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UNRAVELLING THE MYSTERIES OF RELATIVISTIC HADRONIC BOUND STATES
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Parton Distribution Functions provide fundamental description

fq/P (x)
longitudinal

Probability density to find a quark with a momentum fraction x
1D snapshot of fundamental constituents
Study of confined quarks and gluons

xP

Nucleons provide 98% of the 
mass of the visible universe
One of the goals of the modern 
nuclear physics is to study details 
of the structure of the nucleon 

The NNPDF4.0 global 
analysis of proton structure
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HADRON’S PARTONIC STRUCTURE
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One large scale (Q) sensitive to particle nature of quark and gluons
One small scale (kT) sensitive to how QCD bounds partons and to the 
detailed structure at ~fm distances.
TMDs provide detailed information on the spin structure
TMDs contain new probes, e.g. qgq operators rather that just qq or gg 
and thus include correlations
TMDs encode 3D structure in the momentum space (complementary to 
GPDs) 

Transverse Momentum Dependent functions (TMDs)

To study the physics of confined motion of quarks and gluons inside of 
the proton one needs a new type “hard probe” with two scales.

P
k

fq/P (x, kT )

longitudinal & transverse

kT

xP



TRANSVERSE MOMENTUM DEPENDENT FACTORIZATION
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The confined motion (kT dependence) is encoded in TMDs
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UNPOLARIZED TMD MEASUREMENTS
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➤ Addresses the question of partonic confined motion

➤ Evolution with x and Q2

➤ Flavor dependence of unpolarized TMDs

➤ Interplay with collinear QCD at large qT 

V. Moos, I. Scimemi, A. Vladimirov, 
P. Zurita arXiv:2305.07473 ?

?

?

f

Bacchetta, Delcarro, Pisano, Radici,  
Signori, arXiv:1703.10157

Figure 6. Plot of the Collins-Soper kernel at µ = 2 GeV. Di↵erent lines correspond to the independent

extractions CASCADE [81], SV19 [8], MAP22 [9], and ART23 (this work).

Figure 7. Shape of TMDs in the (x,b)-space. The color indicates the uncertainty.

Namely, they almost vanish at their lower boundary. For negligible values of �’s the b�profile
of the corresponding TMDPDF flattens. This is a clearly non-physical behavior, which results in
disturbed shapes of the uncertainty bands for d̄ and sea flavors at large-b. Simultaneously, it does
not produce any problem in the prediction for the cross-section, since the TMDPDFs contributes
in products with the evolution factors. It merely indicates that the present observables/data are
not restrictive enough for these flavor combinations.

The shapes of the TMDPDFs are shown in fig. 7 for u and d quarks (other flavors show similar
behaviour). The sizes of the uncertainty bands are shown in fig. 8 in comparison to the SV19 bands.
Generally, the uncertainty bands are increased by an order of magnitude, and grow faster with the
increase of b. This is the result of incorporating the PDF uncertainties, which helps to avoid the
PDF-bias and allows for a more realistic uncertainty estimation. The x-shape of the uncertainties
has become more involved. Their minimum is at x ⇠ 10�2, where the most precise data are
located. The sizes of quark- and anti-quark uncertainties are compatible, because most part of the
data depend on the product f1qf1q̄ that does not distinguish between quarks and anti-quarks.

– 21 –
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FIG. 1. The conditional TMD PDFs for the pion (left) and
proton (right) as a function of bT for various x values (in-
dicated by color) evaluated at a characteristic experimental
scale Q = 6 GeV. Each of the TMD PDFs are o↵set for visual
purposes.

PDG values (rp = 0.8409(4) fm, r⇡ = 0.659(4) fm) [98].
Also, within each hadron, the average spatial separation
of quark fields in the transverse direction does not exceed
its charge radius, as shown on the right edge of Fig. 2.

As x ! 1, the phase space for the transverse motion
kT of partons becomes smaller, since most of the momen-
tum is along the light-cone direction, and one expects an
increase in the transverse correlations in bT space. Fur-
thermore, as Q increases more gluons are radiated, which
makes TMD PDFs wider in kT space and therefore nar-
rower in bT space. Both of these features are quantita-
tively confirmed by our results in Fig. 2. Importantly,
we have checked that the di↵erences between the proton
and pion hbT |xi are completely due to the nonperturba-
tive TMD structure, independent of the collinear PDFs.

In Ref. [99] it was proposed that apart from the size
of the nucleon, there exists an additional characteristic
smaller scale in hadronic systems associated with qq̄ con-
densates. In this picture, sea quarks emerging in the wave
function are bound within this smaller qq̄ system, limit-
ing the range of transverse correlation. This suggests a
possible explanation of the observed monotonically de-
creasing behavior of hbT |xi with decreasing values of x.
However, more work is needed in order to better under-
stand the connection between qq̄ condensates and TMDs
in QCD.

In Fig. 3 we analyze the e↵ect of the nuclear envi-
ronment on the transverse correlations of quarks inside
nucleons, i.e., a possible transverse EMC e↵ect, by tak-
ing the ratio of hbT |xi for a bound proton in a nucleus to
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FIG. 2. The conditional average bT calculated from Eq. (6)
for the u quark in the proton (upper, blue) and in the pion
(lower, red) for two Q values as a function of x. The charge
radii rp and r⇡ for each hadron are included for reference [98].
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FIG. 3. The ratio of the conditional average bT of the u quark
in a proton bound in a tungsten nucleus to that of the free
proton at Q = 4 GeV.

that of a free proton. We find an analogous suppression
at x ⇠ 0.3, similar to that found in the collinear distribu-
tions [100]. We have verified that this e↵ect is genuinely
produced by the nonperturbative nuclear dependence in
the TMD and not from the collinear dependence in the
OPE. Our results are consistent with the earlier findings
of Alrashed et al. in Ref. [72], but we have gone beyond
their study by considering the x dependence of the non-
perturbative transverse structure within a simultaneous
collinear and TMD QCD global analysis framework.

