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TMD FACTORIZATION LP!

In recent years we have learnt a lot about this formula. For instance:

Its range of applicability is provided by     


We have a non-perturbative evolution kernel (whose perturbative part is known 
at N3LO!!). We can work with different schemes (CSS, -prescription, ..).


We have a re-factorization of TMD at large transverse momentum in Wilson 
coefficients  (now at N3LO!!) and PDF (now at NNLO!!)   


PDF are just part of a model     

δ =
qT

Q
≪ 1, fixed-qT, δ ∼ 0.25

ζ

f1, f←h(x, b) = ∑
f′￼

fNP(x, b)∫
1

x

dy
y

Cf←f′￼(y, LμOPE
, as(μOPE)) ff←h(x /y, μOPE)



TMD FACTORIZATION

We can  :

Perform an extraction of TMD at N4LL (higher order than PDF..)


Analyze the source of errors

Be ready for NLP corrections

In this talk I will consider the first two points

We call the new Artemide code extraction

ART23 



In SV19 we tried with several PDF sets

χ2
DY /NptPDF set

CT14 1,59
HERAPDF2.0 0,97

MMHT14 1,34
NNPDF3.1 1,14

PDF4LHC15 1,53

Also, in SV19, for , the uncertainty  bands .b → 0 → 0

10-3 10-2 10-1 1
0.7

0.8

0.9

1.0

1.1

1.2

1.3
10-3 10-2 10-1 1

x u(x,2GeV)

10-3 10-2 10-1 1
0.7

0.8

0.9

1.0

1.1

1.2

1.3
10-3 10-2 10-1 1

x d(x,2GeV)

x x

HERA20 MSHT20 CT18 NNPDF3.1

Figure 1: Comparison of the uncertainty bands of PDFs extracted by different groups for u and
d quarks. The PDFs are weighted by an average of the central values.

• CT18. The NNLO extraction by the CTEQ collaboration presented in ref. [29] with Hesse
error band. The LHAPDF entry is CT18NNLO with id = 14000.

• MSHT20. The NNLO extraction by the MSHT collaboration presented in ref. [30] with
Hesse error band. The LHAPDF entry is MSHT20nnlo_as118 with id = 27400.

The comparison of these PDF sets for u- and d-quarks at scale µ = 2 GeV is presented in fig. 1.
In what follows the analyses are done using Bayesian statistics, which requires representing

the PDFs as Monte-Carlo (MC) ensembles. As the NNPDF31 set is already given in this form,
no further pre-processing is required. The other three distributions have a Hessian definition of
uncertainty bands. The corresponding MC ensembles are generated using the prescription given
in ref. [92]. Namely, for a distribution f(x) with 68% C.I. for each eigenvector given by f±

i (i =
1, . . . , D, with f+

i and f�
i the upper and lower bounds, respectively), a MC replica is generated by
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where R(k)
i is a univariate random number. Using this method we generated 1000 MC replicas

for HERA20, CT18 and MSHT20, which were used in the analyses. We have checked that the
uncertainty bands obtained from the generated MC replicas are almost identical to the original
Hesse uncertainty bands. The comparison of uncertainty bands for different PDF sets is also shown
in fig.1.

4.3 Determination of uncertainties & presentation of the result

Within Bayesian statistics, the propagation of uncertainties to the free parameters is made by
fitting each member of the input ensemble. Our input ensemble is generated accounting for two
independent sources of uncertainty:

EXP: The experimental uncertainty is accounted for by generating pseudo-data. A replica of
the pseudo-data is obtained adding Gaussian noise to the values of the data points (and scaling
the uncertainties if required). The parameters of the noise are dictated by the correlated
and uncorrelated experimental uncertainties. The procedure is described in ref. [90]. We
considered such 100 replicas.
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THE PDF BIAS

So we have some questions to answer: 

1. Can we get good TMD fits for different collinear PDFs?


2. Would they have sensible uncertainty bands?


3. Would they the consistent with each other?



FLAVOR INDEPENDENT FNP

Most of replicas (64%) have  /N>2.

