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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.
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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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?,ū~K�

↵
⌘

⌦
P 2
?,uK

↵
, (2.16)

⌦
P 2
?,s̄~K+

↵
=

⌦
P 2
?,s~K�

↵
⌘

⌦
P 2
?,sK

↵
, (2.17)

⌦
P 2
?,all others

↵
⌘

⌦
P 2
?,unf

↵
. (2.18)

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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distributions of Z and W±.

The three experimental collaborations D0, CDF, and
ATLAS, fitted the Z data to obtain an estimate for the
nonperturbative parameters. Then, assuming flavor uni-
versality, they used these estimates to predict the qWT dis-
tribution. They found that the uncertainty on MW due
to the modelling of qWT via template fits for the distribu-
tions in (mT , pT `, pT⌫) are, respectively, �MW = (3,9,4)
MeV for CDF [14], �MW = (2,5,2) MeV for D0 [13] and
�MW = (3,3) MeV for ATLAS [15] (the ATLAS analysis did
not include pT⌫ in the template fit).

It is well known that one of the largest sources of error
in determining MW comes from the uncertainty in the
choice of the collinear PDFs [17–20]. Nevertheless, the
uncertainty propagating from the qWT spectrum via pT `

can be likewise comparably large (except for ATLAS, be-
cause of the narrow range used for the pT ` fit with respect
to the mT one). This does not come as a surprise, since
the pT ` distribution is extremely sensitive to the mod-
elling of qWT , i.e. the pT ` shape gets much more distorted
by all-order resummation and nonperturbative contribu-
tions than the mT shape (which, in turn, is dominated
by detector resolution). In general, the hadron struc-
ture in three-dimensional momentum space is expected
to significantly contribute to the uncertainties on MW .

However, neither analyses at Tevatron and at the LHC
included information on the flavor dependence in the in-
trinsic transverse momentum of the incoming quarks and
gluons participating in the hard scattering. Here, it is our
aim to study the impact onto the determination of MW

in hadronic collisions by including this dependence on the
basis of what was learnt from the phenomenological ex-
traction of the unpolarized TMD PDF from low-energy
data [21].

Formalism.

The impact of nonperturbative e↵ects in Drell-Yan
and Higgs production has been extensively investigated
(see, e.g., [9, 22–27] for available calculations and fitting
codes). With the perturbative accuracy currently avail-
able, the uncertainty arising from the choice of scales is
comparable with the one induced by nonperturbative ef-
fects.

The transverse momentum distribution of electroweak
gauge bosons is sensitive to nonperturbative corrections
to the TMD PDFs and their evolution. As a consequence,
also the leptonic observables measured at hadron collid-
ers are a↵ected. Di↵erent implementations of the non-
perturbative contributions have been presented in the
literature (see e.g. Refs. [9, 25] and references therein
AS: any review available? Anyway, add more (recent)
references).

In order to take into account potential di↵erences be-
tween the valence and the sea quarks (and among di↵er-
ent flavors in general), a flavor- and kinematic-dependent

implementation of the nonperturbative part of the quark
Sudakov exponent has been suggested in Refs. [21, 28].
In the present work, following Ref. [21] for the nonper-
turbative contribution to the unpolarized TMD PDF we
choose the Gaussian functional form

faNP
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where x is the usual light-cone momentum fraction of
the parton with flavor a, k? is its low (intrinsic) trans-
verse momentum with flavor-dependent width hk2?ia, and
fa
1 (x,Q

2) is the corresponding collinear PDF at the scale
Q2. In general, the width hk2?ia may also depend on
x, but here we will neglect it. At large k?, we rely on
the operator product expansion of the TMD PDF onto
the collinear PDF, for which the Wilson coe�cients are
known at O(↵2

s).
We implemented the above ansatz in two publicly

available tools for computing Drell-Yan di↵erential cross
sections: DYqT [29, 30] and DYRes [29, 31]. The DYqT
program computes the qT spectrum of an electroweak bo-
son V (V = �⇤,W±, Z) produced in hadronic collisions.
The calculation combines the pure fixed-order QCD re-
sult at O(↵s) at high qT (qT ⇠ MV ) with the resum-
mation of the logarithmically-enhanced contributions at
small transverse-momenta (qT ⌧ MV ) up to next-to-
next-to-leading logarithmic (NNLL) accuracy. The ra-
pidity of the vector boson and the leptonic kinematical
variables are integrated over the entire kinematical range.
At the same perturbative accuracy, the DYRes code also
provides the full kinematics of the vector boson and of its
decay products. It thus allows for the application of ar-
bitrary cuts on the final-state kinematical variables and
gives di↵erential distributions in form of bin histograms,
directly comparable to experimental measurements.
The original codes implement the nonperturbative