Conclusions.— We have presented a comprehensive
analysis of proton and pion TMD PDFs at N2LL pertur-
bative precision using fixed-target DY data. This anal-
ysis for the first time used both qT -integrated and qT -
di↵erential DY data, as well as LN measurements, to si-
multaneously extract pion collinear and TMD PDFs and
proton TMD PDFs. The combined analysis, including

P. Barry, L. Gamberg, W. Melnitchouk, 
E. Moffat, D. Pitonyak, AP, N. Sato 
Phys.Rev.D 108 (2023) 9, L091504

http://arxiv.org/abs/arXiv:1703.10157
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Framework W+Y HERMES COMPASS DY Z boson W boson N of points
KN 2006 

 hep-ph/0506225
LO-NLL W ✘ ✘ ✔ ✔ ✘ 98

QZ 2001 
 hep-ph/0506225

NLO-NLL W+Y ✘ ✘ ✔ ✔ ✘ 28 (?)

RESBOS 
 resbos@msu

NLO-NNLL W+Y ✘ ✘ ✔ ✔ ✘ >100 (?)

Pavia 2013 
arXiv:1309.3507 LO-PM W ✔ ✘ ✘ ✘ ✘ 1538

Torino 2014 
arXiv:1312.6261 LO-PM W ✔ 

(separately)
✔ 

(separately) ✘ ✘ ✘ 576 (H) 
6284 (C)

DEMS 2014 
arXiv:1407.3311 NLO-NNLL W ✘ ✘ ✔ ✔ ✘ 223

EIKV 2014 
 arXiv:1401.5078  LO-NLL W 1 (x,Q2) bin 1 (x,Q2) bin ✔ ✔ ✘ 500 (?)

SIYY 2014 
arXiv:1406.3073 NLO-NLL W+Y ✘ ✔ ✔ ✔ ✘ 200 (?)

Pavia 2017 
arXiv:1703.10157 LO-NLL W ✔ ✔ ✔ ✔ ✘ 8059

SV 2017 
arXiv:1706.01473 NNLO-NNLL W ✘ ✘ ✔ ✔ ✘ 309

BSV 2019 
arXiv:1902.08474 NNLO-NNLL W ✘ ✘ ✔ ✔ ✘ 457

Pavia 2019 
arXiv:1912.07550 NNLO-N3LL W ✘ ✘ ✔ ✔ ✘ 353

SV 2019 
arXiv:1912.06532 NNLO-N3LL W ✔ ✔ ✔ ✔ ✘ 1039

MAP pion 2022 
arXiv:2210.01733 NLO-N3LL W ✘ ✘ ✔ ✘ ✘ 138

MAP 2022 
arXiv:2206.07598 NNLO-N3LL- W ✔ ✔ ✔ ✔ ✘ 2031

JAM 2023 
arXiv: 2302.01192 NLO-NNLL W ✘ ✘ ✔ ✘ ✘ 608

ART 2023 
arXiv:2305.07473 N3LO-N4LL W ✘ ✘ ✔ ✔ ✔ 627

Aslan at al 2024 
arXiv:2401.14266 NLO-NLL W ✘ ✘ ✔ ✘ ✘ 130

MAP 2025 
arXiv:2502.04166 NNLO-N3LL W ✘ ✘ ✔ ✔ ✘ 482

http://arxiv.org/abs/hep-ph/0506225
http://arxiv.org/abs/hep-ph/0506225
http://hep.pa.msu.edu/resum/
http://arxiv.org/abs/arXiv:1309.3507
http://arxiv.org/abs/arXiv:1407.3311
http://arxiv.org/abs/arXiv:1401.5078
http://arxiv.org/abs/arXiv:1406.3073
http://arxiv.org/abs/arXiv:1703.10157
http://arxiv.org/abs/arXiv:1912.07550
http://arxiv.org/abs/arXiv:1912.06532
http://arxiv.org/abs/arXiv:2210.01733
http://arxiv.org/abs/arXiv:2206.07598
http://arxiv.org/abs/arXiv:%202302.01192
http://arxiv.org/abs/arXiv:2305.07473
http://arxiv.org/abs/arXiv:2401.14266
http://arxiv.org/abs/arXiv:2502.04166


TMD ANALYSES
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Usually implement the data cut  to minimize 
power corrections (W term only)

High perturbative accuracy and OPE matching to collinear PDFs. 
Good perturbative convergence

Neglecting small higher twist contributions (i.e. Boer-Mulders)

Non perturbative TMD behavior in  and  - dependent, either 
flavor dependent or not. Usage of NN in the latest analysis

Some differences in solutions of evolution equations and 
separation of perturbative and non perturbative contributions

qT /Q < 0.2 ÷ 0.25

bT x



UNPOLARIZED SIDIS TMD MEASUREMENTS
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f
Combination of various processes is important for the tests of universality 

Ignazio Scimemi, Alexey Vladimirov JHEP 06 (2020) 137
MAP22:Bacchetta et al,  JHEP 10 (2022) 127
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Figure 7. Same conventions and notation as in previous figure but for unidentified positively
charged hadrons off deuteron target.
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Figure 17. Unpolarized SIDIS multiplicities (4.4) (multiplied by z2) for production of pions off pro-
ton/deuteron measured by HERMES in different bins of x, z and pT . Solid (dashed) lines show the theory
prediction at NNLO (N3LO). Filled (empty) point were (not) included in the fit of NP parameters. On the
top of the table the value of �2/Npt for each channel is presented, the value in brackets being the �2/Npt

for shown set of the data (empty and filled points together). For clarity each pT bin is shifted by an offset
indicated in the legend.
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and similarly for higher orders, and we introduce the following normalization factor:

ω(x, z,Q) = dσnomix

dx dz dQ

/ ˆ
d2qT W . (2.51)

We stress that these normalization factors depend only on the collinear PDFs and FFs, are
independent of the parametrization of the nonperturbative part of the TMDs, and can be
computed before performing a fit of the latter.