 Each replica has a peculiar shape
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PDF UNCERTAINTIES AND FLAVOUR DEPENDENCE
M. Bury, F. Hautmann, S. Leal-Gomez, I. Scimemi, A. Vladimirov, PZ, JHEP 10 (2022) 118

Flavor separation make fits more PDF set independent and modeling 
simpler

f f
NP(x, b) = exp  ( −

λf
1(1 − x) + λ f

2 x

1 + λ0x2b2
b2) f = u, ū, d, d̄, sea
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PDF UNCERTAINTIES AND FLAVOUR DEPENDENCE
M. Bury, F. Hautmann, S. Leal-Gomez, I. Scimemi, A. Vladimirov, PZ, JHEP 10 (2022) 118

We re-fit TMD, for each PDF replica.

We include the PDF uncertainties while keeping  fixed.fNP

We get reasonable 
uncertainty bands.



PDF UNCERTAINTIES AND FLAVOUR DEPENDENCE
M. Bury, F. Hautmann, S. Leal-Gomez, I. Scimemi, A. Vladimirov, PZ, JHEP 10 (2022) 118

The TMD obtained from different sets agree reasonably
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Figure 9: Comparison of the uncertainty band for unpolarized TMDPDFs extracted with different
PDFs. Here, the slice of optimal TMDPDF at x = 0.1 is shown as a function of b. For convenience
of presentation the plot is weighted with the central TMDPDF value averaged between different
PDF cases. The red line indicates the position of slice demonstrated in fig. 8.

Figure 10: The CS-kernel as a function of b extracted with different PDF inputs.
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ART23 
Flavor dependence.


All the latest datasets! 


W-boson production! 


Increased perturbative accuracy! ( ) 


Includes collinear PDF uncertainties!


A full new fit to Drell-Yan data.

N4LL

V. Moos, I. Scimemi, A. Vladimirov, PZ, arXiv:2305.07473 [hep-ph]

https://arxiv.org/abs/2305.07473


ART23: DETAILS
Evolution: 


We use the  prescription (I.S., A. Vladimirov JHEP 08 (2018) 003)

We use the integral form of the evolution kernel to introduce a 

scale dependence similar to CSS for direct comparison

                  


We discover that we are sensitive to log corrections to the NP 

part of the evolution kernel                   


ζ

𝒟(b, μ) = 𝒟small-b(b*, μ*) + ∫
μ

μ*

dμ′￼

μ′￼
Γcusp(μ′￼)+𝒟NP(b) b*(b) =

b

1 + b2

B2
NP

=
2e−γE

μ*

𝒟NP(b) = bb*[c0 + c1 ln( b*
BNP )]



ART23: DETAILS

Simple Parameterization:                          
f f
NP(x, b) =

1

cosh((λf
1(1 − x)+λ f

2 x)b)
f = u, ū, d, d̄, sea

Reference PDFs: MSHT20 

In total, 13 parameters



ART23: DETAILS

All the hottest data

CDF, D0
ATLAS

CMS

LHCb

PHENIX

STAR

E772
E605
E228

CDF, D0 (W-boson)

Total:

627 data points
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Figure 3. Distribution of data in the (x,Q) plane. Each data point can span large regions. The color

gradient darkens with an increasing number of data points contributing to a particular (x,Q) point.

where hqT i and hQi are the average values of qT and Q for the bin, and � is the relative uncorrelated
uncertainty. The second condition is actually needed only for the high-energy data, as it is satisfied
by all the data from the lower energy experiments with Q < 40 GeV. The selection rules of eq. (3.1)
allow us to keep control of the predictive power of the theory, and still incorporate a large amount
of data into the fit procedure. They are slightly softer than the rules used in refs. [7, 8], because
we plainly include all data with hqT i < 10 GeV.

The bulk of the data considered here has already been used in previous extractions, such
as [5–9]. This includes the fixed-target E288, E605, E772 experiments from FermiLab (263 data
points) [56–58], the Z-boson production data from the CDF and D0 experiments at Tevatron (107
data points) [59–63], and the LHC run-1 and run-2 measurements of Z-boson production by the
ATLAS, CMS, and LHCb collaborations (75 data points) [64–68]. Since these datasets are well-
known and have been well-studied in the past, we refer the reader to [5, 6, 8, 9] for a detailed
discussion on their properties. In addition to these, we have included the latest measurements done
at RHIC [28, 69] and the LHC [16, 29–31], and the W-boson production data from Tevatron [32, 33].
As we consider these data in the framework of TMD factorization for the first time, we find it
worthwhile to highlight the particularities of each set in the following lines.

