
giuseppe bozzi


in collaboration with

A.Bacchetta, M.Radici, M.Ritzmann, A.Signori 


(arXiv:1807.02101)

Non perturbative flavour-dependent effects due to intrinsic kT 
and their impact on the determination of MW

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

GDR Juljan Rushaj

Pr
og

et
ta

zi
on

e 
Lo

go
3D

 S
pi

n

gdrushaj@yahoo.it

Colore 01 Colore 03Colore 02

%UXVVHOV�����-DQXDU\�����
$UHV������������

5HYLHZ�VHVVLRQ��6WHS��

'HDU�'U��%DFFKHWWD�

6XEMHFW��2XWFRPH�RI�WKH�HYDOXDWLRQ�RI�SURSRVDOV�VXEPLWWHG�WR�WKH�&DOO�IRU�3URSRVDOV�(5&�&R*�������
3URSRVDO�Qp���������'63,1

,�DP�YHU\�SOHDVHG�WR�LQIRUP�\RX�WKDW�WKH�(5&�HYDOXDWLRQ�SDQHOV��FRPSRVHG�RI�LQGHSHQGHQW�H[SHUWV��KDYH
IDYRXUDEO\�UHYLHZHG�DQG�UHFRPPHQGHG�IRU�IXQGLQJ�\RXU�SURSRVDO�HQWLWOHG�����'LPHQVLRQDO�0DSV�RI�WKH
6SLQQLQJ�1XFOHRQ���'LPHQVLRQDO �0DSV�RI �WKH�6SLQQLQJ�1XFOHRQ���'LPHQVLRQDO �0DSV�RI �WKH�6SLQQLQJ
1XFOHRQ� �VXEPLWWHG�WR �WKH�DERYH�PHQWLRQHG�(5&�&R*������&DOO�

)RU�\RXU�LQIRUPDWLRQ��\RX�ZLOO�ILQG�HQFORVHG�WKH�(YDOXDWLRQ�5HSRUW��GRFXPHQWLQJ�WKH�UHVXOWV�RI�WKH�SHHU�UHYLHZ
RI �\RXU �SURSRVDO� �,W �FRQWDLQV �WKH �LQGLYLGXDO �DVVHVVPHQWV �DQG �WKH �ILQDO �VFRUH �DZDUGHG �E\ �WKH �SDQHO�
DFFRPSDQLHG�E\�D�SDQHO�FRPPHQW��7KH�SDQHO�KDV�EDVHG�LWV�MXGJHPHQW�RQ�UHPRWH�UHYLHZV�IROORZHG�E\�D
SDQHO�GLVFXVVLRQ�DQG�GHFLVLRQ��<RX�ZLOO�DOVR�ILQG�HQFORVHG�D�OHWWHU�IURP�WKH�3UHVLGHQW�RI�WKH�(5&�JLYLQJ�\RX
JHQHUDO�EDFNJURXQG�LQIRUPDWLRQ�DERXW�WKH�UHYLHZ�SURFHVV��)RU�\RXU�LQIRUPDWLRQ��WKH�WRS�����RI�WKH�SURSRVDOV
HYDOXDWHG�LQ�SDQHO�3(��LQ�6WHS���ZHUH�IXQGHG�

,Q�WKH�QHDU�IXWXUH�WKH�(5&�([HFXWLYH�$JHQF\��(5&($��ZLOO�VHQG�\RX�WKH�IXOO�GHWDLOV�RI�WKH�VWHSV�LQYROYHG�LQ
FRQFOXGLQJ�WKH�*UDQW�$JUHHPHQW��ZKLFK�ZLOO�EH�HVWDEOLVKHG�EHWZHHQ�\RXU�KRVW�RUJDQLVDWLRQ�DQG�WKH�(5&($�
,Q�SUHSDULQJ�WKH�JUDQW�DJUHHPHQW��WKH�(5&($�LQWHQGV�WR�IROORZ�WKH�UHFRPPHQGDWLRQV�RI�WKH�SDQHO� �DV
GRFXPHQWHG�LQ�WKH�SDQHO�FRPPHQW�RI�WKH�(YDOXDWLRQ�5HSRUW�

,Q�RUGHU�IRU�DOO�SURSRVHG�UHVHDUFK�DFWLYLWLHV�WR�EH�LQ�FRPSOLDQFH�ZLWK�IXQGDPHQWDO�HWKLFDO�SULQFLSOHV��DQ�HWKLFDO
UHYLHZ�RI�\RXU�SURSRVDO�PD\�EH�UHTXLUHG�GHSHQGLQJ�RQ�WKH�VXEMHFW�PDWWHU��,I�WKLV�LV�WKH�FDVH�IRU�\RXU�SURSRVDO
\RX�ZLOO�KHDU�IURP�XV�LQ�WKLV�UHJDUG�DV�VRRQ�DV�WKH�UHVXOWV�RI�WKLV�UHYLHZ�DUH�NQRZQ��RU�LI�FODULILFDWLRQV�IURP
\RXU�VLGH�DUH�UHTXLUHG�

$W�WKLV�VWDJH�WKLV�OHWWHU�VKRXOG�LQ�QR�ZD\�EH�FRQVLGHUHG�DV�D�FRPPLWPHQW�RI�ILQDQFLDO�VXSSRUW�E\�WKH�(XURSHDQ
8QLRQ�

7HO������������������_�)D[������������������_�$JQHV�.8/&6$5#HF�HXURSD�HX�_�KWWS���HUF�HXURSD�HX
(5&�([HFXWLYH�$JHQF\��3ODFH�5RJLHU�����&29����������%(������%UXVVHOV��%HOJLXP



The extraction of physical quantities



Observables 

• accessible via counting experiments: cross sections and asymmetries

The extraction of physical quantities



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                                

The extraction of physical quantities



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                                

Template fit 

The extraction of physical quantities



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                                

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

The extraction of physical quantities



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                                

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 extraction of physical quantities



Observables 
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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                                

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
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General template-fit strategy (example: PDF uncertainty) 
Bozzi, Rojo, Vicini PRD 83, 113008 (2011)



• pseudodata with different PDF sets: low-statistics (100M) and fixed MW0
• templates with a reference PDF set (CTEQ6.6): high-statistics (1B) and different MW
• same code used to generate both pseudodata and templates → only effect probed is the PDF one

General template-fit strategy (example: PDF uncertainty) 
Bozzi, Rojo, Vicini PRD 83, 113008 (2011)
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The W mass
MW: theoretical prediction vs experimental value
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MW experimental values

re-evaluation of the MW prediction, with an MSbar calculation  G.Degrassi, P.Gambino, P.Giardino, arXiv:1411.7040

                    MW = 80.357 ± 0.009 ± 0.003 GeV     (parametric and missing higher orders)

includes the full 2-loop EW result, higher-order QCD corrections, resummation of reducible terms
central value obtained with the 2014 top mass world average mt=173.34 ±0.76exp±0.3th GeV
                                                                                          Δαhad(MZ) = 0.02750±0.00033
the comparison of this MSbar calculation with the corresponding one in the OS scheme
      suggests that missing higher orders might have a residual effect of O(6 MeV)

mW = 80370± 19 MeV ATLAS arXiv:1701.07240

23

Global EW fit compared to ATLAS results
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Within the framework of transverse-momentum-dependent factorization, we investigate for the
first time the impact of a flavor-dependent intrinsic transverse momentum of quarks on the produc-
tion of W± bosons in proton-proton collisions at

p
s = 7 TeV. We study the transverse-mass and

the lepton transverse momentum distributions of the W -decay products by means of a template-fit
technique and we estimate the shift in the W boson mass induced by di↵erent choices of flavor-
dependent parameters for the intrinsic quark transverse momentum. We get �11  �MW+  4
MeV and �6  �MW�  2 MeV with a statistical uncertainty of ±4 MeV. Our findings call
for more detailed investigations of flavor-dependent nonperturbative e↵ects linked to the proton
structure at hadron colliders.

PACS numbers: 14.70.Fm, 13.85.Qk, 12.38.-t

Introduction and motivation.

Nonperturbative e↵ects in transverse-momentum-
dependent (TMD) phenomena are a central topic in
the hadronic physics community with potentially impor-
tant applications to high-energy physics. The study of
nonperturbative corrections originates from the work of
Parisi and Petronzio [1] and Collins, Soper, and Ster-
man [2], which focused on the role of the hard scale
of the process compared to the infrared scale of QCD.
TMD factorization and evolution have been extensively
studied in the literature [3–6], together with the match-
ing to collinear factorization [2, 7–12]. Despite the lim-
ited amount of data available and the many open the-
oretical questions, in the past years we started gaining
phenomenological information about TMD parton dis-
tribution functions (TMD PDFs) with increasing level
of accuracy. Recently, the unpolarized TMD PDF was
extracted for the first time from a global fit of data
for semi-inclusive deep-inelastic scattering (SIDIS) and
production of Drell-Yan lepton pairs and Z bosons [13].
Nonetheless, many theoretical and phenomenological
questions are still open [14].

In this paper, we demonstrate that if a very high pre-
cision is required, then the e↵ects of a potential flavor
dependence of the intrinsic partonic transverse momen-
tum can be nonnegligible even in the kinematic region
where the nonperturbative e↵ects are expected to be
small [9, 13, 15–19] (⇤QCD ⌧ Q ⌧

p
s: W boson produc-

tion at the LHC lies in this kinematic region). Thus, we
show that the uncertainties associated to our ignorance
of the multidimensional structure of hadrons should be
carefully accounted for in phenomenological studies of
the free parameters in the Standard Model. In particu-
lar, we focus on the impact of the simplest TMD PDF,

the unpolarized one, on the determination of the W bo-
son mass at hadron colliders.

