
Although representing only 25% of the beam time

allocated to the CLAS12 experiment for DVCS on an
unpolarized proton, these new results are already sta-
tistically competitive with the entire 6 GeV program, as
demonstrated by the reweighting technique. In the terra
incognita, which forms the great majority of the phase
space covered by the new measurement and accounts for
almost 89% of the points, while GPD models seem to be in
fair agreement with the newly collected data, some tension
can be seen with the KM15 global fit. This illuminates the
need for the inclusion of the new data, which have greatly
enriched the world set, extending the probed phase space in
the valence region with high-precision measurements, and
promise to provide both very significant constraints for
global fits across new kinematic ranges and a crucial means
of validating and refining GPD models. All data points can
be found in the Supplemental Material [40].
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Many new high-precision DVCS results 
are expected from JLab12 experiments:
- cross section measurements
- neutron DVCS (D target)
- long. and transverse TSA
- BCA (positron beam ?)
- …
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separation to access the purely DVCS terms in the scatter-
ing amplitude.
Although representing only 25% of the beam time

allocated to the CLAS12 experiment for DVCS on an
unpolarized proton, these new results are already sta-
tistically competitive with the entire 6 GeV program, as
demonstrated by the reweighting technique. In the terra
incognita, which forms the great majority of the phase
space covered by the new measurement and accounts for
almost 89% of the points, while GPD models seem to be in
fair agreement with the newly collected data, some tension
can be seen with the KM15 global fit. This illuminates the
need for the inclusion of the new data, which have greatly
enriched the world set, extending the probed phase space in
the valence region with high-precision measurements, and
promise to provide both very significant constraints for
global fits across new kinematic ranges and a crucial means
of validating and refining GPD models. All data points can
be found in the Supplemental Material [40].
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FIG. 5. Beam-spin asymmetries for bins only reachable with a ∼10 GeV electron beam, compared with the KM15, GK, and VGG
GPD models. The kinematics listed are approximate; point-by-point kinematics are available in the tables of the Supplemental Material
for the full dataset [40]. In the last bin, Hall A asymmetries have been computed from the data published in [22] at Q2 ¼ 5.36 GeV2,
xB ¼ 0.48, and t ¼ −0.51 GeV2.
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separation to access the purely DVCS terms in the scatter-
ing amplitude.
Although representing only 25% of the beam time

allocated to the CLAS12 experiment for DVCS on an
unpolarized proton, these new results are already sta-
tistically competitive with the entire 6 GeV program, as
demonstrated by the reweighting technique. In the terra
incognita, which forms the great majority of the phase
space covered by the new measurement and accounts for
almost 89% of the points, while GPD models seem to be in
fair agreement with the newly collected data, some tension
can be seen with the KM15 global fit. This illuminates the
need for the inclusion of the new data, which have greatly
enriched the world set, extending the probed phase space in
the valence region with high-precision measurements, and
promise to provide both very significant constraints for
global fits across new kinematic ranges and a crucial means
of validating and refining GPD models. All data points can
be found in the Supplemental Material [40].
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Figure 7.46: Impact parameter distributions at x = 0.001 and Q2 = 4 GeV2 for unpolarized
sea quarks in an unpolarized proton (left), a transversely polarized proton (middle), and for
unpolarized gluons in an unpolarized proton (right), obtained from a combined fit to the
HERA collider data and EIC pseudodata [23]. Top row: IPDs at fixed bx = 0 as a function of
b = by. Bottom row: density plots of IPDs in the (bx, by)-plane.

in a Fourier transform, corresponds to large values of the impact parameter. Stud-
ies by the same authors show that limiting the measured |t|-range would severely
affect the precision of the extracted partonic densities, as shown in Fig. 7.48. The
bands represent the uncertainty from different extrapolations to the regions of un-
measured (very low and very high) values of |t|.

Form factors of the energy momentum tensor

GPDs also offer the unique and practical opportunity to access the form factors
of the energy momentum tensor (EMT), which are canonically probed through
gravity [417]. For a symmetric (Belinfante-improved) EMT, there are four form
factors, usually referred as A(t), J(t), D(t) and C̄(t), for each type of parton. The
first three form factors can be related to x-moments of the GPDs and, at t = 0, the
corresponding “charges” for quarks and gluons give, respectively, the fraction of
nucleon momentum carried by the partons, the quark and gluon contribution to
the total angular momentum of the nucleon [21] (see Sec. 7.1.2), and the D-term
D ⌘ D(0), which is sometimes referred to as the “last unknown global property”
of the nucleon [418]. Furthermore, the C̄(t) form factor is related to the EMT trace
anomaly and plays an important role in the generation of the nucleon mass (see
Sec. 7.1.4). The information encoded in the EMT form factors is revealed in the
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Figure 7.44: Extraction of the GPD H for sea quarks (left) and gluons (center), and the GPD
E for sea quarks (right), at a particular x and Q2. The violet band is the uncertainty obtained
excluding the EIC pseudodata from the global fit procedure [23].

Hard exclusive production of p0 mesons has a final state similar to that of DVCS.
It consists of one scattered lepton in the DIS regime (Q2 > 1 GeV2), one scattered
nucleon in a coherent state (i.e., no break-up of target particle in the interaction),
and either one or two photons for DVCS and p0 production, respectively. This
similarity suggests that a common analysis of the detector requirements for both
processes can be performed, as discussed in Sec. 8.4.1.

The information that can be extracted from a handful of DVCS measurements at
low xB from HERA collider experiments, almost entirely consisting of cross sec-
tions in loose Q2 � t bins, is very limited. GPD-based experiments at larger xB
have been carried out at HERMES and COMPASS. Dedicated fixed-target experi-
ments at JLab-12 will be addressing GPDs in the kinematic region dominated by
valence quarks. More precise data mapping, with high granularity and a wider
phase space, is required to fully constrain the entire set of GPDs for gluons and sea
quarks. This will be provided by the EIC, which connects the domain typical of
fixed-target experiments with that of collider measurements. With its wide range
in energy and high luminosity, the EIC will thus offer an unprecedented opportu-
nity for a precise determination of GPDs.

Simulation studies proved that the EIC can perform accurate measurements of
DVCS cross sections and asymmetries in a very fine binning and with a very low
statistical uncertainty [23]. This pioneering assessment of the EIC capability to
constrain GPDs solely relies on global fits of DVCS measurements. Figure 7.44
shows the uncertainties of GPDs extracted from current data (violet bands) and
how they are constrained after including the EIC pseudodata into the fits (orange
bands). This study demonstrated that the EIC can significantly improve our cur-
rent knowledge of the GPD H for gluons. Moreover, a precise measurement of the
transverse target-spin asymmetry AUT leads to an accurate extraction of the GPD
E for sea quarks, which currently remains almost unconstrained [23].

Diffractive events are known to constitute a large part of the cross section in high-
energy scattering. In Refs. [403–405], access to GPDs is suggested in a diffractive
process where a GPD-driven subprocess (PN ! g⇤(Q02)N0 or PN ! MN0, with
P a hard Pomeron and M a meson) is triggered by a diffractive g⇤(Q2) ! rP pro-

EIC
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COMPASS++/AMBER
160 GeV, 280 days

Great expectations from JLab12, AMBER and EIC!
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The GPD H can also be related to the gravita@onal form factors (GFFs):

S. Diehl Progress in Particle and Nuclear Physics 133 (2023) 104069

Fig. 3.17. Quark transverse angular momentum densities Ju,d(x) based on fits of the GPDs H and E.
Source: Reprinted from J. High Energ. Phys. 2022, 215 (2022), Y. Guo, X. Ji and K. Shiells, Generalized parton distributions
through universal moment parametrization: zero skewness case (Ref. [68]).
© 2022 under Creative Commons CC BY License.
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with the contribution of the quarks q, for which the sum runs over all flavors, and the contribution of the gluons g .
As we have seen in the last sections, the GPDs H and E can be extracted from several DVCS observables with proton

and neutron targets and with different target polarizations. Additional constraints, especially for the flavor separation
of u and d quarks can also be obtained from deeply virtual vector meson production cross sections. In this context, the
production of �, J/ and Y mesons is especially helpful to access the gluon GPDs. As shown in Eq. (3.69), the extraction
of the contribution from the single partons to the nucleon spin is closely related to the extraction of the GPDs itself and
therefore suffers from the same limitations, especially the incomplete knowledge of the GPDs in the gluon regime (at low
xB), which will become accessible with the EIC. Nevertheless, several attempts have been made to extract the angular
momentum densities for the kinematic regime accessible with recent experiments. One of the most recent extractions of
the quark transverse angular momentum densities is provided in Ref. [68] and shown in Fig. 3.17. The major source of
uncertainty in Fig. 3.17 is originating from the GPD E, which is less constraint than the GPD H . In the near future, results
for DVCS off a neutron target will become available from CLAS12, which will further constrain the GPD E and reduce these
uncertainties. Also DVCS measurements with a transversely polarized target can provide further constraints.

3.4.2. Pressure and shear forces in the nucleon
Besides the relation to the nucleon spin, the GPD H can also be related to the gravitational form factors (GFFs) d1(t)

and M2(t) by [38]:
Z

dx x H(x, ⇠ , t) = M2(t) +
4
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⇠ 2d1(t). (3.70)

The GFF M2(t) represents the mass/energy distribution within the nucleon and the GFF d1(t) can be directly related to the
shear forces and the pressure distribution within the nucleon.

Since a precise extraction of the GPD H is not available yet, attempts have been made to access the shear-force and
pressure distributions directly from the related CFF H. The CFF can be used to extract the D-term D = D(t = 0) of the
nucleon using the following relation [213,214]:
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Based on DVCS beam spin asymmetry measurements, which are proportional to the imaginary part of the CFF and cross
section measurements, which are proportional to the real part, it becomes possible to directly extract the D term. It was
determined for the first time based on CLAS data recorded during the 6 GeV era of JLAB to D = �1.63(12)(26) [215].

The GFF d1(t), which is equivalent to the coefficient of the polynomial C↵1 (z) in a Gegenbauer expansion of the D-term,
can be directly related to the pressure distribution p(r) within the nucleon via the spherical Bessel integral [213,214]:
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with the zeroth spherical Bessel function j0(x).
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Fig. 3.18. Radial pressure distribution r2p(r) in the proton as a function of r . The thick line is extracted based on DVCS measurements from CLAS
during the 6 GeV era with the uncertainty given by the light green band. The dark green band shows the uncertainty of the extraction method
without including the 6 GeV CLAS data and the orange band predicts the reduction of the uncertainty by the currently ongoing measurements with
CLAS12.
Source: Reprinted from Nature 557, 396 (2018) (Ref. [215]), V. D. Burkert, L. Elouadrhiri and F. X. Girod, The pressure distribution inside the proton.
© 2018 reproduced with permission from Springer Nature Customer Service Centre.

Based on these relations, the pressure distribution within the proton shown in Fig. 3.18 has been extracted for the
first time using DVCS beam spin asymmetry and cross section measurements from CLAS obtained during the 6 GeV era of
JLAB in Ref. [215]. A strong repulsive pressure near the center of the nucleon and a confining pressure for r > 0.6 fm can
be observed. It can be clearly seen, that a more precise determination of the CFF H and the related GPD H based on the
new CLAS12 data will help to reduce the uncertainties of the distribution significantly. With the same method also the
distribution of the closely related shear forces in the proton has been extracted in Ref. [216]. A more detailed discussion
on the gravitational form factors of the proton can be found in Ref. [217].

3.4.3. From GPDs to a 3D imaging of the nucleon
A visualization of GPDs can be obtained by interpreting them in the impact parameter (position) space. Here GPDs can

be interpreted as a Fourier transform of parton distributions. For example, the GPD H for ⇠ = 0 (with purely transverse
momentum transfer) is the Fourier transform of the unpolarized parton distribution function q(x, b?), which depends on
the impact parameter b? and the longitudinal momentum fraction x [218,219]:

q(x, b?) =

Z
d2�?

(2⇡ )2
e�i�?b?H(x, 0, ��2

?
). (3.73)

The reference point for the impact parameter is given by the (transverse) center of momentum of the target. Since b? is
a 2D vector in the transverse plane, q(x, b?) provides the 2D distribution of the unpolarized parton distribution for each
value of the longitudinal momentum fraction x and therefore a 3D image of the nucleons transverse charge extension in
the (x, b?) space as shown in Fig. 3.19.

Based on Eq. (3.73) the squared radius of the unpolarized 2-dimensional transverse charge distribution in the nucleon,
for a certain fixed value of x can be related to the GPD H by [49]:

⌦
b2

?

↵q (x) = �4
@

@�2
?

ln(H(x, 0, ��2
?
))
����
�?=0

. (3.74)

Also GPDs with a helicity flip can be interpreted in the impact parameter space. For example, the unpolarized impact
parameter dependent PDF qX (x, b?) can be obtained from a Fourier transform of the non helicity flip GPD H and the
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• 8 independent TMDs at LT
• depend on 𝑥  and  𝑝*
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• 8 independent TMDs at LT
• depend on 𝑥  and  𝑝*

Describe spin-orbit correla@ons of the form 𝑆 @ 𝑝⃗'×𝑝⃗% :
• generate flavour-dependent distorsions of the parton

densi(es in transverse momentum plane (e.g. Sivers effect)

• can provide sensitivity to unknown parton OAM!
Sivers effect: unpolarized quarks in a transversely
polarized nucleon

respond to the collinear PDFs: the longitudi-
nal polarized structure function discussed in
the previous section and the quark transver-
sity distribution. The latter is related to the
tensor charge of the nucleon. These three
distributions can be regarded as a simple
transverse momentum extension of the asso-
ciated integrated quark distributions. More
importantly, the power and rich possibilities
of the TMD approach arise from the sim-
ple fact that kT is a vector, which allows
for various correlations with the other vec-
tors involved: the nucleon momentum P , the
nucleon spin S, and the parton spin (say a
quark, sq). Accordingly, there are eight inde-
pendent TMD quark distributions as shown
in Fig. 2.12. Apart from the straightfor-
ward extension of the normal PDFs to the
TMDs, there are five TMD quark distribu-
tions, which are sensitive to the direction of
kT , and will vanish with a simple kT integral.

Because of the correlations between the
quark transverse momentum and the nucleon
spin, the TMDs naturally provide impor-
tant information on the dynamics of par-
tons in the transverse plane in momentum
space, as compared to the GPDs which de-
scribe the dynamics of partons in the trans-
verse plane in position space. Measurements
of the TMD quark distributions provide in-
formation about the correlation between the
quark orbital angular momentum and the nu-
cleon/quark spin because they require wave
function components with nonzero orbital
angular momentum. Combining the wealth
of information from all of these functions
could thus be invaluable for disentangling
spin-orbit correlations in the nucleon wave
function, and providing important informa-
tion about the quark orbital angular momen-
tum.
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Figure 2.13: The density in the transverse-momentum plane for unpolarized quarks with x = 0.1
in a nucleon polarized along the ŷ direction. The anisotropy due to the proton polarization is
described by the Sivers function, for which the model of [77] is used. The deep red (blue)
indicates large negative (positive) values for the Sivers function.

