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TMDs describe the distribution of partons in three dimensions in momentum space 


They can be extracted through global fits

There are attempts to calculate them in lattice QCD
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Transverse momentum

Fraction of  
longitudinal momentum

How “wide” is the distribution? 
Is there a difference between flavors? 

How does it change with x?

TMDs describe the distribution of partons in three dimensions in momentum space 


They can be extracted through global fits

There are attempts to calculate them in lattice QCD

Transverse Momentum Distributions (TMDs)
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Time-reversal odd

Time-reversal even

Survive upon integration over 
transverse momentum

Mulders-Tangerman, NPB 461 (96) 
Boer-Mulders, PRD 57 (98)

On top of them, there are gluon-TMDs and twist-3 functions
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Available codes — NangaParbat 
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https://github.com/MapCollaboration/NangaParbat
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TMD factorization — expression of a TMD 
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TMD factorization — expression of a TMD 

Collins, “Foundations of Perturbative QCD” 

matching coefficients 
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TMD factorization — expression of a TMD 

collinear PDF

Collins, “Foundations of Perturbative QCD” 

matching coefficients 
(perturbative)

Structure of a TMD in      -spacebT
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Accuracy SIDIS DY Z production N of points χ2/Ndata

Pavia 2017 
arXiv:1703.10157 NLL ✔ ✔ ✔ 8059 1.55

SV 2019 
arXiv:1912.06532 N3LL ✔ ✔ ✔ 1039 1.06

MAPTMD22 N3LL ✔ ✔ ✔ 2031 1.06

Bacchetta, Bertone, Bissolotti, Bozzi, MC, Piacenza, Radici, Signori arXiv: 2206.07598

-

-

http://arxiv.org/abs/arXiv:1703.10157
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A new extraction of unpolarized quark TMDs

Global analysis of Drell-Yan and Semi-Inclusive DIS data sets: 2031 data points 

Perturbative accuracy: N  LL 

Normalization of SIDIS multiplicities beyond NLL  

Number of fitted parameters: 21

Extremely good description:

3 -

�2/Ndata = 1.06
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Different implementation of TMD evolution

Different criteria of data selection
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Different choice of nonperturbative functional form
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MAPTMD22 — Datasets included 

Drell-Yan

Fixed-target low-energy DY
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LHC and Tevatron data

9 . Q . 11 GeV excluded (⌥ resonance)
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Comparison of datasets included 
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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 –

457(DY) + 582(SIDIS) = 1039 fitted data

MAPTMD22 SV19



MAPTMD22 — Normalization of SIDIS

SIDIS multiplicities at NLL
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MAPTMD22 — Normalization of SIDIS
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The discrepancy amounts to an almost constant 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
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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
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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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Solution1: restrict the TMD region
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Solution2: enhance TMD contributions

Asy

Fix order

Resum

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0

0.1

0.2

0.3

0.4

0.5

0.6

qT [GeV]

dσ dq
T2

Data

25

MAPTMD22 — Normalization of SIDIS



26

MAPTMD22 — Normalization of SIDIS



SIDIS multiplicity M(x, z, PhT , Q) =
d�

dxdQdzdPhT

�
d�

dxdQ

<latexit sha1_base64="m7G6TuNt4o/tNg6acVoDNTLVDYg="></latexit>

26

MAPTMD22 — Normalization of SIDIS



SIDIS multiplicity M(x, z, PhT , Q) =
d�

dxdQdzdPhT

�
d�

dxdQ

<latexit sha1_base64="m7G6TuNt4o/tNg6acVoDNTLVDYg="></latexit>

Collinear SIDIS cross section d�

dxdQdz

<latexit sha1_base64="s8wjn6Kdk2vuCm4tHXTsauW3e4A=">AAACDHicbVC7TsMwFHXKq5RXgZHFokJiqhJUBGMFC2Mr0YfURJXjOK1V24lsB1GifAALv8LCAEKsfAAbf4ObZoCWK1k6Pufce+3jx4wqbdvfVmlldW19o7xZ2dre2d2r7h90VZRITDo4YpHs+0gRRgXpaKoZ6ceSIO4z0vMn1zO9d0ekopG41dOYeByNBA0pRtpQw2rNDSXCaeAqOuIoS4P7oO3mY1NJAnN/yDLjsut2XnAZOAWogaJaw+qXG0Q44URozJBSA8eOtZciqSlmJKu4iSIxwhM0IgMDBeJEeWm+NYMnhglgGElzhIY5+7sjRVypKfeNkyM9VovajPxPGyQ6vPRSKuJEE4Hni8KEQR3BWTIwoJJgzaYGICypeSvEY2TS0Sa/ignBWfzyMuie1Z1G/bzdqDWvijjK4Agcg1PggAvQBDegBToAg0fwDF7Bm/VkvVjv1sfcWrKKnkPwp6zPH/75nN8=</latexit>