TMD e↵ects as a flavor- and kinematic-independent
Gaussian exponential e�gNP b2T (bT is the Fourier-
conjugate to k?) whose strength is governed by a
single parameter gNP tuned at the MW scale. This
factor represents the nonperturbative correction to
the cross section. As a consequence, it includes the
nonperturbative e↵ects from both the TMD PDFs
entering the cross section, including their evolution.
In order to mimic a flavor dependence in the parton
intrinsic transverse momentum, we modify this simple
implementation by decomposing gNP into the sum
gaNP + ga

0

NP , where the flavor indices span the range
a, a0 = uv, us, dv, ds, s, c, b, g (the subscripts referring to
the valence and sea components, respectively). In the
following, we assume gsNP = gcNP = gbNP = ggNP , i.e., we
assume that in total the intrinsic transverse-momentum
depends on five flavors.

Analysis strategy.
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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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The three experimental collaborations D0, CDF, and
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nonperturbative parameters. Then, assuming flavor uni-
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data [21].

Formalism.

The impact of nonperturbative e↵ects in Drell-Yan
and Higgs production has been extensively investigated
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codes). With the perturbative accuracy currently avail-
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the collinear PDF, for which the Wilson coe�cients are
known at O(↵2
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We implemented the above ansatz in two publicly

available tools for computing Drell-Yan di↵erential cross
sections: DYqT [29, 30] and DYRes [29, 31]. The DYqT
program computes the qT spectrum of an electroweak bo-
son V (V = �⇤,W±, Z) produced in hadronic collisions.
The calculation combines the pure fixed-order QCD re-
sult at O(↵s) at high qT (qT ⇠ MV ) with the resum-
mation of the logarithmically-enhanced contributions at
small transverse-momenta (qT ⌧ MV ) up to next-to-
next-to-leading logarithmic (NNLL) accuracy. The ra-
pidity of the vector boson and the leptonic kinematical
variables are integrated over the entire kinematical range.
At the same perturbative accuracy, the DYRes code also
provides the full kinematics of the vector boson and of its
decay products. It thus allows for the application of ar-
bitrary cuts on the final-state kinematical variables and
gives di↵erential distributions in form of bin histograms,
directly comparable to experimental measurements.
The original codes implement the nonperturbative

TMD e↵ects as a flavor- and kinematic-independent
Gaussian exponential e�gNP b2T (bT is the Fourier-
conjugate to k?) whose strength is governed by a
single parameter gNP tuned at the MW scale. This
factor represents the nonperturbative correction to
the cross section. As a consequence, it includes the
nonperturbative e↵ects from both the TMD PDFs
entering the cross section, including their evolution.
In order to mimic a flavor dependence in the parton
intrinsic transverse momentum, we modify this simple
implementation by decomposing gNP into the sum
gaNP + ga

0

NP , where the flavor indices span the range
a, a0 = uv, us, dv, ds, s, c, b, g (the subscripts referring to
the valence and sea components, respectively). In the
following, we assume gsNP = gcNP = gbNP = ggNP , i.e., we
assume that in total the intrinsic transverse-momentum
depends on five flavors.
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• 50 flavour-dependent sets                         with 

• 1 flavour-independent set with  

dσ
dqT

∼ FT exp{−g
NP

b2
T}

For each TMD: 0.4 GeV2 ∼ ga
NP

⟶ gevo ln ( Q2

Q2
0 )+ga

Fit to Z/    Tevatron data: γ* g
NP

∼ 0.8 GeV2

[Guzzi, Nadolsky, Wang (2014)]

Fit to SIDIS/DY/Z data: gevo ln ( Q2

Q2
0 ) ∈ [0.17, 0.39] GeV2

[Bacchetta, Delcarro, Pisano, Radici, Signori (2017)]

variation range for ga

ga
NP

∈ [0.2, 0.6] GeV2

ga
NP

= 0.4 GeV2

{guv
NP

, gdv
NP

, gus
NP

, gds
NP

, gs
NP

}

We consider :
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FIG. 5: Shifts induced on mW by the choice of di↵erent PDF sets, obtained through a template-fit performed on the
transverse mass mT (left) and the lepton pT (right) observables (figure from Ref. [39]).