One particular example is the quark
Sivers function f

?q
1T which describes the

transverse momentum distribution corre-
lated with the transverse polarization vector
of the nucleon. As a result, the quark distri-

bution will be azimuthally asymmetric in the
transverse momentum space in a transversely
polarized nucleon. Figure 2.13 demonstrates
the deformations of the up and down quark
distributions. There is strong evidence of the
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The golden processes to measure TMDs are Drell-Yan and  
Semi-Inclusive DIS (SIDIS)
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The SIDIS cross section
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The SIDIS cross section
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under T-odd
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= chiral-even factor 
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…and many others
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The multi-D CLAS12 BSAs
• 10.6 GeV polarized electrons on unpol. H target
• beam polarization ~86%!
• Large staQsQcs, large acceptance
• mulQ-dimensional analysis (344 4-Dim bins!)

4

sional analysis for CLAS12 follow. Even though F
sin�
LU

FIG. 2: CLAS12 data (filled squares), compared with the
available world data from HERMES [18] (open squares),
COMPASS [19] (open triangles) and CLAS [20] (filled trian-
gles) for F sin�

LU /FUU as a function of xB , z and PT integrated
over all other kinematic variables. It has to be noted that
the di↵erent experiments apply slightly di↵erent cuts on the
kinematic variables and that in the case of COMPASS all pos-
itive hadrons are considered. The A

sin�
LU values stated in the

References were transformed to F
sin�
LU /FUU following Eq. (2).

The grey histogram shows the systematic uncertainty of the
present data.

has been studied at HERMES [17, 18], COMPASS [19]
and CLAS [20] during the last two decades, there is still
no consistent understanding of the contribution of each
part to the total structure function. One of the main
reasons for this can be seen in the low statistics and the
resulting large uncertainties or limited kinematic cover-
age of many previous experiments. The high statistics
on an extended kinematic range, which is available with
the new CLAS12 data, enables a fully di↵erential multi-
dimensional analysis for the first time and therefore pro-
vides an excellent basis for the extraction of TMDs and
FFs.

For the multidimensional binning, first the electron
variables are sorted in 9 bins in Q

2 and xB (see Fig. 3).
For each of these Q

2 - xB bins a binning is applied to z

and PT as shown for the example of Q2 - xB bin 1 in Fig.
3.

FIG. 3: Left: Correlation between Q
2 and xB . The bin bor-

ders are shown as black lines and the bin numbering is given.
Right: Correlation between z and PT for Q2 - xB - bin 1. The
black lines indicate the bin borders.

The beam SSA and its statistical uncertainty were de-
termined experimentally from the number of counts with

positive and negative helicity (N±
i ) in a specific bin i as:

SSA =
1

Pe

N
+
i �N

�
i

N
+
i +N

�
i

, �SSA =
1

Pe

s
1� (Pe SSA)2

N
+
i +N

�
i

, (4)

where Pe is the average magnitude of the beam polar-
ization. Pe was measured with a Møller polarimeter up-
stream of CLAS12 and was 86.3%±2.6%.
To extract the sin� moment, A

sin�
LU , the beam SSA

was measured as a function of the azimuthal angle �.
Then the data was fit with a sin� function. Figure 4
shows the beam SSA as a function of � for two typical
multidimensional bins. As expected the �-dependence

FIG. 4: Beam SSA as a function of � for two typical bins (left:
Q

2 = 1.98 GeV2, xB = 0.20, PT = 0.25 GeV, z = 0.65; right:
Q

2 = 6.5 GeV2, xB = 0.53, PT = 0.29 GeV, z = 0.44). The
vertical bars show the statistical uncertainty of each point,
while the horizontal bars correspond to the bin width. The
red line shows the fit with a sin� function.

can be well described by a sin� function. The obtained
A

sin�
LU moment is then related to F

sin�
LU /FUU via Eq. (2).

Several sources of systematic uncertainty were investi-
gated, including beam polarization, radiative e↵ects, par-
ticle identification and contamination from baryon reso-
nances and exclusive ⇢ meson production. A detailed
Monte Carlo simulation was performed to study accep-
tance and bin-migration e↵ects, which were both found
to be negligible compared to the other contributions. The
influence of additional azimuthal modulations cos� and
cos 2� on the extracted sin� amplitude was also evalu-
ated, and found to be negligible. The total systematic
uncertainty in each bin is defined as the square-root of
the quadratic sum of the uncertainties from all sources.
It is typically on the order of 6.4% and dominated by the
uncertainty from radiative e↵ects (3.0%) and from the
beam polarization (3.0%).
The structure function ratio F

sin�
LU /FUU has been ex-

tracted for each of the obtained 344 bins. The result
for each bin, as well as the mean value of the kinematic
variables in each bin, are provided in the supplemental
material and in the CLAS physics database [26, 27]. Fig-
ure 5 (6) shows the z (PT ) dependence for selected PT (z)
bins in di↵erent bins of Q2 and xB , which represent the
characteristics of the di↵erent kinematic regions. The re-
sults are compared to theoretical predictions, which have
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LU values stated in the
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LU /FUU following Eq. (2).

The grey histogram shows the systematic uncertainty of the
present data.

has been studied at HERMES [17, 18], COMPASS [19]
and CLAS [20] during the last two decades, there is still
no consistent understanding of the contribution of each
part to the total structure function. One of the main
reasons for this can be seen in the low statistics and the
resulting large uncertainties or limited kinematic cover-
age of many previous experiments. The high statistics
on an extended kinematic range, which is available with
the new CLAS12 data, enables a fully di↵erential multi-
dimensional analysis for the first time and therefore pro-
vides an excellent basis for the extraction of TMDs and
FFs.

For the multidimensional binning, first the electron
variables are sorted in 9 bins in Q

2 and xB (see Fig. 3).
For each of these Q

2 - xB bins a binning is applied to z

and PT as shown for the example of Q2 - xB bin 1 in Fig.
3.
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Right: Correlation between z and PT for Q2 - xB - bin 1. The
black lines indicate the bin borders.
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positive and negative helicity (N±
i ) in a specific bin i as:

SSA =
1

Pe

N
+
i �N

�
i

N
+
i +N

�
i

, �SSA =
1

Pe

s
1� (Pe SSA)2

N
+
i +N

�
i

, (4)

where Pe is the average magnitude of the beam polar-
ization. Pe was measured with a Møller polarimeter up-
stream of CLAS12 and was 86.3%±2.6%.
To extract the sin� moment, A

sin�
LU , the beam SSA

was measured as a function of the azimuthal angle �.
Then the data was fit with a sin� function. Figure 4
shows the beam SSA as a function of � for two typical
multidimensional bins. As expected the �-dependence

FIG. 4: Beam SSA as a function of � for two typical bins (left:
Q

2 = 1.98 GeV2, xB = 0.20, PT = 0.25 GeV, z = 0.65; right:
Q

2 = 6.5 GeV2, xB = 0.53, PT = 0.29 GeV, z = 0.44). The
vertical bars show the statistical uncertainty of each point,
while the horizontal bars correspond to the bin width. The
red line shows the fit with a sin� function.

can be well described by a sin� function. The obtained
A

sin�
LU moment is then related to F

sin�
LU /FUU via Eq. (2).

Several sources of systematic uncertainty were investi-
gated, including beam polarization, radiative e↵ects, par-
ticle identification and contamination from baryon reso-
nances and exclusive ⇢ meson production. A detailed
Monte Carlo simulation was performed to study accep-
tance and bin-migration e↵ects, which were both found
to be negligible compared to the other contributions. The
influence of additional azimuthal modulations cos� and
cos 2� on the extracted sin� amplitude was also evalu-
ated, and found to be negligible. The total systematic
uncertainty in each bin is defined as the square-root of
the quadratic sum of the uncertainties from all sources.
It is typically on the order of 6.4% and dominated by the
uncertainty from radiative e↵ects (3.0%) and from the
beam polarization (3.0%).
The structure function ratio F

sin�
LU /FUU has been ex-

tracted for each of the obtained 344 bins. The result
for each bin, as well as the mean value of the kinematic
variables in each bin, are provided in the supplemental
material and in the CLAS physics database [26, 27]. Fig-
ure 5 (6) shows the z (PT ) dependence for selected PT (z)
bins in di↵erent bins of Q2 and xB , which represent the
characteristics of the di↵erent kinematic regions. The re-
sults are compared to theoretical predictions, which have
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The multi-D CLAS12 BSAs
• 10.6 GeV polarized electrons on unpol. H target
• beam polarization ~86%!
• Large statistics, large acceptance
• multi-dimensional analysis (344 4-Dim bins!)
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FIG. 2: CLAS12 data (filled squares), compared with the
available world data from HERMES [18] (open squares),
COMPASS [19] (open triangles) and CLAS [20] (filled trian-
gles) for F sin�
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sin�
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The grey histogram shows the systematic uncertainty of the
present data.
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and CLAS [20] during the last two decades, there is still
no consistent understanding of the contribution of each
part to the total structure function. One of the main
reasons for this can be seen in the low statistics and the
resulting large uncertainties or limited kinematic cover-
age of many previous experiments. The high statistics
on an extended kinematic range, which is available with
the new CLAS12 data, enables a fully di↵erential multi-
dimensional analysis for the first time and therefore pro-
vides an excellent basis for the extraction of TMDs and
FFs.

For the multidimensional binning, first the electron
variables are sorted in 9 bins in Q

2 and xB (see Fig. 3).
For each of these Q

2 - xB bins a binning is applied to z

and PT as shown for the example of Q2 - xB bin 1 in Fig.
3.

FIG. 3: Left: Correlation between Q
2 and xB . The bin bor-

ders are shown as black lines and the bin numbering is given.
Right: Correlation between z and PT for Q2 - xB - bin 1. The
black lines indicate the bin borders.
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where Pe is the average magnitude of the beam polar-
ization. Pe was measured with a Møller polarimeter up-
stream of CLAS12 and was 86.3%±2.6%.
To extract the sin� moment, A

sin�
LU , the beam SSA

was measured as a function of the azimuthal angle �.
Then the data was fit with a sin� function. Figure 4
shows the beam SSA as a function of � for two typical
multidimensional bins. As expected the �-dependence

FIG. 4: Beam SSA as a function of � for two typical bins (left:
Q

2 = 1.98 GeV2, xB = 0.20, PT = 0.25 GeV, z = 0.65; right:
Q

2 = 6.5 GeV2, xB = 0.53, PT = 0.29 GeV, z = 0.44). The
vertical bars show the statistical uncertainty of each point,
while the horizontal bars correspond to the bin width. The
red line shows the fit with a sin� function.
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Several sources of systematic uncertainty were investi-
gated, including beam polarization, radiative e↵ects, par-
ticle identification and contamination from baryon reso-
nances and exclusive ⇢ meson production. A detailed
Monte Carlo simulation was performed to study accep-
tance and bin-migration e↵ects, which were both found
to be negligible compared to the other contributions. The
influence of additional azimuthal modulations cos� and
cos 2� on the extracted sin� amplitude was also evalu-
ated, and found to be negligible. The total systematic
uncertainty in each bin is defined as the square-root of
the quadratic sum of the uncertainties from all sources.
It is typically on the order of 6.4% and dominated by the
uncertainty from radiative e↵ects (3.0%) and from the
beam polarization (3.0%).
The structure function ratio F

sin�
LU /FUU has been ex-

tracted for each of the obtained 344 bins. The result
for each bin, as well as the mean value of the kinematic
variables in each bin, are provided in the supplemental
material and in the CLAS physics database [26, 27]. Fig-
ure 5 (6) shows the z (PT ) dependence for selected PT (z)
bins in di↵erent bins of Q2 and xB , which represent the
characteristics of the di↵erent kinematic regions. The re-
sults are compared to theoretical predictions, which have
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part to the total structure function. One of the main
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resulting large uncertainties or limited kinematic cover-
age of many previous experiments. The high statistics
on an extended kinematic range, which is available with
the new CLAS12 data, enables a fully di↵erential multi-
dimensional analysis for the first time and therefore pro-
vides an excellent basis for the extraction of TMDs and
FFs.
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variables are sorted in 9 bins in Q

2 and xB (see Fig. 3).
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and PT as shown for the example of Q2 - xB bin 1 in Fig.
3.

FIG. 3: Left: Correlation between Q
2 and xB . The bin bor-

ders are shown as black lines and the bin numbering is given.
Right: Correlation between z and PT for Q2 - xB - bin 1. The
black lines indicate the bin borders.

The beam SSA and its statistical uncertainty were de-
termined experimentally from the number of counts with

positive and negative helicity (N±
i ) in a specific bin i as:

SSA =
1

Pe

N
+
i �N

�
i

N
+
i +N

�
i

, �SSA =
1

Pe

s
1� (Pe SSA)2

N
+
i +N

�
i

, (4)

where Pe is the average magnitude of the beam polar-
ization. Pe was measured with a Møller polarimeter up-
stream of CLAS12 and was 86.3%±2.6%.
To extract the sin� moment, A

sin�
LU , the beam SSA

was measured as a function of the azimuthal angle �.
Then the data was fit with a sin� function. Figure 4
shows the beam SSA as a function of � for two typical
multidimensional bins. As expected the �-dependence

FIG. 4: Beam SSA as a function of � for two typical bins (left:
Q

2 = 1.98 GeV2, xB = 0.20, PT = 0.25 GeV, z = 0.65; right:
Q

2 = 6.5 GeV2, xB = 0.53, PT = 0.29 GeV, z = 0.44). The
vertical bars show the statistical uncertainty of each point,
while the horizontal bars correspond to the bin width. The
red line shows the fit with a sin� function.
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Several sources of systematic uncertainty were investi-
gated, including beam polarization, radiative e↵ects, par-
ticle identification and contamination from baryon reso-
nances and exclusive ⇢ meson production. A detailed
Monte Carlo simulation was performed to study accep-
tance and bin-migration e↵ects, which were both found
to be negligible compared to the other contributions. The
influence of additional azimuthal modulations cos� and
cos 2� on the extracted sin� amplitude was also evalu-
ated, and found to be negligible. The total systematic
uncertainty in each bin is defined as the square-root of
the quadratic sum of the uncertainties from all sources.
It is typically on the order of 6.4% and dominated by the
uncertainty from radiative e↵ects (3.0%) and from the
beam polarization (3.0%).
The structure function ratio F
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LU /FUU has been ex-

tracted for each of the obtained 344 bins. The result
for each bin, as well as the mean value of the kinematic
variables in each bin, are provided in the supplemental
material and in the CLAS physics database [26, 27]. Fig-
ure 5 (6) shows the z (PT ) dependence for selected PT (z)
bins in di↵erent bins of Q2 and xB , which represent the
characteristics of the di↵erent kinematic regions. The re-
sults are compared to theoretical predictions, which have
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resulting large uncertainties or limited kinematic cover-
age of many previous experiments. The high statistics
on an extended kinematic range, which is available with
the new CLAS12 data, enables a fully di↵erential multi-
dimensional analysis for the first time and therefore pro-
vides an excellent basis for the extraction of TMDs and
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variables are sorted in 9 bins in Q
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where Pe is the average magnitude of the beam polar-
ization. Pe was measured with a Møller polarimeter up-
stream of CLAS12 and was 86.3%±2.6%.
To extract the sin� moment, A
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was measured as a function of the azimuthal angle �.
Then the data was fit with a sin� function. Figure 4
shows the beam SSA as a function of � for two typical
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Several sources of systematic uncertainty were investi-
gated, including beam polarization, radiative e↵ects, par-
ticle identification and contamination from baryon reso-
nances and exclusive ⇢ meson production. A detailed
Monte Carlo simulation was performed to study accep-
tance and bin-migration e↵ects, which were both found
to be negligible compared to the other contributions. The
influence of additional azimuthal modulations cos� and
cos 2� on the extracted sin� amplitude was also evalu-
ated, and found to be negligible. The total systematic
uncertainty in each bin is defined as the square-root of
the quadratic sum of the uncertainties from all sources.
It is typically on the order of 6.4% and dominated by the
uncertainty from radiative e↵ects (3.0%) and from the
beam polarization (3.0%).
The structure function ratio F

sin�
LU /FUU has been ex-

tracted for each of the obtained 344 bins. The result
for each bin, as well as the mean value of the kinematic
variables in each bin, are provided in the supplemental
material and in the CLAS physics database [26, 27]. Fig-
ure 5 (6) shows the z (PT ) dependence for selected PT (z)
bins in di↵erent bins of Q2 and xB , which represent the
characteristics of the di↵erent kinematic regions. The re-
sults are compared to theoretical predictions, which have
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The multi-D CLAS12 BSAs
• 10.6 GeV polarized electrons on unpol. H target
• beam polarization ~86%!
• Large statistics, large acceptance
• multi-dimensional analysis (344 4-Dim bins!)
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FIG. 2: CLAS12 data (filled squares), compared with the
available world data from HERMES [18] (open squares),
COMPASS [19] (open triangles) and CLAS [20] (filled trian-
gles) for F sin�

LU /FUU as a function of xB , z and PT integrated
over all other kinematic variables. It has to be noted that
the di↵erent experiments apply slightly di↵erent cuts on the
kinematic variables and that in the case of COMPASS all pos-
itive hadrons are considered. The A

sin�
LU values stated in the

References were transformed to F
sin�
LU /FUU following Eq. (2).

