
In questo manuale sono illustrate 
le regole base per la corretta 
applicazione del marchio 
Università di Pavia. 
Il logo, i caratteri tipografici e i colori 
scelti sono infatti gli elementi 
che partecipano alla costruzione 
dell’identità visiva di qualsiasi attore 
che voglia presentarsi al mercato, 
sia esso un prodotto mass market, 
un’Istituzione o un ateneo. 
Sono il suo volto commerciale ma 
anche istituzionale, quello che 
permetterà all’Università di Pavia di 
essere riconoscibile nel tempo 
agli occhi del suo pubblico interno, 
ma anche esterno. 
Proprio per il ruolo centrale  
che rivestono, tali elementi devono 
essere rappresentati e utilizzati 

secondo regole precise e inderogabili, 
al fine di garantire la coerenza e 
l’efficacia dell’intero sistema di identità 
visiva. Per questo è importante che il 
manuale, nella sua forma cartacea 
o digitale, venga trasmesso a tutti 
coloro che in futuro si occuperanno 
di progettare elementi di 
comunicazione per l’Università di 
Pavia.

INTRODUZIONE: L’IMMAGINE UNIVERSITÀ DI PAVIA

UNIVERSITÀ 
DI PAVIA

Funded by

Alessandro Bacchetta

3D structure: present and future



Acknowledgements

Even if I will present an overview, I acknowledge the contribution of my 
research group in shaping and developing many of the ideas that I will mention 

• Filippo Delcarro, Luca Mantovani, Fulvio Piacenza (PhD students) 

• Giuseppe Bozzi, Cristian Pisano (post-docs) 

• Barbara Pasquini, Marco Radici (staff)

2



Disclaimer

My task was to talk about the present and the future, but 

It is difficult to predict, especially the future  
                                                          
                                                          N. Bohr 

In the end, I will mainly focus on present and mainly about TMDs

3



Disclaimer

My task was to talk about the present and the future, but 

It is difficult to predict, especially the future  
                                                          
                                                          N. Bohr 

In the end, I will mainly focus on present and mainly about TMDs

3

“ ”



4

Wigner distributions
(x,�k�,�b�)

Impact-parameter
distributions (x,�b�)

Transverse-momentum
distributions (x,�k�)

Parton distribution
functions (x)

see, e.g., C. Lorcé, B. Pasquini, M. Vanderhaeghen, JHEP 1105 (11) 

TMDs

PDFs

these two variables are NOT Fourier conjugate
~b? dependence

~k? dependence



4

Wigner distributions
(x,�k�,�b�)

Impact-parameter
distributions (x,�b�)

2D Fourier
transform (�b�)

Transverse-momentum
distributions (x,�k�)

Generalized parton
distributions
(x, � = 0, ⇥�T )

Parton distribution
functions (x)

see, e.g., C. Lorcé, B. Pasquini, M. Vanderhaeghen, JHEP 1105 (11) 

TMDs

GPDs

PDFs

these two variables are NOT Fourier conjugate
~b? dependence

~k? dependence



4

Wigner distributions
(x,�k�,�b�)

Impact-parameter
distributions (x,�b�)

2D Fourier
transform (�b�)

Transverse-momentum
distributions (x,�k�)

Generalized parton
distributions
(x, � = 0, ⇥�T )

Parton distribution
functions (x)

see, e.g., C. Lorcé, B. Pasquini, M. Vanderhaeghen, JHEP 1105 (11) 

TMDs

GPDs

Form factors

(

~
�

2
T )

Integral

over x

PDFs

these two variables are NOT Fourier conjugate
~b? dependence

~k? dependence



4

Wigner distributions
(x,�k�,�b�)

Impact-parameter
distributions (x,�b�)

2D Fourier
transform (�b�)

Transverse-momentum
distributions (x,�k�)

Generalized parton
distributions
(x, � = 0, ⇥�T )

Parton distribution
functions (x)

see, e.g., C. Lorcé, B. Pasquini, M. Vanderhaeghen, JHEP 1105 (11) 

TMDs

GPDs

Form factors

(

~
�

2
T )

Integral

over x

PDFs

these two variables are NOT Fourier conjugate
~b? dependence

~k? dependence

2D Fourier
transform (�b�) Generalized TMDs

(x, ⇠ = 0, k?,

~�T )



3D structure in momentum space
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With spin
Unpolarized and Sivers TMDs 



3D structure in impact parameter space

6
Diehl, Kroll, arXiv:1302.4604, and talk by M. Diehl at DIS 2013

•Fourier t. of  
GPDs at (x,0,t) 
•Model assumptions are 
critical 
•up: smaller distorsion 
and opposite sign 

down valence



Recent review
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The present situation
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• We have some indications about the qualitative behaviour of some of 
these densities (much better than just five years ago), but we are still far 
from precision

• “Model assumptions” (intended in a broad way) are critical

• A good amount of data is already available (but still insufficient)
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The future priorities (in my humble opinion)
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• Obtain precise determinations of TMDs and GPDs (and direct or indirect 
determinations of Wigner distributions/generalized TMDs)

• Find applications of this knowledge outside the field of “proton structure” 
studies (and react accordingly)

• Train young generations (and find jobs for them)
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FIG. 4. [Color online] Transverse single-spin asymmetry amplitude for W+ (left plot) and W− (right plot) versus yW compared
with the non TMD-evolved KQ [11] model, assuming (solid line) or excluding (dashed line) a sign change in the Sivers function.
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We hope to have a clear result from COMPASS
see talks by  Catarina Quintans 
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the previous CLAS experiment [13] (magenta triangles), and
HERMES [16] (green squares).

the t-dependence of this observable - predict this and
correctly reproduce it. The best match for this term is
provided by the VGG and GK models, which show size-
able di↵erences only at the highest �t values, where the
DVCS contribution is expected to start to play a role.
The models suggest a slight contribution from DVCS in
the cos� term but the statistical precision of the data
does not allow us to draw conclusions on which predic-
tion provides the better fit.

