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https://web.infn.it/CSN4/index.php/it/17-esperimenti/135-ninpha-home 

https://web.infn.it/CSN4/index.php/it/17-esperimenti/135-ninpha-home


“National Initiative”
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“... understanding how hadron structure and its phenomenology 
emerge from the underlying dynamics of confined quarks and 

gluons. 

Shedding light on the microscopic mechanisms which lead to the 
observed masses and spins of hadrons … will pave the way for a 

better understanding of confinement and hadronization.”

Goals and keywords



The physics case
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“The Physics of Hadrons”
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In particular:

1. Hadron structure :  “hadron → parton(s)” transition



“The Physics of Hadrons”
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In particular:

1. Hadron structure :  “hadron → parton(s)” transition

2. Hadron formation :  “parton → hadron(s)” transition 
(hadronization)



Global properties

Can we explain the 

mass, spin, size
of hadrons

 
working with quarks and gluons?
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Confinement
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Can we explain

confinement
 

working with quarks and gluons?



Internal structure
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Can we explain

the internal structure of hadrons
 

working with quarks and gluons?



Where is the problem ?
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High energy → convergence
 → perturbative QCD

Low energy (hadronic scales)
 → non-perturbative QCD

No predictive power...
Any alternative ?

 “Perturbative” calculations of the quark-gluon interactions 
(𝛼 governs the “strength” of the interaction)



“Imaging”: extracting images of hadrons from data

11



The “maps”
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“Maps” of hadron structure

Credit picture: M. Diehl - https://inspirehep.net/literature/1408303 13

https://inspirehep.net/literature/1408303


Hadrons in 3D: TMDs and GPDs
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Wigner distributions Position and momentum of partons
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Wigner distributions Position and momentum of partons



Hadrons in 3D: TMDs and GPDs
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Wigner distributions Position and momentum of partons
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Wigner distributions Position and momentum of partons



Hadrons in 3D: TMDs and GPDs
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Wigner distributions Position and momentum of partons



Parton distribution functions

19Credit picture: A. Bacchetta

1D structure 
in momentum space

(“collinear”)

3D structure 
in momentum space

(“transverse momentum 
dependent”)

“Maps” of hadron structure in momentum space



TMD and collinear PDFs for quarks in nucleon
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At leading twist: 8 TMD PDFs

(similar classification for gluons)

The symmetries of QCD play
a crucial role in this classification

● Black: time-reversal even AND collinear

● Blue: time-reversal even

● Red: time-reversal odd (process dependence)



Hadronization and fragmentation functions (FFs) 
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“Maps” of hadron formation in momentum space

single-hadron collinear FF

single-hadron TMD FF

di-hadron FF

inclusive jet FF

in-jet FF



Why should we study these distributions ?
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- Test factorization and universality
- Precise knowledge: impact on HEP, e.g. mW determination

- Test the symmetries of QCD

- Quark-gluon correlations and quark 
contribution to hadron mass

- Quark-gluon correlations and dynamical 
generation of quark mass

- Tensor charge of the nucleon: CP violation and 
access to BSM physics



The data
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 Experiments



The Electron-Ion 
Collider 

(EIC at BNL)

25

~2.5B$ project

? 2030-2040 ?
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https://www.jlab.org/eicElectron-Ion Collider (EIC)

https://www.jlab.org/eic


A fixed-target program at the LHC

27https://doi.org/10.1016/j.physrep.2021.01.002

High-x partonic content of nucleons and nuclei

Spin structure of (un)polarized nucleons

Heavy-Ion collisions at large rapidities

https://doi.org/10.1016/j.physrep.2021.01.002


Our group
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https://sites.google.com/view/unitohadron 

https://sites.google.com/view/unitohadron
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STAFF 
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Have you tried 
a closure test 
first, kiddo..?

What the 
...

Wow … we 
can study 

hadrons in 
3D!