The grey histogram shows the systematic uncertainty of the
present data.

has been studied at HERMES [17, 18], COMPASS [19]
and CLAS [20] during the last two decades, there is still
no consistent understanding of the contribution of each
part to the total structure function. One of the main
reasons for this can be seen in the low statistics and the
resulting large uncertainties or limited kinematic cover-
age of many previous experiments. The high statistics
on an extended kinematic range, which is available with
the new CLAS12 data, enables a fully di↵erential multi-
dimensional analysis for the first time and therefore pro-
vides an excellent basis for the extraction of TMDs and
FFs.

For the multidimensional binning, first the electron
variables are sorted in 9 bins in Q

2 and xB (see Fig. 3).
For each of these Q

2 - xB bins a binning is applied to z

and PT as shown for the example of Q2 - xB bin 1 in Fig.
3.

FIG. 3: Left: Correlation between Q
2 and xB . The bin bor-

ders are shown as black lines and the bin numbering is given.
Right: Correlation between z and PT for Q2 - xB - bin 1. The
black lines indicate the bin borders.

The beam SSA and its statistical uncertainty were de-
termined experimentally from the number of counts with

positive and negative helicity (N±
i ) in a specific bin i as:
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where Pe is the average magnitude of the beam polar-
ization. Pe was measured with a Møller polarimeter up-
stream of CLAS12 and was 86.3%±2.6%.
To extract the sin� moment, A

sin�
LU , the beam SSA

was measured as a function of the azimuthal angle �.
Then the data was fit with a sin� function. Figure 4
shows the beam SSA as a function of � for two typical
multidimensional bins. As expected the �-dependence

FIG. 4: Beam SSA as a function of � for two typical bins (left:
Q

2 = 1.98 GeV2, xB = 0.20, PT = 0.25 GeV, z = 0.65; right:
Q

2 = 6.5 GeV2, xB = 0.53, PT = 0.29 GeV, z = 0.44). The
vertical bars show the statistical uncertainty of each point,
while the horizontal bars correspond to the bin width. The
red line shows the fit with a sin� function.

can be well described by a sin� function. The obtained
A

sin�
LU moment is then related to F

sin�
LU /FUU via Eq. (2).

Several sources of systematic uncertainty were investi-
gated, including beam polarization, radiative e↵ects, par-
ticle identification and contamination from baryon reso-
nances and exclusive ⇢ meson production. A detailed
Monte Carlo simulation was performed to study accep-
tance and bin-migration e↵ects, which were both found
to be negligible compared to the other contributions. The
influence of additional azimuthal modulations cos� and
cos 2� on the extracted sin� amplitude was also evalu-
ated, and found to be negligible. The total systematic
uncertainty in each bin is defined as the square-root of
the quadratic sum of the uncertainties from all sources.
It is typically on the order of 6.4% and dominated by the
uncertainty from radiative e↵ects (3.0%) and from the
beam polarization (3.0%).
The structure function ratio F

sin�
LU /FUU has been ex-

tracted for each of the obtained 344 bins. The result
for each bin, as well as the mean value of the kinematic
variables in each bin, are provided in the supplemental
material and in the CLAS physics database [26, 27]. Fig-
ure 5 (6) shows the z (PT ) dependence for selected PT (z)
bins in di↵erent bins of Q2 and xB , which represent the
characteristics of the di↵erent kinematic regions. The re-
sults are compared to theoretical predictions, which have
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on an extended kinematic range, which is available with
the new CLAS12 data, enables a fully di↵erential multi-
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nances and exclusive ⇢ meson production. A detailed
Monte Carlo simulation was performed to study accep-
tance and bin-migration e↵ects, which were both found
to be negligible compared to the other contributions. The
influence of additional azimuthal modulations cos� and
cos 2� on the extracted sin� amplitude was also evalu-
ated, and found to be negligible. The total systematic
uncertainty in each bin is defined as the square-root of
the quadratic sum of the uncertainties from all sources.
It is typically on the order of 6.4% and dominated by the
uncertainty from radiative e↵ects (3.0%) and from the
beam polarization (3.0%).
The structure function ratio F
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LU /FUU has been ex-

tracted for each of the obtained 344 bins. The result
for each bin, as well as the mean value of the kinematic
variables in each bin, are provided in the supplemental
material and in the CLAS physics database [26, 27]. Fig-
ure 5 (6) shows the z (PT ) dependence for selected PT (z)
bins in di↵erent bins of Q2 and xB , which represent the
characteristics of the di↵erent kinematic regions. The re-
sults are compared to theoretical predictions, which have

𝑨𝑳𝑼
𝐬𝐢𝐧 𝝓 ∝

𝐹)(
123 4

𝐹((
∝
𝑀
𝑄 𝑒𝐻&# + 𝑓&0𝑮# + 𝑔#𝐷& + ℎ&#0𝑬

sin 𝜙 modulation in a 
specific 4-dim bin

Phys. Rev. Lett. 128 (2022) 6, 062005

S. Diehl Progress in Particle and Nuclear Physics 133 (2023) 104069

Fig. 4.5. The cos(2�) moment for positive (upper row) and negative (lower row) pions, measured by the HERMES collaboration with a proton (solid
squares) and deuterium (open squares) target.
Source: Reprinted figure with permission from A. Airapetian et al. (HERMES Collaboration), Phys. Rev. D 87, 012010, 2013 (Ref. [379]).
© 2013 by the American Physical Society.

Fig. 4.6. Status of current world data on F sin�
LU /FUU for ⇡+ in terms of kinematics and accuracy from CLAS12 [383] (filled black squares), HERMES [380]

(open blue squares), COMPASS [377] (all positive hadrons considered, open green triangles) and CLAS [376] (filled red circles) as a function of xB , z
and PT integrated over all other kinematic variables.
Source: Reprinted from Phys. Rev. Lett. 128, 062005 (2022), S. Diehl et al. (CLAS Collaboration), Multidimensional, High Precision Measurements of
Beam Single Spin Asymmetries in Semi-inclusive ⇡+ Electroproduction off Protons in the Valence Region (Ref. [383]).
© 2022 under Creative Commons Attribution 4.0 License.

coverage and precision of CLAS12 in comparison to CLAS, HERMES and COMPASS based on a study of F sin�
LU /FUU for ⇡+,

integrated over the not shown kinematic variables.
Further fully multidimensional studies are ongoing with CLAS12 for ⇡�, ⇡0, K+ and K� beam spin asymmetries [384]

as well as for the unpolarized azimuthal cross section moments and multiplicities. Also an extension of single hadron SIDIS
program to a neutron (deuteron) target and to a longitudinally polarized target are currently ongoing with CLAS12 [385].
In parallel, the analysis of JLAB hall C data from the E12-06-104 experiment is ongoing with a focus on cross section
measurements and an L-T separation of the cross-section to measure the ratio R = �L/�T with the goal to identify the
contribution of the twist-4 structure function FUU,L to the SIDIS cross section [345]. Also the COMPASS/AMBER upgrade will
open new perspectives for SIDIS measurements, especially in the field of nucleon TMDs [386]. As a future perspective, the
planned EIC [35,36,387] will enable an extension of the SIDIS measurements to the low xB and high Q 2 regime, which is so
far nearly unexplored territory and a missing component in the extraction of TMDs based on global fits (see Section 4.3).

Di-hadron SIDIS: While only one hadron is detected in the final state of the single hadron SIDIS process, the di-hadron
SIDIS process lN ! l0h1h2X requires the detection of two hadrons h1 and h2 in addition to the lepton l in the final
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FIG. 2: CLAS12 data (filled squares), compared with the
available world data from HERMES [18] (open squares),
COMPASS [19] (open triangles) and CLAS [20] (filled trian-
gles) for F sin�

LU /FUU as a function of xB , z and PT integrated
over all other kinematic variables. It has to be noted that
the di↵erent experiments apply slightly di↵erent cuts on the
kinematic variables and that in the case of COMPASS all pos-
itive hadrons are considered. The A

sin�
LU values stated in the

References were transformed to F
sin�
LU /FUU following Eq. (2).

The grey histogram shows the systematic uncertainty of the
present data.

has been studied at HERMES [17, 18], COMPASS [19]
and CLAS [20] during the last two decades, there is still
no consistent understanding of the contribution of each
part to the total structure function. One of the main
reasons for this can be seen in the low statistics and the
resulting large uncertainties or limited kinematic cover-
age of many previous experiments. The high statistics
on an extended kinematic range, which is available with
the new CLAS12 data, enables a fully di↵erential multi-
dimensional analysis for the first time and therefore pro-
vides an excellent basis for the extraction of TMDs and
FFs.

For the multidimensional binning, first the electron
variables are sorted in 9 bins in Q

2 and xB (see Fig. 3).
For each of these Q

2 - xB bins a binning is applied to z

and PT as shown for the example of Q2 - xB bin 1 in Fig.
3.

FIG. 3: Left: Correlation between Q
2 and xB . The bin bor-

ders are shown as black lines and the bin numbering is given.
Right: Correlation between z and PT for Q2 - xB - bin 1. The
black lines indicate the bin borders.

The beam SSA and its statistical uncertainty were de-
termined experimentally from the number of counts with

positive and negative helicity (N±
i ) in a specific bin i as:
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where Pe is the average magnitude of the beam polar-
ization. Pe was measured with a Møller polarimeter up-
stream of CLAS12 and was 86.3%±2.6%.
To extract the sin� moment, A

sin�
LU , the beam SSA

was measured as a function of the azimuthal angle �.
Then the data was fit with a sin� function. Figure 4
shows the beam SSA as a function of � for two typical
multidimensional bins. As expected the �-dependence

FIG. 4: Beam SSA as a function of � for two typical bins (left:
Q

2 = 1.98 GeV2, xB = 0.20, PT = 0.25 GeV, z = 0.65; right:
Q

2 = 6.5 GeV2, xB = 0.53, PT = 0.29 GeV, z = 0.44). The
vertical bars show the statistical uncertainty of each point,
while the horizontal bars correspond to the bin width. The
red line shows the fit with a sin� function.

can be well described by a sin� function. The obtained
A

sin�
LU moment is then related to F

sin�
LU /FUU via Eq. (2).

Several sources of systematic uncertainty were investi-
gated, including beam polarization, radiative e↵ects, par-
ticle identification and contamination from baryon reso-
nances and exclusive ⇢ meson production. A detailed
Monte Carlo simulation was performed to study accep-
tance and bin-migration e↵ects, which were both found
to be negligible compared to the other contributions. The
influence of additional azimuthal modulations cos� and
cos 2� on the extracted sin� amplitude was also evalu-
ated, and found to be negligible. The total systematic
uncertainty in each bin is defined as the square-root of
the quadratic sum of the uncertainties from all sources.
It is typically on the order of 6.4% and dominated by the
uncertainty from radiative e↵ects (3.0%) and from the
beam polarization (3.0%).
The structure function ratio F

sin�
LU /FUU has been ex-

tracted for each of the obtained 344 bins. The result
for each bin, as well as the mean value of the kinematic
variables in each bin, are provided in the supplemental
material and in the CLAS physics database [26, 27]. Fig-
ure 5 (6) shows the z (PT ) dependence for selected PT (z)
bins in di↵erent bins of Q2 and xB , which represent the
characteristics of the di↵erent kinematic regions. The re-
sults are compared to theoretical predictions, which have
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FIG. 6: PT dependence of F sin�
LU /FUU for increasing z bins

(left to right) and for di↵erent Q2-xB bins (bin 1: Q2 = 1.71
GeV2, xB = 0.13, bin 2: Q

2 = 2.02 GeV2, xB = 0.19, bin 7:
Q

2 = 4.89 GeV2, xB = 0.39, bin 9: Q
2 = 6.55 GeV2, xB =

0.52) . The systematic uncertainty is given by the histogram
just above the horizontal axis. The predictions of the di↵erent
theoretical models are shown by the bold lines (blue: model
1, red: model 2, magenta: model 3). For models 1 and 2 the
contribution from eH

?
1 (dashed line) and g

?
D1 (dotted line)

are shown in the same color as the final result.

Q
2, the xB dependence is integrated/averaged over Q

2.
Therefore, only discrete points are shown for the theory
calculations. Also as a function of xB a strong kinematic
dependence of the behaviour can be observed, with a
more flat behaviour at small z and PT and an increasing
trend for larger PT and z values. As for the z and PT

dependence, the best agreement is provided by model 2.
The xB dependence clearly shows that model 3, which
uses only the eH?

1 term, provides a su�cient description
at small z and PT , but cannot reproduce the trend at the
largest PT and z values.

The structure function ratio F
sin�
LU /FUU correspond-

ing to the polarized electron beam single spin asymme-
try in semi-inclusive deep inelastic scattering has been
measured over a wide range of kinematics in a fully mul-
tidimensional study for the first time. The comparison
with calculations allows a clear di↵erentiation between
competing reaction models, e.g. highlighting the impor-
tance of the poorly known T-odd chiral-even TMD g

? at
large PT and z, while providing new empirical informa-
tion in support of an important role for axial-vector di-
quark correlations in the proton’s wave function. There-
fore, including this multidimensional measurement into
global fits, in combination with future measurements of

FIG. 7: xB dependence of F sin�
LU /FUU for selected PT and z

bins. The result is integrated over Q
2. The systematic un-

certainty is given by the histogram just above the horizontal
axis. The predictions of the di↵erent theoretical models are
shown as open symbols (blue triangles: model 1, red squares:
model 2, magenta circles: model 3).

unpolarized cross sections, as well as polarized target spin
asymmetries, will provide new, strong constraints on the
participating TMDs and FFs. Such progress will set us
firmly on the path to a deeper understanding of nucleon
structure in the 3-D space most natural to picturing com-
posite objects in relativistic quantum field theory.
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The multi-D CLAS12 BSAs
• 10.6 GeV polarized electrons on unpol. H target
• beam polarizaQon ~86%!
• Large statistics, large acceptance
• multi-dimensional analysis (344 4-Dim bins!)
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FIG. 2: CLAS12 data (filled squares), compared with the
available world data from HERMES [18] (open squares),
COMPASS [19] (open triangles) and CLAS [20] (filled trian-
gles) for F sin�

LU /FUU as a function of xB , z and PT integrated
over all other kinematic variables. It has to be noted that
the di↵erent experiments apply slightly di↵erent cuts on the
kinematic variables and that in the case of COMPASS all pos-
itive hadrons are considered. The A

sin�
LU values stated in the

References were transformed to F
sin�
LU /FUU following Eq. (2).