VIII. EXTRACTION OF COMPTON FORM
FACTORS

In recent years, various groups have developed and
applied di↵erent procedures to extract Compton Form
Factors from DVCS observables. The approach adopted
here [34–36] is based on a local-fitting method at each
given experimental (Q2, x

B

,�t) kinematic point. In this
framework, instead of four complex CFFs defined as in
Eq. 9, there are eight real CFFs defined as

F
Re

(⇠, t) = <eF(⇠, t) (46)

F
Im

(⇠, t) = � 1

⇡
=mF(⇠, t) = [F (⇠, ⇠, t)⌥ F (�⇠, ⇠, t)] ,

(47)
where the sign convention is the same as for Eq. (8).
These CFFs are the almost-free parameters - their values
are allowed to vary within ±5 times the values predicted
by the VGG model - that are extracted from DVCS ob-
servables using the well-established DVCS+BH theoret-
ical amplitude. The BH amplitude is calculated exactly
while the DVCS amplitude is taken at the QCD leading
twist. The expression of these amplitudes can be found,
for instance, in [23].
The three sets of asymmetries (BSA, TSA and DSA)

for all kinematic bins were processed using this fitting
procedure to extract the Compton Form Factors. In the
adopted version of the fitter code, Ẽ

Im

is set to zero, as
Ẽ is assumed to be purely real - it is parametrized in the
VGG model by the pion pole (1/(t �m2

⇡

)). Thus seven
out of the eight real and imaginary parts of the CFFs are
left as free parameters in the fit. Figure 25 shows H

Im

(black full squares) and H̃
Im

(red full circles), which are
obtained from the fit of the present data, as a function
of �t for each of our 5 Q2-x

B

bins. These are the two
CFFs that appear to be better constrained by the present
results. Given that the size of the error bars reflects
the sensitivity of the combination of observables to each
CFF, it is evident that, as expected, our asymmetries are
mostly sensitive to =mH̃.
The results for H

Im

and H̃
Im

confirm what had been
previously observed in a qualitative way by direct com-
parison of the t-dependence of our TSAs and BSAs in
Section VII.2: the t-slope of =mH is much steeper than
that of =mH̃, hinting at the fact that the axial charge
(linked to =mH̃) might be more “concentrated” in the
center of the nucleon than the electric charge (linked to

Silvia Pisano et al., arXiv:1501.07052 

Example of data: target spin asymmetry at CLAS
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the t-dependence of this observable - predict this and
correctly reproduce it. The best match for this term is
provided by the VGG and GK models, which show size-
able di↵erences only at the highest �t values, where the
DVCS contribution is expected to start to play a role.
The models suggest a slight contribution from DVCS in
the cos� term but the statistical precision of the data
does not allow us to draw conclusions on which predic-
tion provides the better fit.

VIII. EXTRACTION OF COMPTON FORM
FACTORS

In recent years, various groups have developed and
applied di↵erent procedures to extract Compton Form
Factors from DVCS observables. The approach adopted
here [34–36] is based on a local-fitting method at each
given experimental (Q2, x

B

,�t) kinematic point. In this
framework, instead of four complex CFFs defined as in
Eq. 9, there are eight real CFFs defined as

F
Re

(⇠, t) = <eF(⇠, t) (46)

F
Im

(⇠, t) = � 1

⇡
=mF(⇠, t) = [F (⇠, ⇠, t)⌥ F (�⇠, ⇠, t)] ,

(47)
where the sign convention is the same as for Eq. (8).
These CFFs are the almost-free parameters - their values
are allowed to vary within ±5 times the values predicted
by the VGG model - that are extracted from DVCS ob-
servables using the well-established DVCS+BH theoret-
ical amplitude. The BH amplitude is calculated exactly
while the DVCS amplitude is taken at the QCD leading
twist. The expression of these amplitudes can be found,
for instance, in [23].
The three sets of asymmetries (BSA, TSA and DSA)

for all kinematic bins were processed using this fitting
procedure to extract the Compton Form Factors. In the
adopted version of the fitter code, Ẽ

Im

is set to zero, as
Ẽ is assumed to be purely real - it is parametrized in the
VGG model by the pion pole (1/(t �m2

⇡

)). Thus seven
out of the eight real and imaginary parts of the CFFs are
left as free parameters in the fit. Figure 25 shows H

Im

(black full squares) and H̃
Im

(red full circles), which are
obtained from the fit of the present data, as a function
of �t for each of our 5 Q2-x

B

bins. These are the two
CFFs that appear to be better constrained by the present
results. Given that the size of the error bars reflects
the sensitivity of the combination of observables to each
CFF, it is evident that, as expected, our asymmetries are
mostly sensitive to =mH̃.
The results for H