The mature 1D 
phenomenologist

The innocent 3D 
phenomenologist

The more formal 
theorist



What we do
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1D phenomenology
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https://nnpdf.mi.infn.it/ 

https://nnpdf.mi.infn.it/


3D phenomenology
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● The TMDs reproduce the structure of the 
IR poles in the cross section 
(same non-perturbative physics)

● The observed transverse momentum is 
accounted for by the transverse momenta of 
quarks

● The quark transverse momentum has 
radiative (perturbative) and intrinsic 
(non-perturbative) components

● Renormalization = evolution equations tell us 
how to distinguish between the two



Jennifer
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Intersections between
astrophysics and
hadron physics

NA49 experiment (2002)

The QCD-based calculation 
estimates a ratio between 1% 
and 5%, contrary to the 30% 
result quoted by NA49 (and 
used in the astro literature)

[preliminary]



Yiyu

37~7% improvement!

Implementation of
non-perturbative TMD effects



Tommaso

38



Sara
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Interplay between TMD flavor 
dependence and mW 

determination



Concluding remarks 
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1. Hadron structure and hadron formation are non-perturbative QCD phenomena, a 
portion of the Standard Model which has not been explored in great detail yet

2. We are working hard to build “maps” of hadron structure and formation: parton 
distribution and fragmentation functions and the like, connected to fundamental 
properties of QCD

3. Crucial input is provided by experiments.
The Electron-Ion Collider is the next experimental frontier of QCD and will provide us 
with a wealth of information: we have to be ready for that!

4. A detailed knowledge of hadron structure has an impact on other (sub)fields, for 
example HEP (mW et al.) and astrophysics



Backup
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TMD phenomenology
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https://inspirehep.net/literature/1771006  

https://inspirehep.net/literature/1785810  

Hadronic collisions

https://inspirehep.net/literature/1771006
https://inspirehep.net/literature/1785810


Hadronization
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https://cordis.europa.eu/project/id/795475

For example:

1. Study unpolarized TMD fragmentation functions (FFs) 
in semi-inclusive processes

https://cordis.europa.eu/project/id/795475
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For example:

1. Study unpolarized TMD fragmentation functions (FFs) 
in semi-inclusive processes

2. Explore the chiral-odd sector of hadronization via 
polarized inclusive jets, in-jet FFs, and FFs

Crucial to access fundamental mechanisms such as
the dynamical generation of mass and for the 
phenomenology of the transversity PDF h1(x)

Credit picture: M. Radici

Hadronization https://cordis.europa.eu/project/id/795475

https://cordis.europa.eu/project/id/795475


Hadronization and mass generation
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Gap equation for the quark propagator: 
dressed “mass function” -  how to measure?

Cut propagator = inclusive limit of hadronization

Jet mass with “current” and “dynamical” 
components: experimental handle into 

breaking of chiral symmetry



SIDIS coverage
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Credit picture: C. Weiss

Importance of 
complementary experiments

from JLab 12 GeV, Hermes, Compass
to the EIC

zooming into hadron structure



QCD evolution of a TMD PDF
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See e.g. https://inspirehep.net/literature/1785810 for more details (but also JCC book, etc.)

x

x

→  TMD distribution 
     at initial scales

→  evolution in μ

→  evolution in ζ

Non-pert. corrections
(large bT)

Prior knowledge
assumed (?)

Calculable in pQCD

https://inspirehep.net/literature/1785810


mW 2019 results
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The fact that quark intrinsic transverse 
momentum can be flavor dependent leads to an 

additional uncertainty on mW, 
not considered so far

● the four-loop QCD corrections generates a shift of -2.2 MeV

● The expectation from missing higher orders is 4 MeV

Eur.Phys.J. C74 (2014) 3046 (“Global EW fit at NNLO”)



Some open questions
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A non-exhaustive personal list of open questions:

● deepen our understanding of sea quarks

● flavor structure of TMDs

● experimental confirmation of sign change relation

● gluon observables and spin-1 effects

● what can hadronization teach us about confinement?

● interplay between nuclear/hadron and high-energy physics

● ··