The grey histogram shows the systematic uncertainty of the
present data.

has been studied at HERMES [17, 18], COMPASS [19]
and CLAS [20] during the last two decades, there is still
no consistent understanding of the contribution of each
part to the total structure function. One of the main
reasons for this can be seen in the low statistics and the
resulting large uncertainties or limited kinematic cover-
age of many previous experiments. The high statistics
on an extended kinematic range, which is available with
the new CLAS12 data, enables a fully di↵erential multi-
dimensional analysis for the first time and therefore pro-
vides an excellent basis for the extraction of TMDs and
FFs.

For the multidimensional binning, first the electron
variables are sorted in 9 bins in Q

2 and xB (see Fig. 3).
For each of these Q

2 - xB bins a binning is applied to z

and PT as shown for the example of Q2 - xB bin 1 in Fig.
3.

FIG. 3: Left: Correlation between Q
2 and xB . The bin bor-

ders are shown as black lines and the bin numbering is given.
Right: Correlation between z and PT for Q2 - xB - bin 1. The
black lines indicate the bin borders.

The beam SSA and its statistical uncertainty were de-
termined experimentally from the number of counts with

positive and negative helicity (N±
i ) in a specific bin i as:

SSA =
1

Pe

N
+
i �N

�
i

N
+
i +N

�
i

, �SSA =
1

Pe

s
1� (Pe SSA)2

N
+
i +N

�
i
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where Pe is the average magnitude of the beam polar-
ization. Pe was measured with a Møller polarimeter up-
stream of CLAS12 and was 86.3%±2.6%.
To extract the sin� moment, A

sin�
LU , the beam SSA

was measured as a function of the azimuthal angle �.
Then the data was fit with a sin� function. Figure 4
shows the beam SSA as a function of � for two typical
multidimensional bins. As expected the �-dependence

FIG. 4: Beam SSA as a function of � for two typical bins (left:
Q

2 = 1.98 GeV2, xB = 0.20, PT = 0.25 GeV, z = 0.65; right:
Q

2 = 6.5 GeV2, xB = 0.53, PT = 0.29 GeV, z = 0.44). The
vertical bars show the statistical uncertainty of each point,
while the horizontal bars correspond to the bin width. The
red line shows the fit with a sin� function.

can be well described by a sin� function. The obtained
A

sin�
LU moment is then related to F

sin�
LU /FUU via Eq. (2).

Several sources of systematic uncertainty were investi-
gated, including beam polarization, radiative e↵ects, par-
ticle identification and contamination from baryon reso-
nances and exclusive ⇢ meson production. A detailed
Monte Carlo simulation was performed to study accep-
tance and bin-migration e↵ects, which were both found
to be negligible compared to the other contributions. The
influence of additional azimuthal modulations cos� and
cos 2� on the extracted sin� amplitude was also evalu-
ated, and found to be negligible. The total systematic
uncertainty in each bin is defined as the square-root of
the quadratic sum of the uncertainties from all sources.
It is typically on the order of 6.4% and dominated by the
uncertainty from radiative e↵ects (3.0%) and from the
beam polarization (3.0%).
The structure function ratio F

sin�
LU /FUU has been ex-

tracted for each of the obtained 344 bins. The result
for each bin, as well as the mean value of the kinematic
variables in each bin, are provided in the supplemental
material and in the CLAS physics database [26, 27]. Fig-
ure 5 (6) shows the z (PT ) dependence for selected PT (z)
bins in di↵erent bins of Q2 and xB , which represent the
characteristics of the di↵erent kinematic regions. The re-
sults are compared to theoretical predictions, which have
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on an extended kinematic range, which is available with
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where Pe is the average magnitude of the beam polar-
ization. Pe was measured with a Møller polarimeter up-
stream of CLAS12 and was 86.3%±2.6%.
To extract the sin� moment, A
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was measured as a function of the azimuthal angle �.
Then the data was fit with a sin� function. Figure 4
shows the beam SSA as a function of � for two typical
multidimensional bins. As expected the �-dependence

FIG. 4: Beam SSA as a function of � for two typical bins (left:
Q

2 = 1.98 GeV2, xB = 0.20, PT = 0.25 GeV, z = 0.65; right:
Q

2 = 6.5 GeV2, xB = 0.53, PT = 0.29 GeV, z = 0.44). The
vertical bars show the statistical uncertainty of each point,
while the horizontal bars correspond to the bin width. The
red line shows the fit with a sin� function.

can be well described by a sin� function. The obtained
A

sin�
LU moment is then related to F

sin�
LU /FUU via Eq. (2).

Several sources of systematic uncertainty were investi-
gated, including beam polarization, radiative e↵ects, par-
ticle identification and contamination from baryon reso-
nances and exclusive ⇢ meson production. A detailed
Monte Carlo simulation was performed to study accep-
tance and bin-migration e↵ects, which were both found
to be negligible compared to the other contributions. The
influence of additional azimuthal modulations cos� and
cos 2� on the extracted sin� amplitude was also evalu-
ated, and found to be negligible. The total systematic
uncertainty in each bin is defined as the square-root of
the quadratic sum of the uncertainties from all sources.
It is typically on the order of 6.4% and dominated by the
uncertainty from radiative e↵ects (3.0%) and from the
beam polarization (3.0%).
The structure function ratio F

sin�
LU /FUU has been ex-

tracted for each of the obtained 344 bins. The result
for each bin, as well as the mean value of the kinematic
variables in each bin, are provided in the supplemental
material and in the CLAS physics database [26, 27]. Fig-
ure 5 (6) shows the z (PT ) dependence for selected PT (z)
bins in di↵erent bins of Q2 and xB , which represent the
characteristics of the di↵erent kinematic regions. The re-
sults are compared to theoretical predictions, which have
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Fig. 4.5. The cos(2�) moment for positive (upper row) and negative (lower row) pions, measured by the HERMES collaboration with a proton (solid
squares) and deuterium (open squares) target.
Source: Reprinted figure with permission from A. Airapetian et al. (HERMES Collaboration), Phys. Rev. D 87, 012010, 2013 (Ref. [379]).
© 2013 by the American Physical Society.

Fig. 4.6. Status of current world data on F sin�
LU /FUU for ⇡+ in terms of kinematics and accuracy from CLAS12 [383] (filled black squares), HERMES [380]

(open blue squares), COMPASS [377] (all positive hadrons considered, open green triangles) and CLAS [376] (filled red circles) as a function of xB , z
and PT integrated over all other kinematic variables.
Source: Reprinted from Phys. Rev. Lett. 128, 062005 (2022), S. Diehl et al. (CLAS Collaboration), Multidimensional, High Precision Measurements of
Beam Single Spin Asymmetries in Semi-inclusive ⇡+ Electroproduction off Protons in the Valence Region (Ref. [383]).
© 2022 under Creative Commons Attribution 4.0 License.

coverage and precision of CLAS12 in comparison to CLAS, HERMES and COMPASS based on a study of F sin�
LU /FUU for ⇡+,

integrated over the not shown kinematic variables.
Further fully multidimensional studies are ongoing with CLAS12 for ⇡�, ⇡0, K+ and K� beam spin asymmetries [384]

as well as for the unpolarized azimuthal cross section moments and multiplicities. Also an extension of single hadron SIDIS
program to a neutron (deuteron) target and to a longitudinally polarized target are currently ongoing with CLAS12 [385].
In parallel, the analysis of JLAB hall C data from the E12-06-104 experiment is ongoing with a focus on cross section
measurements and an L-T separation of the cross-section to measure the ratio R = �L/�T with the goal to identify the
contribution of the twist-4 structure function FUU,L to the SIDIS cross section [345]. Also the COMPASS/AMBER upgrade will
open new perspectives for SIDIS measurements, especially in the field of nucleon TMDs [386]. As a future perspective, the
planned EIC [35,36,387] will enable an extension of the SIDIS measurements to the low xB and high Q 2 regime, which is so
far nearly unexplored territory and a missing component in the extraction of TMDs based on global fits (see Section 4.3).

Di-hadron SIDIS: While only one hadron is detected in the final state of the single hadron SIDIS process, the di-hadron
SIDIS process lN ! l0h1h2X requires the detection of two hadrons h1 and h2 in addition to the lepton l in the final
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sional analysis for CLAS12 follow. Even though F
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FIG. 2: CLAS12 data (filled squares), compared with the
available world data from HERMES [18] (open squares),
COMPASS [19] (open triangles) and CLAS [20] (filled trian-
gles) for F sin�

LU /FUU as a function of xB , z and PT integrated
over all other kinematic variables. It has to be noted that
the di↵erent experiments apply slightly di↵erent cuts on the
kinematic variables and that in the case of COMPASS all pos-
itive hadrons are considered. The A

sin�
LU values stated in the

References were transformed to F
sin�
LU /FUU following Eq. (2).

The grey histogram shows the systematic uncertainty of the
present data.

has been studied at HERMES [17, 18], COMPASS [19]
and CLAS [20] during the last two decades, there is still
no consistent understanding of the contribution of each
part to the total structure function. One of the main
reasons for this can be seen in the low statistics and the
resulting large uncertainties or limited kinematic cover-
age of many previous experiments. The high statistics
on an extended kinematic range, which is available with
the new CLAS12 data, enables a fully di↵erential multi-
dimensional analysis for the first time and therefore pro-
vides an excellent basis for the extraction of TMDs and
FFs.

For the multidimensional binning, first the electron
variables are sorted in 9 bins in Q

2 and xB (see Fig. 3).
For each of these Q

2 - xB bins a binning is applied to z

and PT as shown for the example of Q2 - xB bin 1 in Fig.
3.

FIG. 3: Left: Correlation between Q
2 and xB . The bin bor-

ders are shown as black lines and the bin numbering is given.
Right: Correlation between z and PT for Q2 - xB - bin 1. The
black lines indicate the bin borders.
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where Pe is the average magnitude of the beam polar-
ization. Pe was measured with a Møller polarimeter up-
stream of CLAS12 and was 86.3%±2.6%.
To extract the sin� moment, A

sin�
LU , the beam SSA

was measured as a function of the azimuthal angle �.
Then the data was fit with a sin� function. Figure 4
shows the beam SSA as a function of � for two typical
multidimensional bins. As expected the �-dependence
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2 = 6.5 GeV2, xB = 0.53, PT = 0.29 GeV, z = 0.44). The
vertical bars show the statistical uncertainty of each point,
while the horizontal bars correspond to the bin width. The
red line shows the fit with a sin� function.
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nances and exclusive ⇢ meson production. A detailed
Monte Carlo simulation was performed to study accep-
tance and bin-migration e↵ects, which were both found
to be negligible compared to the other contributions. The
influence of additional azimuthal modulations cos� and
cos 2� on the extracted sin� amplitude was also evalu-
ated, and found to be negligible. The total systematic
uncertainty in each bin is defined as the square-root of
the quadratic sum of the uncertainties from all sources.
It is typically on the order of 6.4% and dominated by the
uncertainty from radiative e↵ects (3.0%) and from the
beam polarization (3.0%).
The structure function ratio F
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tracted for each of the obtained 344 bins. The result
for each bin, as well as the mean value of the kinematic
variables in each bin, are provided in the supplemental
material and in the CLAS physics database [26, 27]. Fig-
ure 5 (6) shows the z (PT ) dependence for selected PT (z)
bins in di↵erent bins of Q2 and xB , which represent the
characteristics of the di↵erent kinematic regions. The re-
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Fig. 2: Results for the Collins (top) and Sivers (bottom) asymmetries for deuterons from 2022 data as a function
of G, I and PT for positive (red circles) and negative (black triangles) hadrons. The error bars are statistical only.
The bands show the systematic point-to-point uncertainties.

Fig. 3: Left: valence transversity functions for D (red circles) and 3 (black squares) quarks. The open points show
the values obtained using the previously published results for the proton and deuteron Collins asymmetries. The
filled points show the values obtained including the present deuteron results. The error bars show the statistical
uncertainties. Right: the same for the first k2

T moments of the Sivers functions.
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the proton mass (see e.g. Ref. [38]).

The point-by-point extraction is performed by combining the proton and deuteron asymmetries in each G

bin, following the simple and direct procedure of Refs [34, 43] and [38].

For the determination of the transversity distribution ⌘1, the same Collins analysing power obtained from
the Belle 4+4� ! hadrons data [12–14] and the same spin-averaged PDFs and FFs as in Ref. [34] are used.
The results for the D- and 3-valence quark are shown in the left panel of Fig. 3. The open points are the
values obtained using the previously published results for �⌘

Coll and are the same as in Ref. [34], while the
closed points are the values obtained using the weighted mean of the published and the present deuteron
results. A considerable reduction of the uncertainties is observed in particular for ⌘3E1 , reaching almost
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New results are presented on a high-statistics measurement of Collins and Sivers asymmetries of
charged hadrons produced in deep inelastic scattering of muons on a transversely polarised 6LiD
target. The data were taken in 2022 with the COMPASS spectrometer using the 160 GeV muon beam
at CERN, balancing the existing data on transversely polarised proton targets. The first results from
about two-thirds of the new data have total uncertainties smaller by up to a factor of three compared to
the previous deuteron measurements. Using all the COMPASS proton and deuteron results, both the
transversity and the Sivers distribution functions of the D and 3 quark, as well as the tensor charge in
the measured G-range are extracted. In particular, the accuracy of the 3 quark results is significantly
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Fig. 2: Results for the Collins (top) and Sivers (bottom) asymmetries for deuterons from 2022 data as a function
of G, I and PT for positive (red circles) and negative (black triangles) hadrons. The error bars are statistical only.
The bands show the systematic point-to-point uncertainties.
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Fig. 4.13. The coverage in Q 2 � xB for the data used in the global fit of Ref. [500]. .
Source: Reprinted from J. High Energ. Phys. 10, 127 (2022), A. Bacchetta, V. Bertone, C Bissolotti, G. Bozzi, M. Cerutti, F.
Piacenza, M. Radici and A. Signori, Unpolarized transverse momentum distributions from a global fit of Drell–Yan and
semi-inclusive deep-inelastic scattering data (Ref. [500]).
© 2022 under Creative Commons CC BY License.