Im

and H̃
Im

confirm what had been
previously observed in a qualitative way by direct com-
parison of the t-dependence of our TSAs and BSAs in
Section VII.2: the t-slope of =mH is much steeper than
that of =mH̃, hinting at the fact that the axial charge
(linked to =mH̃) might be more “concentrated” in the
center of the nucleon than the electric charge (linked to
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DVCS contribution is expected to start to play a role.
The models suggest a slight contribution from DVCS in
the cos� term but the statistical precision of the data
does not allow us to draw conclusions on which predic-
tion provides the better fit.
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These CFFs are the almost-free parameters - their values
are allowed to vary within ±5 times the values predicted
by the VGG model - that are extracted from DVCS ob-
servables using the well-established DVCS+BH theoret-
ical amplitude. The BH amplitude is calculated exactly
while the DVCS amplitude is taken at the QCD leading
twist. The expression of these amplitudes can be found,
for instance, in [23].
The three sets of asymmetries (BSA, TSA and DSA)

for all kinematic bins were processed using this fitting
procedure to extract the Compton Form Factors. In the
adopted version of the fitter code, Ẽ
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is set to zero, as
Ẽ is assumed to be purely real - it is parametrized in the
VGG model by the pion pole (1/(t �m2
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)). Thus seven
out of the eight real and imaginary parts of the CFFs are
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(black full squares) and H̃
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(red full circles), which are
obtained from the fit of the present data, as a function
of �t for each of our 5 Q2-x
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bins. These are the two
CFFs that appear to be better constrained by the present
results. Given that the size of the error bars reflects
the sensitivity of the combination of observables to each
CFF, it is evident that, as expected, our asymmetries are
mostly sensitive to =mH̃.
The results for H
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and H̃
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confirm what had been
previously observed in a qualitative way by direct com-
parison of the t-dependence of our TSAs and BSAs in
Section VII.2: the t-slope of =mH is much steeper than
that of =mH̃, hinting at the fact that the axial charge
(linked to =mH̃) might be more “concentrated” in the
center of the nucleon than the electric charge (linked to
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HERMES, Q ≈ 1.5 GeV

where !Ng ¼ !! !Nr ¼ !!ð !ng þ !niÞ is used. The covariance
from the "no and " !!ni terms between bins k and l is
!!k !nkl þ !!l !nlk.
The ratio, Rg, of "

2N0
g to "

2Ngð¼ !NgÞ is the variance of
the model relative to the variance of only the produced
events. Figure 6 shows both the ratio and the scaling
correction factor as functions of PT. In the low PT bins,
!no and !ni are separately much larger than !ng. Their effects
are significant as Rg ¼ !!þ !no= !Ng.

For the uncertainty evaluations, the cross section is
rewritten as "# ¼ !!Nr=ðLA0Þ, where A0 % !!A & $. The
uncertainty on L is systematic and is considered sepa-
rately. Thus, the fractional uncertainty on "# is a combi-
nation of the fractional uncertainty of !!Nr and A0. The
fractional uncertainty of !!Nr is defined as the uncertainty
of !!Nr from the model ("NgÞ) divided by !! !Nrð¼ !NgÞ. The
correlation of these fractional uncertainties between PT

bins l and k is given by the fractional covariance matrix:
!Vlk=ð !Ngl

!NgkÞ, where !Vlk is the covariance matrix of the
model, and !Ngl and !Ngk are the !Ng of bin l and k, respec-
tively. The small acceptance fractional uncertainties are
added in quadrature to the diagonal part of the fractional
covariance matrix. The measured cross sections are used to
convert the unitless fractional matrix into units of cross
section squared, and this matrix is used to propagate
uncertainties for the total cross-section measurement
and for the comparison of a prediction with the measured
cross section.

C. Systematic uncertainties

The largest source of uncertainty is the effective inte-
grated luminosity, L. It has an overall uncertainty of 5.8%
that consists of a 4% uncertainty of the acceptance of the
gas Cherenkov luminosity detector [24] to p !p inelastic
collisions and a 4.2% measurement uncertainty. It is com-
mon to all PT bins and not explicitly included. The accep-
tance uncertainty is primarily from the uncertainty in the

beam line and detector geometry (material), and from
the uncertainty in the model of the inelastic cross section.
The inelastic cross-section model contributes 2% to the
acceptance uncertainty. The measurement uncertainty con-
tains the uncertainty of the absolute p !p inelastic cross
section.
The uncertainty on A & $ has a component from the

input electron efficiency measurements which depends
on %det and instantaneous luminosity. The simulation is
used to propagate these electron measurement uncertain-
ties into an uncertainty for the ee-pair PT and to include
correlations of the same measurements. The calculated
uncertainty is uniform and amounts to about 1% over
0<PT < 20 GeV=c. It slowly decreases at higher PT. A
large fraction of the uncertainty is due to plug-electron
measurement uncertainties. The fractional uncertainty de-
creases with PT because the fraction of plug events de-
creases. Because the same measurements are used on all
PT bins, the uncertainty is treated as fully correlated across
bins.
The calorimeter response modeling uncertainty analysis

is limited by the statistical precision of the simulated data.
At the peak of the PT distribution, the statistical uncer-
tainty is 0.3%. The variations on the central and plug
calorimeter global energy scale and resolutions tunings
allowed by the data propagate into changes of A & $ that
are no larger than its statistical uncertainty. These changes
are not independent.

D. Results

The Drell-Yan "#="PT for eþe' pairs in the Z-boson
mass region of 66–116 GeV=c2 is shown in Fig. 7 and
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variance of the uncertainty model relative to the variance of the
produced events. The abrupt drops are where the bin size
changes. The lower, dashed histogram is !!.
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FIG. 7 (color online). The "#="PT cross section versus PT.
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ordinate scale.
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Aaltonen et al., PRD86 (2012)
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Fig. 4.

hermes

Airapetian et al., PRD87 (2013)

HERMES, Q ≈ 1.5 GeV

where !Ng ¼ !! !Nr ¼ !!ð !ng þ !niÞ is used. The covariance
from the "no and " !!ni terms between bins k and l is
!!k !nkl þ !!l !nlk.
The ratio, Rg, of "

2N0
g to "

2Ngð¼ !NgÞ is the variance of
the model relative to the variance of only the produced
events. Figure 6 shows both the ratio and the scaling
correction factor as functions of PT. In the low PT bins,
!no and !ni are separately much larger than !ng. Their effects
are significant as Rg ¼ !!þ !no= !Ng.

