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Abstract

A snapshot of the current experimental status of spin-dependent nucleon structure prior
to the arrival of the Electron Ion Collider will be attempted. Highlights of recent results
from fixed-target experiments at JLab, Fermilab, CERN and DESY and collider experi-
ments from RHIC are presented. Many of the recent results address the topics of trans-
verse proton or parton spin and transverse parton momenta (TMDs), and their their
(spin-orbit) correlations. Results on generalized parton distributions (GPDs), which pro-
vide an alternative pathway to mapping nucleon structure, are also discussed.
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1 Physics questions and observables

While matter composed of non-standard-model particles has attracted considerable attention
in recent years, the proton as prominent constituent of the visible universe is not as well
known as one may naively expect. Some fundamental questions about the proton yet remain
to be answered - what is the proton’s radius? Does the proton decay? Why is the proton as
3-quark compound so heavy, as compared to 2-quark compounds, the mesons? While these
questions are discussed elsewhere, this article attempts to summarize the current status of
the following questions: where does the proton spin come from? Secondly, do partons undergo
orbital motion?, and lastly, what is the multi-dimensional picture of the proton in transverse-
momentum and position space?

Proton spin structure is experimentally explored by analyzing the types of particles and
their angular distributions produced in (1) lepton-nucleon deep inelastic scattering (DIS), (2)
the hadron-hadron Drell-Yan (DY) process, (3) proton-proton collisions (pp), and (4) electron-
positron annihilation (ee). The initial motivation for all these measurements was the finding
in the late 1980’s that the proton’s spin of 1/2 is not the result of a simple spin-algebraic
combination of the spin of its three spin-1/2 valence quarks. While a plethora of additional
information is available nowadays, some missing pieces are needed for a full assembly of the
proton spin puzzle.
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The DIS (`N → `X ) cross section can be expressed in terms of the non-perturbative parton
distribution functions (PDFs), which encode information about the momentum-dependent dis-
tribution of quarks and gluons inside the proton.1 The intrinsic transverse parton momentum
kT is indirectly accessed by measuring the transverse momentum pT of one or more hadrons
(semi-inclusive, or SIDIS, `N → `Xh(h2)). From the intense experimental and theoretical ef-
forts over the past two decades, a quantum-chromo dynamics (QCD)-based framework has
emerged based on transverse-momentum dependent, or TMD, PDFs that describe the SIDIS
process, see Fig. 1. In the SIDIS cross section, each TMD PDF is convoluted with a fragmen-
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Figure 1: Left: semi-inclusive DIS. Right: TMD PDFs at leading twist for unpolarized
(U), longitudinally (L) and transversely (T) polarized partons (Q) and nucleons (N).

tation function (FF), which encodes the fragmentation of a quark into a final-state hadron,
and appears with a specific azimuthal modulation, for example, sin(φ − φS)· (Sivers TMD)
⊗ (FF). Experimentally, the magnitude of a given convolution is determined by measuring an
azimuth-dependent, transverse-spin-dependent asymmetry in suitably normalized count rates
N for one proton-spin orientation (↑) versus that for the other (↓),

AT(ϕ) =
1
ST
·

N ↑(ϕ)− N ↓(ϕ)
N ↑(ϕ) + N ↓(ϕ)

, (1)

with ST the proton polarization. Similarly, observables related to generalized parton distri-
butions (GPDs) are spin- or beam-charge asymmetries or differential cross sections of the ex-
clusive process, for which all final-state particles are measured or assumed to be known. On
the one side, TMDs assess the question, How is the proton spin correlated with the motion of
quarks and gluons?, encoding the deformation of the parton’s distribution of transverse mo-
mentum when the proton is polarized. On the other side, with GPDs it is investigated, How
does the proton spin influence the spatial distribution of partons?, encoding the deformation of
the parton’s spatial distribution when the proton is polarized. These two separate concepts of
nucleon tomography are unified in the framework of the so-called Wigner functions [1].

2 Spin-independent and longitudinal spin effects

The simultaneous extraction of the experimental observables in multiple kinematic variables
has become, where possible, state of the art in recent years. TMD effects in spin-independent
("unpolarized") SIDIS that are presented in modern multi-dimensional binnings (pT,Q2, x , z, W )
allow for TMD evolution studies and facilitate comparison between experiments. The newly
available preliminary pT-dependences and azimuthal asymmetries from COMPASS [2] and

1Two independent kinematic variables are measured, which are typically Bjørken-x , the longitudinal momen-
tum fraction of the struck parton, and Q2, the four-momentum of the virtual photon mediating the interaction.
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pion mulitplicities from CLAS12 [3] will help to clarify the double-Gauss structures observed
in the pT-dependences [4] and to develop a more complete mapping of the SIDIS landscape [5].

New results on the flavor composition of sea quarks have recently been published by
SeaQuest and STAR using two independent experimental approaches. SeaQuest measured
the proton-induced DY cross section on hydrogen and deuterium targets in the sea-quark do-
main [6], while STAR measured W+ and W− cross-section ratios at the momentum scale of the
weak-boson mass [7]. The two experiments are complementary in their kinematic coverage
and both find a flavor asymmetry in the sea: d(x)> u(x).

Quark helicity distributions ∆q, or in other words the quark-spin contribution to the spin
of the proton, from longitudinally polarized protons were determined by HERMES in SIDIS
for the valence-quark region [8] and by STAR and PHENIX via W± production in pp for the
sea-quark region [9] [10]. The data provide strong evidence for flavor-symmetry breaking in
the polarized sea sector opposite to that in the unpolarized sector: ∆u(x ,Q2) > ∆d(x ,Q2).
The recent RHIC data improve the precision of NNPDF fits.

The gluon helicity distribution, or contribution of the gluon spin to the proton spin, can be
directly determined from RHIC pp data as a consequence of the dominance of quark-gluon and
gluon-gluon interactions in those data. The recent high-precision mid-rapidity measurements
from collisions of longitudinally polarized protons from PHENIX in charged-pion production
[11] and from STAR in di-jet and inclusive-jet production [12] are consistent with global QCD
fits that indicate a non-zero positive and large (60%) gluon-spin contribution to the proton
spin in the region 0.05< x < 0.2.

3 Spin-orbit correlations in the proton

Some of the TMDs in the table of Fig. 1 - namely the Sivers and the Boer-Mulders TMDs -, and
the Collins FF describe the amplitude of spin-orbit correlations in the proton. Non-vanishing
spin-orbit correlations indicate the presence of orbital angular momentum of partons, even
though there exists no quantitative relation to date.