At NLL, ω(x, z,Q) = 1. Beyond NLL, the prefactor becomes larger than one and
guarantees that the integral of the TMD part of the cross section reproduces most of the
collinear cross section, as suggested by the data. On the contrary, without the enhancement
due to the normalization factor, the integral of the TMD part of the cross section would
be too small, requiring a large role of the high-transverse-momentum tail, which is not
observed in the data. The impact of the normalization factor defined in eq. (2.51) will be
addressed in detail in section 4.

As a consequence of our procedure, the theoretical expression for the SIDIS cross
section in eq. (2.23) becomes

dσSIDIS
ω

dx dz d|qT | dQ
= ω(x, z,Q) dσSIDIS

dx dz d|qT | dQ
. (2.52)

3 Data selection

In this section we describe the experimental data included in our global analysis. We
consider a large number of datasets related to DY lepton pair production and SIDIS, for
the observables discussed in section 2.1 and section 2.2. The coverage in the x-Q2 plane
spanned by these datasets is illustrated in figure 3.

The majority of datasets analyzed in the present work was already included in the
global analysis of SIDIS and DY data in ref. [5] and in the fit of DY data discussed in
ref. [7]. For more details, we refer the reader to those references. The new datasets
included in the present analysis are:

• DY di-muon production from the collision of a proton beam with an energy of 800GeV
on a 2H fixed target from E772 (√s = 38.8GeV) [76];

• DY di-muon production from the PHENIX Collaboration [77];

• DY data at 13TeV from the CMS Collaboration [78] and the ATLAS Collabora-
tion [79].

3.1 Drell-Yan

Our analysis is based on TMD factorization, which is applicable only in the region |qT | " Q.
Therefore, in agreement with the choices of refs. [7, 22] we impose the following cut

|qT | < 0.2Q . (3.1)

– 16 –



CHALLENGES
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Low  SIDIS data requires normalization of the theory (at least MAP22)qT
MAP22:Bacchetta et al,  JHEP 10 (2022) 127

Hard factor to blame?

Should we understand better SIDIS?

Jefferson Lab Angular Momentum (JAM), M. Boglione et al JHEP 04 (2022) 084  
M. Boglione et al, Phys.Lett.B 766 (2017) 245-25

Should we use a different way of matching to collinear fixed 
order results?

Aslan et al Phys.Rev.D 110 (2024) 7, 074016 
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Large   SIDIS data are in tension with the NLO calculationsqT
Gonzalez-Hernandez et al  Phys.Rev.D 98 (2018) 11, 114005

The ratio of the data/theory improves 
from LO to NLO, but still large

The question then, however, is whether fixed order
SIDIS calculations continue to be in reasonable agreement
with measurements at more moderate x and z and at large
qT, where the expectation is that agreement should
improve, at least with the inclusion of Oðα2sÞ corrections.

Figure 4 shows that this is not the case, however. The order
OðαsÞ and Oðα2sÞ curves are obtained with a computer
calculation analogous to that used in Ref. [24] to generate
Fig. 3, but modified to be consistent with the kinematics of
the corresponding experimental data. (We have verified that

FIG. 4. Calculation of OðαsÞ and Oðα2sÞ transversely differential multiplicity using code from Ref. [24], shown as the curves labeled
DDS. The bar at the bottom marks the region where qT > Q. The PDF set used is CJNLO [33], and the FFs are from Ref. [34]. Scale
dependence is estimated using μ ¼ ððζQQÞ2 þ ðζqTqTÞ

2Þ1=2 where the band is constructed point by point in qT by taking the minimum
and maximum of the cross section evaluated across the grid ζQ × ζqT ¼ ½1=2; 1; 3=2; 2& × ½0; 1=2; 1; 3=2; 2& except ζQ ¼ ζqT ¼ 0. The
red band is generated with ζQ ¼ 1 and ζqT ¼ 0. A lower bound of 1 GeV is placed on μ when Q=2 would be less than 1 GeV.

FIG. 5. Ratio of data to theory for several near-valence region panels in Fig. 4. The grey bar at the bottom is at 1 on the vertical axis and
marks the region where qT > Q.

GONZALEZ-HERNANDEZ, ROGERS, SATO, and WANG PHYS. REV. D 98, 114005 (2018)

114005-6

Power corrections?

Should we understand better SIDIS?
Jefferson Lab Angular Momentum (JAM), M. Boglione et al JHEP 04 (2022) 084  

M. Boglione et al, Phys.Lett.B 766 (2017) 245-25

Tianbo Liu, Jian-Wei Qiu Phys.Rev.D 101 (2020)

Incorporation of QCD and QED?
T.Liu, W. Melnitchouk, Jian-Wei Qiu, N. Sato JHEP 11 (2021) 15
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quired, the upper limit of which is not well defined in
the factorization approach. On the other hand, the
range of Q integration for the xF -dependent cross sec-
tion is well within the region where factorization is valid.
Complementary to the qT -di↵erential data, we include
the pion-induced qT -integrated DY data from the E615
and NA10 [95] experiments measuring d2�/d

p
⌧dxF ,

which strongly constrain the pion’s valence quark PDF.
We also include the LN electroproduction data from
HERA [96, 97] as in previous JAM analyses [14, 16–18].

