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see, e.g.,  Collins, “Foundations of Perturbative QCD” (11) 
TMD collaboration, “TMD Handbook,” arXiv:2304.03302 
 

4

expressed as a convolution over the partonic transverse momenta of two TMD PDFs:

F
1
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xA, xB , |qT |, Q

�
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X
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2
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ā
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2
?B ;µ, ⇣B) �

(2)(k?A + k?B � qT )
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HDY(Q,µ)

X
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ca(Q
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0
d|bT ||bT |J0
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|bT ||qT |
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a
1 (xA, b

2
T ;µ, ⇣A) f̂

ā
1 (xB , b

2
T ;µ, ⇣B).

(4)

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

2.
The following definition of the Fourier transform of the TMD PDFs has been used:4

f̂
a
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�
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1

0
d|k?| |k?|J0(|bT ||k?|) fa

1

�
x,k2

?
;µ, ⇣

�
. (5)

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:

xA =
Qp
s
e
y
, xB =

Qp
s
e
�y

. (6)

The summation over a in Eq. (4) runs over the active quarks and antiquarks at the scale Q, and ca(Q2) are
the respective electroweak charges given by

ca(Q
2) = e

2
a � 2eaVaV` �1(Q

2) + (V 2
` +A

2
`) (V

2
a +A

2
a)�2(Q

2) , (7)

with

�1(Q
2) =

1

4 sin2 ✓W cos2 ✓W

Q
2(Q2 �M

2
Z)

(Q2 �M
2
Z)

2 +M
2
Z�

2
Z

, (8)

�2(Q
2) =

1

16 sin4 ✓W cos4 ✓W

Q
4

(Q2 �M
2
Z)

2 +M
2
Z�

2
Z

, (9)

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
DY, 1(|qT |i,f , yi,f , Qi,f ) =

 
|qT |f

|qT |i

d|qT |
ˆ yf

yi

dy

ˆ Qf

Qi

dQ
d�

DY/Z

d|qT | dy dQ
, (10)

where the
�

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
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ā
1 (xB ,k

2
?B ;µ, ⇣B) �

(2)(k?A + k?B � qT )

=
xAxB

2⇡
HDY(Q,µ)

X

a

ca(Q
2)

ˆ +1

0
d|bT ||bT |J0

�
|bT ||qT |

�
f̂
a
1 (xA, b

2
T ;µ, ⇣A) f̂

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
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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
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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
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Some choices can be different in different extractions, but 
the overall results for the TMD should be compatible
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Figure 5. Density of data in the plane (Q, x) (a darker color corresponds to a higher density).

The kinematic region in x and Q covered by the data set and thus contributing to the deter-
mination of TMDPDF is shown in fig. 5. The boxes enclose the sub-regions covered by the single
data sets. Looking at fig. 5, it is possible to distinguish two main clusters of data: the “low-energy
experiments”, i.e. E288, E605, E772, PHENIX, COMPASS and HERMES that place themselves
at invariant-mass energies between 1 and 18 GeV, and the “high-energy experiments”, i.e. all those
from Tevatron and LHC, that are instead distributed around the Z-peak region. From this plot we
observe that, kinematic ranges of SIDIS and DY data do not overlap.

As a final comment of this section let us mention that our data selection is particularly conser-
vative because it drops points that could potentially be described by TMD factorization (see e.g.
ref. [18] where a less conservative choice of cuts is used). However, our fitted data set guarantees
that we operate well within the range of validity of TMD factorization. In sec. 7 we show that
unexpectedly our extraction can describe a larger set of data as well.

4 Fit procedure

The experimental data are usually provided in a form specific for each setup. In order to extract
valuable information for the TMD extraction, one has to detail the methodology that has been
followed, and this is the purpose of this section. Finally, we also provide a suitable definition of the
�2 that allows for a correct exploitation of experimental uncertainties.

4.1 Treatment of nuclear targets and charged hadrons

The data from E288, E605 (Cu), E772, COMPASS, (part of) HERMES (isoscalar targets) come
from nuclear target processes. In these cases, we perform the iso-spin rotation of the corresponding
TMDPDF that simulates the nuclear-target effects. For example, we replace u-, and d-quark

– 24 –
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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)

http://arxiv.org/abs/arXiv:1912.06532
http://arxiv.org/abs/arXiv:2206.07598
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Figure 5. Density of data in the plane (Q, x) (a darker color corresponds to a higher density).

The kinematic region in x and Q covered by the data set and thus contributing to the deter-
mination of TMDPDF is shown in fig. 5. The boxes enclose the sub-regions covered by the single
data sets. Looking at fig. 5, it is possible to distinguish two main clusters of data: the “low-energy
experiments”, i.e. E288, E605, E772, PHENIX, COMPASS and HERMES that place themselves
at invariant-mass energies between 1 and 18 GeV, and the “high-energy experiments”, i.e. all those
from Tevatron and LHC, that are instead distributed around the Z-peak region. From this plot we
observe that, kinematic ranges of SIDIS and DY data do not overlap.

