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Based on

- Phenomenology of TMD parton distributions in Drell-Yan and Z0 boson production in a 
hadron structure oriented approach

(PhysRevD.110.074016)

• (F. Aslan, M. Boglione, J. O. Gonzalez-Hernandez, T. Rainaldi, T. C. Rogers, A. Simonelli )

- The resolution to the problem of consistent large transverse momentum in TMDs 
(PhysRevD.107.094029)

• (J. O. Gonzalez-Hernandez, T. Rainaldi, T. C. Rogers )

- Combining nonperturbative transverse momentum dependence with TMD evolution 
(PhysRevD.106.034002)

• (J. O. Gonzalez-Hernandez, T. C. Rogers, N. Sato )

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.110.074016
PhysRevD.107.094029.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.034002
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The Lagrangian of QCD

3 colors 3 anticolors
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The difficulties with QCD

Quark and gluons are never observed 
( color confinement )

Unlike photons, gluons interact with themselves

The interaction is strong
 (of order 1)

Strong 1

Electromagnetic 1/137

Weak 10-6

Gravity 10-39
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Hadronic Structure: Proton

Flavor   :

Charge : 

Spin      :

Reality is much more difficult



6

Hadronic Structure: Proton

Credits: CERN 

http://home.cern/news/news/physics/proton-century
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According to “AI” (Bing image creator)

7
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Many ways to tackle QCD

Lattice QCD

Factorization

Effective QFTs

Exact calculations on a 
lattice (discrete space-time)

Nonperturbative and 
perturbative physics 
combined

Chiral perturbation theory,
Topological solitons,
….

Suited for 
hadronic 
structure

Others…
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Why factorization is useful

We look at scattering processes (some examples)

There are different factorization theorems for different processes but 
the idea is the same: 

disentangle perturbative and nonperturbative (intrinsic) physics

DIS

SIDIS

SIA

DY
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Where the experiments take place (some examples)

10
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Typical scattering experiment

DIS
(Deep Inelastic Scattering)

11
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Factorization theorem for DIS

Perturbatively 
calculable “hard” part 

Nonperturbative part 
(intrinsic)

Mellin 
convolution
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What is this intrinsic factor? (intuitively)

Parton Distribution Function (PDF):
“Behaves” as the probability distribution 
to find parton j in hadron H carrying 
collinear momentum fraction ξ

Fragmentation Function (FF):
“Behaves” as the probability distribution 
to find hadron H from parton j carrying 
collinear momentum fraction z
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What would you expect the pdfs of the 
quarks in a proton to be?

14

The UP PDF should be situated at 1/3 
but twice the size actually
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PDF: operator and renormalization

Like the running coupling of QCD 
they vary with the energy scale
(DGLAP equations)
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PDFs from 
experiments
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HOW DO WE 
READ THIS ?
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Generalization to 3D motion? (intuitively)

Transverse Momentum Dependent
(TMD) FF:
The hadron will generally also move in 
the transverse direction

Transverse Momentum Dependent
(TMD) PDF:
The parton will generally also move in 
the transverse direction
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Zoo of distributions
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Zoo of distributions

*They all have operator definitions (regardless of factorization)
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More complications …
A picture containing text, line, diagram, font

Description automatically generated

Credits: Lorcé, Pasquini and 
Vanderhaeghen

https://arxiv.org/pdf/1102.4704.pdf
https://arxiv.org/pdf/1102.4704.pdf
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More complications …
A picture containing text, line, diagram, font

Description automatically generated

Credits: Lorcé, Pasquini and 
Vanderhaeghen

They are not (exactly) probability distributions

They can be negative

https://arxiv.org/pdf/1102.4704.pdf
https://arxiv.org/pdf/1102.4704.pdf
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Where we encounter TMDs
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SIDIS: Cross section
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SIDIS: leading power regions

Soft region

Hard region

Collinear to minus direction region

Collinear to plus direction region
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SIDIS: leading power factorization

Soft factor

Hard factor

Collinear to minus direction factor (FF*)

Collinear to plus direction factor (TMD*)
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SIDIS

FO collinear 
factorization
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What we know
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We like to work with the Fourier transform of 
the TMD



29

1: The tail of the TMDs

At large TM (kT)/ small bT the TMDs are uniquely determined by an 
OPE expansion in terms of collinear PDFs/FFs

Usual PDFs
  (1D info)

Perturbatively calculable
               (3D info)
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2: The RG equations

Perturbative Perturbative only at small bT
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3: The integral relation

PDF
Perturbatively calculable

Pseudoprobability interpretation

The integral over 2 dimensions of a 3D distribution doesn’t give back the 1D distribution

(1D info) violation(3D info)

The violation is calculable
using Feynman diagrams
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What we don’t know
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kT ⇡ Q

