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Outline of the talk
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1) Transverse-momentum-distributions (TMDs) 

2) “intersections of particle and nuclear physics” 

3) predictive power of TMDs 

4) impact on LHC physics



Collaborations
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I will present some research directions, in collaboration with: 

- J. Qiu (JLab)  

- M. Grewal, Z. Kang (UCLA) 

- A. Bacchetta, G. Bozzi, M. Radici (Pavia U., INFN)  

- P. Mulders, M. Ritzmann (Nikhef)



TMDs
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References (intro and reviews) : 

- “The 3D structure of the nucleon” EPJ A (2016) 52 
- J.C. Collins “Foundations of perturbative QCD”  
- material from the TMD collaboration summer school

https://link.springer.com/journal/10050/topicalCollection/AC_628286e999d9a60c9a780398df15f93d
http://www.physics.arizona.edu/~fleming/Main.html
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extraction of a parton 
whose momentum has  

longitudinal and  
transverse components 

with respect to the 
parent hadron momentum 

richer than PDFs 

How are TMDs defined ?
hadron 

momentum

probe

courtesy A. Bacchetta



Quark TMD PDFs
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TABLE I. Twist-2 quark transverse-momentum-dependent distribution functions. U,L,T correspond to unpolarized, longi-
tudinally polarized and transversely polarized nucleons (rows) and quarks (columns). Blue and black functions are T-even.
Functions in black survive transverse momentum integration (rank-0 in pT ). Functions in red are T-odd.
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TABLE II. Twist-2 gluon transverse-momentum-dependent distribution functions. U,L,T correspond to unpolarized, longitu-
dinally polarized and transversely polarized nucleons. U, circ., lin. correspond to unpolarized, circularly polarized and linearly
polarized gluons. Functions in blue are T-even. Functions in black are T-even and survive integration over pT . Functions in
red are T-odd.
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TABLE III. An overview of the leading-twist quark TMD PDFs for unpolarized (U), vector polarized (L or T), and tensor
polarized (LL, LT, or TT) hadrons. The functions indicated in boldface also occur as collinear PDFs, and the ones in red
are T -odd. The Dirac structures �+, �+
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i]�5 correspond to unpolarized, longitudinally polarized, and
transversely polarized quarks respectively.

similar table for gluons and for fragmentation 

bold : also collinear 
red : time-reversal odd (universality properties)

encode all the possible 
spin-spin and spin-momentum 

correlations  
between the proton  
and its constituentsunpolarized TMD PDF

Sivers TMD PDF

extraction of a quark 
not collinear with the proton

xP
P kT

U L T
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Motivations
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Some references : 

- Dudek et al. “Physics opportunities with the 12GeV upgrade at Jefferson Lab” 
- Accardi et al. “Electron-Ion Collider: the next QCD frontier” 
- AFTER@LHC study group “Physics opportunities with a fixed-target experiment at the LHC” 
- … other existing and future facilities …

http://inspirehep.net/record/1125972
http://inspirehep.net/record/1206324
http://after.in2p3.fr/after/index.php/Main_Page


NP HEP
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Nucleon/nuclear tomography in momentum space: 
aimed at understanding how hadrons are built in 
terms of the elementary degrees of freedom of QCD 

High-energy phenomenology:  
aimed at improving our understanding of  
high-energy scattering experiments and  

their potential to explore BSM physics 
assuming a certain degree of knowledge  

of hadron structure

The frontier

An intersection between  
particle and nuclear physics!



Collinear vs TMD PDFs
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Data: kinematic coverage
Unpolarized PDFs
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data sets available: 

collinear PDFs 
vs  

TMD PDFs

Data: kinematic coverage
Unpolarized PDFs
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Q : resolution of the probe
x : momentum 

fraction carried by the parton
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13

References : 

- Parisi, Petronzio: Nucl. Phys. B154, 427 (1979)  
- Collins, Soper, Sterman: Nucl. Phys. B250, 199 (1985)   
- Qiu, Zhang: Phys. Rev. D63, 114011 (2001)  
- Qiu, Berger: Phys. Rev. Lett. 91, 222003 (2003)  
- Grewal, Kang, Qiu, AS: in preparation
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TMD PDF with large bT corrections
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� ḡ2(b
2 � b2max)

o
“extrapolation term”  
(see also Qiu-Zhang 
PRD63 114011)

Correction to evolution

Calculable in pQCD  
(modulo PDFs)

To be modeled and  
fit to data!