To ensure the validity of TMD factorization, we im-
pose a cut [37] on the data to small qT : qmax

T < 0.25Q,
where qmax

T is the upper bound of the qT bin. We restrict
our analysis to data in the range 4 < Q < 9 GeV and
Q > 11 GeV to avoid the region of J/ and ⌥ resonances.
Following Ref. [37], we impose a cut on the qT -dependent
DY data of xF < 0.8 to avoid regions where threshold re-
summation may be additionally needed. However, since
we include threshold e↵ects for collinear DY observables,
we extend their kinematic range to 0 < xF < 0.9 and
use 4.16 < Q < 7.68 GeV. Cuts on the LN data were
imposed as in Refs. [14, 16–18].

In all, we analyze 383 qT -dependent pion-induced and
proton-nucleus DY data points, 117 qT -integrated pion-
induced DY data points, and 108 data points from the
LN experiments, for a total of 608 data points. In ex-
ploring the various nonperturbative parametrizations, we
observed that the Gaussian gK and multi-component
(sum of Gaussians) MAP-like [35] flavor-independent
parametrizations for the intrinsic gq/N have the best
agreement across all qT -dependent observables. We do
not find any significant improvement in the description
of the data with the inclusion of flavor dependence. In
the end we have a total of 33 free parameters: 11 param-
eters for each of gq/⇡ and gq/p plus one parameter for
nuclear dependence and one parameter for gK to model
the TMDs, along with an additional 8 parameters for
pion collinear PDFs, and one LN cuto↵ parameter.

The resulting agreement with data is shown in Table I,
where the �2 per number of points (N) and the Z-scores
are provided for each of the experimental datasets consid-
ered. The Z-score is the inverse of the normal cumulative
distribution function, Z = ��1(p) ⌘

p
2 erf�1(2p � 1),

where the p-value is computed according to the result-
ing �2 shown in Table I, and it describes the significance
of the �2 relative to the expected �2 distribution. Our
analysis shows a relatively good compatibility between
data and theory at the level of the Z-score (2.55), with
a total �2/N = 1.15. The worst agreement with the
datasets was to the E772 data, which provided a Z-score
of above 5. Other analyses [33, 35] also found di�culty
in obtaining agreement, which may indicate an experi-
mental data issue.

We find that there is no substantial impact on the
collinear pion PDFs from the inclusion of the qT -
dependent data. This indicates that the TMD and

TABLE I. Datasets included in this analysis, along with the
resulting �2 per datum and Z-scores from the MC analysis.

Process Experiment
p
s (GeV) �2/N Z-score

TMD
qT -dep. pA DY E288 [89] 19.4 0.93 0.25
pA ! µ+µ�X E288 [89] 23.8 1.33 1.54

E288 [89] 24.7 0.95 0.23
E605 [90] 38.8 1.07 0.39
E772 [91] 38.8 2.41 5.74

(Fe/Be) E866 [92] 38.8 1.07 0.29
(W/Be) E866 [92] 38.8 0.89 0.11

qT -dep. ⇡A DY E615 [93] 21.8 1.61 2.58
⇡W ! µ+µ�X E537 [94] 15.3 1.11 0.57

collinear
qT -integr. DY E615 [93] 21.8 0.86 0.76
⇡W ! µ+µ�X NA10 [95] 19.1 0.54 2.27

NA10 [95] 23.2 0.91 0.18
leading neutron H1 [96] 318.7 0.36 4.61

ep ! enX ZEUS [97] 300.3 1.48 2.16

Total 1.15 2.55

collinear regimes are well separated in the data we ana-
lyzed, in contrast to the high-energy analysis in Ref. [39],
and that the measurements correlate more strongly with
TMDs than collinear PDFs.
Results and discussion.—By definition, the TMD PDF

is a 2-dimensional number density dependent on x and
bT . From Bayes’ theorem we can define a conditional
density f̃q/N (bT |x) dependent on “bT given x” in terms
of the ratio

f̃q/N (bT |x;Q,Q2) ⌘
f̃q/N (x, bT ;Q,Q2)

R
d2bT f̃q/N (x, bT ;Q,Q2)

. (5)

Notice that this conditional probability is normalized
such that

R
d2bT f̃q/N (bT |x;Q,Q2) = 1.

We show in Fig. 1 the extracted proton and pion condi-
tional densities for the u-quark f̃u/N (bT |x;Q,Q2) in the
region covered by the experimental data x 2 [0.3, 0.6].
Each TMD PDF is shown with its 1� uncertainty band
from the analysis. We focus here on the u quark since our
analysis does not include flavor separation in the non-
perturbative contribution to the TMDs. One observes
that the pion TMD PDF is significantly narrower in bT
compared with the proton, and both become wider with
increasing x. To make quantitative comparisons between
the distributions of the two hadrons, we show in Fig. 2
the conditional average bT as a function of x, defined as

hbT |xiq/N =

Z
d2bT bT f̃q/N (bT |x;Q,Q2) (6)

for the u quark. On average there is ⇡ 20% reduction
of the u-quark transverse correlations in pions relative
to protons within a ⇠ (5.3 � 7.5)� confidence level. In-
terestingly, the charge radius of the pion is also about
20% smaller than that of the proton, using the nominal
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FIG. 1. The conditional TMD PDFs for the pion (left) and
proton (right) as a function of bT for various x values (in-
dicated by color) evaluated at a characteristic experimental
scale Q = 6 GeV. Each of the TMD PDFs are o↵set for visual
purposes.