Fig. 4.14. The TMD f1(x, Ek2T ,Q ) for up-quarks as a function of EkT for different values of x at Q = 2 GeV (left) and Q = 10 GeV (right) from one of
the most recent global extractions based on SIDIS and DY data in Ref. [500].
Source: Reprinted from J. High Energ. Phys. 10, 127 (2022), A. Bacchetta, V. Bertone, C Bissolotti, G. Bozzi, M. Cerutti, F. Piacenza, M. Radici and A.
Signori, Unpolarized transverse momentum distributions from a global fit of Drell–Yan and semi-inclusive deep-inelastic scattering data (Ref. [500]).
© 2022 under Creative Commons CC BY License.

with x̂ = 0.1 and the fit parameters N , � and ↵. A similar parametrization has been applied for the structure function
D1. It was found that a reasonable fit could only be performed if a cut on PT < min [min [0.2 Q ; 0.5 zQ ] + 0.3 GeV; zQ ]
is applied, corresponding to the qT ⌧ Q condition which is required for the factorization of the SIDIS process in terms
of TMDs [500]. As a projection of the final result of the global fit, the EkT -dependence of f1 for different values of x and
Q is shown in Fig. 4.14. It can be seen, that the inclusion of all available data, which fulfills the kinematic requirements,
from different experiments, allows a quite precise extraction of f1, which can be used as a basis for the extraction of other
TMDs from observables which depend on these TMDs in combination with f1.

4.3.2. The sivers function f ?

1T
The Sivers function f ?

1T describes the distribution of unpolarized partons inside a transversely polarized nucleon. It
was introduced in 1990 to explain single spin asymmetries from transversely polarized targets in the reaction pN !

⇡X [305,463]. As already discussed in Section 4.2.3, the Sivers function is a T-odd function and is therefore, expected to
change its sign between the SIDIS and the DY process [312]:

f ? DIS
1T (x, kT ) = �f ? DY

1T (x, kT ), (4.65)

62

J. High Energ. Phys. 2022, 127 (2022)
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is applied, corresponding to the qT ⌧ Q condition which is required for the factorization of the SIDIS process in terms
of TMDs [500]. As a projection of the final result of the global fit, the EkT -dependence of f1 for different values of x and
Q is shown in Fig. 4.14. It can be seen, that the inclusion of all available data, which fulfills the kinematic requirements,
from different experiments, allows a quite precise extraction of f1, which can be used as a basis for the extraction of other
TMDs from observables which depend on these TMDs in combination with f1.
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1T describes the distribution of unpolarized partons inside a transversely polarized nucleon. It
was introduced in 1990 to explain single spin asymmetries from transversely polarized targets in the reaction pN !
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Fig. 4.17. Boer–Mulders function xh?

1 as a function of x for up (left) and down (right) quarks at Q 2 = 1 GeV2 and its uncertainty (blue band). The
dashed line shows hpT iun

2M xf q1 (x) for comparison.
Source: Reprinted figure with permission from Z. Lu, I. Schmidt, Phys. Rev. D 81, 034023 (2010) (Ref. [540]).
© 2010 by the American Physical Society.

of the unpolarized di-hadron SIDIS cross-section (see Section 4.2.1) can provide an independent, direct access to the
Boer–Mulders function.

The available data for the cos(2�) moment from the unpolarized DY and SIDIS cross sections, sensitive to nucleon
TMDs, is quite limited. The cos(2�) moment of the unpolarized proton–deuteron DY process has been only measured by
the E866/NuSea Collaboration [444,445] at FNAL. Most other publications study the pion induced DY process and therefore,
probe the corresponding pion TMD in combination with the nucleon TMD (see Section 4.2.3). SIDIS data on the cos(2�)
moment is available from the CLAS [360], the COMPASS [377,535,536] and the HERMES [379,537] experiment. However,
only HERMES and COMPASS provide a full 4D or 3D study of the cos(2�) moment.

Based on the DY data from the E866/NuSea collaboration, an extraction of h?

1 was performed in Refs. [538–540]. The
result for up and down quarks is shown in Fig. 4.17. The limited amount of data results in quite large uncertainties.
Nevertheless, it can be seen that h?

1 , especially for up quarks is significantly smaller than the unpolarized TMD f q1 (x). An
independent extraction based on SIDIS data from COMPASS and HERMES in Ref. [541] provided a similar magnitude of
h?

1 . However, for HERMES and COMPASS kinematics, the twist-4 Cahn contribution was found to be comparable to the
twist-2 Boer–Mulders contribution, making a full extraction of h?

1 difficult. A precise, fully multidimensional measurement,
especially for different Q 2 values, of the cos(2�) moment of the unpolarized SIDIS cross section is needed to disentangle
the Boer–Mulders and the Cahn contribution. Such measurements and analyses are currently ongoing with CLAS12 at
JLAB [542] and will provide further insights into the Boer–Mulders function and the separation of the different contributing
effects in the case of the SIDIS process.

4.3.5. The worm-gear TMD g1T
Recently, a first global extraction of the worm-gear TMD g1T became available in Ref. [543], using SIDIS data from

COMPASS [382], HERMES [369] and JLAB hall A [373] (for a detailed discussion of the available data, see Section 4.2.1). A
clean access to the TMD g1T can be obtained from the structure function
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from the interaction of a longitudinally polarized beam with a transversely polarized target, while the involved FF D1 can
be also accessed from the structure function

FUU,T = ⇣ [f1D1] (4.78)

from the unpolarized cross section of the SIDIS process (see Eq. (4.9)).
For the extraction in Ref. [543] both TMDs and the FF were parametrized with a simple Gaussian Ansatz (see Eq. (4.62))

and a simultaneous global fit was applied. It was found that a reasonable fit could only be performed if a cut on qT/Q < 0.5
was applied, corresponding to the qT ⌧ Q condition which is required for the factorization of the SIDIS process in terms
of TMDs [543]. The result of the global fit for xg1

1T (x) is shown in Fig. 4.18 for the projection of the flavor separated TMD
on x. Due to the limited amount of experimental data for the involved structure functions and also due to uncertainties of
the theoretical formalism, quite large uncertainties are still present for xg1

1T (x). Further experimental data and theoretical
model improvements are expected to help to improve the extraction of the worm-gear TMD g1T significantly, in the future.

4.3.6. The twist-3 parton distribution e
As shown in Eq. (4.41) of Section 4.2.1, the asymmetry
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Fig. 4.13. The coverage in Q 2 � xB for the data used in the global fit of Ref. [500]. .
Source: Reprinted from J. High Energ. Phys. 10, 127 (2022), A. Bacchetta, V. Bertone, C Bissolotti, G. Bozzi, M. Cerutti, F.
Piacenza, M. Radici and A. Signori, Unpolarized transverse momentum distributions from a global fit of Drell–Yan and
semi-inclusive deep-inelastic scattering data (Ref. [500]).
© 2022 under Creative Commons CC BY License.

Fig. 4.14. The TMD f1(x, Ek2T ,Q ) for up-quarks as a function of EkT for different values of x at Q = 2 GeV (left) and Q = 10 GeV (right) from one of
the most recent global extractions based on SIDIS and DY data in Ref. [500].
Source: Reprinted from J. High Energ. Phys. 10, 127 (2022), A. Bacchetta, V. Bertone, C Bissolotti, G. Bozzi, M. Cerutti, F. Piacenza, M. Radici and A.
Signori, Unpolarized transverse momentum distributions from a global fit of Drell–Yan and semi-inclusive deep-inelastic scattering data (Ref. [500]).
© 2022 under Creative Commons CC BY License.

with x̂ = 0.1 and the fit parameters N , � and ↵. A similar parametrization has been applied for the structure function
D1. It was found that a reasonable fit could only be performed if a cut on PT < min [min [0.2 Q ; 0.5 zQ ] + 0.3 GeV; zQ ]
is applied, corresponding to the qT ⌧ Q condition which is required for the factorization of the SIDIS process in terms
of TMDs [500]. As a projection of the final result of the global fit, the EkT -dependence of f1 for different values of x and
Q is shown in Fig. 4.14. It can be seen, that the inclusion of all available data, which fulfills the kinematic requirements,
from different experiments, allows a quite precise extraction of f1, which can be used as a basis for the extraction of other
TMDs from observables which depend on these TMDs in combination with f1.

4.3.2. The sivers function f ?

1T
The Sivers function f ?

1T describes the distribution of unpolarized partons inside a transversely polarized nucleon. It
was introduced in 1990 to explain single spin asymmetries from transversely polarized targets in the reaction pN !

⇡X [305,463]. As already discussed in Section 4.2.3, the Sivers function is a T-odd function and is therefore, expected to
change its sign between the SIDIS and the DY process [312]:

f ? DIS
1T (x, kT ) = �f ? DY

1T (x, kT ), (4.65)
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Fig. 4.16. The transversity distribution xh1 (upper row) and the Sivers function xf ?

1T (middle row) as a function of x as well as the Collins FF zH?

1
(lower row) as a function of z for up (left) and down (right) quarks. The red band shows the 1� CL uncertainty of the bold red line. The results
from other extractions [390,413,503,523,524,526,529,530] are shown, for comparison, as dashed colored lines.
Source: Reprinted from Phys. Rev. D 102, 054002 (2020), J. Cammarota, L. Gamberg, Z.-B. Kang, J. A. Miller, D. Pitonyak, A. Prokudin, T. C. Rogers, N.
Sato, Origin of single transverse-spin asymmetries in high-energy collisions (Ref. [509]).
© 2020 under Creative Commons Attribution 4.0 License.

which provides the cleanest access, has not been measured so far and all other structure functions contain h1, convoluted
with another, less known, TMD. Therefore, the existing extractions of h1 are limited to the SIDIS process. The SIDIS
asymmetry Asin(�h+�S )

UT corresponding to the structure function ratio F sin(�h+�S )
UT /FUU,T has been measured by the HERMES

Collaboration [355,363], by the COMPASS collaboration [366,399] and in JLAB hall A [370].
Several attempts to extract h1 have been made over the last years, using different methods and including different parts

of the available data [390,413,503,509,521–530]. Many approaches use a combined global fit of SIDIS and e+e� data to
extract the TMD h1 and the FF H?

1 simultaneously. For the parametrization of h1 different approaches have been applied.
Typically, a similar parametrization as for the Sivers function (see Section 4.3.2) is used. The results of a recent global fit
in Ref. [509] for xh1 as well as, for comparison, the Sivers function xf ?

1T and the Collins FF zH?

1 , which have been extracted
from the same global fit, are shown in Fig. 4.16, together with results for the same functions from other extractions. It
can be observed that, while the general trend and the sign are identical for all extractions, there is quite some variation
of the magnitude and x dependence of h1 between the different extractions, especially for down quarks. However, this
variation is also reflected by a quite large uncertainty band in all extractions. Besides improved theoretical models, also
more data from the SIDIS process and the inclusion of data from the DY process with transversely polarized targets is
needed to reduce these uncertainties. Also di-hadron SIDIS can be used as another, independent access to the transversity
distribution [531,532]. The future EIC will be the key to probe the low x regime and to finally access the gluon transversity
distribution, which is so far practically unknown [533].

4.3.4. The Boer–Mulders function h?

1
The Boer–Mulders function h?

1 , which describes the distribution of transversely polarized quarks in an unpolarized
nucleon, can be accessed directly from the cos(2�) modulation of the unpolarized DY process

F cos(2�)
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as defined in Section 4.2.3. In combination with the Collins FF H?

1 also the cos(2�) modulation of the unpolarized SIDIS
cross-section

F cos 2�h
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with the definitions from Section 4.2.1 provides an access to h?

1 . However, the role of the twist-4 Cahn effect [534] (f1D1)
and potential additional higher twist contributions is not finally clarified yet. Furthermore, certain azimuthal modulations
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Fig. 4.16. The transversity distribution xh1 (upper row) and the Sivers function xf ?

1T (middle row) as a function of x as well as the Collins FF zH?

1
(lower row) as a function of z for up (left) and down (right) quarks. The red band shows the 1� CL uncertainty of the bold red line. The results
from other extractions [390,413,503,523,524,526,529,530] are shown, for comparison, as dashed colored lines.
Source: Reprinted from Phys. Rev. D 102, 054002 (2020), J. Cammarota, L. Gamberg, Z.-B. Kang, J. A. Miller, D. Pitonyak, A. Prokudin, T. C. Rogers, N.
Sato, Origin of single transverse-spin asymmetries in high-energy collisions (Ref. [509]).
© 2020 under Creative Commons Attribution 4.0 License.
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1 , which have been extracted
from the same global fit, are shown in Fig. 4.16, together with results for the same functions from other extractions. It
can be observed that, while the general trend and the sign are identical for all extractions, there is quite some variation
of the magnitude and x dependence of h1 between the different extractions, especially for down quarks. However, this
variation is also reflected by a quite large uncertainty band in all extractions. Besides improved theoretical models, also
more data from the SIDIS process and the inclusion of data from the DY process with transversely polarized targets is
needed to reduce these uncertainties. Also di-hadron SIDIS can be used as another, independent access to the transversity
distribution [531,532]. The future EIC will be the key to probe the low x regime and to finally access the gluon transversity
distribution, which is so far practically unknown [533].
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Fig. 4.17. Boer–Mulders function xh?

1 as a function of x for up (left) and down (right) quarks at Q 2 = 1 GeV2 and its uncertainty (blue band). The
dashed line shows hpT iun

2M xf q1 (x) for comparison.
Source: Reprinted figure with permission from Z. Lu, I. Schmidt, Phys. Rev. D 81, 034023 (2010) (Ref. [540]).
© 2010 by the American Physical Society.

of the unpolarized di-hadron SIDIS cross-section (see Section 4.2.1) can provide an independent, direct access to the
Boer–Mulders function.

The available data for the cos(2�) moment from the unpolarized DY and SIDIS cross sections, sensitive to nucleon
TMDs, is quite limited. The cos(2�) moment of the unpolarized proton–deuteron DY process has been only measured by
the E866/NuSea Collaboration [444,445] at FNAL. Most other publications study the pion induced DY process and therefore,
probe the corresponding pion TMD in combination with the nucleon TMD (see Section 4.2.3). SIDIS data on the cos(2�)
moment is available from the CLAS [360], the COMPASS [377,535,536] and the HERMES [379,537] experiment. However,
only HERMES and COMPASS provide a full 4D or 3D study of the cos(2�) moment.

Based on the DY data from the E866/NuSea collaboration, an extraction of h?

1 was performed in Refs. [538–540]. The
result for up and down quarks is shown in Fig. 4.17. The limited amount of data results in quite large uncertainties.
Nevertheless, it can be seen that h?

1 , especially for up quarks is significantly smaller than the unpolarized TMD f q1 (x). An
independent extraction based on SIDIS data from COMPASS and HERMES in Ref. [541] provided a similar magnitude of
h?

1 . However, for HERMES and COMPASS kinematics, the twist-4 Cahn contribution was found to be comparable to the
twist-2 Boer–Mulders contribution, making a full extraction of h?

1 difficult. A precise, fully multidimensional measurement,
especially for different Q 2 values, of the cos(2�) moment of the unpolarized SIDIS cross section is needed to disentangle
the Boer–Mulders and the Cahn contribution. Such measurements and analyses are currently ongoing with CLAS12 at
JLAB [542] and will provide further insights into the Boer–Mulders function and the separation of the different contributing
effects in the case of the SIDIS process.

