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TMDs formally depend on two scales, but we set them equal.
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expressed as a convolution over the partonic transverse momenta of two TMD PDFs:

F
1
UU

�
xA, xB , |qT |, Q

�

= xA xB HDY(Q,µ)
X

a

ca(Q
2)

ˆ
d
2k?A d

2k?B f
a
1 (xA,k

2
?A;µ, ⇣A) f

ā
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In the above equation, HDY is the hard factor, which can be computed order by order in the strong coupling ↵s

and is equal to 1 at leading order.3 This function encodes the virtual part of the hard scattering and depends on
the hard scale Q and on the renormalisation scale µ. The unpolarized TMDs are denoted by f1. They depend
on the renormalization scale µ and the rapidity scale ⇣. The rapidity scales must obey the relation ⇣A⇣B = Q

4.
Throughout the paper, we will set µ2 = ⇣A = ⇣B = Q
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The structure of the TMD PDFs will be addressed in details in Sec. II C. The transverse momentum of the
active quark and antiquark are denoted as k?A,B . At low transverse momenta, the two variables xA,B take the
values:
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where ea, Va, and Aa are the electric, vector, and axial charges of the flavor a, respectively; V` and A` are the
vector and axial charges of the lepton `; sin ✓W is the weak mixing angle; MZ and �Z are mass and width of
the Z boson.

As discussed in Sec. III and summarized in Tab. II, for DY production the observable provided by the
experimental collaborations is the (normalized) cross section di↵erential with respect to |qT |. For each bin
delimited by the initial (i) and final (f) values of kinematical variables, the experimental values are compared
with the following theoretical quantity:

Oth
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where the
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symbol represents the integral divided by the width of the integration range. Hence, Eq. (10)
corresponds to the cross section in Eq. (3) averaged over the transverse momentum and integrated over rapidity
and invariant mass of the exchanged boson. The normalized cross section is obtained by dividing both sides of
Eq. (10) by the appropriate fiducial cross section, which is computed by employing the DYNNLO code [35, 36].5

3 In the present work, we follow the definition of Ref. [34].
4 Notice that in Ref. [5] the Fourier transform was defined with an extra 1/(2⇡) factor.
5 See https://www.physik.uzh.ch/en/groups/grazzini/research/Tools.html

http://www.arxiv.org/abs/2304.03302
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delimited by the initial (i) and final (f) values of kinematical variables, the experimental values are compared
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where the
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symbol represents the integral divided by the width of the integration range. Hence, Eq. (10)
corresponds to the cross section in Eq. (3) averaged over the transverse momentum and integrated over rapidity
and invariant mass of the exchanged boson. The normalized cross section is obtained by dividing both sides of
Eq. (10) by the appropriate fiducial cross section, which is computed by employing the DYNNLO code [35, 36].5

3 In the present work, we follow the definition of Ref. [34].
4 Notice that in Ref. [5] the Fourier transform was defined with an extra 1/(2⇡) factor.
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where ea, Va, and Aa are the electric, vector, and axial charges of the flavor a, respectively; V` and A` are the
vector and axial charges of the lepton `; sin ✓W is the weak mixing angle; MZ and �Z are mass and width of
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where ea, Va, and Aa are the electric, vector, and axial charges of the flavor a, respectively; V` and A` are the
vector and axial charges of the lepton `; sin ✓W is the weak mixing angle; MZ and �Z are mass and width of
the Z boson.

As discussed in Sec. III and summarized in Tab. II, for DY production the observable provided by the
experimental collaborations is the (normalized) cross section di↵erential with respect to |qT |. For each bin
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where the
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symbol represents the integral divided by the width of the integration range. Hence, Eq. (10)
corresponds to the cross section in Eq. (3) averaged over the transverse momentum and integrated over rapidity
and invariant mass of the exchanged boson. The normalized cross section is obtained by dividing both sides of
Eq. (10) by the appropriate fiducial cross section, which is computed by employing the DYNNLO code [35, 36].5

3 In the present work, we follow the definition of Ref. [34].
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FIG. 3: The x vs. Q
2 coverage spanned by the experimental data considered in this analysis (see also Tab. II and

Tab. III).

A. 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 . (53)

Table II summarizes all the DY datasets included in our analysis. For some DY datasets the experimental
observable is given within a fiducial region. This means that kinematic cuts on transverse momentum pT ` and
pseudo–rapidity ⌘` of the single final-state leptons are enforced (values reported in the next–to–last column
of Tab. II). For more details we refer the reader to Ref. [7]. The second column of Tab. II reports, for each
experiment, the number of data points (Ndat) that survive the kinematic cuts. The total number of DY data
points considered in this work is 484. Note that for E605 and E288 at 400 GeV we have excluded the bin in
Q containing the ⌥ resonance (Q ' 9.5 GeV).

As can be seen in Tab. II, the cross sections are released in di↵erent forms: some of them are normalized to the
total (fiducial) cross section while others are not. When necessary, the required total cross section � is computed
using the code DYNNLO [35, 36] with the MMHT14 collinear PDF set, consistently with the perturbative order
of the di↵erential cross section (see also Tab. I). More precisely, the total cross section is computed at NLO for
NNLL accuracy, and NNLO for N3LL� accuracy. The values of the total cross sections at di↵erent orders can
be found in Table 3 of Ref. [7]. For the ATLAS dataset at 13 TeV, the value of the fiducial cross section is
694.3 pb at NLO and 707.3 pb at NNLO.

B. SIDIS

The identification of the TMD region in SIDIS is not a trivial task and may be subject to revision as new
data appears and the theoretical description is improved, as discussed in dedicated studies [38, 94, 95].

First of all, a cut in the virtuality Q of the exchanged photon is necessary to respect the condition Q � ⇤QCD

needed for perturbation theory to be applicable. In this way also mass corrections and higher twist corrections
can be neglected. In this work, we require that Q > 1.4 GeV. Studies of SIDIS in collinear kinematics employ
similar cuts [29, 96].

In order to restrict ourselves to the SIDIS current fragmentation region and interpret the observables in terms
of parton distribution and fragmentation functions, we apply a cut in the kinematic variable z by requiring
0.2 < z < 0.7. The lower limit is the same used in the study of collinear fragmentation functions [29, 96]. We
used a slightly more restrictive upper limit, to avoid contributions from exclusive channels and to focus on a
region where the collinear fragmentation functions have small relative uncertainties.

For what concerns the cut on transverse momentum, our baseline choice is

|PhT | < min
⇥
min[c1 Q, c2 zQ] + c3 GeV, zQ

⇤
, (54)
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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 . (53)

Table II summarizes all the DY datasets included in our analysis. For some DY datasets the experimental
observable is given within a fiducial region. This means that kinematic cuts on transverse momentum pT ` and
pseudo–rapidity ⌘` of the single final-state leptons are enforced (values reported in the next–to–last column
of Tab. II). For more details we refer the reader to Ref. [7]. The second column of Tab. II reports, for each
experiment, the number of data points (Ndat) that survive the kinematic cuts. The total number of DY data
points considered in this work is 484. Note that for E605 and E288 at 400 GeV we have excluded the bin in
Q containing the ⌥ resonance (Q ' 9.5 GeV).

As can be seen in Tab. II, the cross sections are released in di↵erent forms: some of them are normalized to the
total (fiducial) cross section while others are not. When necessary, the required total cross section � is computed
using the code DYNNLO [35, 36] with the MMHT14 collinear PDF set, consistently with the perturbative order
of the di↵erential cross section (see also Tab. I). More precisely, the total cross section is computed at NLO for
NNLL accuracy, and NNLO for N3LL� accuracy. The values of the total cross sections at di↵erent orders can
be found in Table 3 of Ref. [7]. For the ATLAS dataset at 13 TeV, the value of the fiducial cross section is
694.3 pb at NLO and 707.3 pb at NNLO.

B. SIDIS

The identification of the TMD region in SIDIS is not a trivial task and may be subject to revision as new
data appears and the theoretical description is improved, as discussed in dedicated studies [38, 94, 95].

First of all, a cut in the virtuality Q of the exchanged photon is necessary to respect the condition Q � ⇤QCD

needed for perturbation theory to be applicable. In this way also mass corrections and higher twist corrections
can be neglected. In this work, we require that Q > 1.4 GeV. Studies of SIDIS in collinear kinematics employ
similar cuts [29, 96].

In order to restrict ourselves to the SIDIS current fragmentation region and interpret the observables in terms
of parton distribution and fragmentation functions, we apply a cut in the kinematic variable z by requiring
0.2 < z < 0.7. The lower limit is the same used in the study of collinear fragmentation functions [29, 96]. We
used a slightly more restrictive upper limit, to avoid contributions from exclusive channels and to focus on a
region where the collinear fragmentation functions have small relative uncertainties.

For what concerns the cut on transverse momentum, our baseline choice is

|PhT | < min
⇥
min[c1 Q, c2 zQ] + c3 GeV, zQ

⇤
, (54)
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di↵erently in transverse momentum space, we achieve a better description compared to both MAPTMD24 FI
(�2

0 = 1.40) and MAPTMD24 HD (�2
0 = 1.19) scenarios. The description improves for both SIDIS and DY

data.
We observe that both the MAPTMD24 and MAPTMD22 extractions [7] describe the data in a comparably

good way. Going into more detail, the MAPTMD24 extraction provides a better description of the DY data,
especially the high-energy ones, while there is a slight deterioration in the description of the SIDIS data (see
Tabs. IV and V).

We report in App. A the plots of the comparison between experimental data and theoretical predictions for
most of the included data sets, with the blue bands representing the 68% C.L. The plots show a very good
agreement for all experiments. We note that the uncertainty bands of our predictions are larger than those
in Ref. [7], as expected from the fact that we consider di↵erent members of collinear PDF and FF sets for
each Monte Carlo replica. This leads to a better assessment of the uncertainty in the normalization of our
predictions.

N3LL
Data set Ndat �

2
D �

2
� �

2
0

Tevatron total 71 1.10 0.07 1.17
LHCb total 21 3.56 0.96 4.52
ATLAS total 72 3.54 0.82 4.36
CMS total 78 0.38 0.05 0.43
PHENIX 200 2 2.76 1.04 3.80
STAR 510 7 1.12 0.26 1.38

DY collider total 251 1.37 0.28 1.65

E288 200 GeV 30 0.13 0.40 0.53
E288 300 GeV 39 0.16 0.26 0.42
E288 400 GeV 61 0.11 0.08 0.19
E772 53 0.88 0.20 1.08
E605 50 0.70 0.22 0.92

DY fixed-target total 233 0.63 0.31 0.94

HERMES total 344 0.81 0.24 1.05
COMPASS total 1203 0.67 0.27 0.94

SIDIS total 1547 0.70 0.26 0.96

Total 2031 0.81 0.27 1.08

TABLE V: Breakdown of the values of �2 normalized to the number of data points Ndat that survive the kinematic cuts
for all datasets considered in the MAPTMD24 fit. The �

2
D refers to uncorrelated uncertainties, �2

� is the penalty term
due to correlated uncertainties, �2

0 is the sum of �2
D and �

2
� (see text).

The values of the nonperturbative parameters and their uncertainties are reported in Tab. VIII of App. B.
All parameters are well constrained and not compatible with zero. We observe no strong correlations among
them (see Fig. 25 in App. B).

1. TMDs

We now discuss the TMD PDFs and FFs extracted from the MAPTMD24 FD fit at N3LL accuracy.
Figure 9 displays the unpolarized TMD PDFs for the various independent flavors, as functions of the partonic

transverse momentum |k?| at µ =
p

⇣ = Q = 2 GeV and x = 0.1 (left panel), x = 0.01 (central panel), and
x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.

We note that at x = 0.1 the contributions of the up and down quarks dominate. The d-quark TMD PDF
is larger at low values of |k?| and decreases more rapidly than the u-quark one. At small x, the contributions
from the sea quarks increase and become dominant at low |k?| values. Furthermore, at medium to low x the
ū-quark and d̄-quark TMD PDFs behave in a similar way, while the u-quark and d-quark ones are very di↵erent.

In Fig. 10, using the same notation as above, we show the normalized TMD PDFs, i.e., divided by the value
of the corresponding central replica at |k?| = 0. This representation allows one to better visualize the di↵erence
in shape among various flavors.

At x = 0.1 (left panel), the TMD PDFs of the sea (s) and d quarks show the sharpest decrease in |k?|, while
the d̄ quark is the widest. At x = 0.001, the s quark is still narrow, while the u quark is the widest. As x
becomes smaller, the TMD PDFs of u and d become much wider while there are no significant di↵erences in
the other TMD PDFs.

Moreover, the distribution of quarks not belonging to the valence content of the proton appears to be the least
constrained with large uncertainty bands for all x values, as expected from the lack of experimental data directly
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FIG. 9: Comparison between the unpolarized TMD PDFs extracted in the MAPTMD24 fit with a flavor dependent
approach, for a up (purple), anti-up (light blue), down (green), anti-down (red), and sea (orange) quark, as functions of
the partonic transverse momentum |k?| at µ =

p
⇣ = Q = 2 GeV and x = 0.1 (left panel), x = 0.01 (central panel), and

x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.
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FIG. 10: Comparison between the normalized unpolarized TMD PDFs extracted in the MAPTMD24 fit with a flavor-
dependent approach, for a up (purple), anti-up (light blue), down (green), anti-down (red), and sea (orange) quark, as
functions of the partonic transverse momentum |k?| at µ =

p
⇣ = Q = 2 GeV and x = 0.1 (left panel), x = 0.01 (central

panel), and x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.

sensitive to sea quarks. On the contrary, at larger x (left panel) the uncertainty bands of the TMD PDFs for up
and down quarks are very narrow, due to the large amount of SIDIS data in combination with high-precision
DY data. Finally, it is useful to remark that the uncertainties for all flavors increase as x decreases, confirming
the need for experimental data in this kinematic region.

In Fig. 11, we display the unpolarized TMD FFs for the fragmentation into a ⇡+ of up (purple) and down
(green) quarks, as functions of the hadronic transverse momentum |P?| at µ =

p
⇣ = Q = 2 GeV and z = 0.4

(left panel), and z = 0.6 (right panel). We note that the favored fragmentation channel (in this example,
u ! ⇡+) dominates over the unfavored one. Also, both TMD FFs show a second bump at intermediate |P?|
which decreases in size at larger z, as already observed in Sec. IV A.

In Fig. 12, we display the same TMD FFs of the previous figure but normalized to each corresponding central
replica at |P?| = 0. The unfavored channel (here, d ! ⇡+) is a↵ected by larger error bands. This is mainly
due to the larger uncertainties in the corresponding collinear FFs. There is generally no significant di↵erence
between favored and unfavored channels at high z, probably due to the limited sensitivity of SIDIS data in that
kinematic region.