Our findings demonstrate that the flavor dependence
of nonperturbative e↵ects can introduce uncertainties in
the direct determination of the W mass at the LHC, and
that these uncertainties can be as large as the precision
set by the electroweak fits.

Experimental measurements and uncertainties.

The determination of the W boson mass, MW , from
the global electroweak fit (MW=80.356±8 MeV) [20] fea-
tures a very small uncertainty that sets a goal for the
precision of the experimental measurements at hadron
colliders.

Precise determinations of MW have been extracted
from pp̄ collisions at D0 [21] and at CDF [22], and from
pp collisions at ATLAS [23] with a total uncertainty of
23 MeV, 19 MeV and 19 MeV, respectively. The current
world average, based on these measurements and the ones
performed at LEP, is MW=80.379±12 MeV [24]. The ex-
perimental analyses are based on a template-fit procedure
on the di↵erential distributions of the decay products: in
particular, the transverse momentum of the final lepton,
pT `, the transverse momentum of the neutrino pT⌫ (only
at the Tevatron), and the transverse mass mT of the
lepton pair (where mT =

p
2 pT ` pT⌫ (1� cos(�` � �⌫)),

with �`,⌫ being the azimuthal angles of the lepton and
the neutrino, respectively).

In a template-fit procedure, several histograms are gen-
erated with the highest available theoretical accuracy and
the best available description of detector e↵ects, letting
the fit parameter (MW , in this case) vary in a range:
the histogram best describing experimental data selects
the measured value for MW . The details of the theoreti-

ATLAS, EPJC 78, 110 (2018)
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Experimental measurements and uncertainties.

The determination of the W boson mass, MW , from
the global electroweak fit (MW=80.356±8 MeV) [20] fea-
tures a very small uncertainty that sets a goal for the
precision of the experimental measurements at hadron
colliders.

Precise determinations of MW have been extracted
from pp̄ collisions at D0 [21] and at CDF [22], and from
pp collisions at ATLAS [23] with a total uncertainty of
23 MeV, 19 MeV and 19 MeV, respectively. The current
world average, based on these measurements and the ones
performed at LEP, is MW=80.379±12 MeV [24]. The ex-
perimental analyses are based on a template-fit procedure
on the di↵erential distributions of the decay products: in
particular, the transverse momentum of the final lepton,
pT `, the transverse momentum of the neutrino pT⌫ (only
at the Tevatron), and the transverse mass mT of the
lepton pair (where mT =

p
2 pT ` pT⌫ (1� cos(�` � �⌫)),

with �`,⌫ being the azimuthal angles of the lepton and
the neutrino, respectively).

In a template-fit procedure, several histograms are gen-
erated with the highest available theoretical accuracy and
the best available description of detector e↵ects, letting
the fit parameter (MW , in this case) vary in a range:
the histogram best describing experimental data selects
the measured value for MW . The details of the theoreti-
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central value obtained with the 2014 top mass world average mt=173.34 ±0.76exp±0.3th GeV
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Within the framework of transverse-momentum-dependent factorization, we investigate for the
first time the impact of a flavor-dependent intrinsic transverse momentum of quarks on the produc-
tion of W± bosons in proton-proton collisions at

p
s = 7 TeV. We study the transverse-mass and

the lepton transverse momentum distributions of the W -decay products by means of a template-fit
technique and we estimate the shift in the W boson mass induced by di↵erent choices of flavor-
dependent parameters for the intrinsic quark transverse momentum. We get �11  �MW+  4
MeV and �6  �MW�  2 MeV with a statistical uncertainty of ±4 MeV. Our findings call
for more detailed investigations of flavor-dependent nonperturbative e↵ects linked to the proton
structure at hadron colliders.

PACS numbers: 14.70.Fm, 13.85.Qk, 12.38.-t

Introduction and motivation.

Nonperturbative e↵ects in transverse-momentum-
dependent (TMD) phenomena are a central topic in
the hadronic physics community with potentially impor-
tant applications to high-energy physics. The study of
nonperturbative corrections originates from the work of
Parisi and Petronzio [1] and Collins, Soper, and Ster-
man [2], which focused on the role of the hard scale
of the process compared to the infrared scale of QCD.
TMD factorization and evolution have been extensively
studied in the literature [3–6], together with the match-
ing to collinear factorization [2, 7–12]. Despite the lim-
ited amount of data available and the many open the-
oretical questions, in the past years we started gaining
phenomenological information about TMD parton dis-
tribution functions (TMD PDFs) with increasing level
of accuracy. Recently, the unpolarized TMD PDF was
extracted for the first time from a global fit of data
for semi-inclusive deep-inelastic scattering (SIDIS) and
production of Drell-Yan lepton pairs and Z bosons [13].
Nonetheless, many theoretical and phenomenological
questions are still open [14].

In this paper, we demonstrate that if a very high pre-
cision is required, then the e↵ects of a potential flavor
dependence of the intrinsic partonic transverse momen-
tum can be nonnegligible even in the kinematic region
where the nonperturbative e↵ects are expected to be
small [9, 13, 15–19] (⇤QCD ⌧ Q ⌧

p
s: W boson produc-

tion at the LHC lies in this kinematic region). Thus, we
show that the uncertainties associated to our ignorance
of the multidimensional structure of hadrons should be
carefully accounted for in phenomenological studies of
the free parameters in the Standard Model. In particu-
lar, we focus on the impact of the simplest TMD PDF,

the unpolarized one, on the determination of the W bo-
son mass at hadron colliders.

Our findings demonstrate that the flavor dependence
of nonperturbative e↵ects can introduce uncertainties in
the direct determination of the W mass at the LHC, and
that these uncertainties can be as large as the precision
set by the electroweak fits.

Experimental measurements and uncertainties.

The determination of the W boson mass, MW , from
the global electroweak fit (MW=80.356±8 MeV) [20] fea-
tures a very small uncertainty that sets a goal for the
precision of the experimental measurements at hadron
colliders.

Precise determinations of MW have been extracted
from pp̄ collisions at D0 [21] and at CDF [22], and from
pp collisions at ATLAS [23] with a total uncertainty of
23 MeV, 19 MeV and 19 MeV, respectively. The current
world average, based on these measurements and the ones
performed at LEP, is MW=80.379±12 MeV [24]. The ex-
perimental analyses are based on a template-fit procedure
on the di↵erential distributions of the decay products: in
particular, the transverse momentum of the final lepton,
pT `, the transverse momentum of the neutrino pT⌫ (only
at the Tevatron), and the transverse mass mT of the
lepton pair (where mT =

p
2 pT ` pT⌫ (1� cos(�` � �⌫)),

with �`,⌫ being the azimuthal angles of the lepton and
the neutrino, respectively).

In a template-fit procedure, several histograms are gen-
erated with the highest available theoretical accuracy and
the best available description of detector e↵ects, letting
the fit parameter (MW , in this case) vary in a range:
the histogram best describing experimental data selects
the measured value for MW . The details of the theoreti-
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Figure 28: The measured value of mW is compared to other published results, including measurements from the
LEP experiments ALEPH, DELPHI, L3 and OPAL [25–28], and from the Tevatron collider experiments CDF and
D0 [22, 23]. The vertical bands show the statistical and total uncertainties of the ATLAS measurement, and the
horizontal bands and lines show the statistical and total uncertainties of the other published results. Measured values
of mW for positively- and negatively-charged W bosons are also shown.

The W -boson mass measurement is compatible with the current world average of mW = 80385 ±
15 MeV [29], and similar in precision to the currently leading measurements performed by the CDF
and D0 collaborations [22, 23]. An overview of the di�erent mW measurements is shown in Figure 28.
The compatibility of the measured value of mW in the context of the global electroweak fit is illustrated
in Figures 29 and 30. Figure 29 compares the present measurement with earlier results, and with the
SM prediction updated with regards to Ref. [16] using recent measurements of the top-quark and Higgs
boson masses, mt = 172.84 ± 0.70 GeV [110] and mH = 125.09 ± 0.24 GeV [111]. This update gives
a numerical value for the SM prediction of mW = 80356 ± 8 MeV. The corresponding two-dimensional
68% and 95% confidence limits for mW and mt are shown in Figure 30, and compared to the present
measurement of mW and the average of the top-quark mass determinations performed by ATLAS [110].