Sivers TMD

The Sivers effect, ∼ ~ST · (bP × ~kT), is the correlation between the nucleon transverse-spin di-
rection and the parton transverse momentum in the polarized nucleon, relating the motion
of unpolarized quarks and gluons to the nucleon spin. While the Sivers function was origi-
nally thought to vanish [13], a non-zero Sivers function was later shown to be allowed due to
QCD final-state interactions in SIDIS between the outgoing quark and the target remnant [14].
Indeed, significant non-zero Sivers asymmetries have been measured in SIDIS.

The final compendium of HERMES TMD results from SIDIS with refined analysis, multi-
dimensional binnings, and first (anti-)proton measurements has recently been published [15].
Remarkably, as seen in Fig. 2, the kaon Sivers amplitudes are larger than those for pions, which
is unexpected if u-quark scattering dominates and which may point to a role of sea quarks.
The Sivers functions for u- and d-quarks are known to have different signs, as demonstrated
in a recent COMPASS publication for SIDIS data [16] and in Fig. 2 (see also Fig. 5). This
analysis with pT-weighted asymmetries provides a direct measurement of TMD k2

T moments.
The Sivers signal is measured to be smaller at COMPASS [18] than at HERMES [19] with its
lower lepton-beam energy, which may be interpreted as an effect of TMD evolution.
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Figure 13. Comparison of Sivers SFA for positive pions (squares) and kaons (circles) presented
either in bins of x, z, or Ph⊥. Data at large values of z, marked by open points in the z projection, are
not included in the other projections. Systematic uncertainties are given as bands, not including the
additional scale uncertainty of 7.3% due to the precision of the target-polarization determination.

observed are not driven merely by exclusive ρ0 electroproduction.960

The K + Sivers asymmetry follows a similar kinematic behavior as the one for π+,961

but is larger in magnitude, as can be seen in figure 13. While u-quark scattering should962

dominate production off protons of both positive pions and kaons, various differences be-963

tween pion and kaon production might point to the origin for the larger K + asymmetry:964

(i) differences in the relative strengths of the disfavored d-quark fragmentation compared965

to the favored u-quark fragmentation for positive pions and kaons might lead to a reduced966

canceling contribution from the d-quark Sivers function; (ii) in general, differences in the967

role of sea quarks; (iii) differences — as hinted in a phenomenological analysis [162] of968

HERMES multiplicity data [98] — in the transverse-momentum dependence of hadroniza-969

tion for different quark flavors that enters the convolution over transverse momentum in970

eq. (2.6); (iv) and also higher-twist effects as it was observed in ref. [40] that the π+–K +
971

difference was more pronounced at lower values of Q 2. Notwithstanding those differences,972

acknowledging u-quark dominance in both π+ and K + production and relating their pos-973

itive Sivers asymmetries to eq. (2.6) leads immediately to the conclusion that the u-quark974

Sivers function, f ⊥,u1T , must be negative. Adding the π− data, as argued before, results in975

a positive f ⊥,d1T .976

Looking at the newly explored large-z region, the similarity of π+ and K + Sivers977

asymmetries disappears: in contrast to the drop at large z of the asymmetry values in the978

case of positive pions, the K + Sivers asymmetry continues its trend to increase with z,979

which is indeed the expected behavior. This divergence of behavior for positive pions and980

kaons can also be seen in the corresponding data of the COMPASS Collaboration [122],981

in particular in the x region overlapping with HERMES. As decay products from exclu-982

sively produced vector-mesons contribute significantly less to K + production, this might983

be another indication of a non-negligible role of those in the case of the pion data.984

While the data on negative kaons is more limited in precision, also here a positive985

asymmetry is clearly visible in the right plot of figure 12. Negative kaons and the target986

proton have no valence quarks in common. While sensitive to the nucleon’s sea-quark,987

u-quark scattering will still be a dominant contribution, as can be concluded from the K −988
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Fig. 11: Values of the first moment of the Sivers function for u (closed red dots) and d (open black
dots) quarks from the PT/zM weighted-Sivers asymmetries for charged hadrons with z > 0.2. The
curves and the uncertainty bands are the results of the fit of Ref. [23].

The uncertainties are computed from the statistical uncertainties of the measured asymmetries, and
no attempt was made to try to assign a systematic uncertainty to the results. The uncertainties in
the extracted dv Sivers distribution are much larger than the corresponding ones for the uv quark.
The uv and dv Sivers distributions are linear combinations [see Eqs. (27, 28)] of the same Sivers
asymmetries for positive and negative hadrons on the proton, thus in principle sufficient for their
determination, but the coefficient of proportionality is four times larger for the d quark, which
makes the uncertainties of the extracted x f⊥(1)dv

1T about four times larger than those of x f⊥(1)uv
1T .

In Fig. 11, we also show for comparison the results, i.e. central values and uncertainty bands,
of the fit [23] to the HERMES proton data [9] and the COMPASS proton and deuteron data [38,
43], which uses DGLAP evolution. The results are compatible, with a slightly different trend of
x f⊥(1)dv

1T suggested by the present extraction.

It is also interesting to compare our present result with the point-by-point extraction of Ref. [26],
where the pion Sivers asymmetries from the COMPASS proton [38] and deuteron [43] data are
used as input. The data set used in Ref. [26] and the present one have the dominating pion data
on the proton target in common, so that the results are strongly correlated. As can be seen in
Fig. 12, in the present work the uncertainties on the extracted uv and dv Sivers function moments
are on average smaller by a factor of about 1.5 with respect to the corresponding quantities in
Ref. [26]. This is due to the fact that in the present analysis we had to assume the Sivers function
of the sea quarks to be zero. Following the method of Ref. [26] and imposing the sea-quark Sivers
functions to be zero, we have determined the uv and dv functions from the π+ and π− proton
asymmetries [38] only and verified that both the central values and the uncertainties are very
similar to the ones presented in this paper. Thus the differences visible in Fig. 12 can be attributed
to the impact of the deuteron data and to the extraction of the sea-quark Sivers function, rather
then to the use of unweighted asymmetries. The assumption of a vanishing contribution from the
sea quarks will be better verified only when more neutron data will be available.

Figure 2: Left: Sivers asymmetries from HERMES SIDIS for positive pions and kaons
[15]. Right: first Sivers moments for valence u- and d-quarks from COMPASS pT-
weighted asymmetries in SIDIS [16], together with a fit to SIDIS world data [17].

Experimental TMD probes and TMD (modified) universality

There is a worldwide effort to access proton structure and in particular TMD-related observ-
ables using different types of scattering processes. While the SIDIS cross section contains
combinations of the type ∼ TMD ⊗ FF, with the TMD PDF describing the structure of the
probed hadron and the FF the fragmentation process, the DY cross section is composed of
terms ∼ TMD ⊗ TMD, one TMD for each colliding hadron species.2 Related to fundamental
intrinsic features of the nucleon (the fragmentation process) and to basic QCD properties, the
TMDs (FFs) are expected to be process independent. Interestingly, the naive time-reversal odd
Sivers and Boer-Mulders TMDs are expected to switch sign when measured in SIDIS compared
to DY3, which is strikingly different from previously studied quark-momentum and quark-spin
distributions in the nucleon. Experimentally probing TMD universality, and modified univer-
sality, thus is an important test of the underlying TMD-QCD framework.