In Fig. 13, we show the unpolarized TMD FFs for the fragmentation of quarks u, d, and s̄ into a K+ in the
same kinematic regions and with same conventions as in Fig. 11. Similarly, in Fig. 14 we show the normalized
versions, as we did in Fig. 12 for the fragmentation into a ⇡+. We note that in general the extracted TMD
FFs for kaons are a↵ected by larger uncertainties than for pions. Also, the bump at intermediate |P?| is more
pronounced than in the case of pions, as was also observed with the hadron-dependent MAPTMD24 HD fit (see
Fig. 8). Due to the size of the corresponding collinear FFs, the fragmentation channel s̄ ! K+ is dominant,
also in the normalized case. An interesting feature of our extraction is that the two favored channels (u ! K+

and s̄ ! K+) are quite di↵erent from each other. The large uncertainties in the s̄ ! K+ fragmentation channel
may be related to the fact that this TMD FF appears in the SIDIS cross section through the convolution with

15

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

|k�| [GeV]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

x
f

q 1
(x

,k
2 �
,Q

,Q
2
)

Q = 2 GeV

x = 0.1

u

d

d̄

ū
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approach, for a up (purple), anti-up (light blue), down (green), anti-down (red), and sea (orange) quark, as functions of
the partonic transverse momentum |k?| at µ =

p
⇣ = Q = 2 GeV and x = 0.1 (left panel), x = 0.01 (central panel), and

x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.
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FIG. 10: Comparison between the normalized unpolarized TMD PDFs extracted in the MAPTMD24 fit with a flavor-
dependent approach, for a up (purple), anti-up (light blue), down (green), anti-down (red), and sea (orange) quark, as
functions of the partonic transverse momentum |k?| at µ =

p
⇣ = Q = 2 GeV and x = 0.1 (left panel), x = 0.01 (central

panel), and x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.

At x = 0.1 (left panel), the TMD PDFs of the sea (s) and d quarks show the sharpest decrease in |k?|, while
the d̄ quark is the widest. At x = 0.001, the s quark is still narrow, while the u quark is the widest. As x
becomes smaller, the TMD PDFs of u and d become much wider while there are no significant di↵erences in
the other TMD PDFs.
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quarks, extracted in the MAPTMD24 fit with a flavor dependent approach, as functions of the hadronic transverse
momentum |P?| at µ =

p
⇣ = Q = 2 GeV and z = 0.4 (left panel), and z = 0.6 (right panel). The uncertainty bands

represent the 68% C.L.

Moreover, the distribution of quarks not belonging to the valence content of the proton appears to be the
least constrained with large uncertainty bands for all x values, as expected from the lack of experimental data
directly sensitive to sea quarks. On the contrary, at larger x (left panel) the uncertainty bands of the TMD
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dependent approach, for a up (purple), anti-up (light blue), down (green), anti-down (red), and sea (orange) quark, as
functions of the partonic transverse momentum |k?| at µ =

p
⇣ = Q = 2 GeV and x = 0.1 (left panel), x = 0.01 (central

panel), and x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.

sensitive to sea quarks. On the contrary, at larger x (left panel) the uncertainty bands of the TMD PDFs for up
and down quarks are very narrow, due to the large amount of SIDIS data in combination with high-precision
DY data. Finally, it is useful to remark that the uncertainties for all flavors increase as x decreases, confirming
the need for experimental data in this kinematic region.

In Fig. 11, we display the unpolarized TMD FFs for the fragmentation into a ⇡+ of up (purple) and down
(green) quarks, as functions of the hadronic transverse momentum |P?| at µ =

p
⇣ = Q = 2 GeV and z = 0.4

(left panel), and z = 0.6 (right panel). We note that the favored fragmentation channel (in this example,
u ! ⇡+) dominates over the unfavored one. Also, both TMD FFs show a second bump at intermediate |P?|
which decreases in size at larger z, as already observed in Sec. IV A.

In Fig. 12, we display the same TMD FFs of the previous figure but normalized to each corresponding central
replica at |P?| = 0. The unfavored channel (here, d ! ⇡+) is a↵ected by larger error bands. This is mainly
due to the larger uncertainties in the corresponding collinear FFs. There is generally no significant di↵erence
between favored and unfavored channels at high z, probably due to the limited sensitivity of SIDIS data in that
kinematic region.

In Fig. 13, we show the unpolarized TMD FFs for the fragmentation of quarks u, d, and s̄ into a K+ in the
same kinematic regions and with same conventions as in Fig. 11. Similarly, in Fig. 14 we show the normalized
versions, as we did in Fig. 12 for the fragmentation into a ⇡+. We note that in general the extracted TMD
FFs for kaons are a↵ected by larger uncertainties than for pions. Also, the bump at intermediate |P?| is more
pronounced than in the case of pions, as was also observed with the hadron-dependent MAPTMD24 HD fit (see
Fig. 8). Due to the size of the corresponding collinear FFs, the fragmentation channel s̄ ! K+ is dominant,
also in the normalized case. An interesting feature of our extraction is that the two favored channels (u ! K+

and s̄ ! K+) are quite di↵erent from each other. The large uncertainties in the s̄ ! K+ fragmentation channel
may be related to the fact that this TMD FF appears in the SIDIS cross section through the convolution with
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the partonic transverse momentum |k?| at µ =
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⇣ = Q = 2 GeV and x = 0.1 (left panel), x = 0.01 (central panel), and

x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.
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panel), and x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.

sensitive to sea quarks. On the contrary, at larger x (left panel) the uncertainty bands of the TMD PDFs for up
and down quarks are very narrow, due to the large amount of SIDIS data in combination with high-precision
DY data. Finally, it is useful to remark that the uncertainties for all flavors increase as x decreases, confirming
the need for experimental data in this kinematic region.

In Fig. 11, we display the unpolarized TMD FFs for the fragmentation into a ⇡+ of up (purple) and down
(green) quarks, as functions of the hadronic transverse momentum |P?| at µ =

p
⇣ = Q = 2 GeV and z = 0.4

(left panel), and z = 0.6 (right panel). We note that the favored fragmentation channel (in this example,
u ! ⇡+) dominates over the unfavored one. Also, both TMD FFs show a second bump at intermediate |P?|
which decreases in size at larger z, as already observed in Sec. IV A.

In Fig. 12, we display the same TMD FFs of the previous figure but normalized to each corresponding central
replica at |P?| = 0. The unfavored channel (here, d ! ⇡+) is a↵ected by larger error bands. This is mainly
due to the larger uncertainties in the corresponding collinear FFs. There is generally no significant di↵erence
between favored and unfavored channels at high z, probably due to the limited sensitivity of SIDIS data in that
kinematic region.

In Fig. 13, we show the unpolarized TMD FFs for the fragmentation of quarks u, d, and s̄ into a K+ in the
same kinematic regions and with same conventions as in Fig. 11. Similarly, in Fig. 14 we show the normalized
versions, as we did in Fig. 12 for the fragmentation into a ⇡+. We note that in general the extracted TMD
FFs for kaons are a↵ected by larger uncertainties than for pions. Also, the bump at intermediate |P?| is more
pronounced than in the case of pions, as was also observed with the hadron-dependent MAPTMD24 HD fit (see
Fig. 8). Due to the size of the corresponding collinear FFs, the fragmentation channel s̄ ! K+ is dominant,
also in the normalized case. An interesting feature of our extraction is that the two favored channels (u ! K+

and s̄ ! K+) are quite di↵erent from each other. The large uncertainties in the s̄ ! K+ fragmentation channel
may be related to the fact that this TMD FF appears in the SIDIS cross section through the convolution with

normalized to the same value at k⊥ = 0 15

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

|k�| [GeV]

0.0

0.1

0.2

0.3

0.4

0.5

0.6

x
f

q 1
(x

,k
2 �
,Q

,Q
2
)

Q = 2 GeV

x = 0.1

u

d

d̄

ū
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x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.
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ū

s

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

|k�| [GeV]

Q = 2 GeV

x = 0.001
u

d

d̄

ū
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dependent approach, for a up (purple), anti-up (light blue), down (green), anti-down (red), and sea (orange) quark, as
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p
⇣ = Q = 2 GeV and x = 0.1 (left panel), x = 0.01 (central

panel), and x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.

At x = 0.1 (left panel), the TMD PDFs of the sea (s) and d quarks show the sharpest decrease in |k?|, while
the d̄ quark is the widest. At x = 0.001, the s quark is still narrow, while the u quark is the widest. As x
becomes smaller, the TMD PDFs of u and d become much wider while there are no significant di↵erences in
the other TMD PDFs.
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quarks, extracted in the MAPTMD24 fit with a flavor dependent approach, as functions of the hadronic transverse
momentum |P?| at µ =

p
⇣ = Q = 2 GeV and z = 0.4 (left panel), and z = 0.6 (right panel). The uncertainty bands

represent the 68% C.L.

Moreover, the distribution of quarks not belonging to the valence content of the proton appears to be the
least constrained with large uncertainty bands for all x values, as expected from the lack of experimental data
directly sensitive to sea quarks. On the contrary, at larger x (left panel) the uncertainty bands of the TMD
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ū

s

FIG. 9: Comparison between the unpolarized TMD PDFs extracted in the MAPTMD24 fit with a flavor dependent
approach, for a up (purple), anti-up (light blue), down (green), anti-down (red), and sea (orange) quark, as functions of
the partonic transverse momentum |k?| at µ =

p
⇣ = Q = 2 GeV and x = 0.1 (left panel), x = 0.01 (central panel), and

x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
|k�| [GeV]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

f
q 1
(x

,k
2 �
,Q

,Q
2
)

f
q 1
(x

,0
,Q

,Q
2
)

Q = 2 GeV

x = 0.1
u

d

d̄

ū
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dependent approach, for a up (purple), anti-up (light blue), down (green), anti-down (red), and sea (orange) quark, as
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p
⇣ = Q = 2 GeV and x = 0.1 (left panel), x = 0.01 (central

panel), and x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.

sensitive to sea quarks. On the contrary, at larger x (left panel) the uncertainty bands of the TMD PDFs for up
and down quarks are very narrow, due to the large amount of SIDIS data in combination with high-precision
DY data. Finally, it is useful to remark that the uncertainties for all flavors increase as x decreases, confirming
the need for experimental data in this kinematic region.

In Fig. 11, we display the unpolarized TMD FFs for the fragmentation into a ⇡+ of up (purple) and down
(green) quarks, as functions of the hadronic transverse momentum |P?| at µ =

p
⇣ = Q = 2 GeV and z = 0.4

(left panel), and z = 0.6 (right panel). We note that the favored fragmentation channel (in this example,
u ! ⇡+) dominates over the unfavored one. Also, both TMD FFs show a second bump at intermediate |P?|
which decreases in size at larger z, as already observed in Sec. IV A.

In Fig. 12, we display the same TMD FFs of the previous figure but normalized to each corresponding central
replica at |P?| = 0. The unfavored channel (here, d ! ⇡+) is a↵ected by larger error bands. This is mainly
due to the larger uncertainties in the corresponding collinear FFs. There is generally no significant di↵erence
between favored and unfavored channels at high z, probably due to the limited sensitivity of SIDIS data in that
kinematic region.

In Fig. 13, we show the unpolarized TMD FFs for the fragmentation of quarks u, d, and s̄ into a K+ in the
same kinematic regions and with same conventions as in Fig. 11. Similarly, in Fig. 14 we show the normalized
versions, as we did in Fig. 12 for the fragmentation into a ⇡+. We note that in general the extracted TMD
FFs for kaons are a↵ected by larger uncertainties than for pions. Also, the bump at intermediate |P?| is more
pronounced than in the case of pions, as was also observed with the hadron-dependent MAPTMD24 HD fit (see
Fig. 8). Due to the size of the corresponding collinear FFs, the fragmentation channel s̄ ! K+ is dominant,
also in the normalized case. An interesting feature of our extraction is that the two favored channels (u ! K+

and s̄ ! K+) are quite di↵erent from each other. The large uncertainties in the s̄ ! K+ fragmentation channel
may be related to the fact that this TMD FF appears in the SIDIS cross section through the convolution with
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x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
|k�| [GeV]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

f
q 1
(x

,k
2 �
,Q

,Q
2
)

f
q 1
(x

,0
,Q

,Q
2
)

Q = 2 GeV

x = 0.1
u

d

d̄

ū
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dependent approach, for a up (purple), anti-up (light blue), down (green), anti-down (red), and sea (orange) quark, as
functions of the partonic transverse momentum |k?| at µ =

p
⇣ = Q = 2 GeV and x = 0.1 (left panel), x = 0.01 (central

panel), and x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.

sensitive to sea quarks. On the contrary, at larger x (left panel) the uncertainty bands of the TMD PDFs for up
and down quarks are very narrow, due to the large amount of SIDIS data in combination with high-precision
DY data. Finally, it is useful to remark that the uncertainties for all flavors increase as x decreases, confirming
the need for experimental data in this kinematic region.

In Fig. 11, we display the unpolarized TMD FFs for the fragmentation into a ⇡+ of up (purple) and down
(green) quarks, as functions of the hadronic transverse momentum |P?| at µ =

p
⇣ = Q = 2 GeV and z = 0.4

(left panel), and z = 0.6 (right panel). We note that the favored fragmentation channel (in this example,
u ! ⇡+) dominates over the unfavored one. Also, both TMD FFs show a second bump at intermediate |P?|
which decreases in size at larger z, as already observed in Sec. IV A.

In Fig. 12, we display the same TMD FFs of the previous figure but normalized to each corresponding central
replica at |P?| = 0. The unfavored channel (here, d ! ⇡+) is a↵ected by larger error bands. This is mainly
due to the larger uncertainties in the corresponding collinear FFs. There is generally no significant di↵erence
between favored and unfavored channels at high z, probably due to the limited sensitivity of SIDIS data in that
kinematic region.

In Fig. 13, we show the unpolarized TMD FFs for the fragmentation of quarks u, d, and s̄ into a K+ in the
same kinematic regions and with same conventions as in Fig. 11. Similarly, in Fig. 14 we show the normalized
versions, as we did in Fig. 12 for the fragmentation into a ⇡+. We note that in general the extracted TMD
FFs for kaons are a↵ected by larger uncertainties than for pions. Also, the bump at intermediate |P?| is more
pronounced than in the case of pions, as was also observed with the hadron-dependent MAPTMD24 HD fit (see
Fig. 8). Due to the size of the corresponding collinear FFs, the fragmentation channel s̄ ! K+ is dominant,
also in the normalized case. An interesting feature of our extraction is that the two favored channels (u ! K+

and s̄ ! K+) are quite di↵erent from each other. The large uncertainties in the s̄ ! K+ fragmentation channel
may be related to the fact that this TMD FF appears in the SIDIS cross section through the convolution with
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approach, for a up (purple), anti-up (light blue), down (green), anti-down (red), and sea (orange) quark, as functions of
the partonic transverse momentum |k?| at µ =
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⇣ = Q = 2 GeV and x = 0.1 (left panel), x = 0.01 (central panel), and

x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.
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FIG. 10: Comparison between the normalized unpolarized TMD PDFs extracted in the MAPTMD24 fit with a flavor-
dependent approach, for a up (purple), anti-up (light blue), down (green), anti-down (red), and sea (orange) quark, as
functions of the partonic transverse momentum |k?| at µ =

p
⇣ = Q = 2 GeV and x = 0.1 (left panel), x = 0.01 (central

panel), and x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.

At x = 0.1 (left panel), the TMD PDFs of the sea (s) and d quarks show the sharpest decrease in |k?|, while
the d̄ quark is the widest. At x = 0.001, the s quark is still narrow, while the u quark is the widest. As x
becomes smaller, the TMD PDFs of u and d become much wider while there are no significant di↵erences in
the other TMD PDFs.
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FIG. 11: Comparison between the unpolarized TMD FFs for the fragmentation into a ⇡
+ of up (purple) and down (green)

quarks, extracted in the MAPTMD24 fit with a flavor dependent approach, as functions of the hadronic transverse
momentum |P?| at µ =

p
⇣ = Q = 2 GeV and z = 0.4 (left panel), and z = 0.6 (right panel). The uncertainty bands

represent the 68% C.L.