The determination of the W -boson mass from the global fit of the electroweak parameters has an uncertainty
of 8 MeV, which sets a natural target for the precision of the experimental measurement of the mass of
the W boson. The modelling uncertainties, which currently dominate the overall uncertainty on the mW

measurement presented in this note, need to be reduced in order to fully exploit the larger data samples
available at centre-of-mass energies of 8 and 13 TeV. A better knowledge of the PDFs, as achievable with
the inclusion in PDF fits of recent precise measurements of W - and Z-boson rapidity cross sections with
the ATLAS detector [41], and improved QCD and electroweak predictions for Drell-Yan production, are
therefore crucial for future measurements of the W -boson mass at the LHC.
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includes the full 2-loop EW result, higher-order QCD corrections, resummation of reducible terms
central value obtained with the 2014 top mass world average mt=173.34 ±0.76exp±0.3th GeV
                                                                                          Δαhad(MZ) = 0.02750±0.00033
the comparison of this MSbar calculation with the corresponding one in the OS scheme
      suggests that missing higher orders might have a residual effect of O(6 MeV)
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Within the framework of transverse-momentum-dependent factorization, we investigate for the
first time the impact of a flavor-dependent intrinsic transverse momentum of quarks on the produc-
tion of W± bosons in proton-proton collisions at

p
s = 7 TeV. We study the transverse-mass and

the lepton transverse momentum distributions of the W -decay products by means of a template-fit
technique and we estimate the shift in the W boson mass induced by di↵erent choices of flavor-
dependent parameters for the intrinsic quark transverse momentum. We get �11  �MW+  4
MeV and �6  �MW�  2 MeV with a statistical uncertainty of ±4 MeV. Our findings call
for more detailed investigations of flavor-dependent nonperturbative e↵ects linked to the proton
structure at hadron colliders.
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Introduction and motivation.

Nonperturbative e↵ects in transverse-momentum-
dependent (TMD) phenomena are a central topic in
the hadronic physics community with potentially impor-
tant applications to high-energy physics. The study of
nonperturbative corrections originates from the work of
Parisi and Petronzio [1] and Collins, Soper, and Ster-
man [2], which focused on the role of the hard scale
of the process compared to the infrared scale of QCD.
TMD factorization and evolution have been extensively
studied in the literature [3–6], together with the match-
ing to collinear factorization [2, 7–12]. Despite the lim-
ited amount of data available and the many open the-
oretical questions, in the past years we started gaining
phenomenological information about TMD parton dis-
tribution functions (TMD PDFs) with increasing level
of accuracy. Recently, the unpolarized TMD PDF was
extracted for the first time from a global fit of data
for semi-inclusive deep-inelastic scattering (SIDIS) and
production of Drell-Yan lepton pairs and Z bosons [13].
Nonetheless, many theoretical and phenomenological
questions are still open [14].

In this paper, we demonstrate that if a very high pre-
cision is required, then the e↵ects of a potential flavor
dependence of the intrinsic partonic transverse momen-
tum can be nonnegligible even in the kinematic region
where the nonperturbative e↵ects are expected to be
small [9, 13, 15–19] (⇤QCD ⌧ Q ⌧

p
s: W boson produc-

tion at the LHC lies in this kinematic region). Thus, we
show that the uncertainties associated to our ignorance
of the multidimensional structure of hadrons should be
carefully accounted for in phenomenological studies of
the free parameters in the Standard Model. In particu-
lar, we focus on the impact of the simplest TMD PDF,

the unpolarized one, on the determination of the W bo-
son mass at hadron colliders.

Our findings demonstrate that the flavor dependence
of nonperturbative e↵ects can introduce uncertainties in
the direct determination of the W mass at the LHC, and
that these uncertainties can be as large as the precision
set by the electroweak fits.

Experimental measurements and uncertainties.

The determination of the W boson mass, MW , from
the global electroweak fit (MW=80.356±8 MeV) [20] fea-
tures a very small uncertainty that sets a goal for the
precision of the experimental measurements at hadron
colliders.

Precise determinations of MW have been extracted
from pp̄ collisions at D0 [21] and at CDF [22], and from
pp collisions at ATLAS [23] with a total uncertainty of
23 MeV, 19 MeV and 19 MeV, respectively. The current
world average, based on these measurements and the ones
performed at LEP, is MW=80.379±12 MeV [24]. The ex-
perimental analyses are based on a template-fit procedure
on the di↵erential distributions of the decay products: in
particular, the transverse momentum of the final lepton,
pT `, the transverse momentum of the neutrino pT⌫ (only
at the Tevatron), and the transverse mass mT of the
lepton pair (where mT =

p
2 pT ` pT⌫ (1� cos(�` � �⌫)),

with �`,⌫ being the azimuthal angles of the lepton and
the neutrino, respectively).

In a template-fit procedure, several histograms are gen-
erated with the highest available theoretical accuracy and
the best available description of detector e↵ects, letting
the fit parameter (MW , in this case) vary in a range:
the histogram best describing experimental data selects
the measured value for MW . The details of the theoreti-
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includes the full 2-loop EW result, higher-order QCD corrections, resummation of reducible terms
central value obtained with the 2014 top mass world average mt=173.34 ±0.76exp±0.3th GeV
                                                                                          Δαhad(MZ) = 0.02750±0.00033
the comparison of this MSbar calculation with the corresponding one in the OS scheme
      suggests that missing higher orders might have a residual effect of O(6 MeV)
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p
s = 7 TeV. We study the transverse-mass and

the lepton transverse momentum distributions of the W -decay products by means of a template-fit
technique and we estimate the shift in the W boson mass induced by di↵erent choices of flavor-
dependent parameters for the intrinsic quark transverse momentum. We get �11  �MW+  4
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Introduction and motivation.

Nonperturbative e↵ects in transverse-momentum-
dependent (TMD) phenomena are a central topic in
the hadronic physics community with potentially impor-
tant applications to high-energy physics. The study of
nonperturbative corrections originates from the work of
Parisi and Petronzio [1] and Collins, Soper, and Ster-
man [2], which focused on the role of the hard scale
of the process compared to the infrared scale of QCD.
TMD factorization and evolution have been extensively
studied in the literature [3–6], together with the match-
ing to collinear factorization [2, 7–12]. Despite the lim-
ited amount of data available and the many open the-
oretical questions, in the past years we started gaining
phenomenological information about TMD parton dis-
tribution functions (TMD PDFs) with increasing level
of accuracy. Recently, the unpolarized TMD PDF was
extracted for the first time from a global fit of data
for semi-inclusive deep-inelastic scattering (SIDIS) and
production of Drell-Yan lepton pairs and Z bosons [13].
Nonetheless, many theoretical and phenomenological
questions are still open [14].

In this paper, we demonstrate that if a very high pre-
cision is required, then the e↵ects of a potential flavor
dependence of the intrinsic partonic transverse momen-
tum can be nonnegligible even in the kinematic region
where the nonperturbative e↵ects are expected to be
small [9, 13, 15–19] (⇤QCD ⌧ Q ⌧

p
s: W boson produc-

tion at the LHC lies in this kinematic region). Thus, we
show that the uncertainties associated to our ignorance
of the multidimensional structure of hadrons should be
carefully accounted for in phenomenological studies of
the free parameters in the Standard Model. In particu-
lar, we focus on the impact of the simplest TMD PDF,

the unpolarized one, on the determination of the W bo-
son mass at hadron colliders.

Our findings demonstrate that the flavor dependence
of nonperturbative e↵ects can introduce uncertainties in
the direct determination of the W mass at the LHC, and
that these uncertainties can be as large as the precision
set by the electroweak fits.

Experimental measurements and uncertainties.

The determination of the W boson mass, MW , from
the global electroweak fit (MW=80.356±8 MeV) [20] fea-
tures a very small uncertainty that sets a goal for the
precision of the experimental measurements at hadron
colliders.

Precise determinations of MW have been extracted
from pp̄ collisions at D0 [21] and at CDF [22], and from
pp collisions at ATLAS [23] with a total uncertainty of
23 MeV, 19 MeV and 19 MeV, respectively. The current
world average, based on these measurements and the ones
performed at LEP, is MW=80.379±12 MeV [24]. The ex-
perimental analyses are based on a template-fit procedure
on the di↵erential distributions of the decay products: in
particular, the transverse momentum of the final lepton,
pT `, the transverse momentum of the neutrino pT⌫ (only
at the Tevatron), and the transverse mass mT of the
lepton pair (where mT =

p
2 pT ` pT⌫ (1� cos(�` � �⌫)),

with �`,⌫ being the azimuthal angles of the lepton and
the neutrino, respectively).

In a template-fit procedure, several histograms are gen-
erated with the highest available theoretical accuracy and
the best available description of detector e↵ects, letting
the fit parameter (MW , in this case) vary in a range:
the histogram best describing experimental data selects
the measured value for MW . The details of the theoreti-
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Figure 28: The measured value of mW is compared to other published results, including measurements from the
LEP experiments ALEPH, DELPHI, L3 and OPAL [25–28], and from the Tevatron collider experiments CDF and
D0 [22, 23]. The vertical bands show the statistical and total uncertainties of the ATLAS measurement, and the
horizontal bands and lines show the statistical and total uncertainties of the other published results. Measured values
of mW for positively- and negatively-charged W bosons are also shown.

The W -boson mass measurement is compatible with the current world average of mW = 80385 ±
15 MeV [29], and similar in precision to the currently leading measurements performed by the CDF
and D0 collaborations [22, 23]. An overview of the di�erent mW measurements is shown in Figure 28.
The compatibility of the measured value of mW in the context of the global electroweak fit is illustrated
in Figures 29 and 30. Figure 29 compares the present measurement with earlier results, and with the
SM prediction updated with regards to Ref. [16] using recent measurements of the top-quark and Higgs
boson masses, mt = 172.84 ± 0.70 GeV [110] and mH = 125.09 ± 0.24 GeV [111]. This update gives
a numerical value for the SM prediction of mW = 80356 ± 8 MeV. The corresponding two-dimensional
68% and 95% confidence limits for mW and mt are shown in Figure 30, and compared to the present
measurement of mW and the average of the top-quark mass determinations performed by ATLAS [110].