For the uncertainty evaluations, the cross section is
rewritten as "# ¼ !!Nr=ðLA0Þ, where A0 % !!A & $. The
uncertainty on L is systematic and is considered sepa-
rately. Thus, the fractional uncertainty on "# is a combi-
nation of the fractional uncertainty of !!Nr and A0. The
fractional uncertainty of !!Nr is defined as the uncertainty
of !!Nr from the model ("NgÞ) divided by !! !Nrð¼ !NgÞ. The
correlation of these fractional uncertainties between PT

bins l and k is given by the fractional covariance matrix:
!Vlk=ð !Ngl

!NgkÞ, where !Vlk is the covariance matrix of the
model, and !Ngl and !Ngk are the !Ng of bin l and k, respec-
tively. The small acceptance fractional uncertainties are
added in quadrature to the diagonal part of the fractional
covariance matrix. The measured cross sections are used to
convert the unitless fractional matrix into units of cross
section squared, and this matrix is used to propagate
uncertainties for the total cross-section measurement
and for the comparison of a prediction with the measured
cross section.

C. Systematic uncertainties

The largest source of uncertainty is the effective inte-
grated luminosity, L. It has an overall uncertainty of 5.8%
that consists of a 4% uncertainty of the acceptance of the
gas Cherenkov luminosity detector [24] to p !p inelastic
collisions and a 4.2% measurement uncertainty. It is com-
mon to all PT bins and not explicitly included. The accep-
tance uncertainty is primarily from the uncertainty in the

beam line and detector geometry (material), and from
the uncertainty in the model of the inelastic cross section.
The inelastic cross-section model contributes 2% to the
acceptance uncertainty. The measurement uncertainty con-
tains the uncertainty of the absolute p !p inelastic cross
section.
The uncertainty on A & $ has a component from the

input electron efficiency measurements which depends
on %det and instantaneous luminosity. The simulation is
used to propagate these electron measurement uncertain-
ties into an uncertainty for the ee-pair PT and to include
correlations of the same measurements. The calculated
uncertainty is uniform and amounts to about 1% over
0<PT < 20 GeV=c. It slowly decreases at higher PT. A
large fraction of the uncertainty is due to plug-electron
measurement uncertainties. The fractional uncertainty de-
creases with PT because the fraction of plug events de-
creases. Because the same measurements are used on all
PT bins, the uncertainty is treated as fully correlated across
bins.
The calorimeter response modeling uncertainty analysis

is limited by the statistical precision of the simulated data.
At the peak of the PT distribution, the statistical uncer-
tainty is 0.3%. The variations on the central and plug
calorimeter global energy scale and resolutions tunings
allowed by the data propagate into changes of A & $ that
are no larger than its statistical uncertainty. These changes
are not independent.

D. Results

The Drell-Yan "#="PT for eþe' pairs in the Z-boson
mass region of 66–116 GeV=c2 is shown in Fig. 7 and
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FIG. 6. RgðPTÞ and !!ðPTÞ. The solid histogram is Rg, the bin
variance of the uncertainty model relative to the variance of the
produced events. The abrupt drops are where the bin size
changes. The lower, dashed histogram is !!.
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FIG. 7 (color online). The "#="PT cross section versus PT.
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all uncertainties except the integrated luminosity uncertainty are
combined and plotted. The solid (red) histogram is the RESBOS
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be visible. The inset is the PT < 25 GeV=c region with a linear
ordinate scale.
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CDF, Q ≈ 91 GeV

Aaltonen et al., PRD86 (2012)

Width of TMDs changes of one order of magnitude: can we explain this in 
detail? (TMD evolution)
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Presently or soon available fits

20

Framework HERMES COMPASS DY Z 
production N of points

KN 2006 
 hep-ph/0506225

NLL ✘ ✘ ✔ ✔ 98

Pavia 2013 
(+Amsterdam,Bilbao) 
 arXiv:1309.3507

No evo ✔ ✘ ✘ ✘ 1538

Torino 2014 
(+JLab) 

 arXiv:1312.6261

No evo ✔  
(separately)

✔  
(separately) ✘ ✘

576 (H) 
6284 (C)

DEMS 2014 
arXiv:1407.3311   NNLL ✘ ✘ ✔ ✔ 223

EIKV 2014 
 arXiv:1401.5078  

NLL 1 (x,Q2) bin 1 (x,Q2) bin ✔ ✔ 500 (?)