Moreover, the distribution of quarks not belonging to the valence content of the proton appears to be the
least constrained with large uncertainty bands for all x values, as expected from the lack of experimental data
directly sensitive to sea quarks. On the contrary, at larger x (left panel) the uncertainty bands of the TMD
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p
⇣ = Q = 2 GeV and x = 0.1 (left panel), x = 0.01 (central panel), and

x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.
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FIG. 10: Comparison between the normalized unpolarized TMD PDFs extracted in the MAPTMD24 fit with a flavor-
dependent approach, for a up (purple), anti-up (light blue), down (green), anti-down (red), and sea (orange) quark, as
functions of the partonic transverse momentum |k?| at µ =

p
⇣ = Q = 2 GeV and x = 0.1 (left panel), x = 0.01 (central

panel), and x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.

sensitive to sea quarks. On the contrary, at larger x (left panel) the uncertainty bands of the TMD PDFs for up
and down quarks are very narrow, due to the large amount of SIDIS data in combination with high-precision
DY data. Finally, it is useful to remark that the uncertainties for all flavors increase as x decreases, confirming
the need for experimental data in this kinematic region.

In Fig. 11, we display the unpolarized TMD FFs for the fragmentation into a ⇡+ of up (purple) and down
(green) quarks, as functions of the hadronic transverse momentum |P?| at µ =

p
⇣ = Q = 2 GeV and z = 0.4

(left panel), and z = 0.6 (right panel). We note that the favored fragmentation channel (in this example,
u ! ⇡+) dominates over the unfavored one. Also, both TMD FFs show a second bump at intermediate |P?|
which decreases in size at larger z, as already observed in Sec. IV A.

In Fig. 12, we display the same TMD FFs of the previous figure but normalized to each corresponding central
replica at |P?| = 0. The unfavored channel (here, d ! ⇡+) is a↵ected by larger error bands. This is mainly
due to the larger uncertainties in the corresponding collinear FFs. There is generally no significant di↵erence
between favored and unfavored channels at high z, probably due to the limited sensitivity of SIDIS data in that
kinematic region.

In Fig. 13, we show the unpolarized TMD FFs for the fragmentation of quarks u, d, and s̄ into a K+ in the
same kinematic regions and with same conventions as in Fig. 11. Similarly, in Fig. 14 we show the normalized
versions, as we did in Fig. 12 for the fragmentation into a ⇡+. We note that in general the extracted TMD
FFs for kaons are a↵ected by larger uncertainties than for pions. Also, the bump at intermediate |P?| is more
pronounced than in the case of pions, as was also observed with the hadron-dependent MAPTMD24 HD fit (see
Fig. 8). Due to the size of the corresponding collinear FFs, the fragmentation channel s̄ ! K+ is dominant,
also in the normalized case. An interesting feature of our extraction is that the two favored channels (u ! K+

and s̄ ! K+) are quite di↵erent from each other. The large uncertainties in the s̄ ! K+ fragmentation channel
may be related to the fact that this TMD FF appears in the SIDIS cross section through the convolution with
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sensitive to sea quarks. On the contrary, at larger x (left panel) the uncertainty bands of the TMD PDFs for up
and down quarks are very narrow, due to the large amount of SIDIS data in combination with high-precision
DY data. Finally, it is useful to remark that the uncertainties for all flavors increase as x decreases, confirming
the need for experimental data in this kinematic region.

In Fig. 11, we display the unpolarized TMD FFs for the fragmentation into a ⇡+ of up (purple) and down
(green) quarks, as functions of the hadronic transverse momentum |P?| at µ =

p
⇣ = Q = 2 GeV and z = 0.4

(left panel), and z = 0.6 (right panel). We note that the favored fragmentation channel (in this example,
u ! ⇡+) dominates over the unfavored one. Also, both TMD FFs show a second bump at intermediate |P?|
which decreases in size at larger z, as already observed in Sec. IV A.

In Fig. 12, we display the same TMD FFs of the previous figure but normalized to each corresponding central
replica at |P?| = 0. The unfavored channel (here, d ! ⇡+) is a↵ected by larger error bands. This is mainly
due to the larger uncertainties in the corresponding collinear FFs. There is generally no significant di↵erence
between favored and unfavored channels at high z, probably due to the limited sensitivity of SIDIS data in that
kinematic region.

In Fig. 13, we show the unpolarized TMD FFs for the fragmentation of quarks u, d, and s̄ into a K+ in the
same kinematic regions and with same conventions as in Fig. 11. Similarly, in Fig. 14 we show the normalized
versions, as we did in Fig. 12 for the fragmentation into a ⇡+. We note that in general the extracted TMD
FFs for kaons are a↵ected by larger uncertainties than for pions. Also, the bump at intermediate |P?| is more
pronounced than in the case of pions, as was also observed with the hadron-dependent MAPTMD24 HD fit (see
Fig. 8). Due to the size of the corresponding collinear FFs, the fragmentation channel s̄ ! K+ is dominant,
also in the normalized case. An interesting feature of our extraction is that the two favored channels (u ! K+

and s̄ ! K+) are quite di↵erent from each other. The large uncertainties in the s̄ ! K+ fragmentation channel
may be related to the fact that this TMD FF appears in the SIDIS cross section through the convolution with
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ū

s

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
|k�| [GeV]

Q = 2 GeV

x = 0.001
u

d

d̄

ū
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FIG. 10: Comparison between the normalized unpolarized TMD PDFs extracted in the MAPTMD24 fit with a flavor-
dependent approach, for a up (purple), anti-up (light blue), down (green), anti-down (red), and sea (orange) quark, as
functions of the partonic transverse momentum |k?| at µ =

p
⇣ = Q = 2 GeV and x = 0.1 (left panel), x = 0.01 (central

panel), and x = 0.001 (right panel). The uncertainty bands represent the 68% C.L.

sensitive to sea quarks. On the contrary, at larger x (left panel) the uncertainty bands of the TMD PDFs for up
and down quarks are very narrow, due to the large amount of SIDIS data in combination with high-precision
DY data. Finally, it is useful to remark that the uncertainties for all flavors increase as x decreases, confirming
the need for experimental data in this kinematic region.

In Fig. 11, we display the unpolarized TMD FFs for the fragmentation into a ⇡+ of up (purple) and down
(green) quarks, as functions of the hadronic transverse momentum |P?| at µ =

p
⇣ = Q = 2 GeV and z = 0.4

(left panel), and z = 0.6 (right panel). We note that the favored fragmentation channel (in this example,
u ! ⇡+) dominates over the unfavored one. Also, both TMD FFs show a second bump at intermediate |P?|
which decreases in size at larger z, as already observed in Sec. IV A.

In Fig. 12, we display the same TMD FFs of the previous figure but normalized to each corresponding central
replica at |P?| = 0. The unfavored channel (here, d ! ⇡+) is a↵ected by larger error bands. This is mainly
due to the larger uncertainties in the corresponding collinear FFs. There is generally no significant di↵erence
between favored and unfavored channels at high z, probably due to the limited sensitivity of SIDIS data in that
kinematic region.

In Fig. 13, we show the unpolarized TMD FFs for the fragmentation of quarks u, d, and s̄ into a K+ in the
same kinematic regions and with same conventions as in Fig. 11. Similarly, in Fig. 14 we show the normalized
versions, as we did in Fig. 12 for the fragmentation into a ⇡+. We note that in general the extracted TMD
FFs for kaons are a↵ected by larger uncertainties than for pions. Also, the bump at intermediate |P?| is more
pronounced than in the case of pions, as was also observed with the hadron-dependent MAPTMD24 HD fit (see
Fig. 8). Due to the size of the corresponding collinear FFs, the fragmentation channel s̄ ! K+ is dominant,
also in the normalized case. An interesting feature of our extraction is that the two favored channels (u ! K+

and s̄ ! K+) are quite di↵erent from each other. The large uncertainties in the s̄ ! K+ fragmentation channel
may be related to the fact that this TMD FF appears in the SIDIS cross section through the convolution with
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FIG. 15: The Collins–Soper kernel as a function of |bT | at the scale µ = 2 GeV from the three versions of the present
analysis (MAPTMD24 FI, MAPTMD24 HD, and MAPTMD24 FD), compared with the MAPTMD22 result [7]. The
uncertainty bands represent the 68% C.L. Dashed lines show the e↵ect of including the bmin-prescription of Eq. (20).

must be finite, positive across all the x and Q values considered in this fit, and dominated by the small-|k?|
region of the TMDs:

hk2
?iqr(x, Q) =

2M2 f̂q (1)
1 (x, |bT |, Q, Q2)

f̂q
1 (x, |bT |, Q, Q2)

����
|bT |=2.0 bmax

, (33)

where we denote with the subscript r the regularized definition of the average squared momenta.
The same arguments can be applied to the regularized average squared transverse momentum produced in

the fragmentation of a given quark q into the final state hadron h [7, 38, 103, 104]:

hP 2
?iq!h

r (z, Q) =
2 z2 M2

h D̂q!h (1)
1 (z, |bT |, Q, Q2)

D̂q!h
1 (z, |bT |, Q, Q2)

����
|bT |=2.0 bmax

, (34)

where the Fourier transform D̂q!h
1 of the TMD FF is defined in Eq. (13), and the first Bessel moment of the

TMD FF D̂q!h (1)
1 is defined as [38]:

D̂q!h (1)
1 (z, |bT |, Q, Q2) =

2⇡

M2
h

ˆ +1

0

d|P?|
z

|P?|
z

|P?|
z|bT |

J1

�
|bT ||P?|/z

�
Dq!h

1 (z, P 2
?, Q, Q2)

= � 2

M2
h

@

@b2
T

D̂q!h
1 (z, |bT |, Q, Q2) . (35)

In Fig. 16, we display the scatter plot of hP 2
?if!h

r at z = 0.5 versus hk2
?ifr for di↵erent flavors f . Lower

panels show the results at Q = 1 GeV, the upper-right panel at Q = 5 GeV. The hk2
?ifr in the right panels are

evaluated at x = 0.1, while the left panel at x = 0.001. In the upper-left corner we display the legend of the
various scatter plots with di↵erent color codes for the di↵erent flavors: the circles refer to hP 2

?if!⇡+

r for the

fragmentation into ⇡+ pions, while the triangles are for hP 2
?if!K+

r into K+ kaons. The black squares refer to
the mean value of each cluster of colored points. We display only the 68% C.L. of the di↵erent ensembles of
replicas.

The pink cluster, representing the replicas of the MAPTMD24 FI fit, appears along the x axis in an interme-
diate position with respect to other clusters, indicating that the nonperturbative component of the TMD PDFs
in the flavor-independent approach is approximately an average across di↵erent flavors. Similarly, its position
along the y axis is an average between the positions of the clusters of pions and kaons. The clusters for the
fragmentation into kaons appear at higher average squared transverse momenta than for pions, and are more
spread. For di↵erent values of x, the ordering of the various flavors changes. All these features reflect the results
of the MAPTMD24 FD fit that we already commented, in particular the outcome in Fig. 10. Finally, both the
values of hk2

?ifr and hP 2
?if!h

r increase as Q increases, since the evolution equations generate a broadening of
the transverse momentum distributions.
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must be finite, positive across all the x and Q values considered in this fit, and dominated by the small-|k?|
region of the TMDs:

hk2
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2M2 f̂q (1)
1 (x, |bT |, Q, Q2)
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1 (x, |bT |, Q, Q2)

����
|bT |=2.0 bmax

, (33)

where we denote with the subscript r the regularized definition of the average squared momenta.
The same arguments can be applied to the regularized average squared transverse momentum produced in

the fragmentation of a given quark q into the final state hadron h [7, 38, 103, 104]:
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In Fig. 16, we display the scatter plot of hP 2
?if!h

r at z = 0.5 versus hk2
?ifr for di↵erent flavors f . Lower

panels show the results at Q = 1 GeV, the upper-right panel at Q = 5 GeV. The hk2
?ifr in the right panels are

evaluated at x = 0.1, while the left panel at x = 0.001. In the upper-left corner we display the legend of the
various scatter plots with di↵erent color codes for the di↵erent flavors: the circles refer to hP 2

?if!⇡+

r for the

fragmentation into ⇡+ pions, while the triangles are for hP 2
?if!K+

r into K+ kaons. The black squares refer to
the mean value of each cluster of colored points. We display only the 68% C.L. of the di↵erent ensembles of
replicas.

The pink cluster, representing the replicas of the MAPTMD24 FI fit, appears along the x axis in an interme-
diate position with respect to other clusters, indicating that the nonperturbative component of the TMD PDFs
in the flavor-independent approach is approximately an average across di↵erent flavors. Similarly, its position
along the y axis is an average between the positions of the clusters of pions and kaons. The clusters for the
fragmentation into kaons appear at higher average squared transverse momenta than for pions, and are more
spread. For di↵erent values of x, the ordering of the various flavors changes. All these features reflect the results
of the MAPTMD24 FD fit that we already commented, in particular the outcome in Fig. 10. Finally, both the
values of hk2

?ifr and hP 2
?if!h

r increase as Q increases, since the evolution equations generate a broadening of
the transverse momentum distributions.

The CS kernel is “universal”  
(no flavor, no x, no hadron dependence)
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x bT

fNP(x, bT)

41 parameters + 1 parameter for CS kernel

2

the di↵erential cross section can be written as

d�DY

dqT dy dQ
=

8⇡↵2qT
9Q3

P xA xB H
DY(Q,µ)

X

a

ca(Q
2)

⇥

Z 1

0
dbT bTJ0

�
bT qT

�
f̂a
1 (xA, b

2
T ;µ, ⇣A) f̂

ā
1 (xB , b

2
T ;µ, ⇣B),

(1)

where y = ln
p

(q0 + qz)/(q0 � qz) is the lepton-pair ra-
pidity, ↵ is the electromagnetic coupling, P is a phase-
space-reduction factor accounting for possible lepton
cuts,1 xA,B = Qe±y/

p
s are the longitudinal momen-

tum fractions carried by the incoming quarks, H
DY is

a perturbative hard factor encoding the virtual part of
the scattering, and the sum runs over all active quark
flavours a with ca the quark electroweak charges.

In Eq. (1), f̂a
1 is the Fourier transform of the unpo-

larised TMD PDF of quark flavour a. It depends on
the quark longitudinal momentum fraction x and on the
variable bT = |bT |, where bT is Fourier-conjugated to
the quark intrinsic transverse momentum k?. It also de-
pends on the renormalisation scale µ and on the rapidity
scale ⇣ (with the constraint ⇣A⇣B = Q4). Such depen-
dence arises from the removal of ultraviolet and rapidity
divergences [15] and is controlled by corresponding evolu-
tion equations. The complete set of equations (omitting
unessential variables and indices) is given by

@f̂1
@ lnµ

= �(µ, ⇣) ,
@f̂1

@ ln
p
⇣
= K(µ) ,

@K

@ lnµ
=

@�

@ ln
p
⇣
= ��K(↵s(µ)) ,

(2)

where � and K are the anomalous dimensions of renor-
malisation group and of Collins–Soper equations, respec-
tively, and �K is the so-called cusp anomalous dimension
which relates the cross derivatives of f̂1.

Given a set of initial scales (µi, ⇣i), the solution to
these di↵erential equations allows us to determine the f̂1
at any final scales (µf , ⇣f ). In addition, in the region of

small transverse separations bT , the TMD PDF f̂1 can be
matched onto unpolarized collinear PDFs f1 through a
convolution with perturbatively calculable matching co-
e�cients C.