4.3.5. The worm-gear TMD g1T
Recently, a first global extraction of the worm-gear TMD g1T became available in Ref. [543], using SIDIS data from

COMPASS [382], HERMES [369] and JLAB hall A [373] (for a detailed discussion of the available data, see Section 4.2.1). A
clean access to the TMD g1T can be obtained from the structure function
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(4.77)

from the interaction of a longitudinally polarized beam with a transversely polarized target, while the involved FF D1 can
be also accessed from the structure function

FUU,T = ⇣ [f1D1] (4.78)

from the unpolarized cross section of the SIDIS process (see Eq. (4.9)).
For the extraction in Ref. [543] both TMDs and the FF were parametrized with a simple Gaussian Ansatz (see Eq. (4.62))

and a simultaneous global fit was applied. It was found that a reasonable fit could only be performed if a cut on qT/Q < 0.5
was applied, corresponding to the qT ⌧ Q condition which is required for the factorization of the SIDIS process in terms
of TMDs [543]. The result of the global fit for xg1

1T (x) is shown in Fig. 4.18 for the projection of the flavor separated TMD
on x. Due to the limited amount of experimental data for the involved structure functions and also due to uncertainties of
the theoretical formalism, quite large uncertainties are still present for xg1

1T (x). Further experimental data and theoretical
model improvements are expected to help to improve the extraction of the worm-gear TMD g1T significantly, in the future.

4.3.6. The twist-3 parton distribution e
As shown in Eq. (4.41) of Section 4.2.1, the asymmetry
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Fig. 4.13. The coverage in Q 2 � xB for the data used in the global fit of Ref. [500]. .
Source: Reprinted from J. High Energ. Phys. 10, 127 (2022), A. Bacchetta, V. Bertone, C Bissolotti, G. Bozzi, M. Cerutti, F.
Piacenza, M. Radici and A. Signori, Unpolarized transverse momentum distributions from a global fit of Drell–Yan and
semi-inclusive deep-inelastic scattering data (Ref. [500]).
© 2022 under Creative Commons CC BY License.

Fig. 4.14. The TMD f1(x, Ek2T ,Q ) for up-quarks as a function of EkT for different values of x at Q = 2 GeV (left) and Q = 10 GeV (right) from one of
the most recent global extractions based on SIDIS and DY data in Ref. [500].
Source: Reprinted from J. High Energ. Phys. 10, 127 (2022), A. Bacchetta, V. Bertone, C Bissolotti, G. Bozzi, M. Cerutti, F. Piacenza, M. Radici and A.
Signori, Unpolarized transverse momentum distributions from a global fit of Drell–Yan and semi-inclusive deep-inelastic scattering data (Ref. [500]).
© 2022 under Creative Commons CC BY License.

with x̂ = 0.1 and the fit parameters N , � and ↵. A similar parametrization has been applied for the structure function
D1. It was found that a reasonable fit could only be performed if a cut on PT < min [min [0.2 Q ; 0.5 zQ ] + 0.3 GeV; zQ ]
is applied, corresponding to the qT ⌧ Q condition which is required for the factorization of the SIDIS process in terms
of TMDs [500]. As a projection of the final result of the global fit, the EkT -dependence of f1 for different values of x and
Q is shown in Fig. 4.14. It can be seen, that the inclusion of all available data, which fulfills the kinematic requirements,
from different experiments, allows a quite precise extraction of f1, which can be used as a basis for the extraction of other
TMDs from observables which depend on these TMDs in combination with f1.

4.3.2. The sivers function f ?

1T
The Sivers function f ?

1T describes the distribution of unpolarized partons inside a transversely polarized nucleon. It
was introduced in 1990 to explain single spin asymmetries from transversely polarized targets in the reaction pN !

⇡X [305,463]. As already discussed in Section 4.2.3, the Sivers function is a T-odd function and is therefore, expected to
change its sign between the SIDIS and the DY process [312]:

f ? DIS
1T (x, kT ) = �f ? DY

1T (x, kT ), (4.65)
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Fig. 4.16. The transversity distribution xh1 (upper row) and the Sivers function xf ?

1T (middle row) as a function of x as well as the Collins FF zH?

1
(lower row) as a function of z for up (left) and down (right) quarks. The red band shows the 1� CL uncertainty of the bold red line. The results
from other extractions [390,413,503,523,524,526,529,530] are shown, for comparison, as dashed colored lines.
Source: Reprinted from Phys. Rev. D 102, 054002 (2020), J. Cammarota, L. Gamberg, Z.-B. Kang, J. A. Miller, D. Pitonyak, A. Prokudin, T. C. Rogers, N.
Sato, Origin of single transverse-spin asymmetries in high-energy collisions (Ref. [509]).
© 2020 under Creative Commons Attribution 4.0 License.

which provides the cleanest access, has not been measured so far and all other structure functions contain h1, convoluted
with another, less known, TMD. Therefore, the existing extractions of h1 are limited to the SIDIS process. The SIDIS
asymmetry Asin(�h+�S )

UT corresponding to the structure function ratio F sin(�h+�S )
UT /FUU,T has been measured by the HERMES

Collaboration [355,363], by the COMPASS collaboration [366,399] and in JLAB hall A [370].
Several attempts to extract h1 have been made over the last years, using different methods and including different parts

of the available data [390,413,503,509,521–530]. Many approaches use a combined global fit of SIDIS and e+e� data to
extract the TMD h1 and the FF H?

1 simultaneously. For the parametrization of h1 different approaches have been applied.
Typically, a similar parametrization as for the Sivers function (see Section 4.3.2) is used. The results of a recent global fit
in Ref. [509] for xh1 as well as, for comparison, the Sivers function xf ?

1T and the Collins FF zH?

1 , which have been extracted
from the same global fit, are shown in Fig. 4.16, together with results for the same functions from other extractions. It
can be observed that, while the general trend and the sign are identical for all extractions, there is quite some variation
of the magnitude and x dependence of h1 between the different extractions, especially for down quarks. However, this
variation is also reflected by a quite large uncertainty band in all extractions. Besides improved theoretical models, also
more data from the SIDIS process and the inclusion of data from the DY process with transversely polarized targets is
needed to reduce these uncertainties. Also di-hadron SIDIS can be used as another, independent access to the transversity
distribution [531,532]. The future EIC will be the key to probe the low x regime and to finally access the gluon transversity
distribution, which is so far practically unknown [533].

4.3.4. The Boer–Mulders function h?

1
The Boer–Mulders function h?

1 , which describes the distribution of transversely polarized quarks in an unpolarized
nucleon, can be accessed directly from the cos(2�) modulation of the unpolarized DY process

F cos(2�)
UU = ⇣

"
2(Eh · EkaT )(Eh · EkaT ) � EkaT EkbT

MaMb
h?

1 h̄
?

1

#
, (4.75)

as defined in Section 4.2.3. In combination with the Collins FF H?

1 also the cos(2�) modulation of the unpolarized SIDIS
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with the definitions from Section 4.2.1 provides an access to h?

1 . However, the role of the twist-4 Cahn effect [534] (f1D1)
and potential additional higher twist contributions is not finally clarified yet. Furthermore, certain azimuthal modulations
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Fig. 4.16. The transversity distribution xh1 (upper row) and the Sivers function xf ?

1T (middle row) as a function of x as well as the Collins FF zH?

1
(lower row) as a function of z for up (left) and down (right) quarks. The red band shows the 1� CL uncertainty of the bold red line. The results
from other extractions [390,413,503,523,524,526,529,530] are shown, for comparison, as dashed colored lines.
Source: Reprinted from Phys. Rev. D 102, 054002 (2020), J. Cammarota, L. Gamberg, Z.-B. Kang, J. A. Miller, D. Pitonyak, A. Prokudin, T. C. Rogers, N.
Sato, Origin of single transverse-spin asymmetries in high-energy collisions (Ref. [509]).
© 2020 under Creative Commons Attribution 4.0 License.
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1 simultaneously. For the parametrization of h1 different approaches have been applied.
Typically, a similar parametrization as for the Sivers function (see Section 4.3.2) is used. The results of a recent global fit
in Ref. [509] for xh1 as well as, for comparison, the Sivers function xf ?
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1 , which have been extracted
from the same global fit, are shown in Fig. 4.16, together with results for the same functions from other extractions. It
can be observed that, while the general trend and the sign are identical for all extractions, there is quite some variation
of the magnitude and x dependence of h1 between the different extractions, especially for down quarks. However, this
variation is also reflected by a quite large uncertainty band in all extractions. Besides improved theoretical models, also
more data from the SIDIS process and the inclusion of data from the DY process with transversely polarized targets is
needed to reduce these uncertainties. Also di-hadron SIDIS can be used as another, independent access to the transversity
distribution [531,532]. The future EIC will be the key to probe the low x regime and to finally access the gluon transversity
distribution, which is so far practically unknown [533].
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Fig. 4.17. Boer–Mulders function xh?

1 as a function of x for up (left) and down (right) quarks at Q 2 = 1 GeV2 and its uncertainty (blue band). The
dashed line shows hpT iun

2M xf q1 (x) for comparison.
Source: Reprinted figure with permission from Z. Lu, I. Schmidt, Phys. Rev. D 81, 034023 (2010) (Ref. [540]).
© 2010 by the American Physical Society.

of the unpolarized di-hadron SIDIS cross-section (see Section 4.2.1) can provide an independent, direct access to the
Boer–Mulders function.

The available data for the cos(2�) moment from the unpolarized DY and SIDIS cross sections, sensitive to nucleon
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probe the corresponding pion TMD in combination with the nucleon TMD (see Section 4.2.3). SIDIS data on the cos(2�)
moment is available from the CLAS [360], the COMPASS [377,535,536] and the HERMES [379,537] experiment. However,
only HERMES and COMPASS provide a full 4D or 3D study of the cos(2�) moment.

Based on the DY data from the E866/NuSea collaboration, an extraction of h?

1 was performed in Refs. [538–540]. The
result for up and down quarks is shown in Fig. 4.17. The limited amount of data results in quite large uncertainties.
Nevertheless, it can be seen that h?

1 , especially for up quarks is significantly smaller than the unpolarized TMD f q1 (x). An
independent extraction based on SIDIS data from COMPASS and HERMES in Ref. [541] provided a similar magnitude of
h?

1 . However, for HERMES and COMPASS kinematics, the twist-4 Cahn contribution was found to be comparable to the
twist-2 Boer–Mulders contribution, making a full extraction of h?

1 difficult. A precise, fully multidimensional measurement,
especially for different Q 2 values, of the cos(2�) moment of the unpolarized SIDIS cross section is needed to disentangle
the Boer–Mulders and the Cahn contribution. Such measurements and analyses are currently ongoing with CLAS12 at
JLAB [542] and will provide further insights into the Boer–Mulders function and the separation of the different contributing
effects in the case of the SIDIS process.

4.3.5. The worm-gear TMD g1T
Recently, a first global extraction of the worm-gear TMD g1T became available in Ref. [543], using SIDIS data from

COMPASS [382], HERMES [369] and JLAB hall A [373] (for a detailed discussion of the available data, see Section 4.2.1). A
clean access to the TMD g1T can be obtained from the structure function
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(4.77)

from the interaction of a longitudinally polarized beam with a transversely polarized target, while the involved FF D1 can
be also accessed from the structure function

FUU,T = ⇣ [f1D1] (4.78)

from the unpolarized cross section of the SIDIS process (see Eq. (4.9)).
For the extraction in Ref. [543] both TMDs and the FF were parametrized with a simple Gaussian Ansatz (see Eq. (4.62))

and a simultaneous global fit was applied. It was found that a reasonable fit could only be performed if a cut on qT/Q < 0.5
was applied, corresponding to the qT ⌧ Q condition which is required for the factorization of the SIDIS process in terms
of TMDs [543]. The result of the global fit for xg1

1T (x) is shown in Fig. 4.18 for the projection of the flavor separated TMD
on x. Due to the limited amount of experimental data for the involved structure functions and also due to uncertainties of
the theoretical formalism, quite large uncertainties are still present for xg1

1T (x). Further experimental data and theoretical
model improvements are expected to help to improve the extraction of the worm-gear TMD g1T significantly, in the future.

4.3.6. The twist-3 parton distribution e
As shown in Eq. (4.41) of Section 4.2.1, the asymmetry
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Fig. 4.13. The coverage in Q 2 � xB for the data used in the global fit of Ref. [500]. .
Source: Reprinted from J. High Energ. Phys. 10, 127 (2022), A. Bacchetta, V. Bertone, C Bissolotti, G. Bozzi, M. Cerutti, F.
Piacenza, M. Radici and A. Signori, Unpolarized transverse momentum distributions from a global fit of Drell–Yan and
semi-inclusive deep-inelastic scattering data (Ref. [500]).
© 2022 under Creative Commons CC BY License.

Fig. 4.14. The TMD f1(x, Ek2T ,Q ) for up-quarks as a function of EkT for different values of x at Q = 2 GeV (left) and Q = 10 GeV (right) from one of
the most recent global extractions based on SIDIS and DY data in Ref. [500].
Source: Reprinted from J. High Energ. Phys. 10, 127 (2022), A. Bacchetta, V. Bertone, C Bissolotti, G. Bozzi, M. Cerutti, F. Piacenza, M. Radici and A.
Signori, Unpolarized transverse momentum distributions from a global fit of Drell–Yan and semi-inclusive deep-inelastic scattering data (Ref. [500]).
© 2022 under Creative Commons CC BY License.

with x̂ = 0.1 and the fit parameters N , � and ↵. A similar parametrization has been applied for the structure function
D1. It was found that a reasonable fit could only be performed if a cut on PT < min [min [0.2 Q ; 0.5 zQ ] + 0.3 GeV; zQ ]
is applied, corresponding to the qT ⌧ Q condition which is required for the factorization of the SIDIS process in terms
of TMDs [500]. As a projection of the final result of the global fit, the EkT -dependence of f1 for different values of x and
Q is shown in Fig. 4.14. It can be seen, that the inclusion of all available data, which fulfills the kinematic requirements,
from different experiments, allows a quite precise extraction of f1, which can be used as a basis for the extraction of other
TMDs from observables which depend on these TMDs in combination with f1.

4.3.2. The sivers function f ?

1T
The Sivers function f ?

1T describes the distribution of unpolarized partons inside a transversely polarized nucleon. It
was introduced in 1990 to explain single spin asymmetries from transversely polarized targets in the reaction pN !

⇡X [305,463]. As already discussed in Section 4.2.3, the Sivers function is a T-odd function and is therefore, expected to
change its sign between the SIDIS and the DY process [312]:

f ? DIS
1T (x, kT ) = �f ? DY

1T (x, kT ), (4.65)
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Fig. 4.16. The transversity distribution xh1 (upper row) and the Sivers function xf ?

1T (middle row) as a function of x as well as the Collins FF zH?

1
(lower row) as a function of z for up (left) and down (right) quarks. The red band shows the 1� CL uncertainty of the bold red line. The results
from other extractions [390,413,503,523,524,526,529,530] are shown, for comparison, as dashed colored lines.
Source: Reprinted from Phys. Rev. D 102, 054002 (2020), J. Cammarota, L. Gamberg, Z.-B. Kang, J. A. Miller, D. Pitonyak, A. Prokudin, T. C. Rogers, N.
Sato, Origin of single transverse-spin asymmetries in high-energy collisions (Ref. [509]).
© 2020 under Creative Commons Attribution 4.0 License.
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from the same global fit, are shown in Fig. 4.16, together with results for the same functions from other extractions. It
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of the magnitude and x dependence of h1 between the different extractions, especially for down quarks. However, this
variation is also reflected by a quite large uncertainty band in all extractions. Besides improved theoretical models, also
more data from the SIDIS process and the inclusion of data from the DY process with transversely polarized targets is
needed to reduce these uncertainties. Also di-hadron SIDIS can be used as another, independent access to the transversity
distribution [531,532]. The future EIC will be the key to probe the low x regime and to finally access the gluon transversity
distribution, which is so far practically unknown [533].
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asymmetry Asin(�h+�S )

UT corresponding to the structure function ratio F sin(�h+�S )
UT /FUU,T has been measured by the HERMES

Collaboration [355,363], by the COMPASS collaboration [366,399] and in JLAB hall A [370].
Several attempts to extract h1 have been made over the last years, using different methods and including different parts

of the available data [390,413,503,509,521–530]. Many approaches use a combined global fit of SIDIS and e+e� data to
extract the TMD h1 and the FF H?