The PHENIX data [69] were taken at
p
s = 200 GeV, which restricts the Q range (hQi = 7

GeV). It is the only modern DY measurement at low energy presently available, and has already
been studied within TMD factorization in refs. [6, 8, 9]. The Z/�-boson production measurement
at STAR [28] was made at moderately high energy (

p
s = 510 GeV) during the 2018-2020 runs and

the final results are currently in preparation for publication. Here we used the preliminary data.
In the present fit we include the recent y-di↵erential measurements of Z-boson production at

CMS [29] and LHCb [31], at
p
s = 13 TeV. These replace the corresponding integrated measure-

ments used in [8]. We also include the most precise (⇠ 0.1% uncertainty) measurement of the
Z-boson di↵erential cross-section by ATLAS [16]. Finally, we include the high-Q neutral-boson pro-
duction measurements by the CMS collaboration [30]. This dataset is unique, since it spans up to
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ART23: DETAILS
Fitting procedure: construct simultaneous replicas of the data 
AND the PDFs. Then fit.

The number of replicas needed to have a faithful representation 
of the TMDPDF distribution was deemed to be 1000.
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Figure 4. The histogram of the �2 values for the full dataset. The black line marks the position of the

mean prediction, and the blue band shows the 68%CI of the �2 distribution.

in-between members of ⇤i. The procedure described above allows to propagate all correlations
correctly.

This work presents a comprehensive analysis of error propagation in TMD phenomenology,
which is the first of its kind. The proposed procedure is expected to reduce the dependence on
PDFs as input parameters. However, the approach comes at the cost of increased computational
complexity. In the present work, we use the MSHT20 PDF set [34], which we present as the main
result. To cross check we also made an independent run (with 300 replicas) with the NNPDF3.1
PDF set [36]. The results of this run are given in the appendix A.

5 Results

In this section we present the results of the fitting procedure, starting with the quality of the data
description, and finishing with the presentation of the extracted TMD distributions and CS kernel.

5.1 Quality of data description

We found that current setup perfectly describes the data. The central value fit results in �
2
/Npt =

0.93. For the mean prediction (i.e. hd�[⇤i]i), �2
/Npt = 0.957, with the 68%CI (0.950, 1.048). The

histogram of �2
/Npt is given in fig. 4. The complete list of the �2-values for all datasets is presented

in tab. 4.
In comparison to the SV19 fit [8] we observe an overall improvement in the �2, which is especially

significant for the description of the LHC data (�2
LHC/Npt = 1.26+0.76

�0.15 with Npt = 230), and the
low-energy DY data (�2

low/Npt = 0.50+0.09
�0.03 with Npt = 266). Similarly to SV19, we observe that

the low-energy DY data su↵er of deficits in the normalization. This is a known feature of TMD
factorization (see e.g. the extended discussions in refs.[8, 27]). Given that the data have very large
normalization uncertainties, these deficits do not significantly impact the value of �

2; therefore
it is not clear at the moment, if the problem arises from a shortcoming of the theory or of the
measurements. Let us also mention that the PHENIX measurement (hQi = 7 GeV) does not show
any problem with the normalization.

In fig. 5 we present the comparison of theory vs ATLAS 13 TeV measurement, which is the most
precise measurement at our disposal (with uncorrelated uncertainties < 0.5%). In this plot one can
see that TMD factorization works up to qT ' 0.2 Q (even if in this particular case only data up to
qT = 10 GeV were included into the fit). At larger qT , the theory prediction is systematically lower
than the measurement: this is a signal of the necessity for power corrections. The full collection of
data plots is given in the appendix B.
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ART23: RESULTS

overall improvement w.r.t. SV19. Specially for the LHC data. 
Higher precision plays a key role here.

more realistic uncertainty bands than in SV19.

1 2 3 4 5
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0.8

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.
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CS kernel close to the one 
from the global fit MAP22

Figure 5. Comparison of data (here, the Z-Boson production at ATLAS
p
s = 13 TeV measurement [16])

with the theoretical prediction. The blue band is the 68%CI. The filled points were included into the fit

and the displayed �2 corresponds to those only.