As shown in Fig. 3, the currently available data support the sign switch and thus modified
universality concept of the Sivers TMD, albeit still within large experimental uncertainties.
COMPASS measured Sivers asymmetries in SIDIS [20] and DY [21] with almost the same
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values from this measurement is available on HepData [37]. The last column in Fig. 5 shows the results
for the three extracted TSAs integrated over the entire kinematic range. The average Sivers asymmetry
AsinϕS

T is found to be above zero at about one standard deviation of the total uncertainty. In Fig. 6, it
is compared with recent theoretical predictions from Refs. [19, 20, 21] that are based on different Q2-
evolution approaches. The positive sign of these theoretical predictions for the DY Sivers asymmetry was
obtained by using the sign-change hypothesis for the Sivers TMD PDFs, and the numerical values are
based on a fit of SIDIS data for the Sivers TSA [9, 11, 12]. The figure shows that this first measurement
of the DY Sivers asymmetry is consistent with the predicted change of sign for the Sivers function.

The average value for the TSA Asin(2ϕCS−ϕS)
T is measured to be below zero with a significance of about

two standard deviations. The obtained magnitude of the asymmetry is in agreement with the model
calculations of Ref. [38] and can be used to study the universality of the nucleon transversity function.
The TSA Asin(2ϕCS+ϕS)

T , which is related to the nucleon pretzelosity TMD PDFs, is measured to be above
zero with a significance of about one standard deviation. Since both Asin(2ϕCS−ϕS)

T and Asin(2ϕCS+ϕS)
T are

related to the pion Boer-Mulders PDFs, the obtained results may be used to study this function further and
to possibly determine its sign. They may also be used to test the sign change of the nucleon Boer-Mulders
TMD PDFs between SIDIS and DY as predicted by QCD [6, 7, 8], when combined with other past and
future SIDIS and DY data related to target-spin-independent Boer-Mulders asymmetries [39, 40, 41].
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FIG. 3. [Color online] The amplitude of the transverse single-spin asymmetry for W± and Z0 boson production measured by
STAR in proton-proton collisions at

√
s = 500 GeV with a recorded luminosity of 25 pb−1. The solid gray bands represent

the uncertainty on the KQ [11] model due to the unknown sea quark Sivers function. The crosshatched region indicates the
current uncertainty in the theoretical predictions due to TMD evolution.

fits to experimental data. A consensus on how to obtain
and handle the non-perturbative input in the TMD evo-
lution has not yet been reached [27]; therefore the results
presented here can help to constrain theoretical models.
A combined fit on W+ and W− asymmetries, AN (yW ),
to the theoretical prediction in the KQ model (no TMD
evolution), shown in Fig. 4, gives a χ2/ndf = 7.4/6 as-
suming a sign-change in the Sivers function (solid line)
and a χ2/ndf = 19.6/6 otherwise (dashed line). The cur-
rent data thus favor theoretical models that include a
change of sign for the Sivers function relative to observa-
tions in SIDIS measurements, if TMD evolution effects
are small.
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Figure 3: Left: COMPASS Sivers asymmetry amplitude from pion-induced DY on an
NH3 transversely polarized target [21]. The solid curves (DGLAP [22], TMD-1 [23],
TMD-2 [24]) are fits to SIDIS world data that include the Sivers sign switch. Right:
left-right asymmetry AN in W -boson production from p↑p collisions at STAR [25].

apparatus and in overlapping kinematic domains. STAR measured left-right asymmetries in
W - and Z-boson production from p↑p collisions at

p
s = 500 GeV RHIC energies [25]. Both

2DY comprises the process h1h2→ `+`−X as well as the generalized DY process, h1h2→W∓X , with W∓→ `∓
(−)
ν .

3Final-state SIDIS interactions translate into DY initial-state i.a., changing the direction of gauge link integrals.

002.4

https://scipost.org
https://scipost.org/SciPostPhysProc.8.002


SciPost Phys. Proc. 8, 002 (2022)

collaborations are working on the analysis of more data for the same channels. STAR also
analyzes flavor-tagged di-jet Sivers asymmetries that flip with charge sign [26]. COMPASS also
extracts other TMD-related observables such as the transversity and pretzelosity asymmetries
from the spin-dependent DY data and has also recently made available first pion-induced DY
results on a tungsten target indicating a violation of the Lam-Tung relation, which may be
explained by the Boer-Mulders TMD [27].

Common origin of transverse single-spin asymmetries and gluon Sivers TMD

While fixed-target experimenters often choose to simultaneously extract the various ampli-
tudes of the harmonic modulations appearing in the cross section via a maximum-likelihood
fit (Fig. 3 left), the typical collider spin observable is AN, a left-right asymmetry of normalized
counts with respect to the proton-spin orientation (Fig. 3 middle/right). The two observables
are related and can both be represented in first order by the simplified spin asymmetry in Eq. 1.

The finding that it is possible to simultaneously describe left-right asymmetries across mul-
tiple collision species [28] indicates that all AN have a common origin that is related to multi-
parton correlations. Different but related factorization schemes come into play at different
scales [29]: TMD factorization applies to processes with one hard (e.g., Q2) and one soft (e.g.,
pT) scale - SIDIS, DY, W/Z production, di-jets, hadrons in jets, ... -, with pT � Q, while for
single-scale (pT ∼Q) hard processes in pp such as single inclusive particle production (particle
or jet pT), collinear twist-3 factorization applies. In the latter case, AN is thought not to arise
from the TMD mechanism but from spin-momentum correlations (qgq or tri-gluon g g g). The
two factorization schemes are equivalent in the overlapping kinematic region.