The determination of the W -boson mass from the global fit of the electroweak parameters has an uncertainty
of 8 MeV, which sets a natural target for the precision of the experimental measurement of the mass of
the W boson. The modelling uncertainties, which currently dominate the overall uncertainty on the mW

measurement presented in this note, need to be reduced in order to fully exploit the larger data samples
available at centre-of-mass energies of 8 and 13 TeV. A better knowledge of the PDFs, as achievable with
the inclusion in PDF fits of recent precise measurements of W - and Z-boson rapidity cross sections with
the ATLAS detector [41], and improved QCD and electroweak predictions for Drell-Yan production, are
therefore crucial for future measurements of the W -boson mass at the LHC.
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includes the full 2-loop EW result, higher-order QCD corrections, resummation of reducible terms
central value obtained with the 2014 top mass world average mt=173.34 ±0.76exp±0.3th GeV
                                                                                          Δαhad(MZ) = 0.02750±0.00033
the comparison of this MSbar calculation with the corresponding one in the OS scheme
      suggests that missing higher orders might have a residual effect of O(6 MeV)

mW = 80370± 19 MeV ATLAS arXiv:1701.07240

23

Global EW fit compared to ATLAS results

 [GeV] tm
165 170 175 180 185

 [G
eV

]
W

m

80.25

80.3

80.35

80.4

80.45

80.5 ATLAS  0.019 GeV± = 80.370 Wm
 0.70 GeV± = 172.84 tm
 0.24 GeV± = 125.09 Hm

t and mW68/95% CL of m

68/95% CL of Electroweak
t and mW Fit w/o m

 (Eur. Phys. J. C 74 (2014) 3046)

mW = 80356± 8 MeV
Experimental measurements

(7 stat, 11 exp, 14 th)

JLAB-THY-18-....
NIKHEF 2018-032

E↵ect of flavor-dependent partonic transverse momentum
on the determination of the W boson mass in hadronic collisions

Alessandro Bacchetta,1, 2, ⇤ Giuseppe Bozzi,1, 2, † Marco Radici,2, ‡ Mathias Ritzmann,3, § and Andrea Signori4, ¶
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Within the framework of transverse-momentum-dependent factorization, we investigate for the
first time the impact of a flavor-dependent intrinsic transverse momentum of quarks on the produc-
tion of W± bosons in proton-proton collisions at

p
s = 7 TeV. We study the transverse-mass and

the lepton transverse momentum distributions of the W -decay products by means of a template-fit
technique and we estimate the shift in the W boson mass induced by di↵erent choices of flavor-
dependent parameters for the intrinsic quark transverse momentum. We get �11  �MW+  4
MeV and �6  �MW�  2 MeV with a statistical uncertainty of ±4 MeV. Our findings call
for more detailed investigations of flavor-dependent nonperturbative e↵ects linked to the proton
structure at hadron colliders.

PACS numbers: 14.70.Fm, 13.85.Qk, 12.38.-t

Introduction and motivation.

Nonperturbative e↵ects in transverse-momentum-
dependent (TMD) phenomena are a central topic in
the hadronic physics community with potentially impor-
tant applications to high-energy physics. The study of
nonperturbative corrections originates from the work of
Parisi and Petronzio [1] and Collins, Soper, and Ster-
man [2], which focused on the role of the hard scale
of the process compared to the infrared scale of QCD.
TMD factorization and evolution have been extensively
studied in the literature [3–6], together with the match-
ing to collinear factorization [2, 7–12]. Despite the lim-
ited amount of data available and the many open the-
oretical questions, in the past years we started gaining
phenomenological information about TMD parton dis-
tribution functions (TMD PDFs) with increasing level
of accuracy. Recently, the unpolarized TMD PDF was
extracted for the first time from a global fit of data
for semi-inclusive deep-inelastic scattering (SIDIS) and
production of Drell-Yan lepton pairs and Z bosons [13].
Nonetheless, many theoretical and phenomenological
questions are still open [14].

In this paper, we demonstrate that if a very high pre-
cision is required, then the e↵ects of a potential flavor
dependence of the intrinsic partonic transverse momen-
tum can be nonnegligible even in the kinematic region
where the nonperturbative e↵ects are expected to be
small [9, 13, 15–19] (⇤QCD ⌧ Q ⌧

p
s: W boson produc-

tion at the LHC lies in this kinematic region). Thus, we
show that the uncertainties associated to our ignorance
of the multidimensional structure of hadrons should be
carefully accounted for in phenomenological studies of
the free parameters in the Standard Model. In particu-
lar, we focus on the impact of the simplest TMD PDF,

the unpolarized one, on the determination of the W bo-
son mass at hadron colliders.

Our findings demonstrate that the flavor dependence
of nonperturbative e↵ects can introduce uncertainties in
the direct determination of the W mass at the LHC, and
that these uncertainties can be as large as the precision
set by the electroweak fits.

Experimental measurements and uncertainties.

The determination of the W boson mass, MW , from
the global electroweak fit (MW=80.356±8 MeV) [20] fea-
tures a very small uncertainty that sets a goal for the
precision of the experimental measurements at hadron
colliders.

Precise determinations of MW have been extracted
from pp̄ collisions at D0 [21] and at CDF [22], and from
pp collisions at ATLAS [23] with a total uncertainty of
23 MeV, 19 MeV and 19 MeV, respectively. The current
world average, based on these measurements and the ones
performed at LEP, is MW=80.379±12 MeV [24]. The ex-
perimental analyses are based on a template-fit procedure
on the di↵erential distributions of the decay products: in
particular, the transverse momentum of the final lepton,
pT `, the transverse momentum of the neutrino pT⌫ (only
at the Tevatron), and the transverse mass mT of the
lepton pair (where mT =

p
2 pT ` pT⌫ (1� cos(�` � �⌫)),

with �`,⌫ being the azimuthal angles of the lepton and
the neutrino, respectively).

In a template-fit procedure, several histograms are gen-
erated with the highest available theoretical accuracy and
the best available description of detector e↵ects, letting
the fit parameter (MW , in this case) vary in a range:
the histogram best describing experimental data selects
the measured value for MW . The details of the theoreti-

ATLAS, EPJC 78, 110 (2018)
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Impact of the parton distribution function uncertainties on themeasurement of theW bosonmass
at the Tevatron and the LHC
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We study at a quantitative level the impact of the uncertainties on the value of the W boson mass

measured at hadron colliders due to: i) the proton parton distribution functions (PDFs), ii) the value of the

strong coupling constant !s and iii) the value of the charm mass used in the PDF determination. The value

of the W boson mass is extracted, by means of a template fit technique, from the lepton-pair transverse

mass distribution measured in the charged current Drell-Yan process. We study the determination ofmW at

the Tevatron and at the LHC with 7 and 14 TeVof center-of-mass energy in a realistic experimental setup.

The analysis has been done at the Born level using the event generator HORACE and at NLO-QCD using

the event generators DYNNLO and RESBOS. We consider the three global PDF sets, CTEQ6.6, MSTW2008, and

NNPDF2.1. We estimate that the total PDF uncertainty on mW is below 10 MeV both at the Tevatron and at

the LHC for all energies and final states. We conclude that PDF uncertainties do not challenge a

measurement of the W boson mass at the level of 10 MeV accuracy.
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I. INTRODUCTION

The measurement of theW boson mass represents a very
important test of the standard model and of its extensions,
like e.g. the minimal supersymmetric standard model, and
provides indirect bounds on the mass of the Higgs boson
[1–3]. This measurement has reached a very high level of
accuracy: the current world average is mW ¼ 80:398"
0:023 GeV [4] and the best single experiment measure-
ments have been obtained by D0 [5] and CDF [6,7] at the
Fermilab Tevatron with mW ¼ 80:401" 0:043 GeV and
mW ¼ 80:413" 0:048 GeV respectively. The prospects
for the combined measurements at the end of the
Tevatron run, with 4 fb#1 of total collected luminosity,
are of a final error of roughly 15 MeV [8]. The prospects
for the measurement at the CERN LHC are at
the level of 15 MeV, or even 10 MeV [9,10]. At this level
of accuracy, it becomes necessary to quantify in detail the
various sources of theoretical uncertainties that contribute
to the final systematic error.

