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Outline
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1. Introduction and motivation

2. TMD phenomenology

3. “Applications” of hadron structure: 
Mw determination 
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Mw determination  -  CDF II

SM expectation (PDG):

https://www.science.org/doi/10.1126/science.abk1781 

7 𝜎 !

https://www.science.org/doi/10.1126/science.abk1781


Connecting “low” and “high” energy physics
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Structure of hadrons in 1D and 3D
momentum space!

“The aim of science is not to open the door to infinite wisdom, 
but to set some limit to infinite error” - B. Brecht, “Galileo”



The hadron structure landscape

Credit picture: M. Diehl - [arXiv 1512.01328] 5

“in a naive sense”
(see D. Boer’s talk 

yesterday)



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 FFSee e.g. next talk by R. Seidl



SIDIS coverage
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Credit picture: C. Weiss

from JLab 12 GeV, Hermes, Compass
to the EIC

zooming into hadron structure

Importance of 
complementary experiments

See H. Avakian’s talk on Wednesday
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https://www.jlab.org/eicElectron-Ion Collider (EIC)

See H. Gao’s talk later today

https://www.jlab.org/eic


A fixed-target program at the LHC

9https://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

See P. di Nezza’s talk on Friday

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


Hadronization studies at Belle 
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https://inspirehep.net/literature/2063309 

https://inspirehep.net/literature/2087635 

see next talk by R. Seidl

https://inspirehep.net/literature/2063309
https://inspirehep.net/literature/2087635


  TMD phenomenology

MAPTMD22 preliminary



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

(similar classification for gluons
and for fragmentation functions)

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)



Mulders’ traffic lights
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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)



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

(similar classification for gluons
and for fragmentation functions)

● Transversity and Sivers : discussed yesterday

● Today: unpolarized TMD PDF f1 (and one among its applications) 

● Unfortunately no time for polarization, higher-twists, fragmentation 
functions, … 



TMD factorization
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Experimental 
measurements

Perturbative
contributions

Non-perturbative 
parts

Large qT 
corrections

Low Q 
corrections



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

● observed transverse momentum : 
handle on 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



QCD evolution of a TMD PDF

17
See J.C. Collins’ book and many other references, e.g. https://inspirehep.net/literature/1393670 

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/1393670


Non-perturbative TMD parts
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Non-pert. corrections
(large bT)

Intrinsic transverse 
momentum, 

potentially flavor 
dependent

See M. Zurita’s talk later today



Unpolarized TMDs:  a selection of past fits
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N3LL

N3LL

NNLL’

NNLL’

NLLglobal

global



 A new global fit: 
    MAPTMD22

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 momentum space)

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

(in preparation)

- DY/Z and Semi-Inclusive DIS (“global”)
- N3LL accuracy
- chi2/dof ~ 1



MAPTMD22
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For more details see V. Bertone’s talk later today and/or:

- M. Cerutti (DIS 2022) : https://indico.cern.ch/event/1072533/contributions/4761767/ 
- C. Bissolotti (QCD evolution 2022) : 

https://conference.phys.virginia.edu/indico/event/7/session/1/contribution/63 

https://indico.cern.ch/event/1072533/contributions/4761767/
https://conference.phys.virginia.edu/indico/event/7/session/1/contribution/63


EIC impact studies: TMD evolution (SV19)
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EIC YR: https://inspirehep.net/literature/1851258 

→  evolution in ζ

Non-pert. corrections
(large bT)

Huge impact of EIC SIDIS 
program on 

non-perturbative TMD 
evolution

SV19 extraction: https://inspirehep.net/literature/1770788 

https://inspirehep.net/literature/1851258
https://inspirehep.net/literature/1770788


EIC impact studies: SIDIS cross section (PV17) 
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Projected uncertainties for unpolarized SIDIS cross section 

Grey: uncertainty from PV17 
extraction of TMD PDFs (mainly 
from TMD evolution)

Colors: projected experimental 
uncertainty on ATHENA 
pseudo-data

(from ATHENA detector proposal)PV17 extraction: https://inspirehep.net/literature/1520011 

https://inspirehep.net/literature/1520011


EIC impact studies: Sivers asymmetry (PV20) 
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Projected uncertainties for Sivers asymmetry in SIDIS

Bands: uncertainty from PV20 
extraction of Sivers TMD PDF

Points: projected experimental 
uncertainty on ATHENA 
pseudo-data

(from ATHENA detector proposal)PV20 extraction: https://inspirehep.net/literature/1793441 

https://inspirehep.net/literature/1793441


CDF-II measurement : role of 1D hadron structure

7 𝜎 !
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1.    Role of collinear PDFs: https://inspirehep.net/literature/2078769 

“... find that spread of predictions from different PDF sets can be much larger than 
the PDF uncertainty predicted by a specific PDF set.”