PHENIX published new results on p↑p mid-rapidity measurements sensitive to tri-gluon
twist-3 correlation functions, which are related to the gluon Sivers TMD as outlined in the
previous paragraph. For both the isolated direct-photon AN [30] and the AN in π0 and η
production [31], no signals were found at high precision, see Fig. 4 left. On the other hand,

fractional contribution from gluons in the proton, so a
complete collinear twist-3 description of the midrapidity π0

TSSAwould also need to include the contribution from the
trigluon correlation function. Given the small expected
contribution from the qgq correlation function, this meas-
urement can constrain future calculations of the ggg
correlation function, such as those in Ref. [30].
The other theory curves in Fig. 5 show predictions for the

midrapidity π0 TSSA generated by the Sivers TMD PDF.
These curves include contributions from both the quark and
gluon Sivers functions and have been evaluated for xF ¼ 0,
which approximates the measured kinematics. These cal-
culations use the generalized parton model (GPM) which
takes the first kT moment of the Sivers function [e.g.,R
kT · qðkTÞ] and does not include next-to-leading-order

interactions with the proton fragments. The “GPM” curve
uses the parameters stated in Eq. (32) of Ref. [31]. The
color-gauge-invariant generalized parton model (CGI-
GPM) expands on the GPM by including initial- and
final-state interactions through the one-gluon exchange

approximation. This model has been shown to reproduce
the predicted sign change for the quark Sivers function in
SIDIS and Drell-Yan. The CGI-GPM curves plotted in
Fig. 5 show two different scenarios for this model, the
specifics of which can be found in Eq. (34) of Ref. [31].
The values that are used for the scenario 1 curve are chosen
to maximize the open heavy flavor TSSA generated by the
gluon Sivers function while still keeping this asymmetry
within the statistical error bars of the published result in
Ref. [32] and simultaneously describing the previously
published midrapidity π0 TSSA from Ref. [5]. The values
used in the scenario 2 curve are similarly calculated,
except that they minimize the open heavy flavor TSSA
within the range of the published statistical error bars. As
shown in the zoomed-in inset of Fig. 5, this π0 TSSA result
has the statistical precision at low pT needed to distinguish
between the GPM and CGI-GPM frameworks, preferring
CGI-GPM scenario 2.
Measurements of TSSAs in pþ p collisions are

essential to understanding the underlying nonperturbative
processes which generate them. In particular, further
measurements are necessary to clarify certain questions
in the interpretations of the TSSAs. For example, the
small forward jet asymmetries measured in Ref. [20] have
been interpreted as a cancellation of up and down quark
asymmetries, implying that the comparatively forward
large neutral pion asymmetries include significant contri-
butions from spin-momentum correlations in hadronization
[19]. Additionally, the pT dependence of these forward
rapidity measurements remains to be clearly understood;
measurements of nonzero asymmetries out to even higher
pT would help confirm that these twist-3 observables
eventually fall off with increasing hard scale. While the
midrapidity measurements here are all consistent with zero,
they still provide the highest available statistical precision
and pT reach available at the PHENIX experiment. While
forward rapidity light hadron TSSAs are dominated by
valence quark spin-momentum correlations in the polarized
proton, these midrapidity TSSA measurements are sensi-
tive to both quark and gluon dynamics at leading order.
Thus these data also provide further constraints to gluon
spin-momentum correlations in transversely polarized
protons [30,33].

IV. SUMMARY

The measurements presented here were motivated by the
outstanding questions regarding the physical origin of
TSSAs. The TSSAs of π0 and η mesons were measured
at midrapidity in pþ p collisions at

ffiffiffi
s

p ¼ 200 GeV by the
PHENIX experiment. The measured π0 (η) meson asym-
metry is consistent with zero in the presented pT range, up
to precision of 3 × 10−4 ð2 × 10−3Þ in the lowest pT bins.
Both measurements have a significant reduction in uncer-
tainty from previous measurements at midrapidity at RHIC.

 [GeV/c]
T

 p
2 4 6 8 10 12 14

N
 A

0.02−

0

0.02

0.04 η <0.35 = 200 GeV, s + p, ↑PHENIX p

 + X0π→ + p ↑p
  + Xη→ + p ↑p

FIG. 4. Comparison of the π0 and η meson asymmetries mea-
sured at jηj < 0.35 in p↑ þ p collisions at

ffiffiffi
s

p ¼ 200 GeV. An
additional scale uncertainty of 3.4% due to the polarization
uncertainty is not shown.

 [GeV/c]
T

 p
2 4 6 8 10 12 14

N
 A

0.01−

0

0.01

qgq Contribution
GPM
CGI-GPM Scenario 1
CGI-GPM Scenario 2

2 3 4 5
0.001−

0

0.001

<0.35η = 200 GeV, s + X, 0π→ + p ↑p

PHENIX

FIG. 5. This π0 asymmetry result plotted with theory calcu-
lations for the asymmetry in both the collinear twist-3 [10] and
TMD [31] theoretical frameworks. See text for details.

U. A. ACHARYA et al. PHYS. REV. D 103, 052009 (2021)

052009-8

processes are expected to be dominant. For more detailed
studies, STAR’s central detectors and Roman pots [31] will
be helpful to understand the mechanism for the π0

asymmetries and the relative contributions of soft and hard
processes.
In summary, the single-spin asymmetries of very forward

π0’s have been measured by the RHICf detector at the zero-
degree area of the STAR detector at RHIC in polarized pþ p
collisions at

ffiffiffi
s

p ¼ 510 GeV.LargeAN valuesup to∼0.2were
observed in the very forward region for pT < 0.8 GeV=c.
Empirical xF scalingwas also observed inpT > 0.19 GeV=c,
which is similar to the data in the higher pT region.
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FIG. 4. Comparison of the RHICf data with the previously
measured AN of the forward π0’s as a function of xF.
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Figure 4: AN in p↑p collisions. Left: PHENIX mid-rapidity π0 and η production [31].
Right: RHICf π0 in the very forward in comparison to other experiments [34].

COMPASS found a non-zero result at the 2.5-sigma level for the Sivers asymmetry in photon-
gluon fusion from SIDIS data [32]. Collecting more experimental information about the gluon
Sivers TMD from other experimental channels is therefore important and analysis is currently
in progress of heavy-flavor production at PHENIX [33] and of J/ψ production in pion-proton
collisions at COMPASS.
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Left-right asymmetries in the forward

While transverse single-spin asymmetries are measured to be extremely small at mid-rapidity,
they grow substantially at forward rapidity for various observables. A plethora of new RHIC
results in p↑p has recently become available. Using a calorimeter 18 m away from the STAR
interaction region, the RHICf collaboration measured AN from π0 in electromagnetic jets [34]
for very forward rapidity 2.4 < η < 4 (see Fig. 4 right). PHENIX measured AN from π0

by detecting very forward neutrons [35], and STAR by detecting π0 and electromagnetic jets
[36]. The left-right asymmetry increases with pT, forwardness, π0 isolation, and γmultiplicity
(STAR), suggesting it may in this domain arise from soft processes such as diffractive scattering.