In order to estimate the impact of the flavour dependence, it is necessary to first identify the “Z-equivalent”
sets of parameters, i.e., those sets in agreement with the Z transverse momentum distribution measured at hadron
colliders. To this extent:

• a single flavour-independent (i.e., using a version of Eq. (6) without a-dependence) qT -spectrum for the Z
boson is produced based on the parameters presented in Ref. [22];

• each bin of this flavour-independent spectrum is assigned an uncertainty equal to the one quoted by the CDF

and ATLAS experiments;

• several flavour-dependent sets for ga in Eq. (6) are generated randomly within a variation range consistent
with the information obtained in previous TMD fits (in particular, taking into account the estimate for the
flavour-independent contribution to the non-perturbative part of the evolution obtained in Ref. [22]);

• a flavour-dependent set is defined “Z-equivalent” if the associated qT spectrum for the Z has a ��2
 1 with

respect to one generated by the flavour-independent set.

The flavour-dependent sets for CDF and ATLAS who pass this filter are treated as the pseudodata of the template-fit
procedure, while the flavour-independent one is used for the generation of the templates at high statistics. The
number of events corresponds to 135M for the pseudodata and 750M for the templates. Only 9 sets out of the 30
ones which are “Z-equivalent” both with respect to CDF and ATLAS uncertainties have been investigated. The values
of the flavour-dependent parameters for each set are given in Tab. II. A summary of the shifts obtained through
this procedure is given in Tab. III.

Set uv dv us ds s
1 0.34 0.26 0.46 0.59 0.32
2 0.34 0.46 0.56 0.32 0.51
3 0.55 0.34 0.33 0.55 0.30
4 0.53 0.49 0.37 0.22 0.52
5 0.42 0.38 0.29 0.57 0.27
6 0.40 0.52 0.46 0.54 0.21
7 0.22 0.21 0.40 0.46 0.49
8 0.53 0.31 0.59 0.54 0.33
9 0.46 0.46 0.58 0.40 0.28

TABLE II: Values of the gaNP parameter in Eq. 6 for the flavours a = uv, dv, us, ds, s = c = b = g. Units are GeV2.

The statistical uncertainty of the template-fit procedure has been estimated by considering statistically equivalent
those templates for which ��2 = �2

��2
min  1. Overall, the quoted statistical uncertainty on the results in Tab. III

is ±2.5 MeV.
Being the transverse mass mildly sensitive to the modeling of the W± transverse momentum, the corresponding

shifts are compatible with zero considering the statistical uncertainty of the template-fit procedure. On the contrary,

1

�MW+ �MW�

Set mT pT ` pT⌫ mT pT ` pT⌫

1 0 -1 -2 -2 3 -3

2 0 -6 0 -2 0 -5

3 -1 9 0 -2 4 -10

4 0 0 -2 -2 -4 -10

5 0 4 1 -1 -3 -6

6 1 0 2 -1 4 -4

7 2 -1 2 -1 0 -8

8 0 2 8 1 7 8

9 0 4 -3 -1 0 7

TABLE I: ATLAS 7 TeV

�MW+ �MW�

Set mT pT ` pT⌫ mT pT ` pT⌫

1 0 -1 -2 -2 3 -3

2 0 -6 0 -2 0 -5

3 -1 9 0 -2 4 -10

4 0 0 -2 -2 -4 -10

5 0 4 1 -1 -3 -6

6 1 0 2 -1 4 -4

7 2 -1 2 -1 0 -8

8 0 2 8 1 7 8

9 0 4 -3 -1 0 7

TABLE II: LHCb 13 TeV

Preliminary

1

�MW+ �MW�

Set mT pT ` pT⌫ mT pT ` pT⌫

1 0 -1 -2 -2 3 -3

2 0 -6 0 -2 0 -5

3 -1 9 0 -2 -4 -10

4 0 0 -2 -2 -4 -10

5 0 4 1 -1 -3 -6

6 1 0 2 -1 4 -4

7 2 -1 2 -1 0 -8

8 0 2 8 1 7 8

9 0 4 -3 -1 0 7

TABLE I: ATLAS 7 TeV

�MW+ �MW�

Set mT pT ` pT⌫ mT pT ` pT⌫

1 -1 -5 8 -1 -2 7

2 -1 -15 5 -1 5 10

3 -1 1 11 -1 -6 5

4 -1 -15 4 -1 -4 4

5 -1 -5 8 -1 -7 4

TABLE II: LHCb 13 TeV
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In order to estimate the impact of the flavour dependence, it is necessary to first identify the “Z-equivalent”
sets of parameters, i.e., those sets in agreement with the Z transverse momentum distribution measured at hadron
colliders. To this extent:

