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Nucleon tomography
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Mapping the proton

…what you see depends on how you look!
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PV17   
unpolarized TMD PDF extraction



Complications!

5

Transverse momentum can be …

what we measure is:

perturbativeintrinsic

slide credit: Fulvio Piacenza
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unpolarized Transverse Momentum Dependent  
Parton Distribution Functions
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collinear PDFs
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TMD PDFs
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perturbative  
evolution

collinear PDFsmatching to the 
collinear region
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unpolarized Transverse Momentum Dependent  
Parton Distribution Functions



TMD PDFs
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perturbative  
evolution

collinear PDFsmatching to the 
collinear region
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resummation of large  
logarithms

unpolarized Transverse Momentum Dependent  
Parton Distribution Functions



TMD PDFs
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perturbative  
evolution non perturbative  

transverse content

parametrized  
and fitted to data

collinear PDFsmatching to the 
collinear region

<latexit sha1_base64="PkEE5bd3jUiWbAo22wSgpunv4Ps="></latexit>

fq
1 (x, b;µ, ⇣) =

X

j

�
Cq/j ⌦ f j

�
(x, b⇤;µb)

⇥ exp

⇢
K(µ0) ln

p
⇣p
⇣0

+

Z µ

µ0

dµ0

µ0


�F � �K ln

p
⇣

µ0

��

⇥ fNP(x, b; ⇣)

F (x,b;µ) =
X

j

�
Cj ⌦ f j

�
(x, b⇤;µb)e

R(b⇤;µb,µ)fNP(x, b)

<latexit sha1_base64="rQ3lgX7woildTF4W64ybnyaXx5Q="></latexit>

L = ln
Q2

µ2
b

<latexit sha1_base64="N4SRivc0uXvr9/S+OeCZlpqkSK8="></latexit>

perturbative expansion
αs(μ)in 

resummation of large  
logarithms

unpolarized Transverse Momentum Dependent  
Parton Distribution Functions



Drell-Yan
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qT ⌧ Q
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large   
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when bT becomes large

bT

invalidates perturbative  
calculations

αs(μb) = α ( 2e−γE

b ) ≫ 1

integration up to infinity
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cross section 



QCD running constant αs
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high 

perturbative regionnon perturbative region

Q2probing small distance scales

quark confinement asymptotic freedom



b* prescription 
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when bT becomes largebTbTbT invalidates perturbative  
calculationsαs(μb) = α ( 2e−γE

b ) ≫ 1 ⇒ bmax

Models - bT prescription

23

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 
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fq
1 (x, bT ;Q

2) =
X

i

�
Cq/i ⌦ f i

1

�
(x, b⇤;µb) e

S(b⇤;µb,Q) egK(bT ) log Q
Q0 fq

NP(x, bT ;Q
2
0)

Q=2 GeV

Q=5 GeV
Q=20 GeV

original choice: the CSS scheme b⇤ =
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other choices: Bacchetta et al., JHEP 1511 (15) 076

b⇤[bc(bT )] Collins et al., arXiv:1605.00671
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JHEP 1411 (14)
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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, ⇣)

<latexit sha1_base64="B+TI0u+q8iJKnUBkPG1U0gkY6pU="></latexit>

fit to data

perturbative
<latexit sha1_base64="PMX6clxZ+5pMXdN4BZcw50WDfrs=">AAACvHicbZDdbtNAEIU35q+EvxQuuVmRIqWoRHaEaCsUVMENl0UibaXYisabcbry7traHVdNrTwiD8BzcAsStmOhpDBXZ8+Z0ex8ca6kI9//0fHu3L13/8HOw+6jx0+ePuvtP j9zWWEFTkSmMnsRg0MlDU5IksKL3CLoWOF5nH6u8/MrtE5m5hstc4w0LIxMpACqrFlvsZcMrg94/CHUxUF4gwT7fMxDhQlNw8SCKOt8M16V64nZm0G8v+mHVi4uKWr6b4d7s17fH/pN8X9F0Io+a+t0ttsZh/NMFBoNCQXOTQM/p6gES1IoXHXDwmEOIoUFTitpQKOLyobIir8uHFDGc7RcKt6YuDlRgnZuqeOqUwNduttZbf4vmxaUHEWlNHlBaES9iKTCZpETVlaokc+lRSKof45cGi7AAhFayUGIyiwq9lsLSaY3bxNcGg2mOqx+ti+HVJ2kc6BxxWjor7pbg7GFFGmLRUug2wA/boqvxeG7VhwHf4GfjYbB++Ho66h/8qlFv8NesldswAJ2yE7YF3bKJkyw7+wn+8V+ex+9uZd6et3qddqZF2yrvKs/FlXZaQ==</latexit>

f(x, b;µ, ⇣) =
h

f(x,b;µ,⇣)
f(x,b⇤(b);µ,⇣)

i
f(x, b⇤(b);µ, ⇣)

fNP
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only Drell-Yan data
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Integrations
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In order to compare theory with data 

