
Chiara Bissolotti 
Maria Goeppert Mayer Fellow 
Argonne National Laboratory 
PHY Division

First Neural Network extraction  
of unpolarized TMDs 

May 20, 2025 QCD Evolution 20205 - Jefferson Lab

with Valerio Bertone, Matteo Cerutti, Simone Rodini,  
Alessandro Bacchetta, Marco Radici, Lorenzo Rossi

based on arXiv:2502.04166

Map Collaboration

https://arxiv.org/pdf/2502.04166


TMDs: 3D maps
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in momentum space

↑

k+ = xP+

�kT

x: momentum fraction  
carried by quark

Transverse Momentum 
Distributions

TMDs
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Transverse Momentum Distributions
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the distribution of quarks sharply depends on the orientation of their spins
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TMDs — 
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Ff/P (x,bT ;µ, ⇣) =
X
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⇣F,0

)
: C

bT ≪ 1/ΛQCD

CS and RGE  
evolution

non-perturbative  
transverse content

matching to the 
collinear region

factorizes as hard  
and longitudinal non-perturbative

unpolarized quark TMD PDF

parametrized  
and fitted to data



Drell-Yan
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qT ⌧ Q
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for
N(PA) +N(PB) ! �⇤/Z ! l+l�
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necessary to introduce a  
prescription

b* prescription
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αs(μb) = α ( 2e−γE

b ) ≫ 1 invalidates perturbative  
calculations ⇒ bmax

integration up to infinity
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Models - bT prescription
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b̄?(bT ; bmin, bmax) = bmax

✓
1� e�b4T /b4max

1� e�b4T /b4min

◆

These choices guarantee that for
Q=1 GeV the TMD coincides with 

the NP model 

bmax , bT ! +1

bmin , bT ! 0

bmax = 2e��E

bmin = 2e��E/Q

 Nonperturbative TMD evolution

Collins, Soper, Sterman, N.P. B250 (85)
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large bT → μb gets frozen → nonperturbative evolution sets in 
small bT → μb is prevented from becoming larger than Q
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bmin = 2e��E/Q
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b* prescription 
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Non perturbative function depends on 
 the choice of b*-prescription

and definition of

non perturbative
⌘ fNP(x, b, ⇣)F (x, b⇤(b);µ, ⇣)
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fit to data

perturbative
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f(x, b;µ, ⇣) =
h

f(x,b;µ,⇣)
f(x,b⇤(b);µ,⇣)

i
f(x, b⇤(b);µ, ⇣)

fNP



Motivation
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What would we like to accomplish?

 we want to test the methodology

do NN offer an advantage in fitting (real) data?

fit for the first time TMDs with NNgoal:

❃

with closure tests

❃

proof of concept



Data kinematical coverage
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high and low energy Drell-Yan data

included all available DY data with the exception  
of PHENIX (2 data points)
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Parametrization
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of the non-perturbative part of  f1(x, kT)
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10 nodes in a single hidden layer 

41+1 parameters 
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with activation function

MAP Collaboration 
arXiv:2502.04166

only one output node because  
there is no flavor dependence (yet)

Neural Network 

parametrization

for

 physically required constraints
<latexit sha1_base64="NCp7f/LWqeMJmHq3c2WwXl6UfCw=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVEpLosunElFewDmlAm00k7dB5hZqKUUDf+ihsXirj1L9z5N07bLLT1wIXDOfdy7z1Rwqg2nvftFJaWV1bXiuuljc2t7R13d6+pZaowaWDJpGpHSBNGBWkYahhpJ4ogHjHSioZXE791T5SmUtyZUUJCjvqCxhQjY6WuexB3s0BxeFMfw0DR/sAgpeQD9Ltu2at4U8BF4uekDHLUu+5X0JM45UQYzJDWHd9LTJghZShmZFwKUk0ShIeoTzqWCsSJDrPpB2N4bJUejKWyJQycqr8nMsS1HvHIdnJkBnrem4j/eZ3UxBdhRkWSGiLwbFGcMmgknMQBe1QRbNjIEoQVtbdCPEAKYWNDK9kQ/PmXF0nztOJXK9Xbs3LtMo+jCA7BETgBPjgHNXAN6qABMHgEz+AVvDlPzovz7nzMWgtOPrMP/sD5/AG8O5Zy</latexit>

fNP ! 1
<latexit sha1_base64="5bPa0gJCWtW0Ok1/clcDrH2DIs0=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwVBKR6rHoxWOFfkEbwma7aZduNmF3o4RQ/4oXD4p49Yd489+4bXPQ1gcDj/dmmJkXJJwp7Tjf1tr6xubWdmmnvLu3f3BoHx13VJxKQtsk5rHsBVhRzgRta6Y57SWS4ijgtBtMbmd+94FKxWLR0llCvQiPBAsZwdpIvl0J/Lw1RQPJRmONpYwfkePbVafmzIFWiVuQKhRo+vbXYBiTNKJCE46V6rtOor0cS80Ip9PyIFU0wWSCR7RvqMARVV4+P36KzowyRGEsTQmN5urviRxHSmVRYDojrMdq2ZuJ/3n9VIfXXs5EkmoqyGJRmHKkYzRLAg2ZpETzzBBMJDO3IjLGEhNt8iqbENzll1dJ56Lm1mv1+8tq46aIowQncArn4MIVNOAOmtAGAhk8wyu8WU/Wi/VufSxa16xipgJ/YH3+AFfzlJY=</latexit>

bT ! 0

<latexit sha1_base64="/x9BME4ZFldH9l/FNocQdu2X6PI="></latexit>

fNP(x, bT ; ⇣) =
NN

�
x, bT , {pi}

�

NN
�
x, 0, {pi}

� exp

"
� g22 b

2
T ln

✓
⇣

Q2
0

◆#

https://arxiv.org/pdf/2502.04166


Parameterization
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of the non-perturbative part of TMDs

gK(b2T ) = �g22
b2T
4
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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 –