Which one is the most 
relevant part and in 

which kinematic 
region?

fixed as a function of the other 
parameters, requiring continuity of the 

first and second derivatives

g1 ,↵



TMD PDF with large bT corrections

18

fa
1 (x, b

2
T ;Q) =

(
fa
1 (x, b

2
T ;Q) bT  bmax

fa
1 (x, b

2
max;Q)FNP (x, bT , Q; bmax) bT > bmax

FNP (x, bT , Q; bmax) = exp
n
� ln

⇣Q2b2max

c2

⌘
{g1[(b2)↵ � (b2max)

↵]}

� ln
⇣Q2b2max

c2

⌘
{g2(b2 � b2max)}

� ḡ2(b
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Correction to evolution

Correction to OPE at small bT 
(intrinsic transverse momentum)

Calculable in pQCD  
(modulo PDFs)

To be modeled and  
fit to data!

Which one is the most 
relevant part and in 

which kinematic 
region?
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Given a generic function
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Let’s apply this to a TMD PDF evaluated at kT = 0:
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Determination of the saddle point

d
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= 0

The closer the saddle point is to 
the small bT region, the more the 
TMD PDF is determined by the 
perturbative part only and thus 

there is predictive power 

At the same time, we can 
understand in which kinematic 
regions the saddle point drifts 

towards the large bT region (bT > 
bmax) and thus the 

nonperturbative corrections 
become more important

Generate the Q-dependence of the 
saddle point

Generate the x-dependence of the 
saddle point (new term)
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Parisi and Petronzio (1979) and 
Collins, Soper, Sterman (1982) : 
the same analysis at the level of 

the cross section, neglecting the x-
dependent part:

Determination of the saddle point
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Parisi and Petronzio (1979) and 
Collins, Soper, Sterman (1982) : 
the same analysis at the level of 

the cross section, neglecting the x-
dependent part:

Conclusion : the large bT corrections 
are more relevant at low Q

Determination of the saddle point
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Generate the Q-dependence of the 
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Generate the x-dependence of the 
saddle point (new term)
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Working at O(𝛼) + LL we can find the following solution :
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Qiu, Zhang (2001) introduced the 
x-dependent term in the analysis at 

the level of the cross section.  
We repeat the same at the level of 

the TMD PDF

Determination of the saddle point
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Conclusion : the relevance of large bT 
corrections is governed by both Q 

and x!

Determination of the saddle point
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Requires iterative solution

Working at O(𝛼) + LL we can find the following solution : Qiu, Zhang (2001) introduced the 
x-dependent term in the analysis at 

the level of the cross section.  
We repeat the same at the level of 

the TMD PDF
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Fixed Q = 91 GeV, change x 
the x dependence determines a change with respect to CSS-like solution 

What happens if we include BFKL effects at very low x?

Determination of the saddle point
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PRELIMINARY
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Determination of the saddle point

up quark
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Fixed x = 0.001, change Q 
At low x, the x-dependent solution is reduced uniformly with respect 

to the CSS-like solution

Effect of x-dependence, at low x

PRELIMINARY



29

Determination of the saddle point
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Effect of x-dependence,  
at high x

Fixed x = 0.2, change Q 
At high x, the x-dependent solution is enhanced uniformly with respect 

to the CSS-like solution

PRELIMINARY



Quark TMD PDFs
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Predictive power is maximum at large 
Q and small x. 