The resulting expression for the TMD PDF at the final
scales (µf , ⇣f ) is

f̂1(x, bT ;µf , ⇣f ) =
⇥
C ⌦ f1

⇤
(x, bT ;µi, ⇣i)

⇥ exp

⇢
K(µi) ln

p
⇣f

p
⇣i

+

Z µf

µi

dµ

µ


�F (↵s(µ))� �K(↵s(µ)) ln

p
⇣f
µ

��
,

(3)

1 See Appendix C of Ref. [5] for details.

where �F (↵s(µ)) = �(µ, µ2) and ⌦ indicates the Mellin
convolution over the longitudinal momentum fraction x.
A convenient choice for the initial scales is µi =

p
⇣i ⌘

µb = 2e��E/bT , with �E the Euler constant, in that it
avoids the insurgence of large logarithms in the anoma-
lous dimension K and in the matching coe�cients C.
The TMD PDF in Eq. (3) includes the resummation of

large logarithms of bT to all orders in perturbation theory.
A given logarithmic accuracy implies that each ingredient
in Eq. (3) must be computed to the appropriate pertur-
bative accuracy. The present extraction incorporates all
the necessary ingredients to reach N3LL accuracy [3].
The introduction of the scale µb ⇠ 1/bT requires a pre-

scription to avoid integrating in Eq. (1) over the QCD
Landau pole (⇤QCD) in the large-bT region. To this pur-
pose, we adopt the same choice of Refs. [1, 5, 7, 9, 16]
and replace µb with µb⇤ = 2e��E/b⇤, where

b⇤(bT , bmin, bmax) = bmax

✓
1� e�b4T /b4max

1� e�b4T /b4min

◆1/4

, (4)

with

bmax = 2e��E GeV�1 bmin = 2e��E/µf . (5)

This choice guarantees that the variable b⇤ rapidly satu-
rates to bmax at large values of bT , preventing µb⇤ from
reaching ⇤QCD. However, b⇤ also introduces spurious
power corrections that scale like (⇤QCD/qT )k [17–20],
with k > 0. In the region qT ' ⇤QCD, these power
corrections become sizeable and can be modelled by in-
cluding in Eq. (3) the nonperturbative function fNP as
follows:

f̂1(x, bT ;µf , ⇣f ) =
⇥
C ⌦ f1

⇤
(x, bT ;µb⇤ , µ

2
b⇤)

⇥ exp

⇢
K(b⇤, µb⇤) ln

p
⇣f

µb⇤

+

Z µf

µb⇤

dµ

µ


�F (↵s(µ))� �K(↵s(µ)) ln

p
⇣f
µ

��

⇥ fNP(x, bT ; ⇣f ) .

(6)

The nonperturbative function must satisfy the condition
fNP ! 1 for bT ! 0 in order to recover the perturbative
regime. It must also grant that the TMD PDF is sup-
pressed for large values of bT and ⇣f . We parametrise
fNP using a NN but enforcing these physically required
constraints. We explored several di↵erent NN parametri-
sations and will report on them in a future work. As a
proof of concept, in this work we focus on the following
model:

fNP(x, bT ; ⇣) =
NN(x, bT )
NN(x, 0) exp


�g22b

2
T log

✓
⇣

Q2
0

◆�
, (7)

where, as customary, we split fNP into an “intrinsic” non-
perturbative part, entirely parametrised by the NN (de-
noted as NN), and the nonperturbative contribution to
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the rapidity evolution, encoded in the exponential func-
tion. The NN is taken with architecture [2, 10, 1], i.e.
with two inputs corresponding to x and bT , 10 hidden
nodes, and one output node. The activation function
associated to the nodes of the hidden layer is

�(z) =
1

2

✓
1 +

z

1 + |z|

◆
, (8)

which resembles the more traditional sigmoid function
but o↵ers a significant reduction of computational bur-
den while granting an excellent quality of the final result.
The activation function for the outer layer is instead cho-
sen to be quadratic. The reference scale for the rapidity
evolution is set to Q0 = 1 GeV. The parametrisation
of the function fNP in Eq. (7) is engineered to match the
constraints mentioned above, namely fNP ! 1 for bT ! 0
and fNP ⌧ 1 for large bT and ⇣f . With this setup, we
have a total of 42 free parameters, 41 associated to the
NN and one (g2) to the evolution.

The values of the best-fit parameters are obtained by
minimising a �2 that accounts for all sources of experi-
mental uncertainties. The minimisation is performed us-
ing the Levenberg–Marquardt algorithm as implemented
in the Ceres-Solver package [21]. An important aspect
of our analysis is that the gradient of the �2 with respect
to the free parameters is evaluated analytically by ex-
ploiting the ability to compute the derivatives of the NN
with respect to its parameters in a closed form [22]. This
feature is crucial to ensure a fast and stable convergence
of the minimisation procedure.

Finally, overfitting is a well known problem of phe-
nomenological analyses based on NNs [23, 24]. We avoid
it by using the cross-validation method [25]. Specifically,
the data set is split into two subsets: one for training
and one for validation. The training set is used to de-
termine the best-fit parameters, while the validation set
is used to monitor the quality of the fit. The best-fit set
of parameters is determined by requiring the �2 of the
validation set to be minimal. In our analysis, we divided
the data set into validation and training sets of the same
size.

Results

In this section, we discuss the results for the fit of fNP in
Eq. (7) to the DY experimental data included in the most
recent analyses of the MAP Collaboration (see Refs. [7, 9]
for more details). We consider fixed-target data from Fer-
milab (E605 [26], E288 [27], and E772 [28]) and collider
data from Tevatron (CDF [29, 30], D0 [31–33]), RHIC
(STAR [34]), and the LHC (LHCb [35–37], CMS [38–40],
ATLAS [41–43]).

The collinear PDFs f1 in Eq. (6) are taken from the
MSHT2020 set [44] of the LHAPDF library [45] at next-
to-next-to-leading-order, which is necessary to achieve

N3LL. The strong coupling ↵s is obtained from the same
PDF set. We propagate the uncertainties of collinear
PDFs into TMD PDFs as in Refs. [7, 16]. In order to en-
sure applicability of TMD factorisation, we impose the
kinematic cut qT /Q < 0.2. We exclude all experimen-
tal data in the energy range of the ⌥ resonance (9 GeV
< Q < 11 GeV). Moreover, we neglect the PHENIX
data of Ref. [46], originally included in the analyses of
Refs. [7, 9], because only two data points survive the
qT /Q cut and their description is typically poor for any
parametrisation of fNP.
The propagation of the experimental uncertainties into

the TMD PDFs is achieved through Monte Carlo (MC)
sampling: an ensemble of Nrep = 250 fluctuations (repli-
cas) of the experimental data set is generated accounting
for correlated uncertainties, and each replica is used to
extract fNP.
In order to estimate the performance of our NN-based

fit, we performed an additional fit with the same set-
tings (data set, perturbative order, etc.) but parametris-
ing fNP with the functional form used in Ref. [7], which
features 12 free parameters. In Tab. I, we compare the
quality of the NN-based fit with this latter fit referred
to as MAP22 (see Ref. [47] for the full results). For
each data subset (fixed-target, RHIC, Tevatron, ATLAS,
CMS, and LHCb) we list the number of points included
in the fit (Ndat) and the reduced �2 (= �2/Ndat) of the
central replica, i.e. the fit to the experimental central
values without MC fluctuations. The total �2 is given
in the bottom line. For each �2 value, we also provide
separately uncorrelated (�2

D) and correlated (�2
�) contri-

butions (see Appendix B of Ref. [3] for more details).

Experiment Ndat �2 (�2
D + �2

�)

NN MAP22

Fixed-target 233 1.08 (0.98 + 0.10) 0.91 (0.70 + 0.21)

RHIC 7 1.11 (1.03 + 0.07) 1.45 (1.37 + 0.08)

Tevatron 71 0.80 (0.73 + 0.06) 1.20 (1.17 + 0.04)

LHCb 21 0.98 (0.88 + 0.10) 1.25 (1.05 + 0.20)

CMS 78 0.40 (0.38 + 0.02) 0.41 (0.35 + 0.06)

ATLAS 72 1.38 (1.09 + 0.29) 3.51 (3.03 + 0.49)

Total 482 0.97 (0.86 + 0.11) 1.28 (1.09 + 0.20)

TABLE I: Breakdown of the reduced �2 = �2/Ndat for each
subset included in the fit and for the total data set. Results
obtained with the parametrisation in Eq. (7) (NN) and that
of Ref. [7] (MAP22) are shown. �2

D and �2
� correspond to un-

correlated and correlated contributions to �2, respectively [3].

It is evident that the NN fit achieves a better descrip-
tion of data than MAP22, not only at the level of the
global �2 (0.97 for NN vs. 1.28 for MAP22), but also
for almost all single subsets (with the only exception of

4

fixed-target). Particularly significant is the improvement
for ATLAS, for which the �2 value drops from 3.51 for
MAP22 to 1.38 for NN. As the ATLAS measurements are
the most precise ones, this is a clear indication that the
NN parametrisation can better capture the information
encoded in the data. We also note that the correlated
contributions �2

� for the NN fit are generally smaller than
for MAP22, i.e. the NN fit is able to describe the data
without relying on large correlated shifts.
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FIG. 1: Comparison between experimental data (black dots)
and results obtained with NN (blue band) and MAP22 (red
band) fits. The top plot displays the 10.5 GeV < Q <
11.5 GeV bin of the E605 data set, while the bottom plot
displays the ATLAS measurements at 13 TeV. For each plot,
upper and lower panels show the actual distributions and their
ratios to the experimental central values, respectively. The-
oretical uncertainty bands correspond to one-� uncertainties,
error bars on experimental data display uncorrelated uncer-
tainties only.

A visual representation of this statement is given in
Fig. 1, where we show a comparison between experimen-
tal data and results of the fit for a representative selec-
tion of data: a Q-bin from the fixed-target E605 experi-
ment (top plot) and the ATLAS measurements at 13 TeV
(bottom plot). Blue and red bands correspond to one-�
uncertainties of NN and MAP22 fits, respectively, while
experimental data points are shown as black dots along

with their uncorrelated uncertainties. The upper panel
of each plot displays the absolute distributions while the
lower panel displays the distributions normalised to the
experimental central values.
In Fig. 1, it is evident that uncertainty bands are signif-

icantly di↵erent between NN and MAP22 fits, with the
former being generally smaller than the latter. This is
a direct consequence of the larger systematic shifts that
a↵ect MAP22 (see Tab. I). This is especially evident for
the E605 data where correlated uncertainties are partic-
ularly large. For the ATLAS data, the size of the bands
is comparable because systematic shifts are bound to be
small due to the small size of experimental uncertainties.
We also observe that the NN fit tends to better reproduce
the shape of the ATLAS data distribution.
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FIG. 2: The unpolarised TMD PDF of the u-quark in the
proton extracted using the NN (blue) and the MAP22 (red)
parametrisations at µ =

p
⇣ = 2 GeV and x = 0.01 as func-

tions of the quark transverse momentum |k?|. The upper
panel shows the actual distributions, while the bottom panel
shows their ratios to the respective central values. Error
bands represent one-� uncertainties.

In Fig. 2, we show the unpolarised TMD PDF of the
u-quark in the proton at µ =

p
⇣ = 2 GeV and x =

0.01 as a function of the quark transverse momentum
|k?|. As before, blue and red bands correspond to NN
and MAP22, respectively. The upper panel displays the
actual TMD distributions, while in the lower panel they
are normalised to the respective central values.
A generally good agreement between NN and MAP22

is observed, with the former featuring a larger relative
uncertainty band. This is a direct consequence of the
flexibility of the NN parametrisation. In this respect,
it is interesting to observe that the relative size of the
NN uncertainty band remains fairly stable up to |k?| ⇠
0.6 GeV, while it tends to increase for larger values of
|k?| because of the increasingly smaller central value.
On the contrary, the MAP22 relative uncertainty band
shrinks as |k?| increases. Moreover, it shows a node at
intermediate values of |k?|. This behaviour can be traced
back to the rigidity of the parametrisation.
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the rapidity evolution, encoded in the exponential func-
tion. The NN is taken with architecture [2, 10, 1], i.e.
with two inputs corresponding to x and bT , 10 hidden
nodes, and one output node. The activation function
associated to the nodes of the hidden layer is

�(z) =
1

2

✓
1 +

z

1 + |z|

◆
, (8)

which resembles the more traditional sigmoid function
but o↵ers a significant reduction of computational bur-
den while granting an excellent quality of the final result.
The activation function for the outer layer is instead cho-
sen to be quadratic. The reference scale for the rapidity
evolution is set to Q0 = 1 GeV. The parametrisation
of the function fNP in Eq. (7) is engineered to match the
constraints mentioned above, namely fNP ! 1 for bT ! 0
and fNP ⌧ 1 for large bT and ⇣f . With this setup, we
have a total of 42 free parameters, 41 associated to the
NN and one (g2) to the evolution.

The values of the best-fit parameters are obtained by
minimising a �2 that accounts for all sources of experi-
mental uncertainties. The minimisation is performed us-
ing the Levenberg–Marquardt algorithm as implemented
in the Ceres-Solver package [21]. An important aspect
of our analysis is that the gradient of the �2 with respect
to the free parameters is evaluated analytically by ex-
ploiting the ability to compute the derivatives of the NN
with respect to its parameters in a closed form [22]. This
feature is crucial to ensure a fast and stable convergence
of the minimisation procedure.

Finally, overfitting is a well known problem of phe-
nomenological analyses based on NNs [23, 24]. We avoid
it by using the cross-validation method [25]. Specifically,
the data set is split into two subsets: one for training
and one for validation. The training set is used to de-
termine the best-fit parameters, while the validation set
is used to monitor the quality of the fit. The best-fit set
of parameters is determined by requiring the �2 of the
validation set to be minimal. In our analysis, we divided
the data set into validation and training sets of the same
size.

Results

In this section, we discuss the results for the fit of fNP in
Eq. (7) to the DY experimental data included in the most
recent analyses of the MAP Collaboration (see Refs. [7, 9]
for more details). We consider fixed-target data from Fer-
milab (E605 [26], E288 [27], and E772 [28]) and collider
data from Tevatron (CDF [29, 30], D0 [31–33]), RHIC
(STAR [34]), and the LHC (LHCb [35–37], CMS [38–40],
ATLAS [41–43]).

The collinear PDFs f1 in Eq. (6) are taken from the
MSHT2020 set [44] of the LHAPDF library [45] at next-
to-next-to-leading-order, which is necessary to achieve

N3LL. The strong coupling ↵s is obtained from the same
PDF set. We propagate the uncertainties of collinear
PDFs into TMD PDFs as in Refs. [7, 16]. In order to en-
sure applicability of TMD factorisation, we impose the
kinematic cut qT /Q < 0.2. We exclude all experimen-
tal data in the energy range of the ⌥ resonance (9 GeV
< Q < 11 GeV). Moreover, we neglect the PHENIX
data of Ref. [46], originally included in the analyses of
Refs. [7, 9], because only two data points survive the
qT /Q cut and their description is typically poor for any
parametrisation of fNP.
The propagation of the experimental uncertainties into

the TMD PDFs is achieved through Monte Carlo (MC)
sampling: an ensemble of Nrep = 250 fluctuations (repli-
cas) of the experimental data set is generated accounting
for correlated uncertainties, and each replica is used to
extract fNP.
In order to estimate the performance of our NN-based

fit, we performed an additional fit with the same set-
tings (data set, perturbative order, etc.) but parametris-
ing fNP with the functional form used in Ref. [7], which
features 12 free parameters. In Tab. I, we compare the
quality of the NN-based fit with this latter fit referred
to as MAP22 (see Ref. [47] for the full results). For
each data subset (fixed-target, RHIC, Tevatron, ATLAS,
CMS, and LHCb) we list the number of points included
in the fit (Ndat) and the reduced �2 (= �2/Ndat) of the
central replica, i.e. the fit to the experimental central
values without MC fluctuations. The total �2 is given
in the bottom line. For each �2 value, we also provide
separately uncorrelated (�2

D) and correlated (�2
�) contri-

butions (see Appendix B of Ref. [3] for more details).