PDG values (rp = 0.8409(4) fm, r⇡ = 0.659(4) fm) [98].
Also, within each hadron, the average spatial separation
of quark fields in the transverse direction does not exceed
its charge radius, as shown on the right edge of Fig. 2.

As x ! 1, the phase space for the transverse motion
kT of partons becomes smaller, since most of the momen-
tum is along the light-cone direction, and one expects an
increase in the transverse correlations in bT space. Fur-
thermore, as Q increases more gluons are radiated, which
makes TMD PDFs wider in kT space and therefore nar-
rower in bT space. Both of these features are quantita-
tively confirmed by our results in Fig. 2. Importantly,
we have checked that the di↵erences between the proton
and pion hbT |xi are completely due to the nonperturba-
tive TMD structure, independent of the collinear PDFs.

In Ref. [99] it was proposed that apart from the size
of the nucleon, there exists an additional characteristic
smaller scale in hadronic systems associated with qq̄ con-
densates. In this picture, sea quarks emerging in the wave
function are bound within this smaller qq̄ system, limit-
ing the range of transverse correlation. This suggests a
possible explanation of the observed monotonically de-
creasing behavior of hbT |xi with decreasing values of x.
However, more work is needed in order to better under-
stand the connection between qq̄ condensates and TMDs
in QCD.

In Fig. 3 we analyze the e↵ect of the nuclear envi-
ronment on the transverse correlations of quarks inside
nucleons, i.e., a possible transverse EMC e↵ect, by tak-
ing the ratio of hbT |xi for a bound proton in a nucleus to
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FIG. 2. The conditional average bT calculated from Eq. (6)
for the u quark in the proton (upper, blue) and in the pion
(lower, red) for two Q values as a function of x. The charge
radii rp and r⇡ for each hadron are included for reference [98].
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FIG. 3. The ratio of the conditional average bT of the u quark
in a proton bound in a tungsten nucleus to that of the free
proton at Q = 4 GeV.

that of a free proton. We find an analogous suppression
at x ⇠ 0.3, similar to that found in the collinear distribu-
tions [100]. We have verified that this e↵ect is genuinely
produced by the nonperturbative nuclear dependence in
the TMD and not from the collinear dependence in the
OPE. Our results are consistent with the earlier findings
of Alrashed et al. in Ref. [72], but we have gone beyond
their study by considering the x dependence of the non-
perturbative transverse structure within a simultaneous
collinear and TMD QCD global analysis framework.

Conclusions.— We have presented a comprehensive
analysis of proton and pion TMD PDFs at N2LL pertur-
bative precision using fixed-target DY data. This anal-
ysis for the first time used both qT -integrated and qT -
di↵erential DY data, as well as LN measurements, to si-
multaneously extract pion collinear and TMD PDFs and
proton TMD PDFs. The combined analysis, including

Resulting widths at 

Q dependence is well consistent with 
widening due to TMD evolution

Pion’s width is smaller than that of the 
proton at  confidence level

Both decrease as x decreases, 
consistent with the emergence of  
condensate characterized by a scale 

Q = 4 and 8 (GeV )

5.3 − 7.5 σ

qq̄
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quired, the upper limit of which is not well defined in
the factorization approach. On the other hand, the
range of Q integration for the xF -dependent cross sec-
tion is well within the region where factorization is valid.
Complementary to the qT -di↵erential data, we include
the pion-induced qT -integrated DY data from the E615
and NA10 [95] experiments measuring d2�/d

p
⌧dxF ,

which strongly constrain the pion’s valence quark PDF.
We also include the LN electroproduction data from
HERA [96, 97] as in previous JAM analyses [14, 16–18].

To ensure the validity of TMD factorization, we im-
pose a cut [37] on the data to small qT : qmax

T < 0.25Q,
where qmax

T is the upper bound of the qT bin. We restrict
our analysis to data in the range 4 < Q < 9 GeV and
Q > 11 GeV to avoid the region of J/ and ⌥ resonances.
Following Ref. [37], we impose a cut on the qT -dependent
DY data of xF < 0.8 to avoid regions where threshold re-
summation may be additionally needed. However, since
we include threshold e↵ects for collinear DY observables,
we extend their kinematic range to 0 < xF < 0.9 and
use 4.16 < Q < 7.68 GeV. Cuts on the LN data were
imposed as in Refs. [14, 16–18].

In all, we analyze 383 qT -dependent pion-induced and
proton-nucleus DY data points, 117 qT -integrated pion-
induced DY data points, and 108 data points from the
LN experiments, for a total of 608 data points. In ex-
ploring the various nonperturbative parametrizations, we
observed that the Gaussian gK and multi-component
(sum of Gaussians) MAP-like [35] flavor-independent
parametrizations for the intrinsic gq/N have the best
agreement across all qT -dependent observables. We do
not find any significant improvement in the description
of the data with the inclusion of flavor dependence. In
the end we have a total of 33 free parameters: 11 param-
eters for each of gq/⇡ and gq/p plus one parameter for
nuclear dependence and one parameter for gK to model
the TMDs, along with an additional 8 parameters for
pion collinear PDFs, and one LN cuto↵ parameter.

The resulting agreement with data is shown in Table I,
where the �2 per number of points (N) and the Z-scores
are provided for each of the experimental datasets consid-
ered. The Z-score is the inverse of the normal cumulative
distribution function, Z = ��1(p) ⌘

p
2 erf�1(2p � 1),

where the p-value is computed according to the result-
ing �2 shown in Table I, and it describes the significance
of the �2 relative to the expected �2 distribution. Our
analysis shows a relatively good compatibility between
data and theory at the level of the Z-score (2.55), with
a total �2/N = 1.15. The worst agreement with the
datasets was to the E772 data, which provided a Z-score
of above 5. Other analyses [33, 35] also found di�culty
in obtaining agreement, which may indicate an experi-
mental data issue.