26

MAPTMD22 — Normalization of SIDIS



SIDIS multiplicity M(x, z, PhT , Q) =
d�

dxdQdzdPhT

�
d�

dxdQ

<latexit sha1_base64="m7G6TuNt4o/tNg6acVoDNTLVDYg="></latexit>

Collinear SIDIS cross section d�

dxdQdz

<latexit sha1_base64="s8wjn6Kdk2vuCm4tHXTsauW3e4A=">AAACDHicbVC7TsMwFHXKq5RXgZHFokJiqhJUBGMFC2Mr0YfURJXjOK1V24lsB1GifAALv8LCAEKsfAAbf4ObZoCWK1k6Pufce+3jx4wqbdvfVmlldW19o7xZ2dre2d2r7h90VZRITDo4YpHs+0gRRgXpaKoZ6ceSIO4z0vMn1zO9d0ekopG41dOYeByNBA0pRtpQw2rNDSXCaeAqOuIoS4P7oO3mY1NJAnN/yDLjsut2XnAZOAWogaJaw+qXG0Q44URozJBSA8eOtZciqSlmJKu4iSIxwhM0IgMDBeJEeWm+NYMnhglgGElzhIY5+7sjRVypKfeNkyM9VovajPxPGyQ6vPRSKuJEE4Hni8KEQR3BWTIwoJJgzaYGICypeSvEY2TS0Sa/ignBWfzyMuie1Z1G/bzdqDWvijjK4Agcg1PggAvQBDegBToAg0fwDF7Bm/VkvVjv1sfcWrKKnkPwp6zPH/75nN8=</latexit>

No problems of normalization!!
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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
⊥
〉
(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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Small experimental uncertainties
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Implementation of lepton cuts
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Small experimental uncertainties

Implementation of lepton cuts

Effects of power corrections
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Possible justifications:

Small experimental uncertainties

Implementation of lepton cuts

Effects of power corrections

Effects of the matching between 
perturbative and non-perturbative physics
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Visualisation of TMD PDFs
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Kernel of the rapidity evolution equation
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This is NOT a constant factor 
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Summary

Global analysis of Drell-Yan and Semi-Inclusive DIS data sets: 2031 data points 

Perturbative accuracy: N  LL 

Normalization of SIDIS multiplicities beyond NLL  

Number of fitted parameters: 21

Extremely good description:

3 -

�2/Ndata = 1.06
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What is the role of the EIC?
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Ideal situation at high Q

Standard approach
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Resummed contribution is dominant 
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Non-Perturbative approach

The Non-Perturbative term is not 
only a small correction, but is 
even larger than the Fixed Order 
contribution

Collinear result is no more mostly 
given by the integral of the Fixed Order
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HERMES multiplicity
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Framework HERMES COMPASS DY Z production N of points

Pavia 2013 
arXiv:1309.3507 parton model ✔ ✘ ✘ ✘ 1538

Torino 2014 
arXiv:1312.6261 parton model ✔ 

(separately)
✔ 

(separately) ✘ ✘
576 (H) 

6284 (C)

DEMS 2014 
arXiv:1407.3311 NNLL ✘ ✘ ✔ ✔ 223

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

SIYY 2014 
arXiv:1406.3073 NLLʹ ✘ ✔ ✔ ✔ 200 (?)

Pavia 2017 
arXiv:1703.10157 NLL ✔ ✔ ✔ ✔ 8059

SV 2017 
arXiv:1706.01473 NNLLʹ ✘ ✘ ✔ ✔ 309

BSV 2019 
arXiv:1902.08474 NNLLʹ ✘ ✘ ✔ ✔ 457

SV 2019 
arXiv:1912.06532 N3LL- ✔ ✔ ✔ ✔ 1039

Pavia 2019 
arXiv:1912.07550 N3LL ✘ ✘ ✔ ✔ 353

MAP22 
arXiv:2206.07598 N3LL- ✔ ✔ ✔ ✔ 2031

http://arxiv.org/abs/arXiv:1309.3507
http://arxiv.org/abs/arXiv:1407.3311
http://arxiv.org/abs/arXiv:1401.5078
http://arxiv.org/abs/arXiv:1406.3073
http://arxiv.org/abs/arXiv:1703.10157
https://arxiv.org/abs/2206.07598
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Results of the baseline fit