• a single flavour-independent (i.e., using a version of Eq. (6) without a-dependence) qT -spectrum for the Z
boson is produced based on the parameters presented in Ref. [22];

• each bin of this flavour-independent spectrum is assigned an uncertainty equal to the one quoted by the CDF

and ATLAS experiments;

• several flavour-dependent sets for ga in Eq. (6) are generated randomly within a variation range consistent
with the information obtained in previous TMD fits (in particular, taking into account the estimate for the
flavour-independent contribution to the non-perturbative part of the evolution obtained in Ref. [22]);

• a flavour-dependent set is defined “Z-equivalent” if the associated qT spectrum for the Z has a ��2
 1 with

respect to one generated by the flavour-independent set.

The flavour-dependent sets for CDF and ATLAS who pass this filter are treated as the pseudodata of the template-fit
procedure, while the flavour-independent one is used for the generation of the templates at high statistics. The
number of events corresponds to 135M for the pseudodata and 750M for the templates. Only 9 sets out of the 30
ones which are “Z-equivalent” both with respect to CDF and ATLAS uncertainties have been investigated. The values
of the flavour-dependent parameters for each set are given in Tab. II. A summary of the shifts obtained through
this procedure is given in Tab. III.

Set uv dv us ds s
1 0.34 0.26 0.46 0.59 0.32
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In order to estimate the impact of the flavour dependence, it is necessary to first identify the “Z-equivalent”
sets of parameters, i.e., those sets in agreement with the Z transverse momentum distribution measured at hadron
colliders. To this extent:

• a single flavour-independent (i.e., using a version of Eq. (6) without a-dependence) qT -spectrum for the Z
boson is produced based on the parameters presented in Ref. [22];

• each bin of this flavour-independent spectrum is assigned an uncertainty equal to the one quoted by the CDF

and ATLAS experiments;

• several flavour-dependent sets for ga in Eq. (6) are generated randomly within a variation range consistent
with the information obtained in previous TMD fits (in particular, taking into account the estimate for the
flavour-independent contribution to the non-perturbative part of the evolution obtained in Ref. [22]);

• a flavour-dependent set is defined “Z-equivalent” if the associated qT spectrum for the Z has a ��2
 1 with

respect to one generated by the flavour-independent set.

The flavour-dependent sets for CDF and ATLAS who pass this filter are treated as the pseudodata of the template-fit
procedure, while the flavour-independent one is used for the generation of the templates at high statistics. The
number of events corresponds to 135M for the pseudodata and 750M for the templates. Only 9 sets out of the 30
ones which are “Z-equivalent” both with respect to CDF and ATLAS uncertainties have been investigated. The values
of the flavour-dependent parameters for each set are given in Tab. II. A summary of the shifts obtained through
this procedure is given in Tab. III.
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8 0.53 0.31 0.59 0.54 0.33
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those templates for which ��2 = �2

��2
min  1. Overall, the quoted statistical uncertainty on the results in Tab. III

is ±2.5 MeV.
Being the transverse mass mildly sensitive to the modeling of the W± transverse momentum, the corresponding

shifts are compatible with zero considering the statistical uncertainty of the template-fit procedure. On the contrary,
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In order to estimate the impact of the flavour dependence, it is necessary to first identify the “Z-equivalent”
sets of parameters, i.e., those sets in agreement with the Z transverse momentum distribution measured at hadron
colliders. To this extent:

• a single flavour-independent (i.e., using a version of Eq. (6) without a-dependence) qT -spectrum for the Z
boson is produced based on the parameters presented in Ref. [22];

• each bin of this flavour-independent spectrum is assigned an uncertainty equal to the one quoted by the CDF

and ATLAS experiments;

• several flavour-dependent sets for ga in Eq. (6) are generated randomly within a variation range consistent
with the information obtained in previous TMD fits (in particular, taking into account the estimate for the
flavour-independent contribution to the non-perturbative part of the evolution obtained in Ref. [22]);

• a flavour-dependent set is defined “Z-equivalent” if the associated qT spectrum for the Z has a ��2
 1 with

respect to one generated by the flavour-independent set.