As a final comment of this section let us mention that our data selection is particularly conser-
vative because it drops points that could potentially be described by TMD factorization (see e.g.
ref. [18] where a less conservative choice of cuts is used). However, our fitted data set guarantees
that we operate well within the range of validity of TMD factorization. In sec. 7 we show that
unexpectedly our extraction can describe a larger set of data as well.

4 Fit procedure

The experimental data are usually provided in a form specific for each setup. In order to extract
valuable information for the TMD extraction, one has to detail the methodology that has been
followed, and this is the purpose of this section. Finally, we also provide a suitable definition of the
�2 that allows for a correct exploitation of experimental uncertainties.

4.1 Treatment of nuclear targets and charged hadrons

The data from E288, E605 (Cu), E772, COMPASS, (part of) HERMES (isoscalar targets) come
from nuclear target processes. In these cases, we perform the iso-spin rotation of the corresponding
TMDPDF that simulates the nuclear-target effects. For example, we replace u-, and d-quark
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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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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
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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
⊥
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(x) =
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1 + λg1(x)
,

〈
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⊥
〉
(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
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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.  

Possible justification in terms of power-
suppressed corrections? 
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FIG. 11: Same as in the left and central panels of previous figure, but for ATLAS kinematics at
p
s = 7 TeV. From left

to right, results at increasing rapidity.

Parameter Average over replicas

g2 [GeV] 0.248 ± 0.008

N1 [GeV2] 0.316 ± 0.025

↵1 1.29 ± 0.19

�1 0.68 ± 0.13

� [GeV�1] 1.82 ± 0.29

N3 [GeV2] 0.0055 ± 0.0006

�1 10.23 ± 0.29

�1 0.0094 ± 0.0012

�1 1.406 ± 0.084

�F [GeV�2] 0.078 ± 0.011

N3B [GeV2] 0.2167 ± 0.0055

N1B [GeV2] 0.134 ± 0.017

N1C [GeV2] 0.0130 ± 0.0069

�2 [GeV�1] 0.0215 ± 0.0058

↵2 4.27 ± 0.31

↵3 4.27 ± 0.13

�2 0.455 ± 0.050

�3 12.71 ± 0.21

�2 4.17 ± 0.13

�2 0.167 ± 0.006

�2 0.0007 ± 0.0110

TABLE V: Average and standard deviation over the Monte Carlo replicas of the free parameters fitted to the data.

The g2 parameter is a key ingredient to the extraction of the Collins–Soper kernel, discussed in Sec. IVB1.
The same parameter was used in the analysis of Ref. [5]. It is interesting to observe that the value obtained
in the present global fit is smaller by almost a factor of 4 with respect to Ref. [5]. This may be due to the
higher theoretical accuracy of the present analysis and to the role of the very precise high-energy Drell–Yan
measurements, which also determine the very small standard deviation of g2.

In Fig. 12, we show a graphical representation of the correlations among the 21 fitting parameters. Using
the color code indicated in the legend, it is easy to realize that the nondiagonal elements are very small except
for some (anti–)correlation among the �1, �1 and �1 parameters that control the z–dependent width of the
Gaussians in the TMD FF (see Eqs. (39), (41)). The overall absence of large correlations suggests that the
model parametrization of the non perturbative parts of TMDs is appropriate.

In Fig. 13, we show the unpolarized TMD PDF for the up quark in the proton at µ =
p
⇣ = Q = 2 GeV (left

panel) and 10 GeV (right panel) as a function of the quark transverse momentum |k?| for three di↵erent values
of x, namely x = 0.001, 0.01, and 0.1. The bands correspond to the 68% CL.

The TMD seems to be wider at intermediate x = 0.01, but has also a high tail at x = 0.001. As already
mentioned, a significant role is played by the weighted Gaussian and by the second Gaussian in Eq. (38).
This may be a sign of the presence of contributions from di↵erent quark flavors and/or from di↵erent spin
configurations (see Sec. II C).

It is worth noticing that in both left and right panels the TMD PDF at x = 0.001 shows the largest error
band, particularly at low |k?|. This is due to the lack of experimental points in that kinematic region (see

22

FIG. 9: Upper panels: comparison between experimental data and theoretical predictions for the cross section di↵erential
in |qT | for Z bosons produced in pp̄ collisions at the Tevatron from CDF Run I (left panel) and run II (right panel);
uncertainty bands correspond to the 68% CL. Lower panel: ratio between experimental data and theoretical results.
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FIG. 10: Same as in previous figure but for Z boson production in pp collisions measured by the CMS Collaboration.
From left to right: increasing

p
s = 7, 8, 13 TeV, respectively. For

p
s = 7, 8 TeV, the results are normalized to the

fiducial cross section.

the 68% CL theoretical results. The quality of the fit increases at more forward rapidities (from left to right).
The same trend is observed at

p
s = 8 TeV, but not for CMS at 13 TeV.