Experiment Ndat �2 (�2
D + �2

�)

NN MAP22

Fixed-target 233 1.08 (0.98 + 0.10) 0.91 (0.70 + 0.21)

RHIC 7 1.11 (1.03 + 0.07) 1.45 (1.37 + 0.08)

Tevatron 71 0.80 (0.73 + 0.06) 1.20 (1.17 + 0.04)

LHCb 21 0.98 (0.88 + 0.10) 1.25 (1.05 + 0.20)

CMS 78 0.40 (0.38 + 0.02) 0.41 (0.35 + 0.06)

ATLAS 72 1.38 (1.09 + 0.29) 3.51 (3.03 + 0.49)

Total 482 0.97 (0.86 + 0.11) 1.28 (1.09 + 0.20)

TABLE I: Breakdown of the reduced �2 = �2/Ndat for each
subset included in the fit and for the total data set. Results
obtained with the parametrisation in Eq. (7) (NN) and that
of Ref. [7] (MAP22) are shown. �2

D and �2
� correspond to un-

correlated and correlated contributions to �2, respectively [3].

It is evident that the NN fit achieves a better descrip-
tion of data than MAP22, not only at the level of the
global �2 (0.97 for NN vs. 1.28 for MAP22), but also
for almost all single subsets (with the only exception of

4

fixed-target). Particularly significant is the improvement
for ATLAS, for which the �2 value drops from 3.51 for
MAP22 to 1.38 for NN. As the ATLAS measurements are
the most precise ones, this is a clear indication that the
NN parametrisation can better capture the information
encoded in the data. We also note that the correlated
contributions �2

� for the NN fit are generally smaller than
for MAP22, i.e. the NN fit is able to describe the data
without relying on large correlated shifts.
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FIG. 1: Comparison between experimental data (black dots)
and results obtained with NN (blue band) and MAP22 (red
band) fits. The top plot displays the 10.5 GeV < Q <
11.5 GeV bin of the E605 data set, while the bottom plot
displays the ATLAS measurements at 13 TeV. For each plot,
upper and lower panels show the actual distributions and their
ratios to the experimental central values, respectively. The-
oretical uncertainty bands correspond to one-� uncertainties,
error bars on experimental data display uncorrelated uncer-
tainties only.

A visual representation of this statement is given in
Fig. 1, where we show a comparison between experimen-
tal data and results of the fit for a representative selec-
tion of data: a Q-bin from the fixed-target E605 experi-
ment (top plot) and the ATLAS measurements at 13 TeV
(bottom plot). Blue and red bands correspond to one-�
uncertainties of NN and MAP22 fits, respectively, while
experimental data points are shown as black dots along

with their uncorrelated uncertainties. The upper panel
of each plot displays the absolute distributions while the
lower panel displays the distributions normalised to the
experimental central values.
In Fig. 1, it is evident that uncertainty bands are signif-

icantly di↵erent between NN and MAP22 fits, with the
former being generally smaller than the latter. This is
a direct consequence of the larger systematic shifts that
a↵ect MAP22 (see Tab. I). This is especially evident for
the E605 data where correlated uncertainties are partic-
ularly large. For the ATLAS data, the size of the bands
is comparable because systematic shifts are bound to be
small due to the small size of experimental uncertainties.
We also observe that the NN fit tends to better reproduce
the shape of the ATLAS data distribution.
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FIG. 2: The unpolarised TMD PDF of the u-quark in the
proton extracted using the NN (blue) and the MAP22 (red)
parametrisations at µ =

p
⇣ = 2 GeV and x = 0.01 as func-

tions of the quark transverse momentum |k?|. The upper
panel shows the actual distributions, while the bottom panel
shows their ratios to the respective central values. Error
bands represent one-� uncertainties.

In Fig. 2, we show the unpolarised TMD PDF of the
u-quark in the proton at µ =

p
⇣ = 2 GeV and x =

0.01 as a function of the quark transverse momentum
|k?|. As before, blue and red bands correspond to NN
and MAP22, respectively. The upper panel displays the
actual TMD distributions, while in the lower panel they
are normalised to the respective central values.
A generally good agreement between NN and MAP22

is observed, with the former featuring a larger relative
uncertainty band. This is a direct consequence of the
flexibility of the NN parametrisation. In this respect,
it is interesting to observe that the relative size of the
NN uncertainty band remains fairly stable up to |k?| ⇠
0.6 GeV, while it tends to increase for larger values of
|k?| because of the increasingly smaller central value.
On the contrary, the MAP22 relative uncertainty band
shrinks as |k?| increases. Moreover, it shows a node at
intermediate values of |k?|. This behaviour can be traced
back to the rigidity of the parametrisation.
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Figure 8: Comparison of unpolarized TMDPDF for u-quark at x = 0.1 and x = 0.01 with
extractions made in refs. [21] (ART23), [81] (MAPNN) and [12] (MAP24). The comparison is done
for TMD distributions evaluated at 10GeV.

Figure 9: Optimal unpolarized TMDFFs for ⇡+ (upper row) and for K+ (lower row) as a function
of (x, b). The mean value is presented.

In fig. 8 and 11, we present a comparison of our extraction with earlier results from ref.[11, 12,
21, 81]. It is important to notice that the extractions by the MAP collaboration are performed using
the NangaParbat code, which employs a di↵erent scale setup. Specifically, the bmin-prescription is
used, which modifies the evolution at small-b. This di↵erence is responsible for the contrasting
behavior of the curves at b . 0.2 GeV�1. In the intermediate region b ⇠ 0.2 � 1 GeV�1, the
TMDPDF values are in general agreement. However, for larger values of b, the curves di↵er again.
This deviation does not indicate a discrepancy between the extractions, as the data are generally
insensitive to this region. Therefore, we conclude that there is overall agreement between our
extraction of the TMDPDFs and those from earlier works.

The TMDFFs distributions are shown in fig. 11 and they exhibit much less agreement. This
is understandable given that TMDFFs appear only in SIDIS and there are significant theoretical
di↵erences in the description of SIDIS data between our groups.

A larger number of plots comparing di↵erent extractions are presented in appendix B.

– 24 –

ART25 arXiv:2503.112021, see talk by V. Moos

comparison in bT space

https://arxiv.org/abs/2503.11.201


COMPARISON WITH ART25 22

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0

10

20

30

40

50

60

70

Figure 8: Comparison of unpolarized TMDPDF for u-quark at x = 0.1 and x = 0.01 with
extractions made in refs. [21] (ART23), [81] (MAPNN) and [12] (MAP24). The comparison is done
for TMD distributions evaluated at 10GeV.

Figure 9: Optimal unpolarized TMDFFs for ⇡+ (upper row) and for K+ (lower row) as a function
of (x, b). The mean value is presented.

In fig. 8 and 11, we present a comparison of our extraction with earlier results from ref.[11, 12,
21, 81]. It is important to notice that the extractions by the MAP collaboration are performed using
the NangaParbat code, which employs a di↵erent scale setup. Specifically, the bmin-prescription is
used, which modifies the evolution at small-b. This di↵erence is responsible for the contrasting
behavior of the curves at b . 0.2 GeV�1. In the intermediate region b ⇠ 0.2 � 1 GeV�1, the
TMDPDF values are in general agreement. However, for larger values of b, the curves di↵er again.
This deviation does not indicate a discrepancy between the extractions, as the data are generally
insensitive to this region. Therefore, we conclude that there is overall agreement between our
extraction of the TMDPDFs and those from earlier works.
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extractions made in refs. [21] (ART23), [81] (MAPNN) and [12] (MAP24). The comparison is done
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Figure 10: Optimal unpolarized TMDFFs as a function of b at fixed z = 0.3. For better visibility
some of curves are shifted by a constant o↵-set indicated in the plot. The s̄ distribution in kaon is
divided by 2.
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Figure 11: Comparison of unpolarized TMDPDF for u-quark at x = 0.1 and x = 0.01 with ex-
tractions made in refs. [11] (MAP22) and [12] (MAP24). Comparison is done for TMD distributions
evaluated at 10 GeV.

5.6 TMD distributions in momentum space

TMD distributions are naturally defined in position space; however, the Fourier transform of the
TMDPDF is interpreted as the 3D momentum xp+ + kT carried by the quark in the hadron, and
similarly for the TMDFF. They are defined as

f1(x,kT ;µ, ⇣) =

Z
d2b

(2⇡)2
ei(bkT )f1(x, b;µ, ⇣), (5.5)

and analogously for the TMDFF.
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Figure 4: Comparison of the CS kernel extracted in this work (labeled as ART25) with other
determinations, namely: (upper left panel) extraction from fits of data made in refs. [21] (ART23),
[10] (SV19), [81] (MAPNN), [12] (MAP24) and [11] (MAP22); (upper right panel) lattice compu-
tations performed in refs. [82] (BGMZ24), [83, 84] (ASWZ24), [85] (SSSV23), [86] (LPC22). For
the SSSV23 analyses only the extraction made with pion are presented for clarity; (lower panel)
model computations of CS kernel. The curve CASCADE correspond to the CS kernel used in the
parton branching approach within the CASCADE generator [87, 88] determined by the method of
ref. [89]. The orange line shows the result of the computation of the CS kernel in the instanton
vacuum model [90].

lattice simulations made in refs. [82–86], and with other theoretical approaches (parton shower [87,
88], instanton vacuum model [90]). In all cases we selected only the most recent extractions. The
comparison with earlier works, such as refs. [9, 14, 15, 89, 91–95], is not presented.

Comparison with other extractions reveals that determinations of the CS kernel fall into two
distinct groups. The first group (ART23, MAP22, MAP24) prefers a lower value of the CS kernel
and aligns well with lattice simulation [84] (ASWZ24). The second group (ART25, SV19, MAPNN)
obtains a CS kernel that is nearly twice as large for b � 0.5 GeV�1. Despite the significant
uncertainties in lattice data, both groups remain consistent with lattice simulations.

The larger CS kernel obtained in the present fit is primarily driven by the influence of SIDIS
data, which is also observed in the SV19 extraction. These data push the CS kernel to higher values
while compensating for this shift through fine-tuning of the TMDPDF parameters. In contrast,
the MAP22 and MAP24 analyses might be less sensitive to this e↵ect because they employ a
special procedure for normalizing the SIDIS data, which impacts the CS kernel determination.
In general, extractions incorporating SIDIS data are expected to be more reliable, as lower-qT
measurements provided by SIDIS data are more sensitive to larger b. Extractions based solely on
DY data have lower sensitivity to this region and may therefore be more susceptible to model biases.
The possibility to have a model bias in DY-only extractions is further supported by the fact that a
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LPC. PRD 109 (2024) 114513

➢ The first lattice QCD calculation of nucleon unpolarized TMDPDF:

TMDs on Lattice QCD: TMDPDFs

[ART 25: see talk by Valentin Moos on Tuesday ]

CONNECTIONS WITH LATTICE QCD: TMDS 25

LPC collaboration, arxiv:2211.02340

TMD pheno

Lattice QCD

https://arxiv.org/abs/2211.02340
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4

was observed in the MAPTMD22 extraction of unpolar-
ized quark TMDs [29] and it is most likely related to
the smaller experimental uncertainties in this fragmenta-
tion channel. In the Supplemental Material, we show the
comparison between experimental data and results of the
fit for all kinematic bins.

Parameters N1g ↵1g �1g

NLL 0.70± 0.54 27.81± 27.70 0.42± 0.86

NNLL 0.87± 0.72 6.73± 6.58 3.04± 3.09

TABLE II: Average values and uncertainties (68% C.L.) of
the free parameters in the helicity TMD PDF at NLL and
NNLL accuracy.

In Tab. II, we show the mean average values and asso-
ciated errors at 68% confidence level (C.L.) for the free
parameters in Eq. (7) at both NLL and NNLL accuracy.
We note that in both cases the free parameters are poorly
constrained. This is a consequence of the small number
of available experimental data.
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FIG. 1: Ratio between the helicity and unpolarized TMD
PDFs for quark u in a proton at NNLL as a function of the
quark transverse momentum |k?|, at Q = 1 GeV and for
x = 0.05 (left panel), x = 0.1 (central panel), and x = 0.3
(right panel). Light blue lines for all replicas of the fit, orange
band represents the 68% C.L.

In Fig. 1, we show the ratio between the helicity and
the unpolarized TMD PDFs for a quark u in a proton at
NNLL, as a function of the quark transverse momentum
|k?| at Q = 1 GeV and for x = 0.05 (left panel), x = 0.1
(central panel), and x = 0.3 (right panel). The light blue
lines represent all the replicas of our fit, while the orange
band includes only 68% of them, obtained by excluding
for each bin the largest and smallest 16% of them. We
note that the |k?| distribution of the ratio depends on x.
At relatively small x, the ratio is almost flat: the shape
of the |k?| distribution of helicity and unpolarized TMD
PDFs is approximately the same, the former being just
rescaled from the latter. At larger x, the trend is different
showing that the helicity TMD PDF has a sharper |k?|
distribution than the unpolarized one.

In the last years, efforts have been made to compute
TMDs with lattice QCD (see Ref. [49] and references
therein). In order to make a comparison between our
phenomenological extraction and lattice calculations, in

Fig. 2 we show the ratio between helicity and unpolarized
TMD PDFs for the valence quark uv, integrated over x as
a function of |k?| at Q = 2 GeV. The orange lines repre-
sent all the replicas of our fit at NNLL (orange band for
the 68% C.L.). The yellow and blue bands show the re-
sults of the lattice calculation of Ref. [50]. All the curves
from our extraction are obtained by a numerical inte-
gration in the range 10�3

 x  0.9 in order to avoid
numerical issues at the endpoints.
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FIG. 2: Ratio between the helicity and unpolarized TMD
PDFs for valence uv quark integrated upon x, as a function
of |k?| at Q = 2 GeV. Orange lines for all replicas of this fit
at NNLL (orange band for the 68% C.L.), yellow and blue
bands for the lattice calculations of Ref. [50].

We observe that the result of our phenomenological ex-
traction is in fair agreement with the lattice calculation
but have a milder slope. A similar result is obtained at
NLL accuracy. Further studies on the comparison with
lattice results are certainly needed to assess the compat-
ibility between the two different approaches.

While approaching the completion of this work, an-
other extraction of the helicity TMD PDF appeared in
Ref. [39]. The main differences with our extraction are
twofold. First, the authors of Ref. [39] implement the
scale dependence of TMDs using the ⇣-prescription [51]
rather than the CSS approach [43] used in Eqs. (2) and
(3). Second, they include in the fit the CLAS6 exper-
imental data and apply a more conservative transverse
momentum cut to HERMES data, resulting in a smaller
total number of analyzed data points compared to our
work. More importantly, the authors of Ref. [39] mod-
ify the x dependence of the collinear helicity PDF. This
has two important consequences: it breaks the match-
ing between helicity PDF and TMD PDF in the OPE
formula, and it implies that the integral over k? of the
helicity TMD PDF does not reproduce the helicity PDF,
even at NLL. As a final remark, the positivity constraint
|g1|  f1 is not enforced on the extracted helicity TMD
PDF, and indeed it appears to be violated.

MAP collaboration, arXiv:2409.18078

https://arxiv.org/abs/2409.18078


EXTRACTION OF TMD DEPENDENCE OF HELICITY 32

4

was observed in the MAPTMD22 extraction of unpolar-
ized quark TMDs [29] and it is most likely related to
the smaller experimental uncertainties in this fragmenta-
tion channel. In the Supplemental Material, we show the
comparison between experimental data and results of the
fit for all kinematic bins.