We find that there is no substantial impact on the
collinear pion PDFs from the inclusion of the qT -
dependent data. This indicates that the TMD and

TABLE I. Datasets included in this analysis, along with the
resulting �2 per datum and Z-scores from the MC analysis.

Process Experiment
p
s (GeV) �2/N Z-score

TMD
qT -dep. pA DY E288 [89] 19.4 0.93 0.25
pA ! µ+µ�X E288 [89] 23.8 1.33 1.54

E288 [89] 24.7 0.95 0.23
E605 [90] 38.8 1.07 0.39
E772 [91] 38.8 2.41 5.74

(Fe/Be) E866 [92] 38.8 1.07 0.29
(W/Be) E866 [92] 38.8 0.89 0.11

qT -dep. ⇡A DY E615 [93] 21.8 1.61 2.58
⇡W ! µ+µ�X E537 [94] 15.3 1.11 0.57

collinear
qT -integr. DY E615 [93] 21.8 0.86 0.76
⇡W ! µ+µ�X NA10 [95] 19.1 0.54 2.27

NA10 [95] 23.2 0.91 0.18
leading neutron H1 [96] 318.7 0.36 4.61

ep ! enX ZEUS [97] 300.3 1.48 2.16

Total 1.15 2.55

collinear regimes are well separated in the data we ana-
lyzed, in contrast to the high-energy analysis in Ref. [39],
and that the measurements correlate more strongly with
TMDs than collinear PDFs.
Results and discussion.—By definition, the TMD PDF

is a 2-dimensional number density dependent on x and
bT . From Bayes’ theorem we can define a conditional
density f̃q/N (bT |x) dependent on “bT given x” in terms
of the ratio

f̃q/N (bT |x;Q,Q2) ⌘
f̃q/N (x, bT ;Q,Q2)

R
d2bT f̃q/N (x, bT ;Q,Q2)

. (5)

Notice that this conditional probability is normalized
such that

R
d2bT f̃q/N (bT |x;Q,Q2) = 1.

We show in Fig. 1 the extracted proton and pion condi-
tional densities for the u-quark f̃u/N (bT |x;Q,Q2) in the
region covered by the experimental data x 2 [0.3, 0.6].
Each TMD PDF is shown with its 1� uncertainty band
from the analysis. We focus here on the u quark since our
analysis does not include flavor separation in the non-
perturbative contribution to the TMDs. One observes
that the pion TMD PDF is significantly narrower in bT
compared with the proton, and both become wider with
increasing x. To make quantitative comparisons between
the distributions of the two hadrons, we show in Fig. 2
the conditional average bT as a function of x, defined as

hbT |xiq/N =

Z
d2bT bT f̃q/N (bT |x;Q,Q2) (6)

for the u quark. On average there is ⇡ 20% reduction
of the u-quark transverse correlations in pions relative
to protons within a ⇠ (5.3 � 7.5)� confidence level. In-
terestingly, the charge radius of the pion is also about
20% smaller than that of the proton, using the nominal
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FIG. 1. The conditional TMD PDFs for the pion (left) and
proton (right) as a function of bT for various x values (in-
dicated by color) evaluated at a characteristic experimental
scale Q = 6 GeV. Each of the TMD PDFs are o↵set for visual
purposes.

PDG values (rp = 0.8409(4) fm, r⇡ = 0.659(4) fm) [98].
Also, within each hadron, the average spatial separation
of quark fields in the transverse direction does not exceed
its charge radius, as shown on the right edge of Fig. 2.

As x ! 1, the phase space for the transverse motion
kT of partons becomes smaller, since most of the momen-
tum is along the light-cone direction, and one expects an
increase in the transverse correlations in bT space. Fur-
thermore, as Q increases more gluons are radiated, which
makes TMD PDFs wider in kT space and therefore nar-
rower in bT space. Both of these features are quantita-
tively confirmed by our results in Fig. 2. Importantly,
we have checked that the di↵erences between the proton
and pion hbT |xi are completely due to the nonperturba-
tive TMD structure, independent of the collinear PDFs.

In Ref. [99] it was proposed that apart from the size
of the nucleon, there exists an additional characteristic
smaller scale in hadronic systems associated with qq̄ con-
densates. In this picture, sea quarks emerging in the wave
function are bound within this smaller qq̄ system, limit-
ing the range of transverse correlation. This suggests a
possible explanation of the observed monotonically de-
creasing behavior of hbT |xi with decreasing values of x.
However, more work is needed in order to better under-
stand the connection between qq̄ condensates and TMDs
in QCD.

In Fig. 3 we analyze the e↵ect of the nuclear envi-
ronment on the transverse correlations of quarks inside
nucleons, i.e., a possible transverse EMC e↵ect, by tak-
ing the ratio of hbT |xi for a bound proton in a nucleus to
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FIG. 2. The conditional average bT calculated from Eq. (6)
for the u quark in the proton (upper, blue) and in the pion
(lower, red) for two Q values as a function of x. The charge
radii rp and r⇡ for each hadron are included for reference [98].
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FIG. 3. The ratio of the conditional average bT of the u quark
in a proton bound in a tungsten nucleus to that of the free
proton at Q = 4 GeV.

that of a free proton. We find an analogous suppression
at x ⇠ 0.3, similar to that found in the collinear distribu-
tions [100]. We have verified that this e↵ect is genuinely
produced by the nonperturbative nuclear dependence in
the TMD and not from the collinear dependence in the
OPE. Our results are consistent with the earlier findings
of Alrashed et al. in Ref. [72], but we have gone beyond
their study by considering the x dependence of the non-
perturbative transverse structure within a simultaneous
collinear and TMD QCD global analysis framework.