B. TMD distributions

We now discuss the TMD distributions extracted from our baseline fit with N3LL� accuracy. Tab. V displays
the list of our 21 fitting parameters with their mean value and standard deviation. The majority of the
parameters is well constrained. The only parameter that is compatible with zero is �2.

The � parameter measures the relative weight of the first Gaussian and the weighted-Gaussian in the non-
perturbative part of the TMD PDF in Eq. (38). The value of this parameter is close to 2, indicating that
the contribution of the weighted-Gaussian component is important. In Eq. (38), the parameter �2 measures
the relative weight of the first Gaussian and the third Gaussian; this parameter is small but not compatible
with zero, which means that also this component of the TMD PDF is important to reach a good description of
experimental data.

Our parametrization of the nonperturbative part of TMD FFs in Eq. (39) contains just the combination of a
Gaussian and a weighted Gaussian: this is su�cient to describe the data in an accurate way.

The �F parameter measures the relative weight of the two components; its value is close to 0.1, indicating
that the contribution of the weighted Gaussian is small. Nevertheless, it has non-trivial consequences on the
tail of the TMD FF, as we will show below.
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Parameter Average over replicas

g2 [GeV] 0.248 ± 0.008

N1 [GeV2] 0.316 ± 0.025

↵1 1.29 ± 0.19

�1 0.68 ± 0.13

� [GeV�1] 1.82 ± 0.29
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�2 4.17 ± 0.13
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�2 0.0007 ± 0.0110

TABLE V: Average and standard deviation over the Monte Carlo replicas of the free parameters fitted to the data.

The g2 parameter is a key ingredient to the extraction of the Collins–Soper kernel, discussed in Sec. IVB1.
The same parameter was used in the analysis of Ref. [5]. It is interesting to observe that the value obtained
in the present global fit is smaller by almost a factor of 4 with respect to Ref. [5]. This may be due to the
higher theoretical accuracy of the present analysis and to the role of the very precise high-energy Drell–Yan
measurements, which also determine the very small standard deviation of g2.

In Fig. 12, we show a graphical representation of the correlations among the 21 fitting parameters. Using
the color code indicated in the legend, it is easy to realize that the nondiagonal elements are very small except
for some (anti–)correlation among the �1, �1 and �1 parameters that control the z–dependent width of the
Gaussians in the TMD FF (see Eqs. (39), (41)). The overall absence of large correlations suggests that the
model parametrization of the non perturbative parts of TMDs is appropriate.

In Fig. 13, we show the unpolarized TMD PDF for the up quark in the proton at µ =
p
⇣ = Q = 2 GeV (left

panel) and 10 GeV (right panel) as a function of the quark transverse momentum |k?| for three di↵erent values
of x, namely x = 0.001, 0.01, and 0.1. The bands correspond to the 68% CL.

The TMD seems to be wider at intermediate x = 0.01, but has also a high tail at x = 0.001. As already
mentioned, a significant role is played by the weighted Gaussian and by the second Gaussian in Eq. (38).
This may be a sign of the presence of contributions from di↵erent quark flavors and/or from di↵erent spin
configurations (see Sec. II C).

It is worth noticing that in both left and right panels the TMD PDF at x = 0.001 shows the largest error
band, particularly at low |k?|. This is due to the lack of experimental points in that kinematic region (see

22

FIG. 9: Upper panels: comparison between experimental data and theoretical predictions for the cross section di↵erential
in |qT | for Z bosons produced in pp̄ collisions at the Tevatron from CDF Run I (left panel) and run II (right panel);
uncertainty bands correspond to the 68% CL. Lower panel: ratio between experimental data and theoretical results.
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FIG. 10: Same as in previous figure but for Z boson production in pp collisions measured by the CMS Collaboration.
From left to right: increasing

p
s = 7, 8, 13 TeV, respectively. For

p
s = 7, 8 TeV, the results are normalized to the

fiducial cross section.

the 68% CL theoretical results. The quality of the fit increases at more forward rapidities (from left to right).
The same trend is observed at

p
s = 8 TeV, but not for CMS at 13 TeV.

B. TMD distributions

We now discuss the TMD distributions extracted from our baseline fit with N3LL� accuracy. Tab. V displays
the list of our 21 fitting parameters with their mean value and standard deviation. The majority of the
parameters is well constrained. The only parameter that is compatible with zero is �2.

The � parameter measures the relative weight of the first Gaussian and the weighted-Gaussian in the non-
perturbative part of the TMD PDF in Eq. (38). The value of this parameter is close to 2, indicating that
the contribution of the weighted-Gaussian component is important. In Eq. (38), the parameter �2 measures
the relative weight of the first Gaussian and the third Gaussian; this parameter is small but not compatible
with zero, which means that also this component of the TMD PDF is important to reach a good description of
experimental data.