The mass of theW boson is measured at hadron colliders
in the charged current Drell-Yan (DY) process by studying
the charged lepton transverse momentum pl

t distribution,
the missing transverse momentum p"

t distribution, or the
lepton pair transverse mass distribution, defined as

MW
? ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pl

tp
"
t ð1# cosð#l ##"ÞÞ

q
; (1)

where the neutrino four-momentum p"
t and angle #" are

inferred from the transverse momentum imbalance in the
event. The mass of the W boson is obtained by fitting the

experimental distributions with the corresponding theoreti-
cal predictions, where mW is kept as a free parameter.
A measurement of mW at the 10 MeV level is not only a

very ambitious goal from the experimental side, but it is
also very challenging from the theoretical point of view due
to the careful modelling of the production mechanism that
is required. We can illustrate these difficulties with the
following example. It is known that the result of a fit of
mW to a given theory template is very sensitive to the shape
of the distributions. In Fig. 1, we consider two transverse
mass distributions at the Born level obtained with two
values ofmW which differ by 10 MeV. If one takes the ratio
bin by bin of the histograms, one sees that a small shift of
10 MeV in mW induces a non trivial distortion of the shape
at the permille level. Therefore, if we aim at measuringmW

at the 10–20 MeV level, we should, from the theoretical
side, have the control on all the perturbative and nonpertur-
bative corrections which can change the shape of the rele-
vant kinematic distributions at this level of precision.
On the other hand, the total integrated cross section is

not significantly affected by changing mW . As shown in
Table I, a shift by 10 MeV of mW yields a change of the
cross section at the 0.04% level. Thus, it is important to
disentangle the normalization effects, which are very
weakly related to the precise value of mW , from the effects
that modify instead the shape of the distributions, which
have a larger impact on the measurement of mW .
The Drell-Yan cross section is given by the convolution

of the parton distribution functions (PDFs) of the two
incoming hadrons with the partonic cross section. The
crucial role of QCD corrections to the partonic processes
has been widely discussed in the literature [11,12]. The
very important role of the Oð!Þ EW corrections in the
precision study of the charged current DY process is also
well known (for a complete list of references, see [13]). It
is the aim of the present paper to study three different

*Email: Giuseppe.Bozzi@mi.infn.it
† Juan.Rojo@mi.infn.it
‡ Alessandro.Vicini@mi.infn.it
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We study at a quantitative level the impact of the uncertainties on the value of the W boson mass

measured at hadron colliders due to: i) the proton parton distribution functions (PDFs), ii) the value of the

strong coupling constant !s and iii) the value of the charm mass used in the PDF determination. The value

of the W boson mass is extracted, by means of a template fit technique, from the lepton-pair transverse

mass distribution measured in the charged current Drell-Yan process. We study the determination ofmW at

the Tevatron and at the LHC with 7 and 14 TeVof center-of-mass energy in a realistic experimental setup.

The analysis has been done at the Born level using the event generator HORACE and at NLO-QCD using

the event generators DYNNLO and RESBOS. We consider the three global PDF sets, CTEQ6.6, MSTW2008, and

NNPDF2.1. We estimate that the total PDF uncertainty on mW is below 10 MeV both at the Tevatron and at
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I. INTRODUCTION

The measurement of theW boson mass represents a very
important test of the standard model and of its extensions,
like e.g. the minimal supersymmetric standard model, and
provides indirect bounds on the mass of the Higgs boson
[1–3]. This measurement has reached a very high level of
accuracy: the current world average is mW ¼ 80:398"
0:023 GeV [4] and the best single experiment measure-
ments have been obtained by D0 [5] and CDF [6,7] at the
Fermilab Tevatron with mW ¼ 80:401" 0:043 GeV and
mW ¼ 80:413" 0:048 GeV respectively. The prospects
for the combined measurements at the end of the
Tevatron run, with 4 fb#1 of total collected luminosity,
are of a final error of roughly 15 MeV [8]. The prospects
for the measurement at the CERN LHC are at
the level of 15 MeV, or even 10 MeV [9,10]. At this level
of accuracy, it becomes necessary to quantify in detail the
various sources of theoretical uncertainties that contribute
to the final systematic error.

The mass of theW boson is measured at hadron colliders
in the charged current Drell-Yan (DY) process by studying
the charged lepton transverse momentum pl

t distribution,
the missing transverse momentum p"

t distribution, or the
lepton pair transverse mass distribution, defined as

MW
? ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pl

tp
"
t ð1# cosð#l ##"ÞÞ

q
; (1)

where the neutrino four-momentum p"
t and angle #" are

inferred from the transverse momentum imbalance in the
event. The mass of the W boson is obtained by fitting the

experimental distributions with the corresponding theoreti-
cal predictions, where mW is kept as a free parameter.
A measurement of mW at the 10 MeV level is not only a

very ambitious goal from the experimental side, but it is
also very challenging from the theoretical point of view due
to the careful modelling of the production mechanism that
is required. We can illustrate these difficulties with the
following example. It is known that the result of a fit of
mW to a given theory template is very sensitive to the shape
of the distributions. In Fig. 1, we consider two transverse
mass distributions at the Born level obtained with two
values ofmW which differ by 10 MeV. If one takes the ratio
bin by bin of the histograms, one sees that a small shift of
10 MeV in mW induces a non trivial distortion of the shape
at the permille level. Therefore, if we aim at measuringmW

at the 10–20 MeV level, we should, from the theoretical
side, have the control on all the perturbative and nonpertur-
bative corrections which can change the shape of the rele-
vant kinematic distributions at this level of precision.
On the other hand, the total integrated cross section is

not significantly affected by changing mW . As shown in
Table I, a shift by 10 MeV of mW yields a change of the
cross section at the 0.04% level. Thus, it is important to
disentangle the normalization effects, which are very
weakly related to the precise value of mW , from the effects
that modify instead the shape of the distributions, which
have a larger impact on the measurement of mW .
The Drell-Yan cross section is given by the convolution

of the parton distribution functions (PDFs) of the two
incoming hadrons with the partonic cross section. The
crucial role of QCD corrections to the partonic processes
has been widely discussed in the literature [11,12]. The
very important role of the Oð!Þ EW corrections in the
precision study of the charged current DY process is also
well known (for a complete list of references, see [13]). It
is the aim of the present paper to study three different

*Email: Giuseppe.Bozzi@mi.infn.it
† Juan.Rojo@mi.infn.it
‡ Alessandro.Vicini@mi.infn.it

PHYSICAL REVIEW D 83, 113008 (2011)

1550-7998=2011=83(11)=113008(14) 113008-1 ! 2011 American Physical Society



Challenging shape measurement: a distortion at the few per mille level of the 
distributions yields a shift of O(10 MeV) of the MW value

0

10

20

30

40

50

60

70

50 60 70 80 90 100

R

MW
⊥ (GeV)

TEV
pp → W± → µνµ

MW = 80.50 GeV
MW = 80.51 GeV

0.993

0.994

0.995

0.996

0.997

0.998

0.999

1

1.001

1.002

50 60 70 80 90 100

R

MW
⊥ (GeV)

ratio R=(MW=80.5/MW=80.51)

TEV

pp → W± → µνµ

ratio

Observables and techniques

mT



Challenging shape measurement: a distortion at the few per mille level of the 
distributions yields a shift of O(10 MeV) of the MW value

0

10

20

30

40

50

60

70

50 60 70 80 90 100

R

MW
⊥ (GeV)

TEV
pp → W± → µνµ

MW = 80.50 GeV
MW = 80.51 GeV

0.993

0.994

0.995

0.996

0.997

0.998

0.999

1

1.001

1.002

50 60 70 80 90 100

R

MW
⊥ (GeV)

ratio R=(MW=80.5/MW=80.51)

TEV

pp → W± → µνµ

ratio

Observables and techniques

mT

0

20

40

60

80

100

120

140

160

180

200

25 30 35 40 45 50 55 60 65 70

d
σ

d
p
l ⊥

[p
b
]

pl
⊥
[GeV]

LHC W+ 8 TeV

MW = 80.398 GeV
MW = 80.418 GeV

0.9975

0.998

0.9985

0.999

0.9995

1

1.0005

1.001

25 30 35 40 45 50 55 60 65 70

R

pl
⊥

[GeV]

LHC W+ 8 TeV

R = MW=80.398

MW,i

∆MW = 2 MeV
∆MW = 10 MeV
∆MW = 20 MeV

pTl



CDF D0

Uncertainties on MW due to pTW

ATLAS

110 Page 12 of 61 Eur. Phys. J. C (2018) 78 :110

Ref. [41], only CT10nnlo, CT14 and MMHT2014 are consid-
ered further. The better agreement obtained with CT10nnlo
can be ascribed to the weaker suppression of the strange quark
density compared to the u - and d-quark sea densities in this
PDF set.

The predictions of the angular coefficients in Z -boson
events are compared to the ATLAS measurement at

√
s =

8 TeV [42]. Good agreement between the measurements and
DYNNLO is observed for the relevant coefficients, except
for A2, where the measurement is significantly below the
prediction. As an example, Fig. 4 shows the comparison
for A0 and A2 as a function of pZT . For A2, an additional
source of uncertainty in the theoretical prediction is consid-
ered to account for the observed disagreement with data, as
discussed in Sect. 6.5.3.

6.5 Uncertainties in the QCD modelling

Several sources of uncertainty related to the perturbative
and non-perturbative modelling of the strong interaction
affect the dynamics of the vector-boson production and
decay [33,102–104]. Their impact on the measurement of
mW is assessed through variations of the model parameters of
the predictions for the differential cross sections as functions
of the boson rapidity, transverse-momentum spectrum at a
given rapidity, and angular coefficients, which correspond to
the second, third, and fourth terms of the decomposition of
Eq. (2), respectively. The parameter variations used to esti-
mate the uncertainties are propagated to the simulated event
samples by means of the reweighting procedure described in
Sect. 6.4. Table 3 shows an overview of the uncertainties due
to the QCD modelling which are discussed below.
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Fig. 4 The a A0 and b A2 angular coefficients in Z -boson events as
a function of pℓℓ

T [42]. The measured coefficients are compared to the
DYNNLO predictions using the CT10nnlo PDF set. The error bars show

the total experimental uncertainties, and the bands show the uncertain-
ties assigned to the DYNNLO predictions

Table 3 Systematic uncertainties in the mW measurement due to
QCD modelling, for the different kinematic distributions and W -boson
charges. Except for the case of PDFs, the same uncertainties apply
to W+ and W−. The fixed-order PDF uncertainty given for the sepa-

rate W+ and W− final states corresponds to the quadrature sum of the
CT10nnlo uncertainty variations; the charge-combined uncertainty also
contains a 3.8 MeV contribution from comparing CT10nnlo to CT14
and MMHT2014

W -boson charge W+ W− Combined
Kinematic distribution pℓ

T mT pℓ
T mT pℓ

T mT

δmW [MeV]

Fixed-order PDF uncertainty 13.1 14.9 12.0 14.2 8.0 8.7

AZ tune 3.0 3.4 3.0 3.4 3.0 3.4

Charm-quark mass 1.2 1.5 1.2 1.5 1.2 1.5

Parton shower µF with heavy-flavour decorrelation 5.0 6.9 5.0 6.9 5.0 6.9

Parton shower PDF uncertainty 3.6 4.0 2.6 2.4 1.0 1.6

Angular coefficients 5.8 5.3 5.8 5.3 5.8 5.3

Total 15.9 18.1 14.8 17.2 11.6 12.9
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can be ascribed to the weaker suppression of the strange quark
density compared to the u - and d-quark sea densities in this
PDF set.