Conclusions.— We have presented a comprehensive
analysis of proton and pion TMD PDFs at N2LL pertur-
bative precision using fixed-target DY data. This anal-
ysis for the first time used both qT -integrated and qT -
di↵erential DY data, as well as LN measurements, to si-
multaneously extract pion collinear and TMD PDFs and
proton TMD PDFs. The combined analysis, including

Consistent with findings of
 M. Alrashed, D. Anderle, Z. Kang, J. Terry, H. Xing, Phys.Rev.Lett. 
129 (2022)
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We established a robust relationship of the Transverse Momentum Moments    
(weighted integrals of TMDs with an upper cut-off) and collinear distributions,  
consistent with previous studies 

We demonstrated these relations are very precise and extended them to higher 
moments

Oscar del Rio, Alexei Prokudin, Ignazio Scimemi, Alexey Vladimirov Phys.Rev.D 110 (2024)

The usage of TMMs will be useful in the future theoretical and phenomenological 
studies, as well as in lattice QCD studies. They also provide a foundation of relation  
of the collinear QCD and TMD physics

M. A. Ebert, J. K. L. Michel, I. W. Stewart and Z. Sun, JHEP 07 (2022) 129 
J. O. Gonzalez-Hernandez, T. Rainaldi, T. C. Rogers Phys.Rev.D 107 (2023) 9, 094029
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FIG. 1. Comparison of unpolarized PDF for u and d quarks determined from the unpolarized TMD (central values of ART23
extraction [22]), as a function of x at fixed µ = 10 (the upper row) and 20 GeV (the bottom row). The plots show the deviation
from the MS value which was used in the fit of TMD (extraction MSHT20 [94]). Dashed orange lines, dotted blue lines, and

solid green lines correspond to the LO, NLO, and NNLO order of factor ZMS/TMD.

improves at higher values of the scale µ. Leading order expression already gives a very good agreement within 5%.
The agreement between reconstructed and original PDFs is approximately 5% at µ = 10 GeV (depending on x), and

about 2% at µ = 20 GeV. As higher-order corrections to Z
MS/TMD are applied, the precision improves significantly4.

With Z
MS/TMD taken at NNLO, the agreement is of order of 2%-5% at µ = 10GeV, ↭ 1% at µ = 20GeV, and at the

subpercentage level for larger µ. We have verified that the central line (without convolution with Z
MS/TMD) agrees

with the results presented in Ref. [49]. In the region of large x, the deviations become larger due to large ln(1 → x)
contributions. Potentially, the agreement can be improved using threshold resummation methods [95, 96].

Figure 2 shows ZMS/TMD
↑ G0[f1](x, µ) at x = 0.1 as a function of µ and compares it to MSHT20 [94]. This figure

demonstrates that f (TMD) reproduces very well the evolution of collinear PDF. One can see that the agreement starts
from µ ↓ 5 GeV. For lower values of the scale µ, the power corrections are substantial, and caution should be exercised
in the application of our formulas.

Lastly, Fig. 3 illustrates that the uncertainty band of TMD reproduces the uncertainty band of collinear PDF. This
is a feature of the ART23 extraction, which incorporates PDF uncertainty into the TMD uncertainty band. Fig. 3
provides an important consistency test demonstrating that the input PDF is recovered completely with the correct
uncertainty band. Possibly one can consider this feature in a broader context of proposed joined fits of TMDs and
PDFs. TMM discussed in this paper can be utilized as an additional consistency check for the output of such a fit
for the mean values and for the uncertainty bands. Notice that in other extractions such as Refs. [15, 16], where the
central replica of PDFs was used in the OPE, we expect the uncertainty band of TMM to become very small.

4 For the application of ZMS/TMD we need the gluon TMD, which is not presently known. Instead, we used a pure OPE term with a
constant nonperturbative function.
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Large logarithms arise at order  in the threshold regime  in the form of the 
“plus” distributions, up to 

We demonstrated that they can be resummed in the coefficient functions
 

and the result is universal for for unpolarized, helicity, and transversity TMD and FFs

αn
s x → 1

ℒm ≡ [lnm−1(1 − x)/(1 − x)]+, (m ≤ 2n)

lim
b→0

f̃q(x, b) = ∑
q′ 

Cqq′ (x, b) ⊗ fq(x)

Oscar del Rio, Alexei Prokudin, Ignazio Scimemi, Alexey Vladimirov e-Print: 2501.17274  (2025)
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Figure 3. The comparison of di!erent orders of small-b matching expression (fNP = 1) for the optimal

unpolarized TMDPDF (for the u-quark). The curves in the left and the right panels are results divided by

N3LO + N3LLx computations.

reasons: theoretically, these terms are analogous to the Sivers and Boer-Mulders distributions, though
with much more complex expressions [17]; practically, they are di!cult to implement, and the corre-
sponding collinear distributions are not yet available. However, we have explicitly verified that the
leading large-x singularity matches the predicted one. For these reasons, we focus on the WW part in
this section.