Pavia 2016 NLL ✔ ✔ ✔ ✔ 8156

http://arxiv.org/abs/hep-ph/0506225
http://arxiv.org/abs/arXiv:1309.3507
http://arxiv.org/abs/arXiv:1407.3311
http://arxiv.org/abs/arXiv:1401.5078
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FIG. 3. Comparison of our theoretical estimates for (1/�) d�/dqT with Tevatron data [14–18]. The results are obtained from
the global fit with DNP = 0 (Eq. (36)), Qi = Q

0

+ qT , at NLL accuracy with collinear PDFs at NLO (left panel), and NNLL
accuracy with NNLO PDFs (right panel). For the collinear PDFs we use the MSTW08 set [31].
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Figure 3. Comparison of our theoretical estimates for (1/σ) dσ/dqT with Tevatron data [14–18].
The results are obtained from the global fit with DNP = 0 (eq. (2.34)), Qi = Q0 + qT , at NLL
accuracy with collinear PDFs at NLO (left panel), and NNLL accuracy with NNLO PDFs (right
panel). For the collinear PDFs we use the MSTW08 set [31].
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Figure 4. Comparison of our theoretical estimates for d3σ/d3q with E288 at three different ener-
gies [11]. The results are obtained from the global fit with DNP = 0 (eq. (2.34)), Qi = Q0 + qT ,
at NLL accuracy with collinear PDFs at NLO (upper panels) and at NNLL accuracy with NNLO
PDFs (lower panels). For the collinear PDFs we use the MSTW08 set [31].

unaffected by the higher order contributions being the same in both approximation, while

λ1 presents some differences even if within the relative errors. The technical reason for

this shift is the appearance at NNLL of the one-loop contribution of the coefficients Ĉ as

outlined in table 1 and visible also in figure 1. We expect that higher order contributions

on this coefficients would stabilize the result.

– 18 –

NNLL

χ2/dof = 1.10 

see talk by U. D’Alesio
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production

χ2/dof = 1.55±0.05 
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FIG. 3. [Color online] The amplitude of the transverse single-spin asymmetry for W± and Z0 boson production measured by
STAR in proton-proton collisions at

√
s = 500 GeV with a recorded luminosity of 25 pb−1. The solid gray bands represent

the uncertainty on the KQ [11] model due to the unknown sea quark Sivers function. The crosshatched region indicates the
current uncertainty in the theoretical predictions due to TMD evolution.

fits to experimental data. A consensus on how to obtain
and handle the non-perturbative input in the TMD evo-
lution has not yet been reached [27]; therefore the results
presented here can help to constrain theoretical models.
A combined fit on W+ and W− asymmetries, AN (yW ),
to the theoretical prediction in the KQ model (no TMD
evolution), shown in Fig. 4, gives a χ2/ndf = 7.4/6 as-
suming a sign-change in the Sivers function (solid line)
and a χ2/ndf = 19.6/6 otherwise (dashed line). The cur-
rent data thus favor theoretical models that include a
change of sign for the Sivers function relative to observa-
tions in SIDIS measurements, if TMD evolution effects
are small.
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Y term in Z boson production

25

In these conditions, the matching works.  
Almost the full range is dominated by resummation 

Matching with fixed-order results

To obtain a uniform accuracy over the range qT ≪ M up to qT ∼ M, resummed

and fixed-order components have to be consistently matched dσ(res)

dq2
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+ dσ(fin)

dq2
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Finite NLO component contribution is: ∼< 1% near the peak, ∼ 8% at
qT ∼ 20GeV , ∼ 60% at qT ∼ 50GeV .

Integral of the matched curve reproduce the total cross section to better 1%
(check of the code).

Giancarlo Ferrera – Milan University & INFN ECT* Trento – 13/4/2016
Transverse-momentum resummation 13/25
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New COMPASS data and Y term

26

Transverse Structure of the Nucleon

Transverse Momentum Dependent Multiplicities

Both intrinsic kT of quarks in the nucleon as well as p? of the fragmentation needs
to be better understood

Hadron multiplicities were extracted in 4D (x , Q2, z , p2
T) binning

Main features:

the 2-exp fits give reasonable fits to the data,
2nd exp become dominant event as low as p2

T ⇡ 0.6 GeV2
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Is this the onset of high-transverse-momentum perturbative 
contributions? 

M. Stolarsky, SPIN 2014
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Open questions

Formal QCD description of TMD cross sections
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Issues with the standard recipe:

FO is too small. The NLO calculation
needed. (A. Daleo et al.)

Y = FO � ASY is too big.

Incomplete cancellation between W
and ASY at large qT !new definition
of TNew

TMD

(T. Rogers talk)
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TMD present stage

• Fit start working well with data from very different experiments

• There is still strong dependence on the assumptions made in the fits and on 
the implementation of TMD evolution

• The theory is still not completely under control in the low energy region
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Available data
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hermes

Adolph et al., EPJ C73 (13)

Airapetian et al., PRD87 (2013)
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Drell-Yan@

hermes

Z production

Adolph et al., EPJ C73 (13)

Airapetian et al., PRD87 (2013)

Abbot et al. hep-ex/9909020 
Affolder et al. hep-ex/0001021 
Abazov et al. arXiv:0712.0803 
Aaltonen et al. arXiv:1207.7138 

Ito et al., PRD93 (81) 
Moreno et al. PRD 43 (91)  
Antreyan et al. PRL47 (81)
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Data: kinematic coverage
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talk by E. Nocera at POETIC2016
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The key asset of a polarized EIC: the kinematic coverage

[Figure taken from EPJA 52 (2016) 268]

Emanuele R. Nocera (Oxford) Unpolarized and polarized PDFs at an EIC November 14, 2016 23 / 33

from EIC white paper EPJA 52 (2016), see talks by A. Deshpande, M. Contalbrigo
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Recent 3He data from JLab Hall A
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FIG. 17. (color online). 2D binning cross section for π+ channel. The red circles are from the data. The black solid lines are
from the model including the structure functions FUU , F

cos φh

UU and F cos 2φh

UU with parameters ⟨k2
⊥⟩ and ⟨p2⊥⟩ from stand-alone

data fitting. The blue dashed lines are from the model including only the structure functions FUU with parameters ⟨k2
⊥⟩ and

⟨p2⊥⟩ from fitting the data of this work only. The error bars represent the statistical uncertainties of the data. The error band
on the bottom of each panel represents the experimental systematic uncertainty.
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Yan et al., arXiv:1610.02350

http://arxiv.org/abs/arXiv:1610.02350
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Pavia 2013 fit based only on SIDIS 
data showed a strong 
anticorrelation that could not be 
resolved without further data
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Pavia 2016 fit uses also DY data. 
The anticorrelation is weaker than 
before but still strong.  
Independent information about 
fragmentation kT is necessary.