� =

Z Qmax

Qmin

dQ

Z ymax

ymin

dy

Z qT,max

qT,min

dqT


d�

dQdydqT

�

<latexit sha1_base64="38m35h2HElB3mFC0DQQpmyZkegE="></latexit>

integration over bins in transverse 
momentum qT

integration over the range 
in rapidity 

❃ experiments measure the cross section σ

integration over the range 
in momentum transfer

numerical integration analytic integration
Ogata quadrature see PV19 paper
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of the non-perturbative part of TMDs

gK(b2T ) = �g22
b2T
4
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NP evolution

J
H
E
P
0
6
(
2
0
1
7
)
0
8
1

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
2
T ) / F.T. of

⇣
e�

k2
?

g1A + �Bk
2
?e

� k2
?

g1B + �Ce
� k2

?
g1C

⌘

<latexit sha1_base64="vFdH/DRpyerup3jpJu1HvhkIHUU="></latexit>

TMD PDF

Gaussians weighted Gaussian

“analytic”, “with a functional form”

12 parameters

MAP22
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of the non-perturbative part of TMDs

Neural Network 

fNP (x, bT ) = eNNAD(x,bT )eSNP

<latexit sha1_base64="6xWzmo+x8JHoCfZUAIX/aLZnx5I=">AAACFnicbVDLSgMxFM34rPU16tJNsAgVtMxIRTdCfSxclYp9QTsOmTTThmYeJBmxDPMVbvwVNy4UcSvu/BvTaRFtPRA4nHMuN/c4IaNCGsaXNjM7N7+wmFnKLq+srq3rG5t1EUQckxoOWMCbDhKEUZ/UJJWMNENOkOcw0nD6F0O/cUe4oIFflYOQWB7q+tSlGEkl2fqBa8flSpK/34eOXd2Dp5DcxrBcPrv8kRKl3KSpxNZzRsFIAaeJOSY5MEbF1j/bnQBHHvElZkiIlmmE0ooRlxQzkmTbkSAhwn3UJS1FfeQRYcXpWQncVUoHugFXz5cwVX9PxMgTYuA5Kukh2ROT3lD8z2tF0j2xYuqHkSQ+Hi1yIwZlAIcdwQ7lBEs2UARhTtVfIe4hjrBUTWZVCebkydOkflgwi4Wj62KudD6uIwO2wQ7IAxMcgxK4AhVQAxg8gCfwAl61R+1Ze9PeR9EZbTyzBf5A+/gG54ucwA==</latexit>

proof of concept
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bT

10 hidden layer nodes

flavor blind
only one output node because  

the analysis is
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NN(x, bT )
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fNP(x, bT , ⇣) = exp
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Motivation
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What do we want to do? What do we want to prove?

 we want to/have to test methodology

are NN really a more general parameterization with respect to the “analytic classics”?
e.g. ‘analytic functional forms’, like sums of Gaussian and weighted Gaussians

❃

fit for the first time TMDs with NNgoal:

❃

with closure tests
https://docs.nnpdf.science/tutorials/closuretest.html

https://docs.nnpdf.science/tutorials/closuretest.html


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



Closure tests
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to validate the methodology

closure test of level 0

only Drell-Yan data

Generate                             based  
on a model that we know

pseudodata

❃ uncertainties: real DY data
MAP22❃  central value:

fit with NN
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Closure test - level 0
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replicas here come from variating  
the random seed for 

 the initial values of the parameters

comparison with central replica  
of MAP22

χ2 ~ 10−5



Closure test - level 0
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Results of NN TMD fit
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Caveat: very preliminary results!

Preliminary Preliminary

5 nodes (hidden layer)
= 1.02χ2



Results of NN TMD fit
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Caveat: very preliminary results!

10 nodes (hidden layer)
= 0,97χ2

Preliminary Preliminary



Conclusions
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preliminary results
Neural Networks opened up a new realm of possibilities for fits 

on Drell-Yan data

closure tests

to do   Study b* prescriptions - do they have an impact on the TMDs?❃

  Perform all stages of closure tests - validate the use of NN❃

 … keep trying to use NN in TMD fits❃