Transversity TMD and spin-dependent fragmentation

The Collins effect is the fragmentation of a transversely polarized parton into a final-state
hadron. The Collins FF, ∼ ~sT · (bk × ~PhT), appears in the SIDIS cross section convoluted with
the transversity TMD (which represents a spin-spin correlation). Both are chiral-odd. The
coupling of the transversity TMD and the Collins FF in p↑p leads to azimuthal modulations
of charged-hadron yields around the jet axis, and the involvement of two momentum scales
(jet and hadron transverse momenta) allows for an interpretation within the TMD framework.
STAR measured Collins asymmetries for charged pions in jets [37] to be different from zero
above the 5-sigma level at higher jet transverse momenta and with different signs for the two
pion charges. Figure 5 shows the results together with model curves [38] [39], which are
based on calculations using SIDIS and ee data. The good comparison between model and
data confirms the universality of the Collins FFs. STAR also reported the first constraint on

favorably with the data, consistent with the expectation of
universality of the Collins fragmentation function. In
addition, this comparison is also consistent with the
assumption of robust TMD factorization for proton-proton
interactions. While it is generally expected that TMD
factorization is broken for proton-proton interactions, it
has been argued that such factorization holds for observa-
tion of a hadron fragment within a jet [29,45]. Within
theoretical uncertainties, the data agree relatively well with
either assumption of TMD evolution from the KPRY
predictions. However, the data do show a slight preference
for the model without TMD evolution (χ2 ¼ 14.0 for
10 degrees of freedom without evolution compared with
χ2 ¼ 17.6 with evolution, using the data statistical and
systematic uncertainties). The measured asymmetries are
generally larger in magnitude than the model predictions, in
particular for π−. A χ2 test indicates the measurement and
predictions are consistent at the 95% confidence level.
Finally, it is worth noting that polarized-proton collisions

at STAR have also yielded nonzero asymmetries sensitive
to transversity through dihadron interference fragmentation
functions [79]. These asymmetries persist in the collinear
framework of pQCD, where factorization and universality
are expected to hold [80]. Efforts to include these results in
global analyses aimed at extracting transversity have
already begun [81]. The combination of the present results
with those from eþe−, SIDIS, and dihadrons from pþ p
provides the opportunity for a comprehensive global
analysis to address questions concerning TMD-factoriza-
tion breaking, universality, and evolution.

V. CONCLUSIONS

We have reported the first measurements of transverse
single-spin asymmetries from inclusive jet and jetþ π�

production in the central pseudorapidity range from p↑ þ p
at

ffiffiffi
s

p ¼ 500 GeV. The data were collected in 2011 with
the STAR detector. As in previous measurements at
200 GeV, the inclusive jet asymmetry is consistent with
zero at the available precision. The first-ever measurements
of the “Collins-like” asymmetry, sensitive to linearly
polarized gluons in a polarized proton, are found to be
small and provide the first constraints on model calcula-
tions. For the first time, we observe a nonzero Collins
asymmetry in polarized-proton collisions. The data probe
values of Q2 significantly higher than existing measure-
ments from SIDIS. The asymmetries exhibit a dependence
on pion z and are consistent in magnitude for the two
charged-pion species. For πþ, asymmetries are found to be
positive, while those for π− are found to be negative. The
present data are compared to Collins asymmetry predic-
tions based upon SIDIS and eþe− data. The comparisons
are consistent with the expectation for TMD factorization
in proton-proton collisions and universality of the Collins
fragmentation function. The data show a slight preference
for models assuming no suppression from TMD evolution.
Further insight into these theoretical questions can be
gained from a global analysis, including dihadron asym-
metries and Collins asymmetries from STAR.
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The results for the transversity distributions from global fits are of the same sign18 as
results for the helicity distribution, but somewhat smaller in magnitude, by as much as a
factor of two for the d-quark distribution. Flavor decompositions of the collinear transver-
sity distribution, based on analysis of dihadron production in semi-inclusive deep-inelastic
scattering [127–129], e+e− annihilation [130], and more recently in p↑p collision [131], con-
firm this general behavior [132–135]. In general, the d-quark transversity distribution is
much less constrained, given the u-quark dominance in many of the processes employed
in the extractions. It is interesting to remark that all phenomenological extractions of
the transversity distribution present some discrepancies with respect to lattice predictions,
especially for what concerns the u-quark contribution to the nucleon tensor charge (see,
e.g., refs. [136–138]).

The Collins asymmetries extracted here for mesons in one-dimensional projections
resemble to a high degree those published previously [29]. This is expected as based on
the same data set, though involving a number of analysis improvements (cf. section 3.4).
The most significant advancement in the measurement of the SFA shown in figure 8 is the
inclusion of the ε-dependent kinematic prefactors in the probability density function (3.3)
of the maximum-likelihood fit. This leads on average to an amplification of the asymmetry
magnitude as, in the case of the Collins asymmetry, this prefactor is smaller than unity
and thus diminishes the transversity/Collins-induced modulation.

The Collins asymmetries for charged pions are opposite in sign and increasing with x,
which can be attributed to transversity predominantly being a valence-quark effect. The
dependence on z in the semi-inclusive range is a clear increase with z for π+, while first
clearly increasing but then leveling out for π−. As expected, the asymmetries increase

18Note that the absolute sign can not be determined unambiguously due to the chiral-odd nature of both
transversity and the Collins fragmentation function.
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103,106,115]. For the collinear FF H⊥ð1Þ
1h=qðzÞ, we allow for

favored (fav) and unfavored (unf) parameters. We also
found that, similar to what has been done in fits of
unpolarized collinear FFs [110], fγ; βg are needed for

H⊥ð1Þ
1h=qðzÞ, while α can be set to zero since ACol

SIA, A
Col
SIDIS are

at z≳ 0.2. The need for fγ; βg is due to the fact that the data
for ACol

SIA have a different shape at smaller versus larger z.

Indeed, we found that ðχ2=Npts:ÞSIA ¼ 3.85 ifH⊥ð1Þ
1h=qðzÞ only

has a functional form proportional toNzað1 − zÞb. In the end,
we have a total of 20 parameters for the collinear functions.
There are also four parameters for the transverse momentum
widths associated with h1, f⊥1T , and H⊥

1 : hk2Tiuf⊥
1T
¼

hk2Tidf⊥
1T
≡ hk2Tif⊥1T , hk2Tiuh1 ¼ hk2Tidh1 ≡ hk2Tih1 , hP2⊥ifavH⊥

1

, and

hP2⊥iunfH⊥
1

.

We extract unpolarized TMD widths [85,96,97] by
including HERMES pion and kaon multiplicities [116],
which involves six more parameters: hk2Tivalf1

, hk2Tiseaf1
,

hP2⊥ifavDfπ;Kg
1

, hP2⊥iunfDfπ;Kg
1

. The pion PDF widths are taken to

be the same as those for the proton. We also include
normalization parameters for each dataset to account for
correlated systematic uncertainties.
We use the multistep strategy in a Monte Carlo frame-

work developed in Ref. [117] to reliably sample the
Bayesian posterior distribution for the parameters. This
approach allows us to determine the relevant regions in
parameter space and give state-of-the-art uncertainty quan-
tification, for the hadronic structures that best describe
the data.