Parameters N1g ↵1g �1g

NLL 0.70± 0.54 27.81± 27.70 0.42± 0.86

NNLL 0.87± 0.72 6.73± 6.58 3.04± 3.09

TABLE II: Average values and uncertainties (68% C.L.) of
the free parameters in the helicity TMD PDF at NLL and
NNLL accuracy.

In Tab. II, we show the mean average values and asso-
ciated errors at 68% confidence level (C.L.) for the free
parameters in Eq. (7) at both NLL and NNLL accuracy.
We note that in both cases the free parameters are poorly
constrained. This is a consequence of the small number
of available experimental data.
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FIG. 1: Ratio between the helicity and unpolarized TMD
PDFs for quark u in a proton at NNLL as a function of the
quark transverse momentum |k?|, at Q = 1 GeV and for
x = 0.05 (left panel), x = 0.1 (central panel), and x = 0.3
(right panel). Light blue lines for all replicas of the fit, orange
band represents the 68% C.L.

In Fig. 1, we show the ratio between the helicity and
the unpolarized TMD PDFs for a quark u in a proton at
NNLL, as a function of the quark transverse momentum
|k?| at Q = 1 GeV and for x = 0.05 (left panel), x = 0.1
(central panel), and x = 0.3 (right panel). The light blue
lines represent all the replicas of our fit, while the orange
band includes only 68% of them, obtained by excluding
for each bin the largest and smallest 16% of them. We
note that the |k?| distribution of the ratio depends on x.
At relatively small x, the ratio is almost flat: the shape
of the |k?| distribution of helicity and unpolarized TMD
PDFs is approximately the same, the former being just
rescaled from the latter. At larger x, the trend is different
showing that the helicity TMD PDF has a sharper |k?|
distribution than the unpolarized one.

In the last years, efforts have been made to compute
TMDs with lattice QCD (see Ref. [49] and references
therein). In order to make a comparison between our
phenomenological extraction and lattice calculations, in

Fig. 2 we show the ratio between helicity and unpolarized
TMD PDFs for the valence quark uv, integrated over x as
a function of |k?| at Q = 2 GeV. The orange lines repre-
sent all the replicas of our fit at NNLL (orange band for
the 68% C.L.). The yellow and blue bands show the re-
sults of the lattice calculation of Ref. [50]. All the curves
from our extraction are obtained by a numerical inte-
gration in the range 10�3

 x  0.9 in order to avoid
numerical issues at the endpoints.
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FIG. 2: Ratio between the helicity and unpolarized TMD
PDFs for valence uv quark integrated upon x, as a function
of |k?| at Q = 2 GeV. Orange lines for all replicas of this fit
at NNLL (orange band for the 68% C.L.), yellow and blue
bands for the lattice calculations of Ref. [50].

We observe that the result of our phenomenological ex-
traction is in fair agreement with the lattice calculation
but have a milder slope. A similar result is obtained at
NLL accuracy. Further studies on the comparison with
lattice results are certainly needed to assess the compat-
ibility between the two different approaches.

While approaching the completion of this work, an-
other extraction of the helicity TMD PDF appeared in
Ref. [39]. The main differences with our extraction are
twofold. First, the authors of Ref. [39] implement the
scale dependence of TMDs using the ⇣-prescription [51]
rather than the CSS approach [43] used in Eqs. (2) and
(3). Second, they include in the fit the CLAS6 exper-
imental data and apply a more conservative transverse
momentum cut to HERMES data, resulting in a smaller
total number of analyzed data points compared to our
work. More importantly, the authors of Ref. [39] mod-
ify the x dependence of the collinear helicity PDF. This
has two important consequences: it breaks the match-
ing between helicity PDF and TMD PDF in the OPE
formula, and it implies that the integral over k? of the
helicity TMD PDF does not reproduce the helicity PDF,
even at NLL. As a final remark, the positivity constraint
|g1|  f1 is not enforced on the extracted helicity TMD
PDF, and indeed it appears to be violated.

MAP collaboration, arXiv:2409.18078
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FIG. 1. Results of TMD helicity distributions at Q = 2GeV. The bands represent 68% CL from the fits of 1000 replicas.

the valence component is no longer adequate and parton
distributions are highly driven by complex QCD dynam-
ics. Therefore, valuable insights on nucleon spin struc-
tures and strong interaction dynamics can be obtained
from TMD helicity distributions.

In addition, we also calculate the kT -integrated distri-
butions,

g(0)
1L (x) =

Z
d2kT g1L(x, kT ), (21)

which is also referred to as the zeroth transverse momen-
tum moment. Here we di↵erentiate the notation from
the collinear helicity distribution g1(x), since the bare
level identity between kT -integrated TMD distribution
and collinear distribution does not hold at the renor-
malized level [35, 93]. Despite of this fact, a numerical
examination of unpolarized TMD and collinear distribu-
tions suggested that approximate agreement might be
achieved if applying the cut kT  Q to the integral [94].
Hence we adopt the same cut to evaluate the kT inte-
gral, and the kT -integrated polarization distributions are
shown in Fig. 3, in comparison with those from collinear
analysis [39, 95]. Within the data covered region, up to
x ⇠ 0.3, the TMD and collinear results roughly agree
with each other, while there are deviations when extrap-
olating to higher-x region. Polarized SIDIS experiments
at Je↵erson Lab can make measurements at larger x val-
ues [84], which will improve the determination in the ex-
trapolated region.

Summary and outlook.—We report the first global
analysis of TMD helicity distributions. The analysis is
performed within the TMD factorization at NLO and
NNLL accuracy by fitting the longitudinal DSA measure-
ments in the SIDIS process. The results show nonzero
signals of u quark and d quark TMD helicity distribu-
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was observed in the MAPTMD22 extraction of unpolar-
ized quark TMDs [29] and it is most likely related to
the smaller experimental uncertainties in this fragmenta-
tion channel. In the Supplemental Material, we show the
comparison between experimental data and results of the
fit for all kinematic bins.

Parameters N1g ↵1g �1g

NLL 0.70± 0.54 27.81± 27.70 0.42± 0.86

NNLL 0.87± 0.72 6.73± 6.58 3.04± 3.09

TABLE II: Average values and uncertainties (68% C.L.) of
the free parameters in the helicity TMD PDF at NLL and
NNLL accuracy.

In Tab. II, we show the mean average values and asso-
ciated errors at 68% confidence level (C.L.) for the free
parameters in Eq. (7) at both NLL and NNLL accuracy.
We note that in both cases the free parameters are poorly
constrained. This is a consequence of the small number
of available experimental data.
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FIG. 1: Ratio between the helicity and unpolarized TMD
PDFs for quark u in a proton at NNLL as a function of the
quark transverse momentum |k?|, at Q = 1 GeV and for
x = 0.05 (left panel), x = 0.1 (central panel), and x = 0.3
(right panel). Light blue lines for all replicas of the fit, orange
band represents the 68% C.L.

In Fig. 1, we show the ratio between the helicity and
the unpolarized TMD PDFs for a quark u in a proton at
NNLL, as a function of the quark transverse momentum
|k?| at Q = 1 GeV and for x = 0.05 (left panel), x = 0.1
(central panel), and x = 0.3 (right panel). The light blue
lines represent all the replicas of our fit, while the orange
band includes only 68% of them, obtained by excluding
for each bin the largest and smallest 16% of them. We
note that the |k?| distribution of the ratio depends on x.
At relatively small x, the ratio is almost flat: the shape
of the |k?| distribution of helicity and unpolarized TMD
PDFs is approximately the same, the former being just
rescaled from the latter. At larger x, the trend is different
showing that the helicity TMD PDF has a sharper |k?|
distribution than the unpolarized one.

In the last years, efforts have been made to compute
TMDs with lattice QCD (see Ref. [49] and references
therein). In order to make a comparison between our
phenomenological extraction and lattice calculations, in

Fig. 2 we show the ratio between helicity and unpolarized
TMD PDFs for the valence quark uv, integrated over x as
a function of |k?| at Q = 2 GeV. The orange lines repre-
sent all the replicas of our fit at NNLL (orange band for
the 68% C.L.). The yellow and blue bands show the re-
sults of the lattice calculation of Ref. [50]. All the curves
from our extraction are obtained by a numerical inte-
gration in the range 10�3

 x  0.9 in order to avoid
numerical issues at the endpoints.
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FIG. 2: Ratio between the helicity and unpolarized TMD
PDFs for valence uv quark integrated upon x, as a function
of |k?| at Q = 2 GeV. Orange lines for all replicas of this fit
at NNLL (orange band for the 68% C.L.), yellow and blue
bands for the lattice calculations of Ref. [50].

We observe that the result of our phenomenological ex-
traction is in fair agreement with the lattice calculation
but have a milder slope. A similar result is obtained at
NLL accuracy. Further studies on the comparison with
lattice results are certainly needed to assess the compat-
ibility between the two different approaches.

While approaching the completion of this work, an-
other extraction of the helicity TMD PDF appeared in
Ref. [39]. The main differences with our extraction are
twofold. First, the authors of Ref. [39] implement the
scale dependence of TMDs using the ⇣-prescription [51]
rather than the CSS approach [43] used in Eqs. (2) and
(3). Second, they include in the fit the CLAS6 exper-
imental data and apply a more conservative transverse
momentum cut to HERMES data, resulting in a smaller
total number of analyzed data points compared to our
work. More importantly, the authors of Ref. [39] mod-
ify the x dependence of the collinear helicity PDF. This
has two important consequences: it breaks the match-
ing between helicity PDF and TMD PDF in the OPE
formula, and it implies that the integral over k? of the
helicity TMD PDF does not reproduce the helicity PDF,
even at NLL. As a final remark, the positivity constraint
|g1|  f1 is not enforced on the extracted helicity TMD
PDF, and indeed it appears to be violated.

MAP collaboration, arXiv:2409.18078
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• Under Coulomb gauge fixing, Wilson lines
vanish, signal-to-noise ratio can be significantly
improved. Yong Zhao, Phys.Rev.Lett. 133 , 241904 (2024) 

• Calculations of CS kernel have demonstrated
this improvement, and its accuracy remains to
be validated for larger separation

• Preliminary result for the ratio of helicity to
unpolarized TMDPDFs has been performed.

TMDs on Lattice QCD: CG method

Bollweg et al. , arXiv:2505.18430 
see talk by Wei Wang
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According to the TMD factorization, the TMD helicity
distributions can be extracted from the measurements of
longitudinal DSA,

ALL =

p
1 � "2FLL(x, z, P 2

hT , Q
2)

FUU (x, z, P 2

hT , Q
2)

, (14)

at low transverse momentum. The structure functions
are expressed in terms of TMD PDFs and FFs as

FUU = |CV (Q
2, µ)|2x

X

q

e2q

Z 1

0

db

2⇡
bJ0

⇣bPhT

z

⌘

⇥ fq
1
(x, b;Q,Q2)Dq!h

1
(z, b;Q,Q2), (15)

FLL = |CV (Q
2, µ)|2x

X

q

e2q

Z 1

0

db

2⇡
bJ0

⇣bPhT

z

⌘

⇥ gq
1L(x, b;Q,Q2)Dq!h

1
(z, b;Q,Q2), (16)

where CV is a hard factor of partonic scatterings that can
be calculated perturbatively, eq is the charge of the corre-
sponding parton flavor, and J0 is the zeroth Bessel func-
tion arising from the transverse Fourier transform. f1,
g1L, and D1 are unpolarized TMD PDF, helicity TMD
PDF, and unpolarized TMD FF, respectively, in the b
space, with superscript q labeling the parton flavor.

Parametrization and analysis.—With the formalism
above, we perform a global analysis of the world SIDIS
DSA data, which have been reported by HERMES [82]
and CLAS [83].

We parametrize the optimal TMD helicity distribu-
tions, i.e. at the saddle point given by Eq. (11), as

g1L(x, b) =
X

f 0

Z
1

x

d⇠

⇠
�Cf f 0

�
⇠, b, µOPE

�

⇥ gf
0

1L

⇣x
⇠

⌘
gNP(x, b), (17)

where

gf
1L(x) = Nf

(1 � x)↵fx�f (1 + ✏fx)

n(↵f ,�f , ✏f )
gf
1
(x, µ0), (18)

gNP(x, b) = exp

"
��1(1 � x) + �2x+ �5x(1 � x)p

1 + �3x�4b2
b2
#
,

(19)

with g1(x, µ0) taken from the NNPDFpol1.1 [39] at µ0 =
2GeV, and Nf , ↵f , �f , ✏f , and �i being parameters to
fit. The factor n(↵,�, ✏) = (↵ + � + 6 + 2✏ + �✏)B(↵ +
4,� + 2)/(↵ + � + 6) is introduced to reduce the corre-
lation among parameters. The coe�cients �Cf f 0 are
obtained from the small-b operator product expansion
(OPE) and explicit expressions up to NLO can be found
in Ref. [92], and µOPE is chosen as 2e��E/b + 2GeV.
For unpolarized TMD functions f1 and D1, we adopt
the SV19 parametrization [66], which was also extracted

TABLE I. SIDIS DSA data sets in the analysis. The numbers
in parentheses are data points before the PhT cut. The last
column provides the �

2 per data points for each data set.

Experiment Process Data points �
2
/N

HERMES[82] e
±
p ! e

±
hX 84 (160) 0.72

HERMES[82] e
±
d ! e

±
hX 160 (317) 0.71

CLAS[83] e
�
p ! e

�
⇡
0
X 9 (21) 1.43

Total 253 (498) 0.74

within the ⇣-prescription and has been utilized in recent
TMD analyses [71, 73, 75, 78, 79].
Since the TMD factorization is valid at low transverse

momentum, we impose the cuts PhT /(zQ) < 0.5 andQ >
1GeV, resulting in 253 data points included in the fit, as
listed in Table I. According to the amount and precision
of existing world data, which cannot e�ciently constrain
a huge number of parameters, we set ↵f = �f = ✏f = 0
for ū, d̄, s, s̄, and g, and Ns = Ns̄ in this analysis. Then
there are in total 16 free parameters.
The discrepancy between theoretical predictions and

experimental measurements are quantified by

�2 =
X

sets

X

i,j

(ti � ai)V
�1
ij (tj � aj), (20)

where the first summation runs over all data sets and
the second summation runs over data points in a data
set. Within each data set, ti and ai are respectively the
calculated and the measured values of the ith point, and
Vij is the covariance matrix, which contains data uncer-
tainties and their correlations.
To estimate the uncertainties of extracted distribu-

tions, we produce 1000 replicas taking into account the
uncertainties and correlations of data points. The re-
sults of extracted TMD helicity distributions g1L(x, kT )
are shown in Fig. 1, in which the bands represent 68% CL
around the averaged results from all replicas. As one can
observe from the figure, positive u-quark TMD helicity
distribution and negative d-quark TMD helicity distribu-
tion are determined with clear nonzero signals, although
the distributions of sea quarks and gluons are loosely
constrained because of the limited PhT -dependent ALL

data. Future polarized SIDIS experiments at EICs [5–7]
are expected to provide high precision data to constrain
the distributions of sea quarks and gluons.
Apart from the absolute TMD helicity distributions, it

is interesting to examine the ratio g1L(x, kT )/f1(x, kT ),
which reveals the polarization of partons induced by the
polarization of the parent proton. As shown in Fig. 2,
at large x, where the valence component dominates, the
polarization of both u and d quarks decreases with in-
creasing kT . This feature is qualitatively consistent with
the kinetic Wigner rotation e↵ect [58–61]. However, a
contrasting behavior that the polarization increases with
kT is observed at relatively low x values. In this region,

3

and b⇤ from the MAPTMD22 analysis [29] (and simi-
larly for the DNP of the TMD FF D̂1). We model the
nonperturbative gNP in momentum space as the prod-
uct of the nonperturbative fNP and a Gaussian with an
x-dependent width:

gNP(x,k
2
?, Q0) =

fMAP22
NP (x,k2

?, Q0) e
� k2

?
w1(x)

knorm(x)
, (4)

where k? is the transverse momentum of quarks with
respect to the proton momentum direction, and knorm(x)
depends on w1(x) and ensures that the integration over
k? of gNP equals unity (for convenience, the expression
of knorm(x) is reproduced in Eq. (A3)). The Gaussian
width w1(x) has a crucial role in granting the positivity
constraint |g1|  f1 also at the TMD level. In fact, by
taking the ratio between the expressions in momentum
space of Eq. (3) and Eq. (2) at the NLL level and at the
initial scale Q0 = 1 GeV, because of Eq. (4) we get

g1(x,k2
?, Q0)

f1(x,k2
?, Q0)

=
g1(x,Q0)

f1(x,Q0)

e�
k2
?

w1(x)

knorm(x)
. (5)

For |k?| ! 0, the term e�k2
?/w1(x)/knorm(x) could poten-

tially become very large, thus causing a possible violation
of the positivity constraint unless we impose

g1(x,Q0)

f1(x,Q0)

1

knorm(x)
 1 . (6)

This condition implies that w1(x) must be bounded from
below. Therefore, we choose

w1(x) = fpos.(x) +N2
1g
(1� x)↵

2
1gx�1g

(1� x̂)↵
2
1g x̂�1g

, (7)

where N1g, ↵1g, �1g are free parameters and x̂ = 0.1.
The function fpos.(x) depends on the MAPTMD22 pa-
rameters, and it can be conveniently approximated as in
Eq. (A5). Eq. (6) is maintained for all values of x in
the analyzed range [10�4, 0.7]. It also holds for higher
values of x if higher-order and target-mass corrections
are neglected. However, since these corrections become
significant in that region, we limit our analysis to the
specified range 10�4

 x  0.7.