NP transverse momentum parameters needed

Calculated with perturbat ion theory

Nonperturbative content of the TMDs

Small kT (large bT) region
The Collins-Soper kernel at large bT
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Conventional approach
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Parametrization

Same for FF

Nonperturbative
Perturbatively 

calculable

Fixed order collinear factorization

Drop this

35
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Model of the nonperturbative part

Parametrization

Nonperturbative
Perturbatively 

calculable

From pQCD

Evolve from initial scale to final scale
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Separation of contributions

bTbmax

From pQCD

Evolve from initial scale to final scale

Model of the nonperturbative part

TMD

Known Not known (model)
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Separation of contributions

bTbmax

From pQCD

Evolve from initial scale to final 
scale

Model of the nonperturbative part

TMD

Known Not known (model)
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Separation of contributions

bTbmax

From pQCD

Evolve from initial scale to final scale

Model of the 
nonperturbative part

TMD

Known Not known (model)
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Other issues

Solid and dash-dotted lines should be the same at kT/Q of order 1
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Some disadvantages

• What are the effects of the assumptions, ansatz and auxiliary 
parameters?

• Can we actually tell whether or not we are being consistent with 
theory?

• Can we maximize the predictive power while minimizing the 
theoretical uncertainties?

In the standard approach this is either hard or not possible
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Hadron Structure Oriented approach

We build an input scale parametrization that already satisfies 
the constraints the theory gives us

OPE expansion at small  bT ( equivalently at large kT ) Integral relation (quasi probabilistic interpretation)

Derivable from  pQCD

We can do it without the bmax or bmin issues

Bypassed by imposing 
integral relation

Solved by using 
renormalization group

improvement
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Hadron Structure Oriented approach
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The main features

• Preservation of all theoretical constraints from the outset

• No need of auxiliary parameters

• Clear distinction between perturbative and nonperturbative

• Easily swappable models
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TMD PDF HSO parametrization at input scale
Fixed order collinear factorization

NP parametersSmall kT modelSuch that

Large kT OPE coefficients
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TMD PDF HSO parametrization at input scale
Fixed order collinear factorization

Such that

Large kT OPE coefficients

From pQCD (modified)

NP model
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The role of C (no matter the NP model)

Recovery of the OPE 
expansion at 

small bT (large kT)

Correct integral 
relation between 

collinear and TMD is 
satisfied
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Choose “core” models (examples)

Gaussian “core” models

Spectator-like “core” models
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A first phenomenological implementation
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Drell-Yan

53
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Low Q fit results
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Testing the predictive power
A postdiction of CDFI with just E288 or E605 data Just 3+1 parameters
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TMDs are affected by collinear distributions

Example: take two pdfs associated with the same flavor (s here)
 and compute the input TMD 

Expected different tails because of the OPE expansion

Maybe unexpected different small kT behavior 
because of integral relation
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Changing the integral necessarily 
changes the integrand

JAM: 302.01192 
“Importantly, we have checked that the differences between the 

proton and pion ⟨bT|x⟩ are completely due to the nonperturbative 
TMD structure, independent of the collinear PDFs”
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Summary
• Consistent TMD parametrization for large TM at input scale

• Control over perturbative vs nonperturbative

• Quantifiable collinear effects at small kT

• No need of bmax or other auxiliary parameters

• Improved TM behavior in matching region (not today)

NEXT/SOON:

o More checks with data

o higher orders and polarized cases (Sivers)

o Incorporate NP calculations (lattice, EFT, …)

59
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Thank you
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Why are b* and bmax used ?

Powers of =

LARGE bT: solved by arbitrary cutoff bmax

SMALL bT: solved by choosing a different scale 
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Why b* and bmax?

Powers of =

These problems are treated simultaneously in the stardard approach

BUT they are completely independent 
and there is more to the story
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Why is this important?
• We can quantitatively and conclusively answer the question:

 How much collinear dependence do my TMD extractions carry?

TMD
 operator Collinear operator + O(𝛼S)

TMD 
parametrization Collinear operator + O(𝛼S)
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TMD from collinear factorization

64

OPE 
coefficients

PDF

QCD running 
coupling
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Conventional approach :

Fourier Transform

65
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Solve evolution equations 
relating input scale with SIDIS scale

Same for FF

66
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Separate bT < bmax & bT > bmax regions 
with a b* prescription

Nonperturbative

Perturbatively 
calculable with fixed 
order collinear 
factorization

Same for FF

67
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What are b* and bmax?
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Choose ansatzes for g functions

69
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Collinear Evolution

70

Usual evolution Additional term
(scheme change)

Power
 suppressed
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Comparison with MAP22
Observations:

No tail matching for MAP

Model dependence 
washes out at large Q

Different models can describe
 the small kT region at low Q

How do we choose?
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Problems in the large kT-tail
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