IV. PHENOMENOLOGICAL RESULTS

We first test the universality of our proposed mechanism
by making predictions for Aπ

N using TMDs extracted from
only SSAs in SIDIS, DY, and eþe−. The results are shown
in Fig. 1 and are similar to what was found in Ref. [84]. As
one can see, both the BRAHMS and STAR data fall within
the theoretical predictions. The large uncertainties of the
STAR predictions are due to the fact that the x-dependent
PDFs (transversity and Qiu-Sterman) must be extrapolated
beyond where they are constrained by the TMD SSAs. By

including Aπ
N data in a simultaneous QCD global analysis

of SSAs, we can decrease the theoretical error bands and
isolate the PDF and FF solutions that optimize the
description of all measurements.
We also emphasize that the number of parameters and

functional form used in this fit, as described in Sec. III, do
not guarantee one would be able to successfully describe all
SSA data simultaneously. In general, we are interested in
whether certain functions (transversity, Qiu-Sterman, and
Collins first moment) have universal values for a given
kinematic point irrespective of the process in which they
are used. The answer to this question should be indepen-
dent of how the functions are parametrized. In addition, if
our parametrization were too flexible to where we overfit
the data, one would expect poor predictions for Aπ

N in
Fig. 1, which is not the case. Note that if the Aπ

N data did not
fall within the predictions of Fig. 1, one would not expect to
simultaneously describe all SSA data. We stress no addi-
tional parameters are introduced when Aπ

N is included in the
combined analysis with TMD SSAs.

FIG. 1. Predictions for Aπ
N using TMDs extracted from only

ASiv
SIDIS, A

Col
SIDIS, A

Siv
DY, and ACol

SIA. Similar results are found for the
other BRAHMS and STAR datasets.

FIG. 2. The extracted functions h1ðxÞ, f⊥ð1Þ
1T ðxÞ, andH⊥ð1Þ

1 ðzÞ at
Q2 ¼ 4 GeV2 from our (JAM20) global analysis (red solid
curves with 1-σ CL error bands). The functions from other
groups [82,95,102,103,106,115,119,120] are also shown.

FIG. 3. Theory compared to experiment for ACol
SIA.
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Figure 5: Left: STAR Collins asymmetries from charged pions in jets in p↑p [37].
Middle: HERMES Collins asymmetries for charged pions in SIDIS [15]. Right: JAM
global fits for transversity TMD (top), Sivers TMD (middle), Collins FF (bottom) [28].

the Collins-like asymmetry [37], which is sensitive to linear gluon polarization. STAR has also
measured a significant Collins-dihadron interference-fragmentation asymmetry [40] with the
expected prominent enhancement at the ρ-meson mass. More STAR data are being analyzed
including kaons and protons in jets [41].

The final results of the HERMES SIDIS Collins asymmetries [15] are shown in the middle
panel of Fig. 5. The HERMES and COMPASS SIDIS Collins asymmetries agree well for the
common kinematics [18] (not shown). There is a mirror symmetry for π+ and π−, which
indicates that u- (δu) and d-quark transversity (δd) have approximately equal magnitude but
opposite signs. Also shown in Fig. 5 are universal fits by the JAM collaboration [28], which
demonstrate that δd is poorer constrained than δu, given the u-quark dominance of many of
the processes used in the global fits. It is therefore important to collect more data sensitive to
δd . The just started COMPASS transversity run on the deuteron will double the experimental
precision on the proton’s tensor charge gT = δu−δd [42]. Already with existing data, it will be
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possible to test the predicted genuine universality for the transversity and pretzelosity TMDs by
comparing extractions from SIDIS data and the new COMPASS DY data. An alternative method
of accessing transversity, as recently made available by COMPASS [43] and STAR [44], is the
measurement of hyperon transverse polarization, which may have been transferred from the
struck quark in the transversely polarized proton.

Novel spin-dependent fragmentation effects are studied by COMPASS for ρ-meson pro-
duction on the transversely polarized proton [45], investigating the difference in the Collins
mechanism of spin-1 vector mesons versus that for pseudoscalar mesons (ordinary Collins FF).
CLAS12 published a higher-twist di-hadron beam-spin asymmetry [46]. The measurement
establishes the first empirical evidence of a non-zero helicity-dependent di-pion fragmenta-
tion function, which encodes spin-momentum correlations in hadronization and is equivalent
to the Collins FF for two pions. CLAS published a non-zero higher-twist di-hadron beam-
spin asymmetry [47]. Sizeable higher-twist beam-spin asymmetries in SIDIS were reported by
CLAS12 [48] and HERMES [49]. These asymmetries provide access to so-far poorly known
sub-leading twist-3 TMD PDFs and FFs containing information about quark-gluon correlations
in the proton and in the hadronization process.

4 Hard exclusive reactions

Measurements providing access to GPD-related observables via the standard hard-exclusive
channels of deeply virtual Compton scattering (DVCS `N → `Nγ) and deeply virtual meson
production (DVMP `N → `N M) were launched more than 20 years ago at HERMES, JLab and
HERA and are to date continued by the JLab12 experiments and by COMPASS.

The DVCS t-slope b from the COMPASS differential DVCS cross section dσ/dt∝ exp(−b|t|)
[50] is shown in Fig. 6 for about 10% of the available muon-proton data with recoil-proton
detection.4 These data allow determination of the transverse extension of partons in the x
domain between valence quarks and gluons, with a value

q

〈r2
⊥〉 = (0.58 ± 0.04stat

+0.01
−0.02|sys

±0.04model) fm. More COMPASS DVCS data are currently analyzed. Experimental access to
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Fig. 5. (a) Results from COMPASS and previous measurements by H1 [26,27] and 
ZEUS [28] on the t-slope parameter B , or equivalently the average squared trans-
verse extension of partons in the proton, 〈r2⊥〉, as probed by DVCS at the proton 
longitudinal momentum fraction xBj/2 (see text). Inner error bars represent statis-
tical and outer ones the quadratic sum of statistical and systematic uncertainties. 
(b) Same results compared to the predictions of the GK [29–31] and KM15 [32,33]
models.

√
〈r2⊥〉 = (0.58 ± 0.04stat

+ 0.01
− 0.02

∣∣
sys ± 0.04model) fm. (10)

The determination of the model uncertainty is explained below. 
Fig. 5 (a) shows our result together with those obtained by earlier 
high-energy experiments that used the same method to determine 
the DVCS cross section and extract the t-slope parameter B , or 
equivalently the average squared transverse extension of partons 
in the proton, 〈r2⊥〉. We note that the results of the HERA collider 
experiments H1 [26,27] and ZEUS [28] were obtained at higher 
values of Q 2 as compared to that of the COMPASS measurement. 
Also, while our measurement probes the transverse extension of 
partons in the proton in the intermediate xBj range, the measure-
ments at HERA are sensitive to values of xBj/2 below 10−2.