1 simultaneously. For the parametrization of h1 different approaches have been applied.
Typically, a similar parametrization as for the Sivers function (see Section 4.3.2) is used. The results of a recent global fit
in Ref. [509] for xh1 as well as, for comparison, the Sivers function xf ?

1T and the Collins FF zH?

1 , which have been extracted
from the same global fit, are shown in Fig. 4.16, together with results for the same functions from other extractions. It
can be observed that, while the general trend and the sign are identical for all extractions, there is quite some variation
of the magnitude and x dependence of h1 between the different extractions, especially for down quarks. However, this
variation is also reflected by a quite large uncertainty band in all extractions. Besides improved theoretical models, also
more data from the SIDIS process and the inclusion of data from the DY process with transversely polarized targets is
needed to reduce these uncertainties. Also di-hadron SIDIS can be used as another, independent access to the transversity
distribution [531,532]. The future EIC will be the key to probe the low x regime and to finally access the gluon transversity
distribution, which is so far practically unknown [533].

4.3.4. The Boer–Mulders function h?

1
The Boer–Mulders function h?

1 , which describes the distribution of transversely polarized quarks in an unpolarized
nucleon, can be accessed directly from the cos(2�) modulation of the unpolarized DY process

F cos(2�)
UU = ⇣

"
2(Eh · EkaT )(Eh · EkaT ) � EkaT EkbT

MaMb
h?

1 h̄
?

1

#
, (4.75)

as defined in Section 4.2.3. In combination with the Collins FF H?

1 also the cos(2�) modulation of the unpolarized SIDIS
cross-section

F cos 2�h
UU = ⇣

"
�

2(ĥ · kT )(ĥ · pT ) � kT · pT

M Mh
h?

1 H
?

1 +
1
Q 2 f1D1 + ???

#
, (4.76)

with the definitions from Section 4.2.1 provides an access to h?

1 . However, the role of the twist-4 Cahn effect [534] (f1D1)
and potential additional higher twist contributions is not finally clarified yet. Furthermore, certain azimuthal modulations
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Fig. 4.17. Boer–Mulders function xh?

1 as a function of x for up (left) and down (right) quarks at Q 2 = 1 GeV2 and its uncertainty (blue band). The
dashed line shows hpT iun

2M xf q1 (x) for comparison.
Source: Reprinted figure with permission from Z. Lu, I. Schmidt, Phys. Rev. D 81, 034023 (2010) (Ref. [540]).
© 2010 by the American Physical Society.

of the unpolarized di-hadron SIDIS cross-section (see Section 4.2.1) can provide an independent, direct access to the
Boer–Mulders function.

The available data for the cos(2�) moment from the unpolarized DY and SIDIS cross sections, sensitive to nucleon
TMDs, is quite limited. The cos(2�) moment of the unpolarized proton–deuteron DY process has been only measured by
the E866/NuSea Collaboration [444,445] at FNAL. Most other publications study the pion induced DY process and therefore,
probe the corresponding pion TMD in combination with the nucleon TMD (see Section 4.2.3). SIDIS data on the cos(2�)
moment is available from the CLAS [360], the COMPASS [377,535,536] and the HERMES [379,537] experiment. However,
only HERMES and COMPASS provide a full 4D or 3D study of the cos(2�) moment.

Based on the DY data from the E866/NuSea collaboration, an extraction of h?

1 was performed in Refs. [538–540]. The
result for up and down quarks is shown in Fig. 4.17. The limited amount of data results in quite large uncertainties.
Nevertheless, it can be seen that h?

1 , especially for up quarks is significantly smaller than the unpolarized TMD f q1 (x). An
independent extraction based on SIDIS data from COMPASS and HERMES in Ref. [541] provided a similar magnitude of
h?

1 . However, for HERMES and COMPASS kinematics, the twist-4 Cahn contribution was found to be comparable to the
twist-2 Boer–Mulders contribution, making a full extraction of h?

1 difficult. A precise, fully multidimensional measurement,
especially for different Q 2 values, of the cos(2�) moment of the unpolarized SIDIS cross section is needed to disentangle
the Boer–Mulders and the Cahn contribution. Such measurements and analyses are currently ongoing with CLAS12 at
JLAB [542] and will provide further insights into the Boer–Mulders function and the separation of the different contributing
effects in the case of the SIDIS process.

4.3.5. The worm-gear TMD g1T
Recently, a first global extraction of the worm-gear TMD g1T became available in Ref. [543], using SIDIS data from

COMPASS [382], HERMES [369] and JLAB hall A [373] (for a detailed discussion of the available data, see Section 4.2.1). A
clean access to the TMD g1T can be obtained from the structure function

F cos(�h��S )
LT = ⇣

"
EPT · Ek?

|EPT |M
g1TD1

#
(4.77)

from the interaction of a longitudinally polarized beam with a transversely polarized target, while the involved FF D1 can
be also accessed from the structure function

FUU,T = ⇣ [f1D1] (4.78)

from the unpolarized cross section of the SIDIS process (see Eq. (4.9)).
For the extraction in Ref. [543] both TMDs and the FF were parametrized with a simple Gaussian Ansatz (see Eq. (4.62))

and a simultaneous global fit was applied. It was found that a reasonable fit could only be performed if a cut on qT/Q < 0.5
was applied, corresponding to the qT ⌧ Q condition which is required for the factorization of the SIDIS process in terms
of TMDs [543]. The result of the global fit for xg1

1T (x) is shown in Fig. 4.18 for the projection of the flavor separated TMD
on x. Due to the limited amount of experimental data for the involved structure functions and also due to uncertainties of
the theoretical formalism, quite large uncertainties are still present for xg1

1T (x). Further experimental data and theoretical
model improvements are expected to help to improve the extraction of the worm-gear TMD g1T significantly, in the future.

4.3.6. The twist-3 parton distribution e
As shown in Eq. (4.41) of Section 4.2.1, the asymmetry

Asin�R
LU = �

M
Q

|R|

Mh

P
q e

2
q [x eq(x) H^

1 (z,Mh) +
1
z f q1 (x) G̃

^(z,Mh)]
P

q e2q f q1 (x) D
q,ss+pp
1 (z,M2

h )
(4.79)
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Fig. 4.18. Result of the global fit in Ref. [543] for the worm-gear TMD xg1
1T (x) at Q 2 = 4 GeV2 for up quarks (left) and down quarks (right).

Source: Reprinted from Phys. Rev. D 105, 034007 (2022), S. Bhattacharya, Z. B. Kang, A. Metz, G. Penn and D. Pitonyak, First global QCD analysis
of the TMD g1T from semi-inclusive DIS data (Ref. [543]).
© 2022 under Creative Commons Attribution 4.0 License.

Fig. 4.19. The twist-3 parton distribution e(x) extracted from CLAS (red/purple) and CLAS12 (blue/green) data. The outer bars represent the
uncertainty, including the twist-3 contributions from the fragmentation functions.
Source: Reprinted from Phys. Rev. D 106, 014027 (2022), A. Courtoy, A. S. Miramontes, H. Avakian, M. Mirazita and S. Pisano, Extraction of the
higher-twist parton distribution e(x) from CLAS data (Ref. [393]).
© 2018 under Creative Commons Attribution 4.0 License.

of the di-hadron SIDIS process can be directly related to the twist-3 parton distribution e(x), which encodes information on
quark–gluon–quark correlations in the nucleon. Based on the measurements of Asin�R

LU from the reaction ep ! e0⇡+⇡�X
with CLAS and CLAS12 which have been presented in Section 4.2.1, an extraction of e(x) has been performed in Ref. [393].
The involved diFFs H^

1 (z,Mh), G̃^(z,Mh) and D1(z,M2
h ), are available based on fits to Belle data from e+e� collisions in

Refs. [400,401,525]. The unpolarized PDF f1(x) is well known from previous extractions and the parametrization given in
Ref. [544] has been used. The extraction was performed point by point to avoid the introduction of a model dependent
parametrization of the TMD. The result and its uncertainty are shown in Fig. 4.19. The large uncertainties are a result of
different sources. On the on side, the experimental uncertainty of the measured Asin�R

LU values and on the other side the
uncertainty of the involved diFFs, but also to lesser extend the uncertainty of f1. Upcoming high statistics data for Asin�R

LU
from di-hadron SIDIS measurements, but also new data from the di-hadron production in e+e� annihilation to improve
the extraction of the diFFs, will help to reduce these uncertainties in the future [393].

4.4. Physics content of TMDs

TMDs correlate the transverse momentum Ek? of the partons with their longitudinal momentum fraction x and
therefore, provide a 3D image of the nucleon in the full momentum space. In combination with the 3D image in terms
of transverse position Eb? and longitudinal momentum fraction x provided by GPDs, TMDs can help us to obtain a more
complete understanding of the 3D nucleon structure. Since most TMDs would vanish if the partons would not undergo
orbital motion within the nucleon, they can provide a direct access to the strength of this orbital motion and since many
TMDs only exist due to the coupling between the transverse motion of the partons and the parton or nucleon spin, they
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Fig. 4.18. Result of the global fit in Ref. [543] for the worm-gear TMD xg1
1T (x) at Q 2 = 4 GeV2 for up quarks (left) and down quarks (right).

Source: Reprinted from Phys. Rev. D 105, 034007 (2022), S. Bhattacharya, Z. B. Kang, A. Metz, G. Penn and D. Pitonyak, First global QCD analysis
of the TMD g1T from semi-inclusive DIS data (Ref. [543]).
© 2022 under Creative Commons Attribution 4.0 License.

Fig. 4.19. The twist-3 parton distribution e(x) extracted from CLAS (red/purple) and CLAS12 (blue/green) data. The outer bars represent the
uncertainty, including the twist-3 contributions from the fragmentation functions.
Source: Reprinted from Phys. Rev. D 106, 014027 (2022), A. Courtoy, A. S. Miramontes, H. Avakian, M. Mirazita and S. Pisano, Extraction of the
higher-twist parton distribution e(x) from CLAS data (Ref. [393]).
© 2018 under Creative Commons Attribution 4.0 License.

of the di-hadron SIDIS process can be directly related to the twist-3 parton distribution e(x), which encodes information on
quark–gluon–quark correlations in the nucleon. Based on the measurements of Asin�R

LU from the reaction ep ! e0⇡+⇡�X
with CLAS and CLAS12 which have been presented in Section 4.2.1, an extraction of e(x) has been performed in Ref. [393].
The involved diFFs H^

1 (z,Mh), G̃^(z,Mh) and D1(z,M2
h ), are available based on fits to Belle data from e+e� collisions in

Refs. [400,401,525]. The unpolarized PDF f1(x) is well known from previous extractions and the parametrization given in
Ref. [544] has been used. The extraction was performed point by point to avoid the introduction of a model dependent
parametrization of the TMD. The result and its uncertainty are shown in Fig. 4.19. The large uncertainties are a result of
different sources. On the on side, the experimental uncertainty of the measured Asin�R

LU values and on the other side the
uncertainty of the involved diFFs, but also to lesser extend the uncertainty of f1. Upcoming high statistics data for Asin�R

LU
from di-hadron SIDIS measurements, but also new data from the di-hadron production in e+e� annihilation to improve
the extraction of the diFFs, will help to reduce these uncertainties in the future [393].

4.4. Physics content of TMDs

TMDs correlate the transverse momentum Ek? of the partons with their longitudinal momentum fraction x and
therefore, provide a 3D image of the nucleon in the full momentum space. In combination with the 3D image in terms
of transverse position Eb? and longitudinal momentum fraction x provided by GPDs, TMDs can help us to obtain a more
complete understanding of the 3D nucleon structure. Since most TMDs would vanish if the partons would not undergo
orbital motion within the nucleon, they can provide a direct access to the strength of this orbital motion and since many
TMDs only exist due to the coupling between the transverse motion of the partons and the parton or nucleon spin, they
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Conclusions

Ø After decades of collinear studies, the 3D structure of the nucleon is now being revealed thanks to 
a huge International experimental and theoretical effort!
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Conclusions

Ø AVer decades of collinear studies, the 3D structure of the nucleon is now being revealed thanks to 
a huge Interna5onal experimental and theore5cal effort!

Ø A rich phenomenology and surprising effects arise when intrinsic transverse degrees of freedom
(spin, momentum) are not integrated out!
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Conclusions

Ø After decades of collinear studies, the 3D structure of the nucleon is now being revealed thanks to 
a huge International experimental and theoretical effort!

Ø A rich phenomenology and surprising effects arise when intrinsic transverse degrees of freedom
(spin, momentum) are not integrated out!

Ø Revealing the complex QCD dynamics of nucleons requires high-precision multi-dimensional
measurements: need large acceptance detectors, high luminosity, low systematics.
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Conclusions

Ø AVer decades of collinear studies, the 3D structure of the nucleon is now being revealed thanks to 
a huge Interna5onal experimental and theore5cal effort!

Ø A rich phenomenology and surprising effects arise when intrinsic transverse degrees of freedom
(spin, momentum) are not integrated out!

Ø Revealing the complex QCD dynamics of nucleons requires high-precision mul:-dimensional
measurements: need large acceptance detectors, high luminosity, low systema5cs.

Ø New high-precision mul5-dimensional results are expected in the near future from JLab12 and
Amber, while in the next decade the EIC will complete the program with precise measurements in
the poorly explored sea-quark and gluon domain at low-𝑥 and high-𝑄/ region.
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Conclusions

Ø After decades of collinear studies, the 3D structure of the nucleon is now being revealed thanks to 
a huge International experimental and theoretical effort!

Ø A rich phenomenology and surprising effects arise when intrinsic transverse degrees of freedom
(spin, momentum) are not integrated out!

Ø Revealing the complex QCD dynamics of nucleons requires high-precision multi-dimensional
measurements: need large acceptance detectors, high luminosity, low systematics.

Ø New high-precision multi-dimensional results are expected in the near future from JLab12 and
Amber, while in the next decade the EIC will complete the program with precise measurements in
the poorly explored sea-quark and gluon domain at low-𝑥 and high-𝑄/ region.

Ø A solid theoretical framework, sophisticated phenomenological
global analyses and reliable theoretical models are necessary to
interpret the physics beyond the experimental observables and pin
down the underlying distribution functions (TMDs, GPDs,…).