The flavour-dependent sets for CDF and ATLAS who pass this filter are treated as the pseudodata of the template-fit
procedure, while the flavour-independent one is used for the generation of the templates at high statistics. The
number of events corresponds to 135M for the pseudodata and 750M for the templates. Only 9 sets out of the 30
ones which are “Z-equivalent” both with respect to CDF and ATLAS uncertainties have been investigated. The values
of the flavour-dependent parameters for each set are given in Tab. II. A summary of the shifts obtained through
this procedure is given in Tab. III.

Set uv dv us ds s
1 0.34 0.26 0.46 0.59 0.32
2 0.34 0.46 0.56 0.32 0.51
3 0.55 0.34 0.33 0.55 0.30
4 0.53 0.49 0.37 0.22 0.52
5 0.42 0.38 0.29 0.57 0.27
6 0.40 0.52 0.46 0.54 0.21
7 0.22 0.21 0.40 0.46 0.49
8 0.53 0.31 0.59 0.54 0.33
9 0.46 0.46 0.58 0.40 0.28

TABLE II: Values of the gaNP parameter in Eq. 6 for the flavours a = uv, dv, us, ds, s = c = b = g. Units are GeV2.

The statistical uncertainty of the template-fit procedure has been estimated by considering statistically equivalent
those templates for which ��2 = �2

��2
min  1. Overall, the quoted statistical uncertainty on the results in Tab. III

is ±2.5 MeV.
Being the transverse mass mildly sensitive to the modeling of the W± transverse momentum, the corresponding

shifts are compatible with zero considering the statistical uncertainty of the template-fit procedure. On the contrary,

1

�MW+ �MW�

Set mT pT ` pT⌫ mT pT ` pT⌫

1 0 -1 -2 -2 3 -3

2 0 -6 0 -2 0 -5

3 -1 9 0 -2 4 -10

4 0 0 -2 -2 -4 -10

5 0 4 1 -1 -3 -6

6 1 0 2 -1 4 -4

7 2 -1 2 -1 0 -8

8 0 2 8 1 7 8

9 0 4 -3 -1 0 7

TABLE I: ATLAS 7 TeV

�MW+ �MW�

Set mT pT ` pT⌫ mT pT ` pT⌫

1 0 -1 -2 -2 3 -3

2 0 -6 0 -2 0 -5

3 -1 9 0 -2 4 -10

4 0 0 -2 -2 -4 -10

5 0 4 1 -1 -3 -6

6 1 0 2 -1 4 -4

7 2 -1 2 -1 0 -8

8 0 2 8 1 7 8

9 0 4 -3 -1 0 7

TABLE II: LHCb 13 TeV

Preliminary

1

�MW+ �MW�

Set mT pT ` pT⌫ mT pT ` pT⌫

1 0 -1 -2 -2 3 -3

2 0 -6 0 -2 0 -5

3 -1 9 0 -2 -4 -10

4 0 0 -2 -2 -4 -10

5 0 4 1 -1 -3 -6

6 1 0 2 -1 4 -4

7 2 -1 2 -1 0 -8

8 0 2 8 1 7 8

9 0 4 -3 -1 0 7

TABLE I: ATLAS 7 TeV

�MW+ �MW�

Set mT pT ` pT⌫ mT pT ` pT⌫

1 -1 -5 8 -1 -2 7

2 -1 -15 5 -1 5 10

3 -1 1 11 -1 -6 5

4 -1 -15 4 -1 -4 4

5 -1 -5 8 -1 -7 4

TABLE II: LHCb 13 TeV
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FIG. 1: Transverse mass distribution and the related di↵erences evaluated on the templates (as a function of mW ) and on
the pseudodata (as a function of the sets of non-perturbative parameters). See Eqs. (1), (2). The average values are defined in
Eqs. (5), (6) and summarized in Tabs. I, II.
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FIG. 2: p`T distribution and the related di↵erences evaluated on the templates (as a function of mW ) and on the pseudodata
(as a function of the sets of non-perturbative parameters). See Eqs. (1), (2). The average values are defined in Eqs. (5), (6)
and summarized in Tabs. I, II.
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