III. RESULTS

In this section, we present the key result of this study,
the extraction of the helicity TMD PDF from a fit to
SIDIS experimental data for the double spin asymmetry
A1 of Eq. (1). We use data for positive and negative
charged pion/kaon production from deuterium and pro-
ton targets from the HERMES Collaboration [12].

We apply the same kinematic cuts of the MAPTMD22
analysis [29] in order to keep consistency with the unpo-
larized TMDs entering the denominator of A1 and, more

importantly, to fulfill the conditions for TMD factoriza-
tion. Therefore, we do not include data on deuteron tar-
get from the COMPASS Collaboration (see Fig. 6 of
Ref. [46]) nor data from the CLAS6 Collaboration [47]
because they are not compatible with our kinematic cuts.

In total, we fit 291 data points. Our error analysis is
performed with the so-called bootstrap method, namely
by fitting an ensemble of Monte Carlo (MC) replicas of
the experimental data. As in previous works of the MAP
Collaboration [29, 31, 48], we consider the �2 value of the
best fit to the unfluctuated data as the most representa-
tive indicator of the quality of the fit. The data set has
statistical and systematic uncertainties. We consider the
former as uncorrelated while the latter as fully correlated.
The expression of the �2 contains a penalty term due to
correlated uncertainties, that is described through nui-
sance parameters determined by minimizing the full �2

on data (for more details see Refs. [29, 31, 48]).
For the denominator of the asymmetry A1 in Eq. (1),

we take the unpolarized TMD PDF f̂1 and TMD FF D̂1

from the MAPTMD22 extraction [29]. For the collinear
polarized PDFs in Eq. (3), we choose the NNPDFpol1.1
set [4] with respect to more recent extractions [6, 7] be-
cause it includes parametrizations of g1 also at lower per-
turbative order, that are needed for our analysis at NLL
and NNLL accuracy. The NNPDFpol1.1 set contains 100
MC members. We generate the same number of replicas
of the A1 data points, we fit them, and we associate the
i–th replica of the helicity PDF and the corresponding
extracted helicity TMD PDF to the same replica of the
unpolarized TMDs in the MAPTMD22 extraction. In
this way, we propagate the uncertainty in the extraction
of helicity PDFs onto the uncertainty of helicity TMD
PDFs.

We perform our analysis at NLL and NNLL perturba-
tive accuracy. The quality of the fit for both accuracies
is shown in Table I, where the �2 per number of data
points Ndat are listed for each considered experimental
data set.

Experiment Ndat �2
NLL/Ndat �2

NNLL/Ndat

HERMES (d ! ⇡+) 47 1.34 1.30
HERMES (d ! ⇡�) 47 1.10 1.08
HERMES (d ! K+) 46 1.26 1.25
HERMES (d ! K�) 45 0.93 0.89
HERMES (p ! ⇡+) 53 1.17 1.21
HERMES (p ! ⇡�) 53 0.86 0.86

Total 291 1.11 1.09

TABLE I: Breakdown of �2 per number of data points Ndat for
the best fits of HERMES data [12] of double spin asymmetry
A1 in Eq. (1) at NLL and NNLL accuracy.

We note that the global quality of the fit slightly in-
creases at higher accuracy. We also observe that the �2

on the experimental data for the ⇡+ production are larger
than for other fragmentation channels. The same feature

MAP collaboration, arXiv:2409.18078Yang, Liu, Sun, Zhao, Ma, arXiv:2409.08110
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3

According to the TMD factorization, the TMD helicity
distributions can be extracted from the measurements of
longitudinal DSA,

ALL =

p
1 � "2FLL(x, z, P 2

hT , Q
2)

FUU (x, z, P 2

hT , Q
2)

, (14)

at low transverse momentum. The structure functions
are expressed in terms of TMD PDFs and FFs as

FUU = |CV (Q
2, µ)|2x

X

q

e2q

Z 1

0

db

2⇡
bJ0

⇣bPhT

z

⌘

⇥ fq
1
(x, b;Q,Q2)Dq!h

1
(z, b;Q,Q2), (15)

FLL = |CV (Q
2, µ)|2x

X

q

e2q

Z 1

0

db

2⇡
bJ0

⇣bPhT

z

⌘

⇥ gq
1L(x, b;Q,Q2)Dq!h

1
(z, b;Q,Q2), (16)

where CV is a hard factor of partonic scatterings that can
be calculated perturbatively, eq is the charge of the corre-
sponding parton flavor, and J0 is the zeroth Bessel func-
tion arising from the transverse Fourier transform. f1,
g1L, and D1 are unpolarized TMD PDF, helicity TMD
PDF, and unpolarized TMD FF, respectively, in the b
space, with superscript q labeling the parton flavor.

Parametrization and analysis.—With the formalism
above, we perform a global analysis of the world SIDIS
DSA data, which have been reported by HERMES [82]
and CLAS [83].

We parametrize the optimal TMD helicity distribu-
tions, i.e. at the saddle point given by Eq. (11), as

g1L(x, b) =
X

f 0

Z
1

x

d⇠

⇠
�Cf f 0

�
⇠, b, µOPE

�

⇥ gf
0

1L

⇣x
⇠

⌘
gNP(x, b), (17)

where

gf
1L(x) = Nf

(1 � x)↵fx�f (1 + ✏fx)

n(↵f ,�f , ✏f )
gf
1
(x, µ0), (18)

gNP(x, b) = exp

"
��1(1 � x) + �2x+ �5x(1 � x)p

1 + �3x�4b2
b2
#
,

(19)

with g1(x, µ0) taken from the NNPDFpol1.1 [39] at µ0 =
2GeV, and Nf , ↵f , �f , ✏f , and �i being parameters to
fit. The factor n(↵,�, ✏) = (↵ + � + 6 + 2✏ + �✏)B(↵ +
4,� + 2)/(↵ + � + 6) is introduced to reduce the corre-
lation among parameters. The coe�cients �Cf f 0 are
obtained from the small-b operator product expansion
(OPE) and explicit expressions up to NLO can be found
in Ref. [92], and µOPE is chosen as 2e��E/b + 2GeV.
For unpolarized TMD functions f1 and D1, we adopt
the SV19 parametrization [66], which was also extracted

TABLE I. SIDIS DSA data sets in the analysis. The numbers
in parentheses are data points before the PhT cut. The last
column provides the �

2 per data points for each data set.

Experiment Process Data points �
2
/N

HERMES[82] e
±
p ! e

±
hX 84 (160) 0.72

HERMES[82] e
±
d ! e

±
hX 160 (317) 0.71

CLAS[83] e
�
p ! e

�
⇡
0
X 9 (21) 1.43

Total 253 (498) 0.74

within the ⇣-prescription and has been utilized in recent
TMD analyses [71, 73, 75, 78, 79].
Since the TMD factorization is valid at low transverse

momentum, we impose the cuts PhT /(zQ) < 0.5 andQ >
1GeV, resulting in 253 data points included in the fit, as
listed in Table I. According to the amount and precision
of existing world data, which cannot e�ciently constrain
a huge number of parameters, we set ↵f = �f = ✏f = 0
for ū, d̄, s, s̄, and g, and Ns = Ns̄ in this analysis. Then
there are in total 16 free parameters.
The discrepancy between theoretical predictions and

experimental measurements are quantified by

�2 =
X

sets

X

i,j

(ti � ai)V
�1
ij (tj � aj), (20)

where the first summation runs over all data sets and
the second summation runs over data points in a data
set. Within each data set, ti and ai are respectively the
calculated and the measured values of the ith point, and
Vij is the covariance matrix, which contains data uncer-
tainties and their correlations.
To estimate the uncertainties of extracted distribu-

tions, we produce 1000 replicas taking into account the
uncertainties and correlations of data points. The re-
sults of extracted TMD helicity distributions g1L(x, kT )
are shown in Fig. 1, in which the bands represent 68% CL
around the averaged results from all replicas. As one can
observe from the figure, positive u-quark TMD helicity
distribution and negative d-quark TMD helicity distribu-
tion are determined with clear nonzero signals, although
the distributions of sea quarks and gluons are loosely
constrained because of the limited PhT -dependent ALL

data. Future polarized SIDIS experiments at EICs [5–7]
are expected to provide high precision data to constrain
the distributions of sea quarks and gluons.
Apart from the absolute TMD helicity distributions, it

is interesting to examine the ratio g1L(x, kT )/f1(x, kT ),
which reveals the polarization of partons induced by the
polarization of the parent proton. As shown in Fig. 2,
at large x, where the valence component dominates, the
polarization of both u and d quarks decreases with in-
creasing kT . This feature is qualitatively consistent with
the kinetic Wigner rotation e↵ect [58–61]. However, a
contrasting behavior that the polarization increases with
kT is observed at relatively low x values. In this region,

3

and b⇤ from the MAPTMD22 analysis [29] (and simi-
larly for the DNP of the TMD FF D̂1). We model the
nonperturbative gNP in momentum space as the prod-
uct of the nonperturbative fNP and a Gaussian with an
x-dependent width:

gNP(x,k
2
?, Q0) =

fMAP22
NP (x,k2

?, Q0) e
� k2

?
w1(x)

knorm(x)
, (4)

where k? is the transverse momentum of quarks with
respect to the proton momentum direction, and knorm(x)
depends on w1(x) and ensures that the integration over
k? of gNP equals unity (for convenience, the expression
of knorm(x) is reproduced in Eq. (A3)). The Gaussian
width w1(x) has a crucial role in granting the positivity
constraint |g1|  f1 also at the TMD level. In fact, by
taking the ratio between the expressions in momentum
space of Eq. (3) and Eq. (2) at the NLL level and at the
initial scale Q0 = 1 GeV, because of Eq. (4) we get

g1(x,k2
?, Q0)

f1(x,k2
?, Q0)

=
g1(x,Q0)

f1(x,Q0)

e�
k2
?

w1(x)

knorm(x)
. (5)

For |k?| ! 0, the term e�k2
?/w1(x)/knorm(x) could poten-

tially become very large, thus causing a possible violation
of the positivity constraint unless we impose

g1(x,Q0)

f1(x,Q0)

1

knorm(x)
 1 . (6)

This condition implies that w1(x) must be bounded from
below. Therefore, we choose

w1(x) = fpos.(x) +N2
1g
(1� x)↵

2
1gx�1g

(1� x̂)↵
2
1g x̂�1g

, (7)

where N1g, ↵1g, �1g are free parameters and x̂ = 0.1.
The function fpos.(x) depends on the MAPTMD22 pa-
rameters, and it can be conveniently approximated as in
Eq. (A5). Eq. (6) is maintained for all values of x in
the analyzed range [10�4, 0.7]. It also holds for higher
values of x if higher-order and target-mass corrections
are neglected. However, since these corrections become
significant in that region, we limit our analysis to the
specified range 10�4

 x  0.7.

III. RESULTS

In this section, we present the key result of this study,
the extraction of the helicity TMD PDF from a fit to
SIDIS experimental data for the double spin asymmetry
A1 of Eq. (1). We use data for positive and negative
charged pion/kaon production from deuterium and pro-
ton targets from the HERMES Collaboration [12].

We apply the same kinematic cuts of the MAPTMD22
analysis [29] in order to keep consistency with the unpo-
larized TMDs entering the denominator of A1 and, more

importantly, to fulfill the conditions for TMD factoriza-
tion. Therefore, we do not include data on deuteron tar-
get from the COMPASS Collaboration (see Fig. 6 of
Ref. [46]) nor data from the CLAS6 Collaboration [47]
because they are not compatible with our kinematic cuts.

In total, we fit 291 data points. Our error analysis is
performed with the so-called bootstrap method, namely
by fitting an ensemble of Monte Carlo (MC) replicas of
the experimental data. As in previous works of the MAP
Collaboration [29, 31, 48], we consider the �2 value of the
best fit to the unfluctuated data as the most representa-
tive indicator of the quality of the fit. The data set has
statistical and systematic uncertainties. We consider the
former as uncorrelated while the latter as fully correlated.
The expression of the �2 contains a penalty term due to
correlated uncertainties, that is described through nui-
sance parameters determined by minimizing the full �2

on data (for more details see Refs. [29, 31, 48]).
For the denominator of the asymmetry A1 in Eq. (1),

we take the unpolarized TMD PDF f̂1 and TMD FF D̂1

from the MAPTMD22 extraction [29]. For the collinear
polarized PDFs in Eq. (3), we choose the NNPDFpol1.1
set [4] with respect to more recent extractions [6, 7] be-
cause it includes parametrizations of g1 also at lower per-
turbative order, that are needed for our analysis at NLL
and NNLL accuracy. The NNPDFpol1.1 set contains 100
MC members. We generate the same number of replicas
of the A1 data points, we fit them, and we associate the
i–th replica of the helicity PDF and the corresponding
extracted helicity TMD PDF to the same replica of the
unpolarized TMDs in the MAPTMD22 extraction. In
this way, we propagate the uncertainty in the extraction
of helicity PDFs onto the uncertainty of helicity TMD
PDFs.

We perform our analysis at NLL and NNLL perturba-
tive accuracy. The quality of the fit for both accuracies
is shown in Table I, where the �2 per number of data
points Ndat are listed for each considered experimental
data set.