The predictions of the angular coefficients in Z -boson
events are compared to the ATLAS measurement at

√
s =

8 TeV [42]. Good agreement between the measurements and
DYNNLO is observed for the relevant coefficients, except
for A2, where the measurement is significantly below the
prediction. As an example, Fig. 4 shows the comparison
for A0 and A2 as a function of pZT . For A2, an additional
source of uncertainty in the theoretical prediction is consid-
ered to account for the observed disagreement with data, as
discussed in Sect. 6.5.3.

6.5 Uncertainties in the QCD modelling

Several sources of uncertainty related to the perturbative
and non-perturbative modelling of the strong interaction
affect the dynamics of the vector-boson production and
decay [33,102–104]. Their impact on the measurement of
mW is assessed through variations of the model parameters of
the predictions for the differential cross sections as functions
of the boson rapidity, transverse-momentum spectrum at a
given rapidity, and angular coefficients, which correspond to
the second, third, and fourth terms of the decomposition of
Eq. (2), respectively. The parameter variations used to esti-
mate the uncertainties are propagated to the simulated event
samples by means of the reweighting procedure described in
Sect. 6.4. Table 3 shows an overview of the uncertainties due
to the QCD modelling which are discussed below.
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Fig. 4 The a A0 and b A2 angular coefficients in Z -boson events as
a function of pℓℓ

T [42]. The measured coefficients are compared to the
DYNNLO predictions using the CT10nnlo PDF set. The error bars show

the total experimental uncertainties, and the bands show the uncertain-
ties assigned to the DYNNLO predictions

Table 3 Systematic uncertainties in the mW measurement due to
QCD modelling, for the different kinematic distributions and W -boson
charges. Except for the case of PDFs, the same uncertainties apply
to W+ and W−. The fixed-order PDF uncertainty given for the sepa-

rate W+ and W− final states corresponds to the quadrature sum of the
CT10nnlo uncertainty variations; the charge-combined uncertainty also
contains a 3.8 MeV contribution from comparing CT10nnlo to CT14
and MMHT2014

W -boson charge W+ W− Combined
Kinematic distribution pℓ

T mT pℓ
T mT pℓ

T mT

δmW [MeV]

Fixed-order PDF uncertainty 13.1 14.9 12.0 14.2 8.0 8.7

AZ tune 3.0 3.4 3.0 3.4 3.0 3.4

Charm-quark mass 1.2 1.5 1.2 1.5 1.2 1.5

Parton shower µF with heavy-flavour decorrelation 5.0 6.9 5.0 6.9 5.0 6.9

Parton shower PDF uncertainty 3.6 4.0 2.6 2.4 1.0 1.6

Angular coefficients 5.8 5.3 5.8 5.3 5.8 5.3

Total 15.9 18.1 14.8 17.2 11.6 12.9
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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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↵
(z) =

⌦
P̂ 2
?,a~h

↵(z� + �) (1 � z)�
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⌦
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↵
(ẑ), and ẑ = 0.5.

(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
1 (x, k2?;Q

2) =
fa
1 (x,Q

2)

⇡hk2?ia
e�k2

?/hk2
?ia , (1)

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 last assumption is made mainly to keep the number of parameters under control, though
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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
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codes). With the perturbative accuracy currently avail-
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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.

hk2?,uv
i 6= hk2?,dvi 6= hk2?,us

i 6= hk2?,dsi 6= hk2?,seai
<latexit sha1_base64="n6TusIKL8K9IuhGFwt2s1JaQ1YM="></latexit><latexit sha1_base64="n6TusIKL8K9IuhGFwt2s1JaQ1YM="></latexit><latexit sha1_base64="n6TusIKL8K9IuhGFwt2s1JaQ1YM="></latexit>
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variation range for ga
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which is flavor independent (but, in principle, di↵erent
for quarks and gluons), and ga is the genuine flavor-
dependent contribution. Information on gevo can be de-
duced from Ref. [13], where the TMD PDF was extracted
from the global fit of SIDIS, Drell-Yan and Z-production
data (gevo corresponds to g2/4 in Ref. [13]). At Q = MW

and Q0 = 1 GeV, we have gevo ln(Q2/Q2
0) ⇡ 0.3 GeV2.

In order to account for the uncertainties a↵ecting the de-
termination of gevo, we choose to consider the interval
[0.2, 0.6] GeV2 as a reasonable range and we vary ga in
Eq. (2) such that the gaNP values fall into this range.

Thus, we generate random widths in the allowed
range for the considered five flavors. We build 50 sets
of flavor-dependent parameters together with a flavor-
independent set where all the parameters are put equal
to the central value of the variation range, gaNP = 0.4
GeV2. Our analysis is performed by first selecting
“Z-equivalent” sets, and then making a template fit, as
detailed here below.

Selection of “Z-equivalent” sets. For proton-proton
collisions at

p
s = 7 TeV, we generate pseudodata for

the qT distribution of the Z boson (22 bins similar to
the ATLAS ones [23]) using the flavor-independent set in
the DYqT code at O(↵s) and NLL accuracy. We do the
same for proton-antiproton collisions at

p
s = 1.96 TeV

(72 bins similar to the CDF ones [22]). We assign to each
of the qT bins an uncertainty equal to the experimental
one. We compute the qT distribution in the same con-
ditions also for each of the 50 flavor-dependent sets. We
calculate the �2 between each of these 50 distributions
and the pseudodata generated by the flavor-independent
set. We retain only those flavor-dependent sets that
have a �2 < 80 on the “CDF-like” bins (�2/d.o.f. < 1.1)
and a �2 < 44 on the “ATLAS-like” bins (�2/d.o.f. < 2).
The first criterion selects 48 flavor-dependent sets out
of 50; only 30 sets out of 50 match the second one,
because the ATLAS data have smaller (experimental)
uncertainties. We keep those flavor-dependent sets that
fullfil both criteria. When considering all the bins, these
sets have a total �2 < 124 on the pseudodata (�2/d.o.f.
< 1.3). In practice, these selected flavor-dependent sets
are equivalent to the flavor-independent one (with which
the Z pseudodata are generated) at approximately
2� level. Not surprisingly, this result implies that
the Z boson data alone are not able to discriminate
between flavor-independent and flavor-dependent sets of
nonperturbative parameters. Data from flavor-sensitive
processes are needed, in particular from SIDIS [40–43].

Template fit. Following the scheme introduced
in [26, 44], we perform a template fit to estimate the
impact of our “Z-equivalent” flavor-dependent sets on
the determination of MW . We use the DYRes code at the
same accuracy (NLL at small transverse momentum and
O(↵s) at large transverse momentum) and kinematics as

before, using the MSTW2008 NLO PDF set [45], setting
central values for the renormalization, factorization and
resummation scales µR = µF = µres = MW , and
implementing ATLAS acceptance cuts on the final-state
leptons [23]. In DYRes, the singularity of the resummed
form factor at very large values of bT (bT & 1/⇤QCD) is
avoided by the usual b⇤ prescription [2]. Similarly, the
correct behavior at very low bT is enforced by modifying
the argument of the logarithmic terms as in Refs. [37, 39].
The form factor in Eq. (2) is usually interpreted as the
nonperturbative contribution to TMD resummation for
bT & 1/⇤QCD. We generate templates with very high
statistics (750 M events) for the mT , pT ` distributions1

with di↵erent MW masses in the range 80.370 GeV
 MW  80.400 GeV, using the flavor-independent
set for the nonperturbative parameters. Then, for
each “Z-equivalent” flavor-dependent set we generate
pseudodata with lower statistics (135 M events) for
the same leptonic observables with the fixed value
MW = 80.385 GeV. Finally, for each pseudodata set we
compute the �2 of the various templates and we identify
the template with minimum �2 in order to establish how
large is the shift in MW induced by a particular choice
of flavor-dependent nonperturbative parameters. The
statistical uncertainty of the template-fit procedure has
been estimated by considering statistically equivalent
those templates for which ��2 = (�2

� �2
min)  1.

Consequently, we quote an uncertainty of 2.5 MeV for
each of the obtained MW shifts.

Impact on the MW determination.

The outcome of our template fit is summarized in
Tabs. I and II for 5 representative sets out of the 30
“Z-equivalent” sets. The former table lists the values of
the gaNP parameter in Eq. (2) for each of the 5 considered
flavors a = uv, dv, us, ds, s = c = b = g. The latter table
shows the corresponding shifts induced in MW when ap-
plying our analysis to the mT , pT ` distributions for the
W+ and the W� production at the LHC (

p
s = 7 TeV).