See E. Nocera’s talk on Thursday on 
collinear hadron structure

See also A. Vicini’s talk on Thursday on 
Mw determination

https://inspirehep.net/literature/2078769


CDF-II measurement : role of 3D hadron structure
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2.  Role of resummation accuracy: https://inspirehep.net/literature/2077581 

4. Study the role of TMD flavor effects

“... using higher order 
corrections would result in a 
decrease in the value reported

 by CDF by at most 10 MeV.”

3. Use a tool with state of the art treatment of TMDs   
(perturbative and non-perturbative)

https://inspirehep.net/literature/2077581


CDF-II measurement : role of 3D hadron structure
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- Different kinematics with respect to LHC = different relevance of  non-perturbative 
corrections

- Proton-antiproton : two valence quarks involved in W production

4. role of TMD flavor effects: for ATLAS 7 TeV kinematics up to 9 MeV of shift 

https://inspirehep.net/literature/1681006 

? ? ?

https://inspirehep.net/literature/1681006


Take home message for our QCD community
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“ [...] The model-dependent nature of the analysis 

implies that future improvements or corrections 

in any relevant theoretical modeling 

can be used to update our measurement quantifiably”

High precision measurements of the W boson mass with the CDF II detector:  
https://www.science.org/doi/10.1126/science.abk1781 

https://www.science.org/doi/10.1126/science.abk1781


Backup
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Kinematics

30

“inelasticity”:

Invariant mass hadronic final states:

PROs CONs

- Rich territory for 
non-perturbative 
effects

- sensitivity to 
higher twist

- valence region 
(focus for flavor, 
spin, etc.)

- Low Q: 
applicability of 
collinear and TMD 
formalism ?

- Low Q: 
separation of 
fragmentation 
regions?



Kinematics
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“inelasticity”:

Invariant mass hadronic final states:

PROs CONs

- Rich territory for 
non-perturbative 
effects

- sensitivity to 
higher twist

- valence region 
(focus for flavor, 
spin, etc.)

- Low Q: 
applicability of 
collinear and TMD 
formalism ?

- Low Q: 
separation of 
fragmentation 
regions?



Kinematics
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“inelasticity”:

Invariant mass hadronic final states:

With the limited gain in Q from JLab 11 
to Hermes and Compass we still 
experience the same “problems” 
related to the presence of power 

corrections to the TMD formalism



Kinematics
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“inelasticity”:

Invariant mass hadronic final states:

The motivations for adding “JLab 24” 
should rely on the power of this data to 
“enrich” the picture, but not to “clean” it 
from the point of view of the formalism

Fundamental insights into:
- non-pert. large x region
- polarization
- flavor separation
- collinear distributions (?)
- … 

But same “complications” as the 
other fixed-target experiments
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Kinematics and statistics
A crucial role is played by the available statistics within the kinematic coverage

see Harut’s talk at CPHI 2022 (and next presentation)

To get more precise information on TMDs should we aim 
at more statistics (JLab 24) or higher Q2 (EIC) ? 

large x

NEED IMPACT 
STUDIES!

https://indico.jlab.org/event/498/contributions/9454/attachments/7636/10647/avakian-2022-CPHI2022.march7.pdf


Flavor dependent TMD PDFs

35https://inspirehep.net/literature/1254070 

“PV13” analysis

Parton model fits of HERMES data

https://inspirehep.net/literature/1254070


Flavor dependent TMD PDFs
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This can be relevant when comparing processes with

different “flavor content”, e.g. Z and W boson production



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

38G. Bozzi at SarWors 2021 - https://agenda.infn.it/event/27742/

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

Nanga Parbat (MAPTMD22 analysis)
[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/


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


TMDs   &   W boson mass determination
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References:

1. Bacchetta, Bozzi, Radici, Ritzmann, Signori - https://inspirehep.net/literature/1681006 
2. Bozzi, Signori - https://inspirehep.net/literature/1712178 

  …     and more work in progress (also related to the recent CDF measurement)

https://inspirehep.net/literature/1681006
https://inspirehep.net/literature/1712178


ATLAS determination

42

https://inspirehep.net/literature/1510564 

Possibly 
underestimated ?

https://inspirehep.net/literature/1510564


Breakdown of uncertainties 
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https://inspirehep.net/literature/1510564 

Possibly 
underestimated ?

https://inspirehep.net/literature/1510564


Our findings
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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”)

ATLAS 7 TeV

We believe the 
theory systematics 
are underestimated



W qT spectrum
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https://inspirehep.net/literature/1712178 

https://inspirehep.net/literature/1712178


Lepton pT distribution
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pTW modeling  = treatment of TMD PDFs, including perturbative and non-perturbative parts

1. No pTW effects

2.  Include pTW modeling

3.  Detector effects
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Transverse mass: important detector effects, weakly sensitive to pTW modeling

Lepton pT : very sensitive to pTW modeling, moderate detector effects

Lepton pT vs transverse mass



Template fit strategy
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Additional uncertainties from the 
flavor structure of the pTW 

modeling can be larger than the 
ones quoted in the analysis

(LHC kinematics)

Flavor dependence from 
PV13 analysis