Our parametrization of the nonperturbative part of TMD FFs in Eq. (39) contains just the combination of a
Gaussian and a weighted Gaussian: this is su�cient to describe the data in an accurate way.

The �F parameter measures the relative weight of the two components; its value is close to 0.1, indicating
that the contribution of the weighted Gaussian is small. Nevertheless, it has non-trivial consequences on the
tail of the TMD FF, as we will show below.

Maybe it looks good, but 
unfortunately it is not
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FIG. 7: Same conventions and notation as in previous figure but for unidentified positively charged hadrons o↵ deuteron
target.

those at the LHC. As already pointed out in Ref. [7], this most likely originates from the fact that low-energy
DY data are a↵ected by larger errors and collinear PDFs at these kinematics have larger uncertainties.

From Tab. IV, we also note that the quality of our fit for the ATLAS datasets is poor. In particular, the
description worsens for the first two low-rapidity bins of both ATLAS 7 TeV and ATLAS 8 TeV datasets,
the worst case being at |y| < 1 for ATLAS 7 TeV. Several e↵ects might be responsible for this result. Since
the experimental observable is a normalized cross section, systematic errors cancel in the ratio producing
measurements with very small error bars. Fitting these data is very di�cult, also because small theoretical
e↵ects can give significant contributions to the �

2. Moreover, di↵erent implementations of phase-space cuts on
the final-state leptons could lead to modifications in both the shape and the normalization of the theoretical
observable (see, e.g., Ref. [32, 105, 106]). We leave this issue for future studies. At variance with Ref. [22], we
obtain our results without excluding any extra data points on top of the ones exceeding the maximum value of
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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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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).

MAP22 cut

|qT | = |PhT | /z ≪ Q



PUZZLE: REGION OF VALIDITY OF TMD FORMALISM 23

29

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.

10�1

100

M
h

+
� x

,z
,P

2 h
T
,Q

2
�

1.3 < Q < 1.73 GeV

0.02 < x < 0.032

0.3 < z < 0.4

excluded bins

included bins

0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55

|PhT |/Q

1.0

1.2
D

a
ta

/
P

re
d

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.
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bution Functions and Fragmentation Functions (TMD PDFs and TMD FFs, respectively), which we refer to as
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FIG. 12: Graphical representation of the correlation matrix for the fitted parameters.
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FIG. 13: The TMD PDF of the up quark in a proton at µ =
p
⇣ = Q = 2 GeV (left panel) and 10 GeV (right panel) as

a function of the partonic transverse momentum |k?| for x = 0.001, 0.01 and 0.1. The uncertainty bands represent the
68% CL.

Fig. 3). Future data from the Electron-Ion Collider (EIC) are expected to play an important role in getting a
better description of the TMD PDFs at low x [107, 108].

In Fig. 14, we show the TMD FF for the up quark fragmenting into a ⇡
+ at µ =

p
⇣ = Q = 2 GeV (left

panel) and 10 GeV (right panel) as a function of the pion transverse momentum |P?| (with respect to the
fragmenting quark axis) for two di↵erent values of z = 0.3 and 0.6. As in the previous figure, the uncertainty
bands correspond to the 68% CL. In both left and right panels, an additional structure clearly emerges at
intermediate P?, especially at z = 0.3, which is induced by the weighted Gaussian in Eq. (39). Further
investigations on this topic are needed, and data from electron-positron annihilations would be valuable to
better explore these features.

We stress that the error bands displayed in Figs. 13-14 reflect the uncertainty on the fitted parameters (see
Eqs. (38)-(39)) that are determined by taking into account the uncertainty on the collinear PDFs and FFs as
discussed in Sec. III C. However, since the fits are performed using the central set of the collinear distributions,
all TMD replicas have the same integral in k? (i.e., their values at bT = 0 are the same). As a consequence,
the plots in Figs. 13-14 only partially account for the error of the collinear distributions.
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68% CL.

Fig. 3). Future data from the Electron-Ion Collider (EIC) are expected to play an important role in getting a
better description of the TMD PDFs at low x [107, 108].

In Fig. 14, we show the TMD FF for the up quark fragmenting into a ⇡
+ at µ =

p
⇣ = Q = 2 GeV (left

panel) and 10 GeV (right panel) as a function of the pion transverse momentum |P?| (with respect to the
fragmenting quark axis) for two di↵erent values of z = 0.3 and 0.6. As in the previous figure, the uncertainty
bands correspond to the 68% CL. In both left and right panels, an additional structure clearly emerges at
intermediate P?, especially at z = 0.3, which is induced by the weighted Gaussian in Eq. (39). Further
investigations on this topic are needed, and data from electron-positron annihilations would be valuable to
better explore these features.