TMD fragmentation functions
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Great sensitivity to evolution parameters (BELLE) 

 and intrinsic parameters (BES) 

http://arxiv.org/abs/arXiv:1508.00402
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You need also e+e− data  
to study  

TMD fragmentation functions

Bruno Touschek, pioneer of e+e− colliders

see talks by Artru, Matevosyan, Radici, Liang
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Twist-2 TMDs

Data, theory, fits

Only first attempts

Lu, Ma, Schmidt, arXiv:0912.2031  
Lefky, Prokudin arXiv:1411.0580  
Barone, Boglione, Gonzalez, Melis,  
arXiv:1502.04214  Limited data, theory, fits

see talks by Courtoy, D’Alesio 



Helicity TMD (FLL structure function)
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4

PT at moderately small PT for π+. The slope for π−

could be positive for moderate PT (ignoring the first data
point).
A possible interpretation of the PT -dependence of the

double-spin asymmetry may involve different widths of
the transverse momentum distributions of quarks with
different flavor and polarizations [45] resulting from dif-
ferent orbital motion of quarks polarized in the direc-
tion of the proton spin and opposite to it [46, 47]. In
Fig. 2 the measured A1 is compared with calculations
of the Torino group [45], which uses different values of
the ratio of widths in kT for partonic helicity, g1, and
momentum, f1, distributions, assuming Gaussian kT dis-
tributions with no flavor dependence. A fit to A1(PT )
for π+ using the same approach yields a ratio of widths
of 0.7± 0.1 with χ2 = 1.5. The fit to A1 with a straight
line (no difference in g1 and f1 widths) gives a χ2 = 1.9.
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π-

PT (GeV)
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FIG. 2: The double spin asymmetry A1 as a function of trans-
verse momentum PT , integrated over all kinematical vari-
ables. The open band corresponds to systematic uncertain-
ties. The dashed, dotted and dash-dotted curves are calcula-
tions for different values for the ratio of transverse momentum
widths for g1 and f1 (0.40, 0.68, 1.0) for a fixed width for f1
(0.25 GeV2) [45].

Asymmetries as a function of the azimuthal angle φ
provide access to different combinations of TMD parton
distribution and fragmentation functions [4]. The lon-
gitudinally polarized (L) target spin asymmetry for an
unpolarized beam (U),

AUL =
1

fPt

N+ −N−

N+ +N−
(3)

is measured from data by counting in φ-bins the differ-
ence of luminosity-normalized events with proton spin
states anti-parallel (N+) and parallel (N−) to the beam
direction.
The standard procedure for the extraction of the dif-

ferent moments involves sorting AUL in bins of φ and
fitting this φ-distribution with theoretically motivated
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FIG. 3: Azimuthal modulation of the target single spin asym-
metry AUL for pions integrated over the full kinematics. Only
statistical uncertainties are shown. Fit parameters p1/p2 are
0.047±0.010/−0.042±0.010, −0.046±0.016/−0.060±0.016,
0.059 ± 0.018/0.010 ± 0.019 for π+,π− and π0, respectively.
Dotted and dash-dotted lines for π+ show separately contri-
butions from sinφ and sin 2φ moments, whereas the solid line
shows the sum.

functions. Results for the function p1 sinφ + p2 sin 2φ
and, alternatively, for (p1 sinφ+ p2 sin 2φ)/(1 + p3 cosφ)
are consistent, indicating a weak dependence of the ex-
tracted sinnφ moments on the presence of the cosφ mo-
ment in the φ-dependence of the spin-independent sum.
The main sources of systematic uncertainties in the mea-
surements of single spin asymmetries include uncertain-
ties in target polarizations (6%), acceptance effects (8%),
and uncertainties in the dilution factor (5%). The con-
tribution due to differences between the true luminosity
for the two different target spin states is below 2%. Ra-
diative corrections for sinφ-type moments, for moderate
values of y are expected to be negligible [48].
The dependence of the target single spin asymmetry

on φ, integrated over all other kinematical variables, is
plotted in Fig. 3. We observe a significant sin 2φ mod-
ulation for π+ (0.042± 0.010). A relatively small sin 2φ
term in the azimuthal dependence for π0 is in agree-
ment with observations by HERMES [13]. Since the only
known contribution to the sin 2φ moments comes from
the Collins effect, one can infer that, for π0, the Collins
function is suppressed. Indeed, both HERMES [13] and
Belle [37] measurements indicate that favored and unfa-
vored Collins functions are roughly equal and have oppo-
site signs, which means that they largely cancel for π0.
On the other hand, the amplitudes of the sinφ modula-
tions for π+ and π0 are comparable in size. This indicates
that the contribution from the Collins effect to the sinφ
SSA, in general, is relatively small.
The sin 2φ moment Asin 2φ

UL as a function of x is plotted
in Fig. 4. Calculations [28, 34] using h⊥

1L from the chiral
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imposed with theoretical predictions from Ref. 13.
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FIG. 11. Left panel: Impact of the scale dependence on our predictions for CMS, including the non-perturbative part of the
TMDs, at NNLL (blue band) and NLL (cyan band). Right panel: Scale dependence of our predictions for CMS at NNLL with
the non-perturbative part of the TMDs (blue band) and of the pure perturbative calculation with resummations (cyan band).
Data are from Ref. [33]. For the collinear PDFs we use the MSTW08 set [31].