As described e.g. in Ref. [13], the slope B of the |t|-dependence 
of the DVCS cross section can be converted into the transverse ex-
tension of partons in the proton assuming i) the dominance of the 
imaginary part of the CFF H, and ii) a negligible effect of a non-
zero value of the skewness ξ ≈ xBj/2 in the actual measurement. 
Both assumptions are expected to hold at small values of xBj .

In the following, we interpret our measurement of the B-slope 
at leading order in αS and at leading twist. In such a case, the 
spin-independent DVCS cross section is only sensitive to the quan-
tity cD V C S

0 that is related at small xBj to the CFFs H, H̃ and E
as [14]:

cD V C S
0 ∝ 4(HH∗ + H̃H̃∗) + t

M2
EE∗. (11)

In the xBj-domain of COMPASS, cD V C S
0 is dominated by the imag-

inary part of the CFF H. In this region, the contributions by the 
real part of H and by other CFFs amount to about 3% when calcu-
lated using the GK model [29–31] ported to the PARTONS frame-
work [34] and to about 6% when using the KM15 model [32,33]. 
Using the second value, the systematic model uncertainty related 
to assumption i) above is estimated to be about ±0.03 fm.

The skewness ξ is equal to one half of the longitudinal mo-
mentum fraction transferred between the initial and final proton. 
A strict relation between the slope B and 〈r2⊥〉 only exists for ξ = 0. 
A non-zero value of ξ introduces an additional uncertainty on 〈r2⊥〉
that is related to a shift of the centre of the reference system, 
in which 〈r2⊥〉 is defined [8]. Using the GK model, we estimate 
the corresponding systematic uncertainty regarding assumption ii) 
above to be about ±0.02 fm. The value for the model uncertainty 
given in Eq. (10) is obtained by quadratic summation of the two 
components.

The same data as presented in Fig. 5 (a) are shown in Fig. 5 (b), 
compared to calculations of the phenomenological GK and KM15 
models, which describe the data reasonably well in the low and 
medium xBj range. Even taking into account the relatively small 
effect of Q 2 evolution, some scale offset between data and mod-
els seems to exist. When comparing our result on the transverse 
extension of partons in the proton to the lowest-Q 2 result of H1, 
there is an indication for shrinkage, i.e. a decrease of the B-slope 
with xB j , at the level of about 2.5 standard deviations of the com-
bined uncertainty.

In order to reliably determine the full xBj-dependence of the 
transverse extension of partons in the proton, a global phenomeno-
logical analysis using all results from DVCS experiments at HERA, 
CERN, and JLab appears necessary to pin down the imaginary part 
of CFF H, and eventually the GPD H itself. At leading order in αs
and at leading twist, such analyses [35,33,36–38,13] have already 
been performed in order to interpret the results of those experi-
ments that access the high-xBj region, i.e. mostly the valence-quark 
sector probed by HERMES and at JLab (see e.g. Ref. [13] for a list of 
experimental results). In such a global analysis, the Q 2 evolution 
and all necessary corrections have to be included that are required 
under the kinematic conditions of the respective experiments. Pos-
sibly, also results on exclusive-meson production may be included. 
Eventually, this may allow one to disentangle the contributions of 
the different parton species to the transverse size of the proton as 
a function of the average longitudinal momentum fraction carried 
by its constituents.

6. Summary

In summary, using exclusive single-photon muoproduction we 
have measured the t-slope of the deeply virtual Compton scat-
tering cross section at 〈W 〉 = 5.8 (GeV/c)2, 〈Q 2〉 = 1.8 (GeV/c)2

and 〈xBj〉 = 0.056, which leads to the slope value B = (4.3 ±
0.6stat

+ 0.1
− 0.3

∣∣
sys) (GeV/c)−2. For an average longitudinal momentum 

fraction carried by the partons in the proton of about 〈xBj〉/2 =
0.028, we find a transverse extension of partons in the proton of √

〈r2⊥〉 = (0.58 ± 0.04stat
+ 0.01
− 0.02

∣∣
sys ± 0.04model) fm.

Acknowledgements

We gratefully acknowledge the support of the CERN manage-
ment and staff, as well as the skill and effort of the technicians of 
our collaborating institutes. We thank Pierre Guichon for the eval-
uation of the Bethe-Heitler contribution taking into account the 

ArticlesNaTurE PHysICs

Received: 3 November 2018; Accepted: 1 November 2019;  
Published online: 27 January 2020

References
 1. Hofstadter, R. & McAllister, R. W. Electron scattering from the proton. Phys. 

Rev. 98, 217–218 (1955).
 2. Taylor, R. E. Deep inelastic scattering: the early years. Rev. Mod. Phys. 63, 

573–595 (1991).
 3. Radyushkin, A. V. Nonforward parton distributions. Phys. Rev. D 56, 

5524–5557 (1997).
 4. Müller, D., Robaschik, D., Geyer, B., Dittes, F. M. & Horejsi, J. Wave 

functions, evolution equations and evolution kernels from light-ray operators 
of QCD. Fortschr. Phys. 42, 101–141 (1994).

 5. Burkardt, M. Impact parameter space interpretation for generalized parton 
distributions. Int. J. Mod. Phys. A 18, 173–207 (2003).

 6. Ji, X. Gauge invariant decomposition of nucleon spin. Phys. Rev. Lett. 78, 
610–613 (1997).

 7. Aidala, C. A., Bass, S. D., Hasch, D. & Mallot, G. K. The spin structure of the 
nucleon. Rev. Mod. Phys. 85, 655–691 (2013).

 8. Hoodbhoy, P. & Ji, X. Helicity-flip off-forward parton distributions of the 
nucleon. Phys. Rev. D 58, 054006 (1998).

 9. Diehl, M. Generalized parton distributions. Phys. Rep. 388, 41–277 (2003).
 10. Collins, J. C., Frankfurt, L. & Strikman, M. Factorization for hard exclusive 

electroproduction of mesons in QCD. Phys. Rev. D 56, 2982–3006 (1997).

 11. Ji, X. & Osborne, J. One-loop corrections and all order factorization in deeply 
virtual Compton scattering. Phys. Rev. D 58, 094018 (1998).

 12. Defurne, M. et al. E00-110 experiment at Jefferson Lab Hall A: deeply virtual 
Compton scattering off the proton at 6 GeV. Phys. Rev. C 92, 055202 (2015).

 13. Jo, H. S. et al. Cross sections for the exclusive photon electroproduction  
on the proton and generalized parton distributions. Phys. Rev. Lett. 115, 
212003 (2015).