5.2 Collins-Soper kernel

The plot of the CS kernel is presented in fig. 6. The values of parameters that we obtain are

BNP = 1.56+0.13
�0.09GeV, c0 = 3.69+0.65

�0.61 · 10
�2

, c1 = 5.82+0.64
�0.88 · 10

�2
. (5.1)

The parameters BNP and c0 are compatible with the ones extracted in SV19. In particular, for the
MMHT14 PDF (predecessor of MSHT20) SV19 found BNP = 1.55±0.29 and c0 = (4.7±1.47)·10�2.
Nonetheless, the shape of the distributions changes significantly due to the new logarithmic term
⇠ c1 in the ansatz of eq. (2.34). This term modifies the shape of the distribution at b ⇠ 1� 3 GeV,
leaving the large-b asymptotic behaviour untouched. The general shape and value of the CS kernel
are in good agreement with the MAP22 determination, as can be seen in fig. 6.

Of greater significance, in the current fit, the size of the uncertainty band for the CS kernel
is reduced, in contrast to that of the TMD distribution itself. This is correct, since in the ⇣-
prescription the CS kernel is exactly decorrelated from the TMDPDF (on the theory side), and the
quality of the data has increased. We also notice that the parameter c1 is clearly non-zero, which
indicates the presence of a non-negligible logarithmic behaviour in the next-to-leading power term
of the small-b expansion of the CS kernel.

5.3 Unpolarized TMD distribution

The values of the TMDPDF parameters extracted in the fit are

�
u
1 = 0.87+0.10

�0.10, �
u
2 = 0.91+0.33

�0.29, (5.2)

�
d
1 = 0.99+0.09

�0.12, �
d
2 = 6.06+1.36

�1.34,

�
ū
1 = 0.35+0.23

�0.22, �
ū
2 = 46.6+7.9

�8.1,

�
d̄
1 = 0.12+0.13

�0.11, �
d̄
2 = 1.53+0.54

�0.17,

�
sea
1 = 1.32+0.23

�0.24, �
sea
2 = 0.46+0.13

�0.45,

Most of these parameters have reasonable sizes, and they agree (within uncertainty) with similar
ones found in ref. [26]. However, the parameters �

d̄
1 and �

sea
2 show some problematic behaviour.
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�0.29, (5.2)

�
d
1 = 0.99+0.09

�0.12, �
d
2 = 6.06+1.36

�1.34,

�
ū
1 = 0.35+0.23

�0.22, �
ū
2 = 46.6+7.9

�8.1,

�
d̄
1 = 0.12+0.13

�0.11, �
d̄
2 = 1.53+0.54

�0.17,

�
sea
1 = 1.32+0.23

�0.24, �
sea
2 = 0.46+0.13

�0.45,

Most of these parameters have reasonable sizes, and they agree (within uncertainty) with similar
ones found in ref. [26]. However, the parameters �

d̄
1 and �

sea
2 show some problematic behaviour.
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B Comparison with data

In this appendix, we present all the data used for the fit, along with the resulting theory prediction
of our main fit (with MSHT20 PDF input). The depicted theory prediction is the distributions (of
replicas) average. The 68%CI of the theory prediction (see description in sec. 4.3) is shown as a
blue band. For a better visual comparison of data and theory predictions, the theory curves are
shifted by a factor d (eq. (4.9)) computed for the central line of the prediction. In all plots, we
demonstrate more data than those described by the TMD factorization theorem. The data points
used in the fit are shown by filled points, while the rest are shown by empty points.

Figure 12. Di↵erential cross-section for the Z/�⇤ boson production measured by CMS, at di↵erent values

of
p
s and Q, according to the legends in the plots.
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Figure 13. Di↵erential cross-section for the Z/�⇤ boson production measured by ATLAS, at di↵erent

values of
p
s, y, and Q. All details pertaining the values of the kinematic variables and their cut can be

seen in the plots. The plot for comparison with ATLAS at
p
s = 13 TeV can be found in fig.5 in a larger

scale.
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Figure 14. Di↵erential cross-section for the Z/�⇤ boson production measured by LHCb, at di↵erent values

of
p
s and y, according to the legends in the plots.
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Figure 16. Di↵erential cross-section for the Z/�⇤ (upper and center rows) and W (lower row) boson

production in the DY-process measured by CDF and D0, at di↵erent values of
p
s.
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Figure 15. Upper and central rows: di↵erential cross-section of the Z/�⇤ boson production measured by

CMS at di↵erent values of y (see the text on the plots for details). Lower row: di↵erential cross-section for

the DY process measured at PHENIX (left) and STAR (right).
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Figure 5. Comparison of data (here, the Z-Boson production at ATLAS
p
s = 13 TeV measurement [16])

with the theoretical prediction. The blue band is the 68%CI. The filled points were included into the fit

and the displayed �2 corresponds to those only.

