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A beautiful landscape

Credit picture: M. Diehl - [arXiv 1512.01328] 3
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    Theory



TMD 
factorization
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Drell-Yan / Z / W production (hh)

Semi-Inclusive DIS (eh)

2h-inclusive 
e+e- annihilation

Jets:
(e.g. jet SIDIS, 
di-jet SIDIS)

Hadron “in jet”: 
(eh, hh, e+e- )

Y “+ jet”: 
(e.g. Y = 𝛾, h)

Higgs production 
in hadronic collisions

Quarkonium production (e.g. ηb,c 
in hadronic collisions)

Quarks

Gluons



Global fits
(unpolarized)
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Drell-Yan / Z / W production (hh)

Semi-Inclusive DIS (eh)

2h-inclusive 
e+e- annihilation

Jets:
(e.g. jet SIDIS, 
di-jet SIDIS)

Hadron “in jet”: 
(eh, hh, e+e- )

Y “+ jet”: 
(e.g. Y = 𝛾, h)

Higgs production 
in hadronic collisions

Quarkonium production (ηb,c )
in hadronic collisions

Quarks

Gluons

No data yet 
(or not enough)

for the other 
processes!



TMD factorization
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● TMDs & partonic cross section: 
same IR poles = same non-perturbative physics

● observed transverse momentum : 
transverse momenta of quarks

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

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



Sub-leading power (twist)
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Leading power (LP)

Next-to-LP (NLP)

…
Twist 
expansion

QCD 
observables

Coupling expansion

TMD factorization:   ✔

TMD factorization:   𐄂

( →previous slide )

How can we interpret 
the higher twist 
effects in QCD? 



Sub-leading power (twist)

9(two out of the most recent papers, but not the only ones available)

https://inspirehep.net/literature/1925147 

“Derivation of hadronic 
tensor in TMD factorization 

at NLP and NLO”

https://inspirehep.net/literature/1925147


Sub-leading power (twist)

10

https://inspirehep.net/literature/1991138 

(two out of the most recent papers, but not the only ones available)

Factorization for SIDIS at NLP, 
with one strong assumption

Only the same LP soft function appears

Only one extra hard function at NLP

https://inspirehep.net/literature/1991138


Normalization issues
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Small transverse momentum

Beyond the NLL, the theoretical 
prediction is way too low

Who to blame: 
● hard function (large coeffs.)
● low Q

But no consensus in literature, 
even about the problem

● SV 19 : not seen; power corrections from 
the start?

● MAP 22 : power corrections from  
pre-computed normalization 
coefficients

MAP22 prel. HERMES

MAP22 prel. COMPASS



Normalization issues
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Large transverse momentum

https://inspirehep.net/literature/1723777 

https://inspirehep.net/literature/1716140 

https://inspirehep.net/literature/1752934 

https://inspirehep.net/literature/1723777
https://inspirehep.net/literature/1716140
https://inspirehep.net/literature/1752934


      TMDs & recent phenomenology

MAP22 preliminary



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

(similar classification for gluons
and for FFs)

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)



QCD evolution of a TMD PDF
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See e.g. https://inspirehep.net/literature/1785810  (but also JCC book and many other references)

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


MAP22 : TMDs

No TMD flavor dependence yet

(computationally much 
more demanding)

u/P ,  Q = 2 GeV,  x = 0.001  

u to pi+ ,  Q = 2 GeV,  z = 0.3  

Non-perturbative part: 
2 Gaussian + 
1 weighted Gaussian  
(in kT space)

Non-perturbative part: 
1 Gaussian + 
1 weighted Gaussians  
(in kT space)

In preparation



MAP22 : SIDIS normalization at low qT In preparation

Beyond NLL:
● The integral over qT of SIDIS TMD cross 

section does not yield the collinear cross 
section

● The hard part heavily suppresses the TMD 
cross section

We enhance the predictions with 
this factor that restores the 

correct normalization

Effectively a ~1/Q correction & no dependence on fit parameters



Flavor structure of TMDs   (PV13)
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width of up valence

?
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?