We stress that the error bands displayed in Figs. 13-14 reflect the uncertainty on the fitted parameters (see
Eqs. (38)-(39)) that are determined by taking into account the uncertainty on the collinear PDFs and FFs as
discussed in Sec. III C. However, since the fits are performed using the central set of the collinear distributions,
all TMD replicas have the same integral in k? (i.e., their values at bT = 0 are the same). As a consequence,
the plots in Figs. 13-14 only partially account for the error of the collinear distributions.
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tions of CS kernel is shown in fig.3. The CASCADE
extraction lightly disagrees with the perturbative curve
(b < 1GeV�1), but in agreement with the SV19 [10] and
Pavia17 [7] for 1 < b < 3GeV�1.

The fit of the large-b part by a polynomial gives

D(b, µ) ⇠ [(0.069± 0.031)GeV]⇥ b, (11)

with a negligible quadratic part. We conclude that the
CASCADE suggests a linear asymptotic, which was also
used in the SV19 series of fits [9, 10, 37], and supported
by theoretical estimations [14, 38]

Conclusions. We have presented the method of di-
rect extraction of the CS kernel from the data, using the
proper combination of cross-sections with different kine-
matics. For explicitness, we considered the case of the
Drell-Yan process, but the method can be easily gener-
alized to other processes such as SIDIS, semi-inclusive
annihilation, Z/W-boson production, and their polarized
versions.
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FIG. 3. Comparison of the CS kernels obtained in different

approaches. CASCADE curve is obtained in this work. The

curves SV19, MAP22, Pavia19 and Pavia17 are obtained from

the fits of Drell-Yan and SIDIS data in refs. [39], [10], [11],

and [7], correspondingly. Dots represent the computations of

CS kernel on the lattice, with SVZES, ETMC/PKU, SVZ,

LPC20 and LPC22 corresponding to refs.[16], [40], [17], [41],

and [42].

The method is tested using the pseudo-data gener-
ated by the CASCADE event generator, and the corre-
sponding CS kernel is extracted. Amazingly, all expected
properties of the CS kernel (such as universality) are ob-
served in the CASCADE generator. This non-trivially
supports both the TMD factorization and the PB ap-
proaches and solves an old-stated problem of comparison
between non-perturbative distributions extracted within
these approaches [43, 44].

The procedure can be applied to the real experimental
data without modifications. In this case, the uncertain-
ties of extraction will be dominated by the statistical un-
certainties of measurements since many systematic uncer-
tainties cancel in the ratio. Thus the method is feasible
for modern and future experiments, such JLab [45, 46],
LHC [47], and EIC [48, 49]. They can be applied to al-
ready collected data after a rebinning. Importantly, the
procedure is model-independent and provides access to
the CS kernel based on the first principles.
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proaches and solves an old-stated problem of comparison
between non-perturbative distributions extracted within
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bT [fm] 0.12 0.24 0.36 0.48 0.60 0.72 0.84
“MS, uNNLL

q 0.12(12) -0.20(9) -0.43(11) -0.64(15) -0.80(15) -0.94(41) -1.24(68)

TABLE II. Quark Collins-Soper kernel “MS

q (bT , µ = 2 GeV) as a function of bT .

FIG. 13. CS kernel in bT space for di�erent choices of
Dirac structure � with uNNLL matching (top panel) and
for all computed accuracies of the matching correction
”“MS

q (bT , µ, x, P z
1 , P z

2 ) (bottom panel).

renormalization scheme.
While a complete quantification of systematic uncer-

tainties would require performing lattice QCD calcula-
tions at multiple lattice spacings and at larger boosts or
higher-order perturbative matching, the precision and
control over systematic uncertainties achieved in this
work is su�cient to preliminarily compare the CS kernel
determination with phenomenological parameterizations
of the kernel fit to experimental data. In Fig. 15 the
final determination is compared with the following pa-
rameterizations: Scimemi and Vladimirov (SV19) [51],
Bachetta et al. (Pavia19) [52], the MAP Collaboration
(MAPTMD22) [55], Moos et al. (ART23) [56], as well as
an older parameterization based on the work of Brock,
Landry, Nadolsky and Yuan (BLNY) [44] and employed
in recent code packages for resummation calculations rel-
evant to precision electroweak measurements [110, 111].
Within quantified uncertainties, the data agrees with all

FIG. 14. Imaginary part of the CS kernel estimator shown
for various accuracies of the perturbative matching correction
”“MS

q (bT , µ, x, P z
1 , P z

2 ).
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FIG. 15. CS kernel with uNNLL matching in bT space (green
squares) compared to phenomenological parameterizations of
experimental data in Refs. [44, 51, 52, 55, 56] labelled BLNY,
SV19, Pavia19, MAP22, and ART23, respectively, as well as
perturbative results from Refs. [108, 109] labelled N3LO.

models in the range 0.12 fm <
≥ bT

<
≥ 0.24 fm, with all

but BLNY for 0.24 fm <
≥ bT

<
≥ 0.6 fm, and with SV19,

MAPTMD22 and ART23 for bT
>
≥ 0.6 fm. Finally, for

bT Ø 0.6 fm, the results are consistent with a constant,
as suggested for the large-bT behavior in Ref. [112]. Dis-
cretization artifacts and power corrections, both enhanced
at small bT , will be studied in more detail in future work.
More refined comparisons would also take into account
the di�erences in the number of quark flavors and their
masses between the lattice QCD determination and the
global analyses, which lead to perturbative corrections
described in Ref. [113].
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FIG. 14: The TMD FF for an up quark fragmenting into a ⇡
+ at µ =

p
⇣ = Q = 2 GeV (left panel) and 10 GeV (right

panel) as a function of the hadron transverse momentum |P?| for z = 0.3 and 0.6. The uncertainty bands represent the
68% CL.