IV. COMPARISON WITH PREVIOUS WORKS

One of the goals of this paper is to provide a framework for the analysis of transverse momentum distributions in
which all ingredients coming from perturbation theory are under control and used to their maximum extent. Only in
such a case the parametrization of the non-perturbative inputs can be reliably treated. Although such an attempt
is not included in most of the studies available in the literature, di↵erent intermediate steps have been discussed in
several works. In the following we focus on the most relevant ones from our point of view.

A detailed phenomenological analysis of low- and moderate-energy DY data, aimed at extracting the transverse
momentum dependence of TMDs at leading-order accuracy, appeared in Ref. [34]. The relevance of this study was
the attempt to describe within a unified, even if simplified, picture the role of TMDPDFs and TMDFFs in di↵erent
hadronic processes.

In Ref. [3] the authors present an analysis of transverse momentum distributions of vector boson production at
NNLL. The needed Fourier transforms to momentum space are done deforming the integration contour in b-space and
calculating moments. They consider only very high dilepton invariant mass and explicitly avoid a complete treatment
of non-perturbative e↵ects. In this respect, within the TMD formalism that we have developed, one can achieve a
direct comparison of the non-perturbative inputs with low-energy data. The evolution of TMDs allows in this way a
complete fixing of this non-perturbative part, and so of the precision of the theoretical prediction.

The authors of Ref. [4] perform also an analysis of Z-boson production. Although in their formalism they do not
consider the theory for TMDs, the expression for the cross section agrees with ours when looking at the DY case or
Z-boson production at high transverse momentum (of course they do not claim any universal structure which could
eventually be used in SIDIS). The resummations provided in our work are di↵erent from the ones in Ref. [4] in the
sense that in their “collinear anomaly” part they perform a sum of logarithms which is valid up to values of the strong
coupling and impact parameter such that ↵

s

L2

T

⇠ 1. Notice that one can re-obtain the “collinear anomaly” factor
re-expanding DR, hR

�,�

in ↵
s

and counting ↵
s

L2

T

⇠ 1. Given that this is not the highest possible resummation that
one can perform, the Landau pole does not appear explicitly in their resummed expression (although the perturbative
series has intrinsically a Landau pole problem). The authors in any case realize that some non-perturbative input is
necessary and they suggest some Gaussian non-perturbative (Q-independent) part in impact parameter space, without
performing any fit of Z-boson production data. A non-perturbative correction to the “collinear anomaly” factor is
suggested in [35].

In the present work we perform a complete resummation of the logs with the counting ↵
s

L
T

⇠ 1, which is more
relevant when low-energy data are included, and we check that an exponential non-perturbative (Q-independent)
correction in impact parameter space works better than the Gaussian one for the Z-production data. A more thorough
analysis is then done here to describe also the low-energy DY data. We nevertheless agree with the authors of Ref. [4]

D’Alesio, Echevarria, Melis, Scimemi, JHEP 1411 (14)
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Non perturbative intrinsic kT effects

CMS data for the Z qT spectrum.

Up to now result in a complete perturbative
framework (plus PDFs).

Non perturbative intrinsic kT effects can be
parametrized by a NP form factor
SNP = exp{−gNPb

2}:

Sc(αS , L̃) → Sc(αS , L̃) SNP

gNP ≃ 0.8GeV 2
[Kulesza et al.(’02)]

With NP effects the qT spectrum is harder.
Quantitative impact of intrinsic kT effects
is comparable with perturbative
uncertainties and with non perturbative
effects from PDFs.

Giancarlo Ferrera – Milan University & INFN REF 2014 – Antwerp – 10/12/2014
Overview on qT resummation 20/24

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

difference between 
red and magenta lines 
due to nonperturbative 
contributions

https://indico.cern.ch/event/330428/contribution/25/material/slides/0.pdf
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7.4. Effects on the peak position

Figure 7.14. Maximal shift for W+ peak as a result of flavor dependent changes of
⌦
k2

T

↵

parameters leaving the Z peak unchanged. The green (second from top in the legenda)
maximizes the shift for W+, the red (third from top in the legenda) maximizes the shift
for W�.

maximise W+ maximise W�

�(qpeak) W+ +0.09 -0.06

�(qpeak) W� -0.03 +0.05

Table 7.8. Maximal peak shifts in GeV for W± from flavor independent variations of⌦
k2

T

↵
which leave the Z peak unchanged.

The anticorrelation of the shifts between W+ and W� is one of the most in-
teresting features of this analysis, a peculiarity of this source of uncertainty. With
this study, as anticipated by Tab. 7.2, we proved that the uncertainty on the peak
position for W± bosons arising from the flavor dependence in the intrinsic trans-
verse momentum is not negligible with respect to the other sources of uncertainties
and comparable in magnitude with the errors arising from the collinear PDFs. A
similar study has been performed using DyqT at NNLL order of accuracy, obtaining
qualitatively similar results.