But Q alone does not provide  
the full picture: 

 
at higher x the saddle point drifts 

towards the large bT region and the 
nonperturbative corrections have a 

bigger impact on the TMD PDF
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For gluons the evolution is stronger 
and the NP is less relevant already at 

lower Q.
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Partial summary

The predictive power of TMD PDFs is maximum in the high Q and small-x corner of 
the phase space (e.g. VB production at the LHC) 

On the contrary, the relevance of the large bT corrections is maximum at low Q and 
high x 

- the “sweet spot” to study the nonperturbative contributions to TMD PDFs (what 
usually we fit to data) could be the region at high Q (to better control the corrections 
to factorization) and high x (to enhance the sensitivity to the large bT region)  
(but beware of thresholds effects, etc.); 

An example: W boson production at central rapidity at RHIC

We should also understand what happens in the region of high Q and small x (for 
example W boson production at the LHC), where the relevance should be 
"minimal”

How small is “minimal” ?



W production at LHC
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References: 

- Bozzi, Rojo, Vicini: Phys.Rev. D83 (2011) 113008 
- Bozzi, Citelli, Vicini: Phys.Rev. D91 (2015) no.11, 113005 
- AS, PhD thesis 
- Bacchetta, Bozzi, Radici, Mulders, Ritzmann, AS - in preparation

https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf


EW precision measurements
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Precise measurements of electroweak quantities allow: 

1) Stringent tests of the self consistency of the SM 

2) Looking for hints of physics beyond the SM 

In particular the values of the masses of the gauge 
bosons, the Higgs and the top quark can help in 
discriminating among different BSM scenarios.
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Global EW fit
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Measurement

Eur.Phys.J. C74 (2014) 3046

see:  
* S. Camarda - Measurement of the W mass with ATLAS 
EPS 2017

H, Z, t : direct determinations more precise than indirect; 
not for W !



W mass
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ATLAS, arxiv:1701.07240

Need to better control the uncertainties  
associated to  

direct determinations of mW

Is it possible to reduce the uncertainty 
to less than 10 MeV ?  

Are we estimating all the uncertainties 
of hadronic nature in the best way possible?



Uncertainties on W mass
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sizable	uncertainties	
from	hadron	structure

AS	-	PhD	thesis

associated	to	αs	and		
NP	evolution;	
no	intrinsic		

transverse	momentum

Tevatron	case

ATLAS (arxiv:1701.07240)

https://userweb.jlab.org/~asignori/research/PhD_thesis_Andrea.pdf


Observables 
• accessible via counting experiments: cross sections and asymmetries 

Pseudo-Observables  
• functions of cross sections and symmetries 
• require a model to be properly defined 

- MZ at LEP as pole of the Breit-Wigner resonance factor 
- Mw at hadron colliders as fitting parameter of a template fit procedure (of mT, 

pTlep, pTmiss)                               

Template fit  
1. generate several histograms with the highest available theoretical accuracy and degree of 

realism in the detector simulation, and let the fit parameter (e.g. Mw) vary in a range 
2. the histogram that best describes data selects the preferred (i.e. measured) Mw  

➡ the result of the fit depends on the hypotheses used to compute the templates (PDFs, 
scales, non-perturbative, different prescriptions, …) 

➡ these hypotheses should be treated as theoretical systematic errors

The extraction of physical quantities

37



pTW and the modelling of intrinsic-kT
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but


different flavour structure 

different phase space 
available 

Parton model picture

17

qT

qT ⇠ ⇤QCD qT � QqT ⇠ QqT ⌧ Q

TMD$region

hk2?,uv
i 6= hk2?,dv

i 6= hk2?,seai

hk̂2
?,ai for a = uv, dv, sea. In total, we use five different parameters to describe all TMD

PDFs. Since the present data have a limited coverage in x, we found no need of more
sophisticated choices.

As for TMD FFs, fragmentation processes in which the fragmenting parton is in the
valence content of the detected hadron are usually defined favored. Otherwise the process
is classified as unfavored. The biggest difference between the two classes is the number
of qq̄ pairs excited from the vacuum in order to produce the detected hadron: favored
processes involve the creation of at most one qq̄ pair. If the final hadron is a kaon, we
further distinguish a favored process initiated by a strange quark/antiquark from a favored
process initiated by an up quark/antiquark.

For simplicity, we assume charge conjugation and isospin symmetries. The latter is
often imposed also in the parametrization of collinear FFs [47], but not always [48]. In
practice, we consider four different Gaussian shapes:
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The last assumption is made mainly to keep the number of parameters under control, though
it could be argued that unfavored fragmentation into kaons is different from unfavored
fragmentation into pions.