Theory Experiment
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For the extrac(on of the underlying GPDs data are compared with different classes of theore@cal models:
• Vanderhaeghen-Guichon-Guidal (VGG)
• Goloskokov-Kroll (GK)
• Goldstein-Liu( (GL)
• Kumerički-Liu(-Müller (KM15)  [provides best agreement with data]
• …

The extraction of GPDs from DVCS observables is not trivial:
• experimental observables are only sensitive to CFFs, which contain the GPDs integrated over 𝑥
• different observables exhibit different sensitivity to a single CFF
• a precise extraction of the various CFFs is only possible through model dependent global fits over different

observables and complementary kinematic regions
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The SIDIS cross section: ”harmonic(φ, φS)·DF ⊗ FF”

6

4 H. Avakian et al.: Experimental results on TMDs

σ(φ,φS) ≡
d6σ

dxdydzdφdφSdP 2
hT

=
α2

xyQ2

y2

2(1 − ϵ)

(

1 +
γ2

2x

)

{

FUU,T + ϵFUU,L +
√

2ϵ(1 + ϵ) cosφ F cosφ
UU + ϵ cos(2φ) F cos(2φ)

UU + λe

[

√

2ϵ(1 − ϵ) sinφ F sinφ
LU

]

+

+SL

[

√

2ϵ(1 + ϵ) sinφ F sinφ
UL + ϵ sin(2φ) F sin(2φ)

UL

]

+ SLλe

[

√

1 − ϵ2 FLL +
√

2ϵ(1 − ϵ) cosφ F cosφ
LL

]

+|ST |
[

sin(φ − φS)
(

F sin(φ−φS)
UT,T + ϵF sin(φ−φS)

UT,L

)

+ ϵ sin(φ + φS) F sin(φ+φS)
UT + ϵ sin(3φ − φS) F sin(3φ−φS)

UT

+
√

2ϵ(1 + ϵ) sinφS F sinφS

UT +
√

2ϵ(1 + ϵ) sin(2φ − φS) F sin(2φ−φS)
UT

]

+|ST |λe

[

√

1 − ϵ2 cos(φ − φS) F cos(φ−φS)
LT +

√

2ϵ(1 − ϵ) cosφS F cosφS

LT +
√

2ϵ(1 − ϵ) cos(2φ − φS) F cos(2φ−φS)
LT

]}

,(1)

can be decomposed in terms of Structure Functions [12,
26], each related to a specific azimuthal modulation. Here
λe refers to the helicity of the electron beam, SL and ST

to the longitudinal and transverse polarisation of the tar-
get nucleons (with respect to the direction of the virtual
photon), and ϵ to the ratio of the longitudinal and trans-
verse photon fluxes, which is determined by the kinemat-
ics of the lepton. Here, q = ℓ − ℓ′ is the four-momentum
of the virtual photon, Q2 = −q2, x = Q2/2(P · q), y =
(P · q)/(P · ℓ), and P is the initial nucleon momentum.
The azimuthal angle φ is defined as the angle between the
scattering plane, formed by the initial and final momenta
of the electron, and the production plane, formed by the
transverse momentum PhT of the observed hadron and the
virtual photon (Fig. 2). The azimuthal angle φS is defined
as the angle between the scattering plane and the target
spin component transverse to the virtual photon.

y

z

x

hadron plane

lepton plane

l
l S

Ph

P

φh

φS

Fig. 2. The SIDIS kinematics.

The subscripts in the structure functions FUT,UL,LT ,
specify the beam (first index) and target (second index)
polarisation (U,L, T for unpolarised, longitudinally and
transversely polarised targets, and U,L for unpolarised

and longitudinally polarised beam). When present, the
third index refers to the virtual photon polarisation.

In the regime where the transverse momenta (set by
the confinement scale) are small with respect the hard
scale Q, the structure functions can be factorised into
TMD parton distribution and fragmentation functions,
and soft and hard parts [26,27]. At leading-twist (not sup-
pressed by powers of the hard scale Q) there are eight con-
tributions related to the parton distributions in Table 1.
They all can be independently measured in SIDIS with
different combinations of polarisation states of the incom-
ing lepton and the target nucleon thanks to their specific
azimuthal dependencies.

For example with an unpolarised beam and a trans-
versely polarised target one can get access to the structure

function F sin(φ+φS)
UT (x, z, PhT , Q2). The latter can be writ-

ten as a convolution of h1(x, k⊥, Q2) and H⊥
1 (z, p⊥, Q2),

integrated over the transverse momentum of the initial,
k⊥, and fragmenting p⊥ partons:

F sin(φ+φS)
UT (x, y, PhT ) = C

[

w(p⊥,k⊥)h⊥
1 (x, k⊥)H⊥

1 (z, p⊥)

]

(2)

where the scale dependence has been dropped for simplic-
ity. The convolution integral

C[wh⊥
1 H⊥

1 ] = x
∑

q

e2
q

∫

δ2(p⊥ − zk⊥ − P hT ) (3)

w(p⊥,k⊥)h⊥,q
1 (x, k⊥)H⊥,q

1 (z, p⊥)dp2
⊥dk2

⊥

embeds a summation over quarks and antiquarks, a kine-
matic prefactor w(p⊥,k⊥) specific for each structure func-
tion (in this case w(p⊥,k⊥) = −(ĥ · kT )/Mh with ĥ =
PhT /|PhT | the unit vector along the transverse momen-
tum and Mh the mass of the observed hadron), and a
delta function imposing momentum conservation P hT =
zk⊥ + p⊥ (valid up to order k⊥/Q).

- FXY[Z] = structure function. X=beam, Y= target polarization, 
                                               [Z= virtual-photon polarization]. X, Y ∈ {U, L, T}
- λe = helicity of the lepton beam
- SL and ST = longitudinal and transverse target polarization 
- ε = ratio of longitudinal and transverse photon fluxes

BM ⊗ Collins

Unpolarized
Longitudinally
Transversely

Cahn-effect + 
BM ⊗ Collins

Transversity ⊗ Collins

Sivers ⊗ D1

Worm-gear ⊗ D1 Pretzelosity ⊗ Collins

Bacchetta et al., JHEP 02, 093 (2007)

Worm-gear (Kotzinian-Mulders) 
⊗ Collins
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The experimental observables

Spin-orbit correla@ons encoded in the TMDs induce observable azimuthal asymmetries in the distribu@on of 
the final-state hadrons.  

E.g., for the case of SIDIS of an unpolarized lepton beam (U) on a transversely polarized nucleon (T) on can

1. construct a Single-Spin Asymmetry in each kinematic bin by reverting the target polarization

𝑨𝑼𝑻
𝐬𝐢𝐧 𝝓%𝝓𝑺 ∝

𝐹(*
123 4%4#

𝐹((
∝ 𝑓&*# ⊗𝐷& ; 𝑨𝑼𝑻

𝒔𝒊𝒏 𝝓'𝝓𝑺 ∝
𝐹(*
123 4'4#

𝐹((
∝ ℎ&⊗𝐻&# ; …

∝ 𝑨𝑼𝑻
𝐬𝐢𝐧 𝝓0𝝓𝑺 sin 𝜙 − 𝜙1 + 𝑨𝑼𝑻

𝒔𝒊𝒏 𝝓5𝝓𝑺 sin 𝜙 + 𝜙1 +⋯ .𝐴6) 𝜙,𝜙1 =
1
𝑆)
𝜎6)↑ − 𝜎6)↑

𝜎6)↑ + 𝜎6)↑

2. expand the asymmetry in a Fourier decomposition in terms of the relevant harmonics in 𝜙 and 𝜙1 

3. extract the amplitude of each Fourier component (related to a specific combina(on of TMDs PDFs and FFs):

𝑨𝑳𝑼
𝐬𝐢𝐧 𝝓 ∝

𝐹)(
123 4

𝐹((
∝
𝑀
𝑄 𝑒𝐻&# + 𝑓&0𝑮# + 𝑔#𝐷& + ℎ&#0𝑬 (sub-leading twist, related to quark-gluon-correlator)
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The COMPASS DY Christmass present

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

COMPASS

CERN-EP-2023-XXX
January 1, 2024

Final COMPASS results on the transverse-spin-dependent

azimuthal asymmetries in the pion-induced Drell-Yan process

The COMPASS Collaboration

Abstract

The COMPASS Collaboration performed measurements of the Drell-Yan process in 2015 and 2018
using a 190 GeV/2 c

� beam impinging on a transversely polarised ammonia target. Combining the
data of both years, we present final results on the amplitudes of the five azimuthal modulations in the
dimuon production cross section. Three of these transverse-spin-dependent azimuthal asymmetries
(TSAs) probe the nucleon leading-twist Sivers, transversity, and pretzelosity transverse-momentum
dependent (TMD) parton distribution functions (PDFs). The other two are induced by subleading
effects. These TSAs provide unique new inputs for the study of the nucleon TMD PDFs and their
universality properties. In particular, the Sivers TSA observed in this measurement is consistent
with the fundamental QCD prediction of a sign change of naive time-reversal-odd TMD PDFs when
comparing the Drell-Yan process with semi-inclusive measurements of deep inelastic scattering.
Also, within the context of model predictions, the observed transversity TSA is consistent with the
expectation of a sign change for the Boer-Mulders function.

(to be submitted to Phys. Rev. Letters)
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flux and acceptance-dependent systematic uncertainties are minimised. The TSAs are evaluated in one-
dimensional kinematic bins as a function of G# , Gc , dimuon Feynman variable G� , @) or "``, integrating
over the entire accepted range of all other variables.

In order to evaluate the TSAs, the amplitudes of the modulations are corrected for the depolarisation
factors and for the effective proton polarisation 5 · h%)i. The depolarisation factors and the dilution factor
are applied as weights on an event-by-event basis. The depolarisation factors are evaluated using the
approximation _ = 1. Known deviations from this assumption with _ ranging between 0.5 and 1 [48–50]
decrease the normalisation by at most 5%.

The largest systematic uncertainties for the TSAs are attributed to residual variations of the experimental
conditions. Such instabilities may result in changes of the spectrometer acceptance, which may not be
entirely cancelled when combining the data in a given period. The corresponding systematic effects
are quantified by evaluating various types of false asymmetries (for details see Refs. [30, 51]) and by
checking the stability of the results over the periods. Thorough studies performed separately for the two
data-taking years revealed somewhat larger systematic effects and instabilities for 2018 compared to 2015.
The systematic point-to-point uncertainties associated with the TSAs were estimated to be between 0.7
to 0.8 times the corresponding statistical uncertainties in 2015 and between 1.0 to 1.2 in 2018. For the
two years, the normalisation uncertainties associated with target polarisation and overall dilution factor
are 5% and 12%, respectively.
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Fig. 1: Kinematic dependences of the Sivers, pretzelosity, and transversity TSAs (top to bottom). Inner (outer)
error bars represent statistical (total experimental) uncertainties. For theoretical predictions see text.

In Fig. 1, the combined 2015 and 2018 COMPASS results obtained for the three twist-2 TSAs �
sin i(
) ,

�
sin(2i⇠(+i( )
) and �

sin(2i⇠(�i( )
) are shown as a function of the variables G# , Gc , G� , @) and "``.

Compared to the previous analysis of only the 2015 data [22], adding the 2018 data and enlarging the
dimuon mass range increased the statistical precision of the measurement by a factor of 1.5. The presented
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TSAs are compared with recent theoretical predictions, which are based on calculations performed in
Ref. [42]. These predictions are obtained by using for each bin the appropriate average kinematic values
given by the event population. For each TSA, four different calculations based on two different approaches
are presented. The first approach is solely based on model predictions for pion and proton TMD PDFs
using the light-front constituent quark model (LFCQM) [52] and the spectator model (SPM) [53–55].
The second is a “hybrid” approach, in which model inputs are restricted to the usage of LFCQM and SPM
for the pion Boer-Mulders function, while the non-perturbative inputs for the proton TMD PDFs are taken
from available parameterisations extracted from experimental data (“Torino” fit [37], “JAM20” global
fit [44] and “LP15” fit [56]). The MSTW extraction [57] was used for the collinear proton PDF 51,?, while
for the collinear pion PDF 51,c the SMRS [58] fits were used. In these predictions, the TMD evolution
is implemented at next-to-leading logarithmic precision for all twist-2 TSAs. The model calculations
were performed using the sign-change hypothesis for both the nucleon Sivers and Boer-Mulders TMD
PDFs [42, 59].

The Sivers TSA �
sin i(
) is predicted to be positive in the entire kinematic range [42], which is in

agreement with the COMPASS data points shown in Fig. 1. The average Sivers TSA, h�sin i(
) i =

0.070±0.037(BC0C.) ±0.031(BHB.), is found to be above zero at about 1.5 standard deviations of the total
uncertainty. In the left panel of Fig. 2, the Sivers TSA is shown together with model predictions [42]
evaluated with and without the sign-change hypothesis, shown as dark-shaded curves in the top and
light-shaded curves in the bottom of the figure, respectively. Using the band of the presented model
predictions, the COMPASS measurement is found to agree with the sign-change hypothesis within less
than one standard deviation of its total uncertainty, while being away from the no-sign-change hypothesis
by about 2.5 to 3 standard deviations. In addition, the present results do not support earlier expectations
of a large Sivers effect in the DY process at COMPASS kinematics [17].
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Fig. 2: Left panel: Measured average Sivers TSA and theoretical predictions from different models from Ref. [42].
The dark-shaded (light-shaded) predictions are evaluated with (without) the sign-change hypothesis. Right panel:
Measured average transversity TSA and theoretical predictions from different models from Ref. [42]. Otherwise
as in Fig. 1

.

The transversity TSA �
sin(2i⇠(�i( )
) is expected to be negative, but larger in absolute value compared to

the Sivers TSA [42, 60]. The average value for the transversity TSA is measured to be below zero with
a significance of about two standard deviations, h�sin(2i⇠(�i( )

) i = �0.131±0.046(BC0C.) ±0.047(BHB.).
In the right panel of Fig. 2, the average transversity TSA is shown together with model calculations [42].
The COMPASS measurement is found to agree in sign and magnitude with the band of available model
predictions, which supports the universal nature of the transversity TMD PDFs. In the context of
Refs. [42, 59] this observation helps to fix the sign of the D̄ quark pion Boer-Mulders TMD PDF and
consequently also supports the sign change for the nucleon Boer-Mulders TMD PDFs. Altogether, the
above discussion supports the general validity of the TMD approach used to evaluate the predictions.

Checking TMD Universality!
Integrated Sivers amplitude consistent
with models including the expected
sigh-change hypothesis (w.r.t. SIDIS)



• Factorization: proved for SIDIS & DY (milestone!)  ®  allows interpretation of cross-section

• Universality:  essential to interpret underlying physics in different processes; 
      - can be tested by comparing  TMDs from different processes
      - predicted sign change for T-odd TMDs in SIDIS/DY awaits solid experimental check! 

• TMD Evolution:  different schemes/implementations now available;
      - Hard to apply to SIDIS data (low energy) where non-perturbative behaviour is dominant
      - can be tested by comparing results from experiments at different energies:

𝑄$ ,-./-0,23/4500,6%578$	~	2 − 5	𝐺𝑒𝑉$; 𝑄$ 9-0:::	~	15𝐺𝑒𝑉$; 𝑄$ 9-;;-/9575.	~	100𝐺𝑒𝑉$ 

• Phenomenological models: L-C constituent quark models, spectator models, 𝜒𝑄𝑆𝑀, 𝑒𝑡𝑐

• Lattice QCD: recent results on Transversity, Sivers, B-M, worm-gear, tensor charge, ...  
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The main ingredients from theory



• Sofisticated global analyses of SIDIS and 𝑒'𝑒% data (multi-D) based on TMD-evolution

• Careful error propagation and advanced statistical tools

• Deconvolution of PDF & FF: educated guess on 𝑘# distribution, 𝑷𝒉#/Bessel-weighting

• Knowledge of higher-twist contributions is crucial to interpret leading-twist observables

• Separation between CFR & TFR (Fracture Functions, Berger criterion, 𝑥; , ...)

Assume a spherical cow of 
uniform density ...

... ignoring the effect of gravity ... in a vacuum
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The main ingredients from phenomenology