 14. Belitsky, A. & Müller, D. Exclusive electroproduction revisited: treating 
kinematical effects. Phys. Rev. D 82, 074010 (2010).

 15. Bacchetta, A., D’Alesio, U., Diehl, M. & Miller, C. A. Single-spin asymmetries: 
the Trento conventions. Phys. Rev. D 70, 117504 (2004).

 16. Diehl, M., Gousset, T., Pire, B. & Ralston, J. P. Testing the handbag contribution 
to exclusive virtual Compton scattering. Phys. Lett. B 411, 193–202 (1997).

 17. Defurne, M. et al. A glimpse of gluons through deeply virtual Compton 
scattering on the proton. Nat. Commun. 8, 1408 (2017).

 18. Belitsky, A., Müller, D. & Ji, Y. Compton scattering: from deeply virtual to 
quasi-real. Nucl. Phys. B 878, 214–268 (2014).

 19. Airapetian, A. et al. Measurement of the beam spin azimuthal asymmetry 
associated with deeply-virtual Compton scattering. Phys. Rev. Lett. 87,  
182001 (2001).

 20. Stepanyan, S. et al. Observation of exclusive deeply virtual Compton 
scattering in polarized electron beam asymmetry measurements. Phys. Rev. 
Lett. 87, 182002 (2001).

 21. Adloff, C. et al. Measurement of deeply virtual Compton scattering at HERA. 
Phys. Lett. B 517, 47–58 (2001).

t (GeV2)

–0.4 –0.3 –0.2

–10

0

10

–10

0

10

–100

–50

0

u quark (HT)

d quark (HT)

u quark (NLO)

d quark (NLO)

–10

0

10

–10

0

10

t (GeV2)

–0.4 –0.3 –0.2
–50

0

50

R
e(

   
+

+
)

R
e(

   
+

+
)

R
e(

 +
+
) Im

(  +
+ )

Im
(  

+
+ )

Im
(    +

+ )

Fig. 6 | Flavour separation of helicity-conserved CFFs. The points represent the real and imaginary parts of u and d helicity-conserved CFFs Hþþ
I

, ~Hþþ
I

 
and Eþþ

I
 in both the HT and NLO scenarios. The error bars correspond to 1 s.d. and take into account the statistical and the systematic uncertainties of the 

fitted cross-sections. Solid lines present the predictions of a reggeized diquark model of GPDs51,52.

NATURE PHYSICS | VOL 16 | FEBRUARY 2020 | 191–198 | www.nature.com/naturephysics 197

Figure 6: Left: COMPASS DVCS t-slope and comparison to HERA ep-collider (H1 and
ZEUS) data [50]. Right: JLab Hall A - real and imaginary parts of various Compton
form factors for u- and d-quarks [52].

4 t is the squared 4-momentum transfer to the target.
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GPDs, which depend on 3 kinematic variables (t, x ,ξ)5, is usually achieved by measuring ob-
servables that are sensitive to the real or imaginary part of Compton form factors (CFFs), which
are related to GPDs [51]. To explore the 3-dimensional GPD phase space, it is advantageous to
have as many as possible different experimental combinations available: proton polarization
(both longitudinal and transverse), longitudinal lepton-beam polarization, both lepton-beam
charges, effective neutron targets in addition to proton targets, and several combinations. Fig-
ure 6 shows several flavor-separated CFFs extracted from JLab Hall-A data [52]. The DVCS
dispersion relation for CFFs contains the so-called D-term, which is related to shear forces and
the radial distribution of pressure inside the nucleon. There is a first extraction of the radial
pressure distribution from CLAS data [51]. Several complementary DVCS-data analyses on
proton targets are in progress: at CLAS12 on standard DVCS (GPD H) and on time-like Comp-
ton scattering (TCS), which is the time-reversal conjugate process of DVCS and sensitive to the
real part of CFF H [53], and at COMPASS with higher lepton-beam energies and thus lower
Bjørken-x on DVCS beam-spin and -charge asymmetries (real and imaginary parts of CFF H).

The experimental access to GPD E, which is linked to parton orbital angular momentum
via the Ji sum rule [54], requires either transversely polarized protons or a neutron target. The
analysis on CLAS12 DVCS beam-spin asymmetries on the neutron is in progress and CLAS12
data on a transversely polarized proton target are yet to be taken. All so-far discussed GPDs
are quark GPDs. For the first time, data sensitive to the gluon GPD E were collected by STAR in
exclusive J/ψ production in ultra-peripheral pp collisions at RHIC. Significant improvements
in precision for that channel are expected with the future STAR data to be taken with the just
finished instrumentation upgrades.

All so-far discussed GPDs are chiral-even. In recent years, there have been multiple exper-
imental campaigns to access the chiral-odd GPDs HT and ET. COMPASS extracted the cross
section for exclusive neutral pions [55] and the analyses on beam-spin asymmetries for neutral
and positively charged pions at CLAS12 are in progress. COMPASS determined spin density
matrix elements (SDMEs), which describe how the spin components of the virtual photon are
transferred to the created vector meson, for exclusive ω-mesons [56] and ρ-mesons [57].

For the first time, a DVCS beam-spin asymmetry was measured to be larger in the coherent
(nucleus) channel than in the incoherent (proton) channel through detecting helium recoils
using a radial TPC in CLAS [58]. Coherent DVCS allows studying if the DVCS amplitude rises
with atomic mass number and if there is a "generalized" EMC effect. CLAS extracted exclu-
sive π+ beam-spin asymmetries for backward scattering angles [59], which allows studying
nucleon-to-pion baryonic transition distribution amplitudes (TDAs), a further generalization
of the GPD concept.

5 Conclusion and outlook

The experiments at CERN, DESY, Fermilab, JLab, and RHIC with their advanced and delicate
technologies of spin-polarized lepton or hadron beams and/or spin-polarized fixed targets
continue to produce rewarding and respectively complementary results about the proton’s
spin and multi-dimensional structure in transverse-momentum and position space. Careful
examination of data from different facilities allows to put TMD universality (and restricted
universality) to the test. The variety of experimental configurations allows to explore a wide
portion of GPD kinematic space and types. Rich future experimental programs related to
nucleon spin structure are planned prior to the EIC: until 2025, these are on the fixed-target
side the just started final COMPASS d-quark transversity run [42], the continuation of the
JLab12 program [60] [61], the SpinQuest / E1039 TMD campaigns with polarized targets [62]

5 x and ξ are combinations of longitudinal parton momenta and x is not identical to the Bjørken-x .
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to access sea-quark TMDs, and AMBER [63] as COMPASS successor at the SPS M2 beamline
in the CERN North Area, and on the RHIC-collider side STAR with several upgrades [64] and
the new sPHENIX experiment [65], for which assembly has started in summer 2021.
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