As for TMD PDFs, also for TMD FFs we introduce a dependence of the average square
transverse momentum on the longitudinal momentum fraction z, as done in several mod-
els or phenomenological extractions (see, e.g., Refs. [15, 28, 41, 49–51]). We choose the
functional form
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(2.19)

The free parameters �, �, and � are equal for all kinds of fragmentation functions. In
conclusion, we use seven different parameters to describe all the TMD FFs.

3 Analysis procedure

3.1 Selection of data

The Hermes collaboration collected a total of 2688 data points (336 points for each of the
8 combination of target and final-state hadrons), with the average values of (x,Q2) ranging
from about (0.04, 1.25 GeV2) to about (0.4, 9.2 GeV2), 0.1  z  0.9, and 0.1 GeV 
|PhT |  1 GeV. The collaboration presented two distinct data sets, including or neglecting
vector meson contributions. Here, we use the data set where the vector meson contributions
have been subtracted. In all cases, we sum in quadrature statistical and systematic errors
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—> different Gaussian factors for different flavors 

• pTl ⇦ pTW ⇦ QCD initial state radiation + intrinsic kT (usually, a 
Gaussian in kT)


• PDF uncertainties and kT-modelling entangled                                
⇨ no universal (flavour-independent) model


• Intrinsic kT effects measured on Z data and used to predict W 
distributions, assuming universality       Konychev, Nadolsky, PLB 633, 710 (2006)



• Select 15 flavour-dependent NP sets for which 
Δ(Z peak) < 100 MeV and compute low-statistics 
mT and pTl distributions


➡ these are our pseudodata


• Select a universal (flavour-independent) NP 
parameter and compute high-statistics mT and pTl 
distributions for 30 different values of MW


➡  these are our templates 

• perform the template fit procedure and 
compute the shifts induced by flavour effects


• transverse mass: few MeV shifts, generally 
favouring lower values (preferred by EW fit)


• lepton pt & missing pt: quite important shifts 
(envelope: 21 MeV)

NLL+LO QCD analysis obtained through a modified version of the 

DYRes code [Catani, deFlorian, Ferrera, Grazzini, JHEP 1512, 047 (2015)]
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Impact on mW: preliminary results
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Conclusions

The predictive power of TMD PDFs is maximum in the high Q and small-x corner of 
the phase space (e.g. VB production at the LHC) 

On the contrary, the relevance of the large bT corrections is maximum at low Q and 
high x 

- the “sweet spot” to study the nonperturbative contributions to TMD PDFs (what 
usually we fit to data) could be the region at high Q (to well control the corrections to 
factorization) and high x (to enhance the sensitivity to the large bT region)  
(but beware of thresholds effects, etc.); 

An example: W boson production at central rapidity at RHIC

We should also understand what happens in the region of high Q and small x (for 
example W boson production at the LHC), where the relevance should be 
"minimal”

How small is “minimal” ? “Minimal” is non-negligible!!
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Status of TMD phenomenology
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quark pol.

U L T
nu
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n
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U f1 h�1

L g1L h�1L

T f�1T g1T h1, h�1T

Twist-2 TMDs

Lu, Ma, Schmidt, arXiv:0912.2031  
Lefky, Prokudin arXiv:1411.0580 
Barone, Boglione, Gonzalez, Melis,  
arXiv:1502.04214  

see, e.g, Bacchetta, Radici, arXiv:1107.5755 
Anselmino, Boglione, Melis, PRD86 (12)  
Echevarria, Idilbi, Kang, Vitev, PRD 89 (14) 
Anselmino, Boglione, D’Alesio, Murgia, Prokudin, arXiv:
1612.06413 
Anselmino et al., PRD87 (13)  
Kang et al. arXiv:1505.05589 
 

Theory, data, fits : we are in a position to start validating the formalism

Only first attempts

Limited data, theory, fits

http://arxiv.org/abs/arXiv:0912.2031
http://arxiv.org/abs/arXiv:1411.0580
http://arxiv.org/abs/arXiv:1502.04214
http://arxiv.org/abs/arXiv:1107.5755
http://arxiv.org/abs/arXiv:1612.06413
http://arxiv.org/abs/arXiv:1612.06413