137

PhD thesis Andrea Signori

Flavor dependence of TMDs can affect the shape of the transverse-
momentum spectrum of W bosons. In turn, this might be relevant for 
precise determinations of MW 
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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/

https://indico.cern.ch/event/330428/contribution/25/material/slides/0.pdf
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Linearly Polarized Gluons and the Higgs Transverse Momentum Distribution

Daniël Boer,1 Wilco J. den Dunnen,2 Cristian Pisano,3 Marc Schlegel,4 and Werner Vogelsang4

1Theory Group, KVI, University of Groningen, Zernikelaan 25, NL-9747 AA Groningen, The Netherlands
2Department of Physics and Astronomy, Vrije Universiteit Amsterdam, NL-1081 HV Amsterdam, The Netherlands

3Dipartimento di Fisica, Università di Cagliari, and INFN,
Sezione di Cagliari, I-09042 Monserrato (CA), Italy

4Institute for Theoretical Physics, Universität Tübingen,
Auf der Morgenstelle 14, D-72076 Tübingen, Germany

(Dated: December 18, 2013)

We study how gluons carrying linear polarization inside an unpolarized hadron contribute to the
transverse momentum distribution of Higgs bosons produced in hadronic collisions. They modify the
distribution produced by unpolarized gluons in a characteristic way that could be used to determine
whether the Higgs boson is a scalar or a pseudoscalar particle.

PACS numbers: 12.38.-t; 13.85.Ni; 13.88.+e

It is sometimes said that the LHC is a ‘gluon collider’,
because at high energies the gluon density inside a proton
becomes dominant over the quark densities. Higgs pro-
duction, in particular, predominantly arises from gluon-
gluon ‘fusion’ gg ! H through a triangular top quark
loop. QCD corrections to this process have been cal-
culated with increasing precision [1–7], making it well
understood. It is not commonly known however that the
LHC is actually also to some extent a polarized gluon col-
lider, since gluons can in principle be linearly polarized
inside an unpolarized proton. Their corresponding distri-
bution, here denoted by h? g

1 and first defined in Ref. [8],
requires the gluons to have a nonzero transverse momen-
tum with respect to the parent hadron. It corresponds to
an interference between +1 and �1 helicity gluon states
that would be suppressed without transverse momentum.

So far the function h? g
1 has not been studied exper-

imentally, and consequently nothing is known about its
magnitude. Only a theoretical upper bound has been
given [8, 9]. Recently, several ways of probing h? g

1 have
been put forward, namely in heavy quark pair or dijet
production [9], or in photon pair production [10], where
in all cases the transverse momentum of the pair is mea-
sured. One way in which linearly polarized gluons can
manifest themselves in these processes is through az-
imuthal asymmetries. However, it was found that they
can also generate a term in the cross section that is inde-
pendent of azimuthal angle. This happens when two lin-
early polarized gluons, one from each hadron, participate
in the scattering. In this way they can also contribute to
production of a scalar particle, such as a scalar or pseu-
doscalar Higgs boson, when its transverse momentum qT

is measured. It has in fact been shown [11, 12] that such a
contribution is generated perturbatively. In other words,
if at tree level gluons are taken to be unpolarized, at order
↵s they will become to some extent linearly polarized. In
the transverse momentum distribution of spin-0 particles
produced in proton-proton collisions this will give rise to
an additional contribution at order ↵2

s, because of the

double helicity flip involved (see Fig. 1). While this may
be expected to make only a relatively modest contribu-
tion, the function h? g

1 is of non-perturbative nature and
is present at tree level already. Therefore, a significant
influence of linearly polarized gluons on the distribution
of the produced particle at low qT is not excluded.

±1

±1 ⌥1

⌥1
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1
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1
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1
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FIG. 1: Gluon helicities in the gg ! H squared amplitude for
unpolarized (left) and linearly polarized production (right).

In light of this, we will investigate in this letter how
the distribution of linearly polarized gluons may a↵ect
the transverse momentum distribution of Higgs bosons
for qT ⌧ mH , where mH is the Higgs mass. We shall ob-
serve that linearly polarized gluons may in fact provide
a tool to uncover whether the Higgs boson is a scalar or
a pseudoscalar particle. Thus far, relatively few sugges-
tions to this end have been put forward for the LHC, typ-
ically using azimuthal distributions, for example in Higgs
+ jet pair production [13] or in ⌧ pair decays [14]. The
suggestion we put forward here does not involve measure-
ments of any angular distributions. Instead, we will show
that linear polarization of gluons simply leads to a mod-
ulation of the Higgs transverse momentum distribution
that depends on the nature of the Higgs particle.
Transverse momentum dependent distribution func-

tions (TMDs) of gluons in an unpolarized hadron are
defined through a matrix element of a correlator of the
gluon field strengths Fµ⌫(0) and F ⌫�(⇠), evaluated at
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Not only we could be potentially sensitive to unpolarized gluon TMDs, 
but also to linearly polarized gluon TMDs

see talks by Boer, Schlegel, Pisano 
and also low-x talks by Kovchecov, Cherednikov

Boer, den Dunnen, Pisano, Schlegel, Vogelsang, PRL108 (2012)
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TMDs at LHC

• The description based on TMD formalism works well

• Nonperturbative parts of TMDs affect the transverse-momentum 
distribution even up to 5 GeV

• Data can be useful for TMD extraction, but finer binning at low transverse 
momentum is required

• Potential for gluon TMD studies
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Other important issues related to LHC

• Role of parton distribution functions (including 3D ones) in searches for 
physics beyond the standard model  
                                                                see talks by Courtoy, Pitschmann

• 3D distributions are just single-parton density distributions. For LHC, 
multiparton distributions turn out to be extremely relevant. They are also 
related to twist-3 parton distribution functions.  
                                                                see talk by S. Scopetta 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• Steady progress in the field of 3D nucleon structure, both experimental 
and theoretical 

• Accurate extractions of parton distributions (quark and gluons) require 
more data

• I did not manage to predict much about the future, but I can say for sure 
that it will be bright!