As derived in sec. 2.2 the expressions for WW parts of worm-gear functions are

g→,WW

1T,f (x, b) = x

∫
1

x

dy

y

∑

f →

(
ωff →V WW

f

(
x

y
, b;µ, ε

)
+”C(g)

f↑f →

(
x

y
, b;µ, ε

))
g1,f →(y), (4.9)

h→,WW

1L,f (x, b) = →x2

∫
1

x

dy

y2

∑

f →

(
ωff →V WW

f

(
x

y
, b;µ, ε

)
+”C(h)

f↑f →

(
x

y
, b;µ, ε

))
h1,f →(y), (4.10)

where function V is

V WW

f (x, b;µ, ε) =
eEf

(1→ x)ωf
, (4.11)

and ”C are finite at x ↑ 1. The function V is universal for both cases and consists of universal
elements that are known up to N3LO. In contrast, the terms ”C are known only at one-loop [17] and
only for the quark channel and read1

”C(g)
q↑q = 1 + asCF (2Lµ → 1)(x̄+ lnx) +O(a2s), (4.13)

”C(g)
q↑g = 1→

as
2
CF (2Lµ → 1)(2x̄+ lnx) +O(a2s), (4.14)

”C(h)
q↑q = 1 + 4asCFLµ lnx+O(a2s), (4.15)

where only diagonal-flavor functions are modified by resummation.

1There is a misprint in the sign of the → Lµ term for C→,tw2

1L,q↑q in ref.[17]. The corrected expression must read

C→,tw2

1L,q↑q = 1 + asCF

[
↑ L2

µ + 2Lµlω + 4Lµ(lnx↑ ln x̄)↑
ω2

6

]
+O(a2s). (4.12)

It follows directly from the expression for diagrams A+A↓ given in appendix B.3 of the same article.
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It will be very useful for TMDs where higher orders are not studies and 
potentially will introduce strong constraints on the non perturbative models for 
the Collins-Soper kernel

G. Sterman, Nucl. Phys. B281 (1987) 310, S. Catani and L. Trentadue, Physics B 327 (1989) 323
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We expect the EIC to have an impact on the knowledge of the 
Collins-Soper kernel, the essential ingredient of factorization

We expect the impact on both TMD PDFs and TMD FFs
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Figure 7.51: Comparison of relative uncertainty bands (i.e. uncertainties normalized by
central value) for the CS-kernel at µ = 2 GeV.

which can efficiently decorrelate the effects of soft-gluon evolution and internal
transverse motion. Importantly, the current estimate is based on one-parameter
models (which likely explains the node-like structures seen in the figures), which
are sufficient to describe the current data. Given the precision of the EIC measure-
ments, one can expect to obtain a fine structure of the CS-kernel, which will help
to explore properties of the QCD vacuum [488]. The unpolarized TMDs will also
be significantly constrained through EIC data. The largest impact will be in the
regions that are not covered by present data, i.e., for low x and low z, where the
size of the uncertainty bands can be reduced by a factor ⇠ 4. In other regions, the
reduction of uncertainties is smaller, typically by a factor ⇠ 2. The EIC measure-

Figure 7.52: Comparison of relative uncertainty bands (i.e. uncertainties normalized by
central value) for up-quark unpolarized TMD PDFs (upper panel) and u ! p+ pion TMD
FFs (lower panel), at different values of x and z as a function of kT , for µ = 2 GeV. Lighter
band is the SV19 extraction, darker is SV19 with EIC pseudodata.
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Non-perturbative CS kernel: Chiral quarks and Coulomb-gauge-fixed quasi-TMD Swagato Mukherjee

plateaus are found in the moderate x-region even up to the largest b? used. The estimators seem to
diverge in the end-point regions of small and large x, signaling a breakdown of factorization. The
length of these plateaus, however, increases with increasing momentum.

No momentum dependence is found in the case of large b?, indicating well suppressed power
corrections even in the presence of larger statistical uncertainties at large momentum.

Finally, we average over the estimator �̂MS
(x, b?, µ, P1, P2) within x 2 [x0, 1 � x0] and varying

n1 and n2 pairs, considering only pairs with n2�n1 = 1. x0 is determined by requiring 2x0Pzb? > 1
and 2x0Pz > 0.7 GeV. Averages over x and di�erent n1/n2 pairs are carried out for each bootstrap
sample of gauge field configurations and the results are quoted from the median and 68% confidence
limit of the bootstrap sample distribution. The full results for the Collins-Soper kernel determined
with the Coulomb-gauge-fixed method are shown in Figure 3 as black points and black patches,
showing the results when excluding or including n1/n2 = 6/7 and 7/8, respectively. Results for
the gauge-invariant approach are shown via blue points and patches and are consistent with the
Coulomb-gauge-fixed method at small b?, though results beyond b? = 4a are excluded due to too
large noise.

Figure 3: The CS kernel as a function of transverse separation b?. Results from the CG quasi-TMDWFs are
shown as black points and patches. The results from the GI quasi-TMDWFs are shown as blue points and
patches. Phenomenological parameterizations of experimental data are shown in colored bands, including
data from MAP24[11], ART23[8], IFY23[9] and HSO24[10]. Furthermore, perturbative results up to N

3
LL

are shown.

4. Conclusion

We performed the first lattice QCD calculation of the Collins-Soper kernel using the recently
proposed Coulomb-gauge-fixed quasi-TMD method with Domain-Wall fermions and physical quark
masses. We find the Coulomb-gauge-fixed method to produce significantly better signal-to-noise
ratios compared to the gauge-invariant method, allowing us to extend our calculations of the Collins-
Soper kernel to large values of b?. Additionally, our results agree well with the established gauge-
invariant method as well as recent phenomenological parameterizations of experimental data and we
are able to reproduce the linear b?-dependence found in the phenomenological parameterizations.
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Extensively studied by lattice QCD



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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CONCLUSIONS
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TMD physics is a data driven science
TMD studies have made great progress, they are 
synergistic with many other areas: lattice QCD, SCET, 
small-x, jets, etc
Current: HERMES, COMPASS, JLab 12, BELLE, RHIC 
spin, and LHC provide great experimental measurements 
for TMD physics
Future: Electron-lon Collider, together with other 
experiments such as JLab 12, LHC, and BELLE II, will 
make significant contributions to TMD studies