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

TABLE I: Values of the gaNP parameter in Eq. (2) for the
flavors a = uv, dv, us, ds, s = c = b = g. Units are GeV2.

As expected, the shifts induced by the analysis per-

1
Our analysis is performed on 30 bins in the interval [60, 90] GeV

for mT and on 20 bins in the interval [30, 50] GeV for pT `.
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�MW+ �MW�

Set mT pT ` mT pT `

1 0 -1 -2 3
2 0 -6 -2 0
3 -1 9 -2 -4
4 0 0 -2 -4
5 0 4 -1 -3

TABLE II: Shifts in MW± (in MeV) induced by the cor-
responding sets of flavor-dependent intrinsic transverse mo-
menta outlined in Tab. I (Statistical uncertainty: 2.5 MeV).

formed on pT ` are generally larger than for the mT case,
since the latter is less sensitive to qWT -modelling e↵ects.

For set 3, the shift induced on MW+ by the pT ` analy-
sis is 9 MeV, its size is particularly large if compared to
the corresponding uncertainty quoted by ATLAS (3 MeV).
In general, taking also into account the statistical uncer-
tainty of our analysis, the absolute value of the shifts
induced when considering the pT ` observable could ex-
ceed 10 MeV. For MW� the shifts are less significant and
fall within a 2-� interval around zero.

In the kinematic conditions under consideration, W+

bosons are dominantly produced by a ud̄ partonic pro-
cess, with the u coming from the valence region. As
a consequence, we observe that sets characterized by a
larger value of the combination guv

NP + gds
NP (sets 3 and

5) lead to positive shifts in the value of MW+ , while sets
with a smaller value of guv

NP + gds
NP (set 2) lead to neg-

ative shifts. For W� the situation is less clear, because
the dominant partonic channel is ūd, with similar con-
tributions from the valence and sea components of the
d quark. It seems that sets with smaller values of the
sum of gus

NP + gdv
NP + gus

NP + gds
NP (sets 3, 4, 5) lead to to

negative shifts in the value of MW+ . Set 1 has a large
value of the of the sum of gus

NP + gdv
NP + gus

NP + gds
NP and

leads to a positive shift in MW+ . Set 2, however, violates
the expectations based on these simple arguments.

Di↵erent flavor-dependent sets may induce artificial
asymmetric shifts for MW+ and MW� in the flavor-
independent template fits. For instance, if MW� > MW+

(which corresponds to the ATLAS findings [23]) a template
fit to the pT ` observable based on sets 1 and 2 would
lead to di↵erent shifts �MW� > �MW+ such that
the di↵erence between the two masses is enhanced. In
this case, a fit with the corresponding flavor-dependent
nonperturbative contributions would lead to a reduction
of the mass gap. On the contrary, using sets 3-5 one
would obtain the opposite result.

Outlook and future developments.

In this work, we investigated the uncertainties on the
determination of MW at the LHC induced by a possi-
ble flavor dependence of the partonic intrinsic transverse
momentum. From these outcomes, we point out that a
“flavor-blind” data analysis may not be a su�ciently ac-

curate option, especially when a total uncertainty lower
than 10 MeV is expected for MW at the LHC [46].

Future data from flavor-sensitive processes such as
SIDIS (from the 12 GeV upgrade at Je↵erson Lab [47],
from the COMPASS collaboration [48], and from a future
Electron-Ion Collider with both proton and deuteron
beams [42, 43]) will shed new light on the flavor de-
composition of the unpolarized TMD PDF. These low-
energy SIDIS data involve also the study of the flavor
dependence in the fragmentation function (the unpolar-
ized TMD FF). Therefore, new data from semi-inclusive
e+e� annihilation will also be needed for the flavor de-
composition of the TMD FF [36].

All these data will improve our knowledge of the
partonic structure of hadrons, and may help in reducing
the uncertainties in precision measurements at high
energies.
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which is flavor independent (but, in principle, di↵erent
for quarks and gluons), and ga is the genuine flavor-
dependent contribution. Information on gevo can be de-
duced from Ref. [13], where the TMD PDF was extracted
from the global fit of SIDIS, Drell-Yan and Z-production
data (gevo corresponds to g2/4 in Ref. [13]). At Q = MW

and Q0 = 1 GeV, we have gevo ln(Q2/Q2
0) ⇡ 0.3 GeV2.

In order to account for the uncertainties a↵ecting the de-
termination of gevo, we choose to consider the interval
[0.2, 0.6] GeV2 as a reasonable range and we vary ga in
Eq. (2) such that the gaNP values fall into this range.

Thus, we generate random widths in the allowed
range for the considered five flavors. We build 50 sets
of flavor-dependent parameters together with a flavor-
independent set where all the parameters are put equal
to the central value of the variation range, gaNP = 0.4
GeV2. Our analysis is performed by first selecting
“Z-equivalent” sets, and then making a template fit, as
detailed here below.

Selection of “Z-equivalent” sets. For proton-proton
collisions at

p
s = 7 TeV, we generate pseudodata for

the qT distribution of the Z boson (22 bins similar to
the ATLAS ones [23]) using the flavor-independent set in
the DYqT code at O(↵s) and NLL accuracy. We do the
same for proton-antiproton collisions at

p
s = 1.96 TeV

(72 bins similar to the CDF ones [22]). We assign to each
of the qT bins an uncertainty equal to the experimental
one. We compute the qT distribution in the same con-
ditions also for each of the 50 flavor-dependent sets. We
calculate the �2 between each of these 50 distributions
and the pseudodata generated by the flavor-independent
set. We retain only those flavor-dependent sets that
have a �2 < 80 on the “CDF-like” bins (�2/d.o.f. < 1.1)
and a �2 < 44 on the “ATLAS-like” bins (�2/d.o.f. < 2).
The first criterion selects 48 flavor-dependent sets out
of 50; only 30 sets out of 50 match the second one,
because the ATLAS data have smaller (experimental)
uncertainties. We keep those flavor-dependent sets that
fullfil both criteria. When considering all the bins, these
sets have a total �2 < 124 on the pseudodata (�2/d.o.f.
< 1.3). In practice, these selected flavor-dependent sets
are equivalent to the flavor-independent one (with which
the Z pseudodata are generated) at approximately
2� level. Not surprisingly, this result implies that
the Z boson data alone are not able to discriminate
between flavor-independent and flavor-dependent sets of
nonperturbative parameters. Data from flavor-sensitive
processes are needed, in particular from SIDIS [40–43].

Template fit. Following the scheme introduced
in [26, 44], we perform a template fit to estimate the
impact of our “Z-equivalent” flavor-dependent sets on
the determination of MW . We use the DYRes code at the
same accuracy (NLL at small transverse momentum and
O(↵s) at large transverse momentum) and kinematics as

before, using the MSTW2008 NLO PDF set [45], setting
central values for the renormalization, factorization and
resummation scales µR = µF = µres = MW , and
implementing ATLAS acceptance cuts on the final-state
leptons [23]. In DYRes, the singularity of the resummed
form factor at very large values of bT (bT & 1/⇤QCD) is
avoided by the usual b⇤ prescription [2]. Similarly, the
correct behavior at very low bT is enforced by modifying
the argument of the logarithmic terms as in Refs. [37, 39].
The form factor in Eq. (2) is usually interpreted as the
nonperturbative contribution to TMD resummation for
bT & 1/⇤QCD. We generate templates with very high
statistics (750 M events) for the mT , pT ` distributions1

with di↵erent MW masses in the range 80.370 GeV
 MW  80.400 GeV, using the flavor-independent
set for the nonperturbative parameters. Then, for
each “Z-equivalent” flavor-dependent set we generate
pseudodata with lower statistics (135 M events) for
the same leptonic observables with the fixed value
MW = 80.385 GeV. Finally, for each pseudodata set we
compute the �2 of the various templates and we identify
the template with minimum �2 in order to establish how
large is the shift in MW induced by a particular choice
of flavor-dependent nonperturbative parameters. The
statistical uncertainty of the template-fit procedure has
been estimated by considering statistically equivalent
those templates for which ��2 = (�2

� �2
min)  1.

Consequently, we quote an uncertainty of 2.5 MeV for
each of the obtained MW shifts.

Impact on the MW determination.

The outcome of our template fit is summarized in
Tabs. I and II for 5 representative sets out of the 30
“Z-equivalent” sets. The former table lists the values of
the gaNP parameter in Eq. (2) for each of the 5 considered
flavors a = uv, dv, us, ds, s = c = b = g. The latter table
shows the corresponding shifts induced in MW when ap-
plying our analysis to the mT , pT ` distributions for the
W+ and the W� production at the LHC (

p
s = 7 TeV).

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

TABLE I: Values of the gaNP parameter in Eq. (2) for the
flavors a = uv, dv, us, ds, s = c = b = g. Units are GeV2.

As expected, the shifts induced by the analysis per-

1
Our analysis is performed on 30 bins in the interval [60, 90] GeV

for mT and on 20 bins in the interval [30, 50] GeV for pT `.
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Set mT pT ` mT pT `

1 0 -1 -2 3
2 0 -6 -2 0
3 -1 9 -2 -4
4 0 0 -2 -4
5 0 4 -1 -3

TABLE II: Shifts in MW± (in MeV) induced by the cor-
responding sets of flavor-dependent intrinsic transverse mo-
menta outlined in Tab. I (Statistical uncertainty: 2.5 MeV).

formed on pT ` are generally larger than for the mT case,
since the latter is less sensitive to qWT -modelling e↵ects.