Imaging from SIDIS data from Hermes experiment

A lot of room
for flavor-dependent

distributions

NEWS:
Recent analysis,
Interplay with 
collinear PDFs

https://inspirehep.net/literature/2012944 

https://inspirehep.net/literature/2012944


Lattice input: non-perturbative evolution
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Lattice QCD can also calculate some of the quantities that we are trying to extract from 
experimental data: e.g. gK

https://inspirehep.net/literature/1892223 

https://inspirehep.net/literature/1892223


Higher twist:  beam-spin asymmetry @ CLAS12
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Among the first CLAS12 
publications

https://inspirehep.net/literature/1840207 

Models can reproduce at 
least the size of the signal 

(not always the sign)

https://inspirehep.net/literature/1840207


Higher twist:  beam-spin asymmetry
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Leading twist parts:

● f1, D1 : known with good precision 
from global anaylises

● Collins and Boer-Mulders : accessible 
and partially known

TMD factorization at NLP (see the theory section)

We can tackle the higher twist parts
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Tools for TMD physics  



Different frameworks, same observable
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Dictionary to compare different 
factorization frameworks

“equivalent” to the extent of describing 
TMD physics

G. Bozzi at SarWors 2021 - https://agenda.infn.it/event/27742/

https://agenda.infn.it/event/27742/


Codes

24G. Bozzi at SarWors 2021 - https://agenda.infn.it/event/27742/

arTeMiDe 
[https://teorica.fis.ucm.es/artemide/ ]

Nanga Parbat
[https://github.com/MapCollaboration/NangaParbat] 

RadISH 
[https://arxiv.org/pdf/1705.09127.pdf] 

PB-TMDs
[https://arxiv.org/pdf/1906.00919.pdf] 

DYRes/DYTurbo, DYqT, etc. 
[https://gitlab.cern.ch/DYdevel/DYTURBO] 

ReSolve
[https://github.com/fkhorad/reSolve] 

ResBos
[https://resbos.hepforge.org/] 

SCETlib
[https://confluence.desy.de/display/scetlib] 

CuTe
[https://cute.hepforge.org/] 

TMD factorization

SCET qT resummation

Parton branching

https://agenda.infn.it/event/27742/
https://teorica.fis.ucm.es/artemide/
https://github.com/MapCollaboration/NangaParbat
https://arxiv.org/pdf/1705.09127.pdf
https://arxiv.org/pdf/1906.00919.pdf
https://gitlab.cern.ch/DYdevel/DYTURBO
https://github.com/fkhorad/reSolve
https://resbos.hepforge.org/
https://confluence.desy.de/display/scetlib
https://cute.hepforge.org/


Codes
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Main differences:

● “Space”: position vs momentum space

● Perturbative QCD: PDF evolution, scale variation, matching with fixed-order

● Non-perturbative QCD: treatment of Landau pole, intrinsic-kT

Basic ingredients common to all codes

G. Bozzi at SarWors 2021 - https://agenda.infn.it/event/27742/

Excellent accuracy BUT only unpolarized and leading twist!

https://agenda.infn.it/event/27742/


TMDlib
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https://inspirehep.net/literature/1852038 

https://tmdlib.hepforge.org/ 

https://inspirehep.net/literature/1852038
https://tmdlib.hepforge.org/


TMDlib
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https://inspirehep.net/literature/1852038 

https://tmdlib.hepforge.org/ 

TMD factorization:

Unpolarized TMDs (PV13, PV17, SV19)
Sivers TMD PDF (PV20, BPV20)

SIDIS structure functions (PV17, PV20)

PB TMDs, etc

https://inspirehep.net/literature/1852038
https://tmdlib.hepforge.org/


Event generators
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Based on TMDs:

- Cascade (PB TMDs)
[https://cascade.hepforge.org/] 

- gmctrans/TMDgen 
- parton model level TMDs 
- includes polarization and higher twist, but no evolution: too primitive for EIC?
- semi-inclusive
[https://wiki.bnl.gov/eic/index.php/Gmc_trans 
Hermes collaboration + independent work]

Exclusive generators with transverse momentum effects

- Pythia   [https://pythia.org/] 
- Herwig  [https://herwig.hepforge.org/] 
- Geneva [https://stash.desy.de/projects/GENEVA] 
- ...

https://cascade.hepforge.org/
https://wiki.bnl.gov/eic/index.php/Gmc_trans
https://pythia.org/
https://herwig.hepforge.org/
https://stash.desy.de/projects/GENEVA
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Enjoy the workshop!