1. Collins–Soper kernel

It is interesting to study the Collins–Soper kernel [6, 109] that drives the evolution of TMDs in terms of the
rapidity scale ⇣. Recent discussions of this crucial component of the TMD formalism have been presented in
Refs. [110, 111] and estimates based on lattice QCD have been proposed in Refs. [112–114].

The Collins–Soper kernel, as written in Eq. (36), is composed of two parts. The first part can be calculated
perturbatively at NkLL accuracy, and is computed at b⇤:

K(b⇤(|bT |), µ) =
k�1X

n=0

✓
↵s(µb⇤)

4⇡

◆n+1

K
(n,0) �

kX

n=0

�
(n)
K

ˆ µ

µb⇤

dµ
0

µ0

✓
↵s(µ0)

4⇡

◆n+1

, (58)

where K
(n,0) and �

(n)
K are coe�cients of the perturbative expansion (see, e.g., Ref. [34]). Note that the integral

on the r.h.s. is directly computed by means of numerical integration, thus providing a fully resummed result.
The second part, denoted as gK , cannot be computed in perturbation theory and is one of the results of our fit.
Only the full Collins–Soper kernel can be compared with other works.

In Fig. 15, we show the Collins–Soper kernel as a function of |bT | by conventionally keeping the scale µ fixed
at 2 GeV, for our present analysis (MAPTMD22, green band) and for four other analyses in the literature [5, 7,
20, 22]. The solid lines at low |bT | follow the perturbative result. For MAPTMD22, PV19 [7] and PV17 [5], they
correspond to setting bmin = 0 for sake of comparison with the other SV19 [22], SV17 [20] results. The slight
di↵erences between the curves are due to the di↵erent logarithmic accuracies of the perturbative calculations:
the PV17 analysis was performed at NLL, the SV17 analysis at N2LL, the PV19, SV19 and MAPTMD22 at
N3LL. The size of the bands around the solid lines corresponds to one standard deviation of the parameter g2
around its best-fit value. The b⇤ prescription modifies the curves starting from |bT | ⇡ 1 GeV�1. The behavior
at high |bT | is driven by gK and is di↵erent for the various analyses.

The dashed curves show the e↵ect of using our prescription bmin = 2e��E/µ ⇡ 1.123/µ in MAPTMD22, PV19
and PV17. This implies that at low |bT | the Collins–Soper kernel saturates to a finite value, as indicated by
the dashed lines. As the scale increases, this modification occurs at lower and lower values of |bT | and becomes
less relevant.

2. Average squared transverse momenta

The average squared transverse momenta hk2
?
i(x,Q), hP 2

?
i(z,Q) are calculated with the Bessel weighting

technique suggested in Refs. [115, 116].
In the case of the TMD PDF for a quark q in the proton at µ =

p
⇣ = Q, one has [115, 116]:

hk2
?
iq(x,Q) =

´
d
2k? k2

?
f
q
1 (x,k

2
?
, Q,Q

2)´
d2k? f

q
1 (x,k

2
?
, Q,Q2)

=
2M2

f̂
q (1)
1 (x, |bT |, Q,Q

2)

f̂
q
1 (x, |bT |, Q,Q2)

����
|bT |=0

, (59)

where the Fourier transform f̂
q
1 of the TMD PDF has been defined in Eq. (5) and the first Bessel moment of
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prescription and the same nonperturbative component gK(b2
T ) of the Collins–Soper evolution kernel as in Ref. [28],

but we use the following expression for f⇡
1NP :

f⇡
1NP (x, b

2
T ; ⇣) = e�g1⇡(x)

b2T
4


⇣

Q0

�gK(b2
T )/2

= e�g1⇡(x)
b2T
4


⇣

Q0

��g2
2

b2T
4

, (4)

where Q0 is an arbitrary starting scale that we choose to be 1 GeV, and g2 is a parameter taken from Ref. [28], as
mentioned above. The x-dependence of the width g1⇡ is given by

g1⇡(x) = N1⇡
x�⇡ (1� x)↵

2
⇡

x̂�⇡ (1� x̂)↵2
⇡
, (5)

with x̂ = 0.1. In conclusion, we have a total of 3 free parameters to fit to data: N1⇡, �⇡ and ↵⇡.