Experiment Ndat �2
NLL/Ndat �2

NNLL/Ndat

HERMES (d ! ⇡+) 47 1.34 1.30
HERMES (d ! ⇡�) 47 1.10 1.08
HERMES (d ! K+) 46 1.26 1.25
HERMES (d ! K�) 45 0.93 0.89
HERMES (p ! ⇡+) 53 1.17 1.21
HERMES (p ! ⇡�) 53 0.86 0.86

Total 291 1.11 1.09

TABLE I: Breakdown of �2 per number of data points Ndat for
the best fits of HERMES data [12] of double spin asymmetry
A1 in Eq. (1) at NLL and NNLL accuracy.

We note that the global quality of the fit slightly in-
creases at higher accuracy. We also observe that the �2

on the experimental data for the ⇡+ production are larger
than for other fragmentation channels. The same feature

MAP collaboration, arXiv:2409.18078Yang, Liu, Sun, Zhao, Ma, arXiv:2409.08110

More data needed!
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p+ double spin asymmetry
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SIDIS: target longitudinal spin dependent asymmetries
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• Measurement of (semi-)inclusive 
A1(ALL) is one of the key physics 
topics of HERMES/COMPASS

• Large amount of  P/D data
• No PT-dependence observed

B. Parsamyan (for COMPASS) 
arXiv:1801.01488 [hep-ex]

HERMES: PRD 99, 112001 (2019)

Multidimensional binning needed
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▸ Data are better described by flavor-dependent TMD PDFs and FFs

▸ There are still several sources of uncertainty to be carefully studied

▸ A first-ever TMD fit based on Neural Networks is available 

▸ The transverse-momentum dependence of the helicity quark distribution has 
been investigated

CONCLUSIONS
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from the presence of components of the quark wave function with angular momentum
L = 1 [67–71]. Similar features occur in models of fragmentation functions [38, 67, 72].

The Gaussian width of the TMD distributions may depend on the parton flavor
a [23, 38, 73]. In the present analysis, however, we assume they are flavor independent.
The justification for this choice is that most of the data we are considering are not suffi-
ciently sensitive to flavor differences, leading to unclear results. We will devote attention
to this issue in further studies.

Finally, we assume that the Gaussian width of the TMD depends on the fractional
longitudinal momentum x according to

g1(x) = N1
(1− x)α xσ

(1− x̂)α x̂σ
, (2.38)

where α, σ, and N1 ≡ g1(x̂) with x̂ = 0.1, are free parameters. Similarly, for fragmentation
functions we have

g3,4(z) = N3,4
(zβ + δ) (1− z)γ

(ẑβ + δ) (1− ẑ)γ
, (2.39)

where β, γ, δ, and N3,4 ≡ g3,4(ẑ) with ẑ = 0.5 are free parameters.
The average transverse momentum squared for the distributions in eq. (2.36) and (2.37)

can be computed analytically:

〈
k2
⊥
〉
(x) =

g1(x) + 2λg21(x)

1 + λg1(x)
,

〈
P 2
⊥
〉
(z) =

g23(z) + 2λF g34(z)

g3(z) + λF g24(z)
. (2.40)

3 Data analysis

The main goals of our work are to extract information about intrinsic transverse momenta,
to study the evolution of TMD parton distributions and fragmentation functions over a large
enough range of energy, and to test their universality among different processes. To achieve
this we included measurements taken from SIDIS, Drell-Yan and Z boson production from
different experimental collaborations at different energy scales. In this section we describe
the data sets considered for each process and the applied kinematic cuts.

Table 1 refers to the data sets for SIDIS off proton target (Hermes experiment) and
presents their kinematic ranges. The same holds for table 2, table 3, table 4 for SIDIS
off deuteron (Hermes and Compass experiments), Drell-Yan events at low energy and
Z boson production respectively. If not specified otherwise, the theoretical formulas are
computed at the average values of the kinematic variables in each bin.

3.1 Semi-inclusive DIS data

The SIDIS data are taken from Hermes [74] and Compass [75] experiments. Both data
sets have already been analyzed in previous works, e.g., refs. [23, 76], however they have
never been fitted together, including also the contributions deriving from TMD evolution.

The application of the TMD formalism to SIDIS depends on the capability of identifying
the current fragmentation region. This task has been recently discussed in ref. [39], where
the authors point out a possible overlap among different fragmentation regions when the

– 10 –

gK(b2T ) = �g22
2
b2T

<latexit sha1_base64="vCk/3SJsLLz5x4yxKuWSTGE6R3o="></latexit>

f1NP(x, b
2
T ) / F.T. of

⇣
e�

k2
T

g1 + �2k2T e
� k2

T
g1B + �2

2e
� k2

T
g1C

⌘

<latexit sha1_base64="qe/oDHYlFQePXDMkdZsKIVzA5oE="></latexit>

11 parameters for TMD PDF  
+ 1 for NP evolution +9 for FF   

= 21 free parameters

MAP22

MAP24: same as MAP22, but 5 different flavors for PDFs and 5 different fragmentation function
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COMPASS multiplicities (one of many bins)

The description considerably worsens at 
higher accuracy.  

Almost a constant suppression factor.
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Figure 3. The cross-section at different orders of TMD factorization and for different boson energies.
The legend of the perturbative orders means that NkLO (NkLL) incorporates ak

s -order (ak�1
s -order) of the

coefficient function, ak
s -order of anomalous dimensions with ak+1

s -order of �cusp. The TMD distributions
and the NP part of the evolution are the same for all cases.

energies. In the plot the TMD distributions and the NP part of the evolution are held fixed while
the perturbative orders are changed. The perturbative series converges very well, and the difference
between NNLO and N3LO factorization is of order of percents. This is an additional positive aspect
of the ⇣-prescription, which is due to fact that all perturbative series are evaluated at µ = Q.

2.4.1 Matching of TMD distribution to collinear distributions

The TMD are generic non-perturbative functions that depend on the parton fraction x and the
impact parameter b. A fit of a two-variable function is a hopeless task due to the enormous
parametric freedom. This freedom can be essentially reduced by the matching of a b ! 0 boundary
of a TMD distribution to the corresponding collinear distribution. In the asymptotic limit of small-b
one has

lim
b!0

f1,f h(x, b) =
X

f 0

Z 1

x

dy

y
Cf f 0

✓
x

y
,LµOPE

, as(µOPE)

◆
f1,f 0 h(y, µOPE), (2.76)

lim
b!0

D1,f!h(z, b) =
X

f 0

Z 1

z

dy

y
Cf!f 0

✓
z

y
,LµOPE

, as(µOPE)

◆
d1,f 0!h(y, µOPE)

y2
, (2.77)

where f1(x, µ) and d1(x, µ) are collinear PDF and FF, the label f 0 runs over all active quarks,
anti-quarks and a gluon, and

Lµ = ln

✓
b2µ2

4 exp�2�E

◆
, as(µ) =

g2(µ)

(4⇡)2
, (2.78)

with �E being the Euler constant and g being QCD coupling constant. The extra factor y�2

in eq. (2.77) is present due to the normalization difference of the TMD operator in eq. (2.21)
and the collinear operator, see e.g. [5, 25]. The coefficient functions C and C can be calculated
with operator product expansion methods (for a general review see ref. [58]) and in the case of
unpolarized distributions the coefficient functions are known up to NNLO [23, 25, 26, 29]. The
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in eq. (2.77) is present due to the normalization difference of the TMD operator in eq. (2.21)
and the collinear operator, see e.g. [5, 25]. The coefficient functions C and C can be calculated
with operator product expansion methods (for a general review see ref. [58]) and in the case of
unpolarized distributions the coefficient functions are known up to NNLO [23, 25, 26, 29]. The
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Also in the SV19 study, the overall decrease 
is evident, but they did not report problems 

with the data
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=

dσ
dxdzdQ2 nonmix.

∫ TMD d2PhT

ENHANCEMENT 
PREFACTOR

The prefactor is independent of the fitting parameters  

Higher-order corrections decrease the 
role of the TMD region.  

We need to enhance it with a prefactor.  
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lidity of the W -term approximation does not end at a
sharp point in qT, and thus a smooth function character-
izes general physical expectations. A reasonable choice
is

Ξ

(

qT
Q

, η

)

= exp

[

−

(

qT
ηQ

)aΞ
]

, (39)

with aΞ > 2.
The only differences between the old and new W -term

are: i) the use of bc(bT) rather than bT in W̃ , and ii) the
multiplication by Ξ(qT/Q, η). (The second modification
was proposed by Collins in Ref. [4, Eq. (13.75)]. There Ξ
is called F (qT/Q).) Equation (38) matches the standard
definition in the limit that C5 and η approach infinity.
Finally, we will present a fully optimized formula for

WNew(qT, Q; η, C5) corresponding to the one for the orig-
inal W (qT, Q) in Eq. (35).
But first it will be convenient to construct some auxil-

iary results.
Naturally, b∗ is to be replaced by

b∗(bc(bT)) =

√

b2T + b20/(C
2
5Q

2)

1 + b2T/b
2
max + b20/(C

2
5Q

2b2max)
. (40)

Also we define

bmin ≡ b∗(bc(0)) =
b0

C5Q

√

1

1 + b20/(C
2
5Q

2b2max)
. (41)

Then, for large enough Q and bmax

bmin ≈
b0

C5Q
. (42)

Thus, bmin decreases like 1/Q, in contrast to bmax which
remains fixed. Note also that

b∗(bc(bT)) −→











bmin bT % bmin

bT bmin % bT % bmax

bmax bT & bmax .

(43)

For bT % 1/Q, b∗(bc(bT)) ≈ b∗(bT). Instead of µb∗ , we
will ultimately use the scale

µ̄ ≡
C1

b∗(bc(bT))
(44)

to implement renormalization group improvement in
TMD correlation functions. There is a maximum cut-
off on the renormalization scale equal to

µc ≡ lim
bT→0

µ̄ =
C1C5Q

b0

√

1 +
b20

C2
5 b

2
maxQ

2
≈

C1C5Q

b0
.

(45)
The approximation sign corresponds to the limit of large
Qbmax. Note that,

bminµc = C1 . (46)

The steps for finding a useful formula for the evolved WNew(qT, Q; η, C5) are as follows. Equation (32) becomes

WNew(qT, Q; η, C5) = Ξ

(

qT
Q

, η

)
∫

d2bT
(2π)2

eiqT·bTW̃NP(bc(bT), Q)W̃ (b∗(bc(bT)), Q) . (47)

Now the definition of W̃ (bT, Q) is unchanged, and only the bT → bc(bT) replacement is new. Therefore instead of
Eq. (35) we simply need

W̃ (bc(bT), Q) = H(µQ, Q)
∑

j′i′

∫ 1

xA

dx̂

x̂
C̃pdf

j/j′ (xA/x̂, b∗(bc(bT)); µ̄
2, µ̄,αs(µ̄))fj′/A(x̂; µ̄)×

×

∫ 1

zB

dẑ

ẑ3
C̃ff

i′/j(zB/ẑ, b∗(bc(bT)); µ̄
2, µ̄,αs(µ̄))dB/i′ (ẑ; µ̄)×

× exp

{

ln
Q2

µ̄2
K̃(b∗(bc(bT)); µ̄) +

∫ µQ

µ̄

dµ′

µ′

[

2γ(αs(µ
′); 1)− ln

Q2

µ′2
γK(αs(µ

′))

]}

× exp

{

−gA(xA, bc(bT); bmax)− gB(zB, bc(bT); bmax)− 2gK(bc(bT); bmax) ln

(

Q

Q0

)}

. (48)

This is the same as Eq. (35) except that b∗(bc(bT)) and µ̄ = C1/b∗(bc(bT)) are used instead of b∗(bT) and
µb∗ = C1/b∗(bT). Note that gK(bc(bT); bmax) depends on Q through bc, albeit only for bT ! 1/Q. For bT & 1/Q,
gK(bc(bT); bmax) → gK(bT; bmax). Also, gK(bc(bT); bmax) does not vanish exactly as bT → 0 but instead approaches a
power of 1/Q.
Up to this point, we have introduced two new parameters, η and C5, in the treatment of the W -term.
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FIG. 17: Global �2
/Ndat for di↵erent configurations of the kinematic cut on SIDIS data sets (see text). The blue point

corresponds to the reference cut used in the present baseline fit.

In conclusion, from our analysis it emerges that the validity of the TMD formalism in the kinematic region
covered by COMPASS and HERMES seems to extend well beyond the customary cut |qT |/Q ⌧ 1.

This evidence justifies in a quantitative way our choice for the cut |qT |/Q in Eq. (54) for the baseline fit, and
explains why we obtain values of �2

/Ndat close to one also with less conservative cuts. Moreover, it suggests
that the applicability of TMD factorization in SIDIS might be defined in terms of |PhT | rather than |qT |, calling
for more extensive studies in this direction.
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FIG. 18: Comparison between COMPASS multiplicities and theoretical results for the SIDIS production of unidentified
positively charged hadrons o↵ a deuteron target at 1.3 < Q < 1.73 GeV, 0.02 < x < 0.032 and 0.3 < z < 0.4 as a
function of |PhT |/Q. Upper panel: light-blue rectangles for baseline fit at 68% CL, empty squares for data points not
included in the baseline fit. Lower panel: ratio between experimental data and theoretical results.

V. CONCLUSIONS AND OUTLOOK

In this article, we presented an extraction of unpolarized Transverse-Momentum Dependent Parton Distri-
bution Functions and Fragmentation Functions (TMD PDFs and TMD FFs, respectively), which we refer to as
MAPTMD22.
We analyzed 2031 data points collected by several experiments: 251 data points from Drell–Yan (DY) produc-

tion measured at Tevatron, LHC and RHIC, 233 points from fixed-target DY (see Tab. II) and 1547 data points
from Semi-Inclusive Deep Inelastic Scattering (SIDIS) measured by the HERMES and COMPASS collaborations
(see Tab. III).

|qT | = |PhT | /z ≪ Q
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V. CONCLUSIONS AND OUTLOOK

In this article, we presented an extraction of unpolarized Transverse-Momentum Dependent Parton Distri-
bution Functions and Fragmentation Functions (TMD PDFs and TMD FFs, respectively), which we refer to as
MAPTMD22.
We analyzed 2031 data points collected by several experiments: 251 data points from Drell–Yan (DY) produc-

tion measured at Tevatron, LHC and RHIC, 233 points from fixed-target DY (see Tab. II) and 1547 data points
from Semi-Inclusive Deep Inelastic Scattering (SIDIS) measured by the HERMES and COMPASS collaborations
(see Tab. III).
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V. CONCLUSIONS AND OUTLOOK

In this article, we presented an extraction of unpolarized Transverse-Momentum Dependent Parton Distri-
bution Functions and Fragmentation Functions (TMD PDFs and TMD FFs, respectively), which we refer to as
MAPTMD22.
We analyzed 2031 data points collected by several experiments: 251 data points from Drell–Yan (DY) produc-

tion measured at Tevatron, LHC and RHIC, 233 points from fixed-target DY (see Tab. II) and 1547 data points
from Semi-Inclusive Deep Inelastic Scattering (SIDIS) measured by the HERMES and COMPASS collaborations
(see Tab. III).
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FIG. 17: Global �2
/Ndat for di↵erent configurations of the kinematic cut on SIDIS data sets (see text). The blue point

corresponds to the reference cut used in the present baseline fit.

In conclusion, from our analysis it emerges that the validity of the TMD formalism in the kinematic region
covered by COMPASS and HERMES seems to extend well beyond the customary cut |qT |/Q ⌧ 1.

This evidence justifies in a quantitative way our choice for the cut |qT |/Q in Eq. (54) for the baseline fit, and
explains why we obtain values of �2

/Ndat close to one also with less conservative cuts. Moreover, it suggests
that the applicability of TMD factorization in SIDIS might be defined in terms of |PhT | rather than |qT |, calling
for more extensive studies in this direction.
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