U. of Pavia, 23-27 May 2022

https://agenda.infn.it/event/19219/ 

https://agenda.infn.it/event/19219/


Backup
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Hadronization and fragmentation functions (FFs) 

32

“Maps” of hadron formation in momentum space

single-hadron collinear FF

single-hadron TMD FF

di-hadron FF

inclusive jet FF

in-jet FF
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https://github.com/MapCollaboration 

Multi-dimensional Analyses of 
Partonic distributions (MAP)

“A framework for 
discussion and for 

analyses of partonic 
distributions”

MAP collaboration

At the moment:
- Edinburgh
- JLab
- Paris
- Pavia

https://github.com/MapCollaboration


A selection of recent fits
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“MAP22” fit : kinematic coverage
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In preparation

“Global” fit of unpolarized TMDs
at N3LL accuracy

Drell-Yan/Z and SIDIS data

2031 data
21 parameters

Global chi2: 1.00



MAP22 : TMD region 
see A. Bacchetta, recent

“CLAS collaboration meeting”

https://inspirehep.net/literature/2021571 

MAP22 implementation 
of TMD region for SIDIS:

 

qT < Q at most

https://inspirehep.net/literature/2021571


MAP22 : comparison with data

The normalization coefficients play a crucial role
BUT they do not depend on qT and the fit parameters

300 Monte Carlo 
replicas

(bootstrap)

SIDIS data:
overall satisfactory

Drell-Yan data:
major problems with 
ATLAS data

In preparation



Conclusions and outlook
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1.  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

2. 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!

3. Which tools for TMD physics are most needed? 
How can theorists and experimentalists work together to develop these tools?

4. Can we define “best practices” for these tools? Standard formats, availability, etc.?
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    Experiments



Enough data ..?
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See https://inspirehep.net/literature/1801417 

https://inspirehep.net/literature/1801417


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



TMD region: low transverse momentum
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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


TMD region: low transverse momentum
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Matching TMD and collinear factorization
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Matching schemes
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● “Subtraction” schemes : 

cross section = W + (FO - ASY) = W + Y  

cross section = W * FO / ASY

● “Average” scheme : 

Cross section = a W + b FO 
a, b : weights related to power corrections to factorization theorems 
 
(weighted average scheme: model-dependence better under control)   

AS et al. https://inspirehep.net/literature/1646273 

At low Q (e.g. SIDIS) these cancellations 
do not work well as expected

https://inspirehep.net/literature/1646273
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Imaging from SIDIS data (Hermes and Compass) 
                 and Drell-Yan data (fixed-target & Z production @ Fermilab)

Unpolarized TMD PDF

Unpolarized TMD FF

Combining SIDIS and Drell-Yan:
Possibility to disentangle 

hadron structure and formation

See https://inspirehep.net/literature/1520011 

Unpolarized TMDs: PV17 see https://inspirehep.net/literature/1520011  

https://inspirehep.net/literature/1520011
https://inspirehep.net/literature/1520011


TMD impact studies: PV17
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Reweighting technique (no fit of EIC pseudo-data)

(see C. Bissolotti’s talk at DIS 2021)



TMD impact studies: PV17
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O: e.g. a SIDIS structure function
fi : the non-perturbative TMD parameters

(see C. Bissolotti’s talk at DIS 2021)



TMD impact studies: PV17
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O: e.g. a SIDIS structure function
fi : the non-perturbative TMD parameters

Stronger effect at
lower energies

(see C. Bissolotti’s talk at DIS 2021)



Unpolarized TMDs: SV19
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Extraction from SIDIS (Hermes, Compass) 
                     and Drell-Yan data (Phenix, fixed-target at Fermilab, CDF, DO, ATLAS, CMS, LHCb)

see https://inspirehep.net/literature/1770788 

No problems with normalization in SIDIS - several source of power corrections

https://inspirehep.net/literature/1770788


TMD impact studies: SV19
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See https://inspirehep.net/literature/1851258 

→  evolution in ζ

Non-pert. corrections
(large bT)

Typically a function of bT^2
with one or two parameters
(with variations of course)

Huge impact of EIC SIDIS 
program on 

non-perturbative TMD 
evolution

https://inspirehep.net/literature/1851258


TMD impact studies: SV19
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See https://inspirehep.net/literature/1851258 

Up in proton 
TMD PDF

Up to pion+
TMD FF

Fit with EIC
pseudo-data 

https://inspirehep.net/literature/1851258


Collinear and TMD single-hadron FFs
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At leading twist: 
8 TMD FFs and 

3 collinear FFs (diagonal)

The symmetries of QCD play
a crucial role in this classification

Universality..!



Separating small and large bT
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One needs to “separate” the small (perturbative) bT region from the large 
(non-perturbative) bT region:

Avoid the Landau pole of QCD

Otherwise gluon “absorption” 
instead of “emission” 

For more details see https://inspirehep.net/literature/1520011 

https://inspirehep.net/literature/1520011


Separating small and large bT
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One needs to “separate” the small (perturbative) bT region from the large 
(non-perturbative) bT region:

For more details see https://inspirehep.net/literature/1520011 

https://inspirehep.net/literature/1520011


Some open questions

56

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

● ··