Structure functions `P ! `0hX

Cross section 
expanded in terms of 
structure functions 

criterion: 
Lorentz symmetry 

indexes = polarization state 
first: lepton 

second: hadron 
(third: photon)



Structure functions `P ! `0hX

Cross section 
expanded in terms of 
structure functions 

For each:  
different factorization theorems 

at low and high transverse  
momentum 

How to match these?
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unpolarized TMD PDF: 
- test of factorization formalism 

- improve our description of qT spectra (e.g. at W at LHC) 
- baseline to extract polarized TMDs from asymmetries

collinear twist 3 PDF e(x): 
- insights in quark-gluon-quark correlations 

- scalar charge of the nucleon

T-odd Boer-Mulders and Sivers TMD PDFs: 
- rigorous tests of the symmetry properties of QCD 

(sign change between SIDIS and Drell-Yan)

transversity (TMD) PDF: 
- access to the tensor charge of the nucleon 

- window on BSM physics 
- also accessible via jets ?

f1

e

h?
1 , f?

1T

h1
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unpolarized TMD PDF: 
- test of factorization formalism 

- improve our description of qT spectra (e.g. at W at LHC) 
- baseline to extract polarized TMDs from asymmetries

collinear twist 3 PDF e(x): 
- insights in quark-gluon-quark correlations 

- scalar charge of the nucleon

T-odd Boer-Mulders and Sivers TMD PDFs: 
- rigorous tests of the symmetry properties of QCD 

(sign change between SIDIS and Drell-Yan)

transversity (TMD) PDF: 
- access to the tensor charge of the nucleon 

- window on BSM physics 
- also accessible via jets ?

collinear spin-1 function: 
- another rigorous test of QCD symmetries 

- T-odd effects in spin-1 hadrons

f1

e

h?
1 , f?

1T

h1

h1LT
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Determination of the saddle point

g luon
OHas L-LL
sp

sp x-dep .

ex trapo la t ion
a t m<1 GeV

2„-ge

10-6 10-5 10-4 0 .001 0 .01 0 .1 1

0 .5

1 .0

1 .5

2 .0

x

b s
p
g
Hx,
Q
=
50

G
eV
L@
G
eV
-
1
D

X (x, µ) =
d

d lnµ2
ln fa(x, µ)

positive

negative

Fixed Q = 50 GeV, change x 
the x dependence determines a change with respect to CSS-like solution 

What happens if we include BFKL effects at very low x?

PRELIMINARY
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Determination of the saddle point

g luon
OHas L-LL
sp

sp x-dep .

ex trapo la t ion
a t m<1 GeV
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Fixed x = 0.00001, change Q 
At low x, the x-dependent solution is reduced uniformly with respect 

to the CSS-like solution

Effect of x-dependence, at low x

PRELIMINARY
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Determination of the saddle point

g luon
OHas L-LL
sp

sp x-dep .

ex trapo la t ion
a t m<1 GeV

2„-ge
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D

Effect of x-dependence,  
at high x

Fixed x = 0.2, change Q 
At high x, the x-dependent solution is enhanced uniformly with respect 

to the CSS-like solution

PRELIMINARY



Impact on Higgs physics
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Non perturbative intrinsic kT effects

Uncertainties in the normalized qT
spectrum of the Higgs boson at the
LHC. NNLL+NLO uncertainty bands
(solid) compared to an estimate of NP
effects with smearing parameter
gNP = 1.67− 5.64GeV 2 (dashed).

The qT spectrum has a strong
sensitivity from collinear PDFs
(especially from the gluon density).

Giancarlo Ferrera – Milan University & INFN REF 2014 – Antwerp – 10/12/2014
Overview on qT resummation 22/24

G. Ferrera, talk at REF 2014, Antwerp, https://indico.cern.ch/event/330428/

PDF uncertainties

Intrinsic transverse 
momentum effects

https://indico.cern.ch/event/330428/contribution/25/material/slides/0.pdf