III. DATA SELECTION

In this Section we describe the experimental data included in our analysis. We consider data from the two DY
experiments (E615 [31] and E537 [32]) that used ⇡� beams impinging on tungsten targets. The coverage of these
data in the x-Q2 plane is shown in Fig. 1.
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FIG. 1: The coverage of E615 [31] (blue) and E537 [32] (light blue) data in the plane x-Q2.

Since our study is based on TMD factorization, which is applicable only in the kinematical region |qT | ⌧ Q, we
apply to the data sets the following cut:

|qT |

Q
< 0.3 +

0.6

Q
. (6)

This cut is slightly di↵erent from the analogous one used in the proton TMD extraction: since the availability of
data is limited, this cut is a good compromise between the necessity of including more data and the necessity of
staying within the limits of applicability of TMD factorization.

In order to avoid the kinematical region of invariant masses around the ⌥ resonance, we also exclude those bins of
the DY experiment E615 for which 9.00 GeV < Q < 11.70 GeV. The numbers of experimental data before and after
the application of these cuts are reported in Table I, together with other useful details regarding the experimental
processes, like the definition of the observables and the values of

p
s and Q.

4

Experiment Ndat Ncut Observable
p
s [GeV] Q range [GeV] NQ�bin xF range

E615 155 74 d2�/dQd|qT | 21.8 4.05 - 13.05 8 0.0 - 1.0

E537 150 64 d2�/dQdq2
T 15.3 4.0 - 9.0 10 -0.1 - 1.0

TABLE I: For each experiment we indicate the original number Ndat of data points, the number Ncut of data points included
in the fit after applying the kinematical cuts, the delivered observable, the center-of-mass energy

p
s, the range in invariant

mass Q, the number of considered bins in Q and the integration range in xF . The width of the Q–bins for E537 is 0.5 GeV,
for E615 the width increases with Q: for the first four bins it is 0.45 GeV, for the next two ones it is 0.9 GeV, and for the
last two ones it is 1.35 GeV.

Each of the considered data sets has systematic and statistical uncertainties. The statistical uncertainties are
quite large for both E537 (8%) and E615 (16%). We choose to treat them as uncorrelated, while we treat the
systematic uncertainties as fully correlated. For small |bT | ⌧ 1/⇤QCD, the TMD PDFs can be matched onto
the related collinear PDFs. Therefore, we must consider the systematic uncertainties induced by the choice of
the collinear PDFs. Consistently with Ref. [28], for the proton TMD PDF we choose the PDF parametrization
MMHT2014 [33]; for the pion we use the xFitter20 one [9]. We compute the PDF uncertainties by using the Hessian
method, and we consider 80% of them as fully correlated while the remaining 60% as uncorrelated, as already done
in Ref. [28].

IV. RESULTS

In this section, we present the results for the extraction of the unpolarized quark TMD PDFs in a pion from a fit
of all the existing DY data involving pions (see Sec. III). Since collinear sets for pion PDFs are presently available
only at next-to-leading-order (NLO) accuracy, the TMD PDFs can be extracted at an accuracy that we defined as
N3LL� (similarly to Ref. [28]), i.e., all ingredients are at N3LL accuracy, apart from the evolution of the collinear
PDFs.

The error analysis is performed with the so-called bootstrap method, by fitting an ensemble of 200 replicas of
experimental data. For consistency with Ref. [28], we used the proton TMD PDFs extracted in the fit of Ref. [28]
and we associate the i–th replica of quark TMD PDFs in the pion to the same replica in the set of quark TMD
PDFs in the proton.

A. Fit quality

When using the bootstrap method, the full statistical information is contained in the whole set of 200 replicas
of the extracted TMD PDFs. Nevertheless, we choose as the most representative indicator of the quality of our fit
the �2 value of the best fit to the unfluctuated data, �2

0 (also referred as the central replica).
It is possible to decompose the value of �2

0 as the sum of two di↵erent contributions [28],

�2
0 = �2

D + �2
� , (7)

where �2
D is the contribution of uncorrelated uncertainties and the penalty �2

� is related to correlated uncertainties.
The breakup of �2

0 into its components, normalized to the number of data points surviving the kinematical cuts
(Ncut), is reported in Tab. II for the two experimental sets included in this analysis.

Experiments Ncut �2
D/Ncut �2

�/Ncut �2
0/Ncut

E537 64 1.00 0.57 1.57

E615 74 0.31 1.22 1.53

Total 138 0.63 0.92 1.55

TABLE II: The break up of the central replica �2
0 into components related to uncorrelated (�2

D) and correlated (�2
�) uncer-

tainties, normalized to the number of data points surviving the kinematical cuts (Ncut).

https://arxiv.org/abs/2210.01733
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FIG. 4: The TMD PDF of the down quark in ⇡� at µ =
p
⇣ = Q = 2 GeV (left panel) and 10 GeV (right panel) as a function

of the partonic transverse momentum |k?| for x = 0.05, 0.1 and 0.2. The uncertainty bands correspond to the 68% CL.

measurements (see Fig. 1). The error bands correspond to the 68% CL. They reflect the uncertainty on the fitting
parameters of Eq. (4) that are determined by propagating the error in the collinear PDFs of both the pion and the
proton. However, since we used only the central member of the set of collinear PDFs to perform the fit, the integral
in k? of all TMD replicas is fixed, i.e., their value at bT = 0 is the same. As a consequence, the uncertainty related
to collinear PDFs is only partially accounted in the plots.