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

⇣
e�
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g1A + �Bk
2
?e

� k2
?
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� k2

?
g1C

⌘
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TMD PDF

Gaussians weighted Gaussian

“analytic”, “with a functional form”

12 parameters

MAP22



avoid overfitting
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split data into training and validation set
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Monte Carlo replicas
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each replica is an independent fit
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logarithmic accuracy: N3LL
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logarithmic accuracy: N3LL

why are NN bands so much smaller than MAP22’s?
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Shifted predictions     
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& decomposition of the χ2

uncorrelated correlated

<latexit sha1_base64="wYriuLGGTrF89y4DEKmXv2lpw54="></latexit>
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experimental data
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parameters 

shifted prediction 
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Comparison with data
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without including systematic shifts

0.02

0.04

0.06

0.08

0.10

E
d

3
æ

d
3
q

h p
b
/
G

eV
2
i

p
s = 38.8 GeV

10.5 GeV < Q < 11.5 GeV

NN

MAP22

E605 data

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

0.75
1.00
1.25

R
a
ti
o

0.02

0.03

0.04

0.05

0.06

1 æ

d
æ

d
|q

T
|£ G

eV
°

1
§

66 GeV < Q < 116 GeV

|y| < 2.5

NN

MAP22

ATLAS 13 TeV data

0 2 4 6 8 10 12
|qT| [GeV]

1.0

1.1

R
a
ti
o

= 0.97χ2

= 1.28χ2significant reduction 
of the bands for MAP22
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N3LL
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Description of data
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numerical breakdown 

great improvement
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penalty termuncorrelated  
contribution

rule of thumb: it’s best  
when it’s small

MAP22 relies more on the shifts with respect to the NN fit
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NN TMDs
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extraction of  from DY dataf1(x, kT)
MAP Collaboration 
arXiv:2502.04166
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more reliable estimation uncertainties 

https://arxiv.org/pdf/2502.04166


TMDs
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comparison with other MAP fits
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full global fits, including SIDIS data

 narrower uncertainty bands 
 wider TMDs



Collins-Soper kernel
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“strong” universality

MAP Collaboration

good agreement between the extractions

process independent,  
insensitive to the types of external hadrons involved,  
not dependent on polarization, on the flavors of the quarks, and on the scale Q

ART25 
arXiv:2503.11201 

98% bands

Bollweg, Gao, He, Mukherjee, Zhao 
arXiv:2504.04625 

68% bands

https://arxiv.org/abs/2503.11201
https://arxiv.org/abs/2504.04625
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comparison with MAP22 only DY
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Closure tests
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to validate the methodology

closure test - level 0

only Drell-Yan data

Generate                             based  
on a model that we know

pseudodata

❃ uncertainties: real DY data
DWS❃ central value: computed with 

fit with NN
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can we recover the 
DWS result?

and for MAP22?

yes!
parameters
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g1 = 0.304

g2 = 0.028

…work in progress



Closure tests
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closure test - level 0
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Conclusions
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of the unpolarized quark TMD PDFs in the proton

first Neural Networks extraction 

Drell-Yan at N3LL

great description of data

data, 482 points

= 0.97χ2
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OROS
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the genesis of a new fitting framework

  suited for fitting all kinds distributions, PDFs, TMDs, GPDs 
  very fast 
  written in C++ but with a python wrapper

— more flexible, modular and versatileMAP Collaboration

to do next:
Study b* prescription - is there an impact on the 
extracted TMDs? 
Perform closure tests - validate the use of NN 
perform NN TMD fit for DY + SIDIS





TMD
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every TMD has the same general structure

perturbative  
evolution

collinear PDFsmatching to the 
collinear region
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non perturbative  
transverse content

parametrized  
and fitted to data

many subtleties involved in TMD analyses

double scale dependence

b* prescription, ζ-prescription,  
logarithmic accuracy 



correlation matrix
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41 parameters

MAP Collaboration 
arXiv:2502.04166
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Closure tests
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to validate the methodology

Level 0 ❃

Level 1 ❃

central pseudo-data is given by                                              of the known model

Level 2 ❃

— each replica is fitting the same set of data
is added on top of the central datano Monte Carlo noise

no MC noise is added  — each replica fits a subset of the same shifted data

central pseudo-data is shifted by some noise  
drawn from the experimental covariance matrix

η

central pseudo-data is shifted by level 1 noise η
MC noise is added on top of the level 1 shift

central predictions
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comparison with MAP22 only DY
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NN has a bump at very small bT  
it reaches 1 from above