Error propagation

250 Montecarlo replicas
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Results of the baseline fit

Error propagation

250 Montecarlo replicas

Hints of the 
appropriateness of the 
chosen functional form

Correlation matrix

g2 N1 Æ1 æ1 ∏ N3 Ø1 ±1 ∞1 ∏F N3BN1BN1C ∏2 Æ2 Æ3 æ2 æ3 Ø2 ±2 ∞2

g2

N1

Æ1

æ1

∏

N3

Ø1

±1

∞1

∏F

N3B

N1B

N1C

∏2

Æ2

Æ3

æ2

æ3

Ø2

±2

∞2 °1

°0.5

0

0.5

1



Cut qT/Q for SIDIS dataset
8
>>><

>>>:

c1 = 0.2

c2 = 0.5

c3 = 0.3

c4 = 1

<latexit sha1_base64="+2nIDoHxyZxpTqRJCuR3NZveggk=">AAACL3icbZDLSgMxFIYzXut4q7p0EyyCqzLTC7oRioK4rGAv0Cklk562oZnMkGSEMvSN3Pgq3Ygo4ta3MJ3OQlsPBD7+/5wk5/cjzpR2nDdrbX1jc2s7t2Pv7u0fHOaPjpsqjCWFBg15KNs+UcCZgIZmmkM7kkACn0PLH9/O/dYTSMVC8agnEXQDMhRswCjRRurl7zwfhkwk1NyhpjbtufgaO8WS5xkupVxNuZxyOeWKYRfbHoh+NtjLF5yikxZeBTeDAsqq3svPvH5I4wCEppwo1XGdSHcTIjWjHKa2FyuICB2TIXQMChKA6ibpvlN8bpQ+HoTSHKFxqv6eSEig1CTwTWdA9Egte3PxP68T68FVN2EiijUIunhoEHOsQzwPD/eZBKr5xAChkpm/YjoiklBtIrZNCO7yyqvQLBXdSrH6UCnUbrI4cugUnaEL5KJLVEP3qI4aiKJnNEPv6MN6sV6tT+tr0bpmZTMn6E9Z3z8GyqOW</latexit>

8
>>><

>>>:

c1 = 0.2

c2 = 0.5

c3 = 0.3

c4 = 0.4

<latexit sha1_base64="Uxk08T4W3qs6e2ubTvHy/DnUwnk=">AAACMXicbZDLSgMxFIYz9VbHW9Wlm2ARXJWZXtCNUHTTZQVbC51SMulpG5rJDElGKENfyY1vIm66UMStL2E6nYW2Hgh8/P85Sc7vR5wp7ThzK7exubW9k9+19/YPDo8KxydtFcaSQouGPJQdnyjgTEBLM82hE0kggc/h0Z/cLfzHJ5CKheJBTyPoBWQk2JBRoo3ULzQ8H0ZMJNTcoWY27bv4BjulsucZLqdcS7mSciXlaspVbHsgBtlov1B0Sk5aeB3cDIooq2a/8OoNQhoHIDTlRKmu60S6lxCpGeUws71YQUTohIyga1CQAFQvSTee4QujDPAwlOYIjVP190RCAqWmgW86A6LHatVbiP953VgPr3sJE1GsQdDlQ8OYYx3iRXx4wCRQzacGCJXM/BXTMZGEahOybUJwV1deh3a55FZLtftqsX6bxZFHZ+gcXSIXXaE6aqAmaiGKntEbekcf1os1tz6tr2VrzspmTtGfsr5/AAjYpAs=</latexit>

8
>>><

>>>:

c1 = 0.2

c2 = 0.6

c3 = 0.4

c4 = 1

<latexit sha1_base64="C/o8stFSVmzFDIlqkbBFiHW/OSk="></latexit>

8
>>><

>>>:

c1 = 0.2

c2 = 0.7

c3 = 0.5

c4 = 1

<latexit sha1_base64="G5WrQnIuq1wLFAFUKN3tJcjny9E="></latexit>

8
>>><

>>>:

c1 = 0.15

c2 = 0.4

c3 = 0.2

c4 = 1

<latexit sha1_base64="Oz8juHIph8a8P6LFomsNjGsaSa8=">AAACL3icbZBNSwMxEIaz9auuX1WPXoJF8FR2a4tehKIgHivYD+iWkk2nbWg2uyRZoSz9R178K72IKOLVf2G63YO2DgSeeWcmybx+xJnSjvNm5dbWNza38tv2zu7e/kHh8KipwlhSaNCQh7LtEwWcCWhopjm0Iwkk8Dm0/PHtvN56AqlYKB71JIJuQIaCDRgl2ki9wp3nw5CJhJo71NSmPRdfY6fkVj3PJOU0qaR8kXI55Yph1/ZA9LPBXqHolJw08Cq4GRRRFvVeYeb1QxoHIDTlRKmO60S6mxCpGeUwtb1YQUTomAyhY1CQAFQ3Sfed4jOj9PEglOYIjVP190RCAqUmgW86A6JHark2F/+rdWI9uOomTESxBkEXDw1ijnWI5+bhPpNANZ8YIFQy81dMR0QSqo3FtjHBXV55FZrlklspVR8qxdpNZkcenaBTdI5cdIlq6B7VUQNR9Ixm6B19WC/Wq/VpfS1ac1Y2c4z+hPX9AyHAo6g=</latexit>

PhT |max = min[min[c1Q, c2zQ] + c3 GeV, c4zQ]

<latexit sha1_base64="Q5bmyCBXVT65b3q07qDrxMspFTU="></latexit>
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Nominal cut qT > Q