5.2 Collins-Soper kernel

The plot of the CS kernel is presented in fig. 6. The values of parameters that we obtain are

BNP = 1.56+0.13
�0.09GeV, c0 = 3.69+0.65

�0.61 · 10
�2

, c1 = 5.82+0.64
�0.88 · 10

�2
. (5.1)

The parameters BNP and c0 are compatible with the ones extracted in SV19. In particular, for the
MMHT14 PDF (predecessor of MSHT20) SV19 found BNP = 1.55±0.29 and c0 = (4.7±1.47)·10�2.
Nonetheless, the shape of the distributions changes significantly due to the new logarithmic term
⇠ c1 in the ansatz of eq. (2.34). This term modifies the shape of the distribution at b ⇠ 1� 3 GeV,
leaving the large-b asymptotic behaviour untouched. The general shape and value of the CS kernel
are in good agreement with the MAP22 determination, as can be seen in fig. 6.

Of greater significance, in the current fit, the size of the uncertainty band for the CS kernel
is reduced, in contrast to that of the TMD distribution itself. This is correct, since in the ⇣-
prescription the CS kernel is exactly decorrelated from the TMDPDF (on the theory side), and the
quality of the data has increased. We also notice that the parameter c1 is clearly non-zero, which
indicates the presence of a non-negligible logarithmic behaviour in the next-to-leading power term
of the small-b expansion of the CS kernel.

5.3 Unpolarized TMD distribution

The values of the TMDPDF parameters extracted in the fit are

�
u
1 = 0.87+0.10

�0.10, �
u
2 = 0.91+0.33

�0.29, (5.2)
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d
1 = 0.99+0.09

�0.12, �
d
2 = 6.06+1.36

�1.34,

�
ū
1 = 0.35+0.23

�0.22, �
ū
2 = 46.6+7.9

�8.1,

�
d̄
1 = 0.12+0.13

�0.11, �
d̄
2 = 1.53+0.54

�0.17,

�
sea
1 = 1.32+0.23

�0.24, �
sea
2 = 0.46+0.13

�0.45,

Most of these parameters have reasonable sizes, and they agree (within uncertainty) with similar
ones found in ref. [26]. However, the parameters �

d̄
1 and �

sea
2 show some problematic behaviour.
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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.
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Figure 8. Sizes of the uncertainty bands in ART23 (green) in comparison to the those of the SV19

extraction (grey). The upper panel shows the b-dependence at x = 0.01. The lower panel shows the

x�dependence at b = 0.5 GeV�1.

6 Conclusions

The present extraction of unpolarized TMDPDF from the global fit of Drell-Yan data (refereed
as ART23) represents a significant step forward in comparison to previous analyses. The main
improvements are a higher order perturbative input (which reach N4LL), a consistent treatment of
PDF uncertainties in the error analysis, and the inclusion of additional data. We also use the flavor
dependent form of the fitting ansatz for TMDPDF. The introduction of flavor dependence reduces
the sensitivity to the choice of PDF sets, as observed in [26]. Furthermore, the newly incorporated
non-perturbative logarithmic dependence of the Collins-Soper evolution kernel, eq. (2.34), plays a
crucial role in achieving a successful fit.

We also find it particularly interesting that several groups find a reasonable agreement on
the Collins-Soper kernel (see fig. 6) despite somewhat di↵erent functional forms and uncertainty-
estimation procedure. Also the agreement with new Z-boson data at LHC and W-boson mediated
data at Tevatron is particularly comforting.

It is important to stress that the PDF uncertainties dominate the TMDPDF extraction, see
fig. 8. For that reason, the uncertianties on TMDPDFs that we find are larger by almost an order
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SUMMARY
We have performed a novel TMDPDF extraction: ART23.


We used all the newest measurements and also W-boson 
production data, finding a good description. 


For the first time, the PDF uncertainties are systematically 
included. And we have realistic uncertainty bands.


The flavor dependence in the NP ansatz is crucial to reduce 
the PDF bias.


The global fit (including SIDIS data) is … closer
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