We notice that in both the left and right panels of Fig. 4 the TMD PDF at x = 0.05 shows the largest error band,
particularly at small values of |k?|. This kinematic region is at the boundary of the phase space covered by the
considered experiments. Future data from the COMPASS Collaboration are expected to play an important role in
improving this picture.

The mean squared transverse momentum of quarks in the pion at Q = 1 GeV and x = 0.1 corresponds to the
parameter N1⇡ of our fit and turns out to be hk2?i = 0.47± 0.12, somewhat larger than the corresponding quantity
for the proton (see Fig. 16 or Ref. [28]). Therefore, our analysis indicates that the TMD of quarks in the pion is
wider than that in the proton.

C. Predictions at COMPASS kinematics

The COMPASS Collaboration has recently released data for (un)polarized azimuthal asymmetries in the (po-
larized) pion–induced Drell–Yan processes [34, 35], and will probably release in the near future also data for the
unpolarized cross section.

In Fig. 5, we show theoretical predictions based on our fit for the unpolarized pion–nucleus DY cross section as
function of the virtual vector boson transverse momentum |qT |. The left panel refers to the tungsten (W ) nucleus,
while the right panel to the ammonia molecule (NH3). The kinematics is the same of Ref. [35] and is similar to the
one covered in Fig. 1 by the experimental data analyzed in our fit. The uncertainty bands at 68% CL are evidently
large, indicating that the available information we have on the internal structure of the pion is not su�cient to
make accurate predictions. Hopefully, the upcoming COMPASS data for the pion–nucleus DY process will help to
better constrain TMD PDFs in the pion, in particular shedding light on the normalization issue between theory
and data.

V. CONCLUSIONS AND OUTLOOK

In this paper, we have presented an extraction of the unpolarized quark TMD PDF in the pion, based for the
first time on the analysis of the whole set of available data for the production of DY lepton pairs in ⇡�-nucleus
collisions from the E615 [31] and E537 [32] experiments. Our data set includes 138 data points that can reasonably
be described in the TMD formalism, in terms of TMD PDFs of the proton and of the pion. The information about
the proton is fixed according to a recent extraction from the MAP collaboration [28], based on the analysis of a

MAP collaboration, arXiv:2210.01733
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Hadron dependent

Data set Ndat �2
0/Ndat

DY collider total 251 2.19
Dy fixed target total 233 0.72
HERMES total 344 1.61
COMPASS total 1203 0.82
SIDIS total 1547 1.00
Total 2031 1.11

Table 2: Hadron Dependent NNPDF + MAPFF

Data set Ndat �2
D/Ndat �2

�/Ndat �2
0/Ndat

Tevatron total 71 1.02 0.14 1.16
LHCb total 21 2.02 1.89 3.91
ATLAS total 72 3.63 0.83 4.46
CMS total 78 0.43 0.04 0.47
PHENIX 200 2 1.93 0.78 2.71
STAR 510 7 1.01 0.43 1.44
DY collider total 251 1.68 0.47 2.14
Dy fixed target total 233 0.48 0.20 0.68
HERMES total 344 1.88 0.84 2.72
COMPASS total 1203 0.69 0.30 0.99
SIDIS total 1547 0.96 0.42 1.38
Total 2031 0.99 0.4 1.39

Table 3: Flavour Blind NNPDF + MAPFF

Data set Ndat �2
D/Ndat �2

�/Ndat �2
0/Ndat

Tevatron total 71 0.93 0.14 1.07
LHCb total 21 1.94 1.92 3.86
ATLAS total 72 3.78 0.87 4.65
CMS total 78 0.49 0.04 0.53
PHENIX 200 2 2.15 0.90 3.05
STAR 510 7 1.03 0.41 1.44
DY collider total 251 1.71 0.48 2.19
Dy fixed target total 233 0.50 0.22 0.72
HERMES total 344 1.18 0.43 1.61
COMPASS total 1203 0.62 0.20 0.82
SIDIS total 1547 0.75 0.25 1.00
Total 2031 0.83 0.28 1.11

Table 4: Hadron Dependent NNPDF + MAPFF
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▸ The MAP22 TMD fit is currently the most advanced global TMD fit and 
tentatively addresses the problem of the SIDIS normalization

▸ We are working toward an updated global fit at full N3LL with Monte Carlo PDF  
and FF replicas

▸ To achieve a good description of data with this updated conditions, it is 
necessary to introduce different TMD FF for pions and kaons