For set 3, the shift induced on MW+ by the pT ` analy-
sis is 9 MeV, its size is particularly large if compared to
the corresponding uncertainty quoted by ATLAS (3 MeV).
In general, taking also into account the statistical uncer-
tainty of our analysis, the absolute value of the shifts
induced when considering the pT ` observable could ex-
ceed 10 MeV. For MW� the shifts are less significant and
fall within a 2-� interval around zero.

In the kinematic conditions under consideration, W+

bosons are dominantly produced by a ud̄ partonic pro-
cess, with the u coming from the valence region. As
a consequence, we observe that sets characterized by a
larger value of the combination guv

NP + gds
NP (sets 3 and

5) lead to positive shifts in the value of MW+ , while sets
with a smaller value of guv

NP + gds
NP (set 2) lead to neg-

ative shifts. For W� the situation is less clear, because
the dominant partonic channel is ūd, with similar con-
tributions from the valence and sea components of the
d quark. It seems that sets with smaller values of the
sum of gus

NP + gdv
NP + gus

NP + gds
NP (sets 3, 4, 5) lead to to

negative shifts in the value of MW+ . Set 1 has a large
value of the of the sum of gus

NP + gdv
NP + gus

NP + gds
NP and

leads to a positive shift in MW+ . Set 2, however, violates
the expectations based on these simple arguments.

Di↵erent flavor-dependent sets may induce artificial
asymmetric shifts for MW+ and MW� in the flavor-
independent template fits. For instance, if MW� > MW+

(which corresponds to the ATLAS findings [23]) a template
fit to the pT ` observable based on sets 1 and 2 would
lead to di↵erent shifts �MW� > �MW+ such that
the di↵erence between the two masses is enhanced. In
this case, a fit with the corresponding flavor-dependent
nonperturbative contributions would lead to a reduction
of the mass gap. On the contrary, using sets 3-5 one
would obtain the opposite result.

Outlook and future developments.

In this work, we investigated the uncertainties on the
determination of MW at the LHC induced by a possi-
ble flavor dependence of the partonic intrinsic transverse
momentum. From these outcomes, we point out that a
“flavor-blind” data analysis may not be a su�ciently ac-

curate option, especially when a total uncertainty lower
than 10 MeV is expected for MW at the LHC [46].

Future data from flavor-sensitive processes such as
SIDIS (from the 12 GeV upgrade at Je↵erson Lab [47],
from the COMPASS collaboration [48], and from a future
Electron-Ion Collider with both proton and deuteron
beams [42, 43]) will shed new light on the flavor de-
composition of the unpolarized TMD PDF. These low-
energy SIDIS data involve also the study of the flavor
dependence in the fragmentation function (the unpolar-
ized TMD FF). Therefore, new data from semi-inclusive
e+e� annihilation will also be needed for the flavor de-
composition of the TMD FF [36].

All these data will improve our knowledge of the
partonic structure of hadrons, and may help in reducing
the uncertainties in precision measurements at high
energies.
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which is flavor independent (but, in principle, di↵erent
for quarks and gluons), and ga is the genuine flavor-
dependent contribution. Information on gevo can be de-
duced from Ref. [13], where the TMD PDF was extracted
from the global fit of SIDIS, Drell-Yan and Z-production
data (gevo corresponds to g2/4 in Ref. [13]). At Q = MW

and Q0 = 1 GeV, we have gevo ln(Q2/Q2
0) ⇡ 0.3 GeV2.

In order to account for the uncertainties a↵ecting the de-
termination of gevo, we choose to consider the interval
[0.2, 0.6] GeV2 as a reasonable range and we vary ga in
Eq. (2) such that the gaNP values fall into this range.

Thus, we generate random widths in the allowed
range for the considered five flavors. We build 50 sets
of flavor-dependent parameters together with a flavor-
independent set where all the parameters are put equal
to the central value of the variation range, gaNP = 0.4
GeV2. Our analysis is performed by first selecting
“Z-equivalent” sets, and then making a template fit, as
detailed here below.

Selection of “Z-equivalent” sets. For proton-proton
collisions at

p
s = 7 TeV, we generate pseudodata for

the qT distribution of the Z boson (22 bins similar to
the ATLAS ones [23]) using the flavor-independent set in
the DYqT code at O(↵s) and NLL accuracy. We do the
same for proton-antiproton collisions at

p
s = 1.96 TeV

(72 bins similar to the CDF ones [22]). We assign to each
of the qT bins an uncertainty equal to the experimental
one. We compute the qT distribution in the same con-
ditions also for each of the 50 flavor-dependent sets. We
calculate the �2 between each of these 50 distributions
and the pseudodata generated by the flavor-independent
set. We retain only those flavor-dependent sets that
have a �2 < 80 on the “CDF-like” bins (�2/d.o.f. < 1.1)
and a �2 < 44 on the “ATLAS-like” bins (�2/d.o.f. < 2).
The first criterion selects 48 flavor-dependent sets out
of 50; only 30 sets out of 50 match the second one,
because the ATLAS data have smaller (experimental)
uncertainties. We keep those flavor-dependent sets that
fullfil both criteria. When considering all the bins, these
sets have a total �2 < 124 on the pseudodata (�2/d.o.f.
< 1.3). In practice, these selected flavor-dependent sets
are equivalent to the flavor-independent one (with which
the Z pseudodata are generated) at approximately
2� level. Not surprisingly, this result implies that
the Z boson data alone are not able to discriminate
between flavor-independent and flavor-dependent sets of
nonperturbative parameters. Data from flavor-sensitive
processes are needed, in particular from SIDIS [40–43].

Template fit. Following the scheme introduced
in [26, 44], we perform a template fit to estimate the
impact of our “Z-equivalent” flavor-dependent sets on
the determination of MW . We use the DYRes code at the
same accuracy (NLL at small transverse momentum and
O(↵s) at large transverse momentum) and kinematics as

before, using the MSTW2008 NLO PDF set [45], setting
central values for the renormalization, factorization and
resummation scales µR = µF = µres = MW , and
implementing ATLAS acceptance cuts on the final-state
leptons [23]. In DYRes, the singularity of the resummed
form factor at very large values of bT (bT & 1/⇤QCD) is
avoided by the usual b⇤ prescription [2]. Similarly, the
correct behavior at very low bT is enforced by modifying
the argument of the logarithmic terms as in Refs. [37, 39].
The form factor in Eq. (2) is usually interpreted as the
nonperturbative contribution to TMD resummation for
bT & 1/⇤QCD. We generate templates with very high
statistics (750 M events) for the mT , pT ` distributions1

with di↵erent MW masses in the range 80.370 GeV
 MW  80.400 GeV, using the flavor-independent
set for the nonperturbative parameters. Then, for
each “Z-equivalent” flavor-dependent set we generate
pseudodata with lower statistics (135 M events) for
the same leptonic observables with the fixed value
MW = 80.385 GeV. Finally, for each pseudodata set we
compute the �2 of the various templates and we identify
the template with minimum �2 in order to establish how
large is the shift in MW induced by a particular choice
of flavor-dependent nonperturbative parameters. The
statistical uncertainty of the template-fit procedure has
been estimated by considering statistically equivalent
those templates for which ��2 = (�2

� �2
min)  1.

Consequently, we quote an uncertainty of 2.5 MeV for
each of the obtained MW shifts.

Impact on the MW determination.

The outcome of our template fit is summarized in
Tabs. I and II for 5 representative sets out of the 30
“Z-equivalent” sets. The former table lists the values of
the gaNP parameter in Eq. (2) for each of the 5 considered
flavors a = uv, dv, us, ds, s = c = b = g. The latter table
shows the corresponding shifts induced in MW when ap-
plying our analysis to the mT , pT ` distributions for the
W+ and the W� production at the LHC (

p
s = 7 TeV).

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

TABLE I: Values of the gaNP parameter in Eq. (2) for the
flavors a = uv, dv, us, ds, s = c = b = g. Units are GeV2.

As expected, the shifts induced by the analysis per-

1
Our analysis is performed on 30 bins in the interval [60, 90] GeV

for mT and on 20 bins in the interval [30, 50] GeV for pT `.

4

�MW+ �MW�

Set mT pT ` mT pT `

1 0 -1 -2 3
2 0 -6 -2 0
3 -1 9 -2 -4
4 0 0 -2 -4
5 0 4 -1 -3

TABLE II: Shifts in MW± (in MeV) induced by the cor-
responding sets of flavor-dependent intrinsic transverse mo-
menta outlined in Tab. I (Statistical uncertainty: 2.5 MeV).

formed on pT ` are generally larger than for the mT case,
since the latter is less sensitive to qWT -modelling e↵ects.

For set 3, the shift induced on MW+ by the pT ` analy-
sis is 9 MeV, its size is particularly large if compared to
the corresponding uncertainty quoted by ATLAS (3 MeV).
In general, taking also into account the statistical uncer-
tainty of our analysis, the absolute value of the shifts
induced when considering the pT ` observable could ex-
ceed 10 MeV. For MW� the shifts are less significant and
fall within a 2-� interval around zero.

In the kinematic conditions under consideration, W+

bosons are dominantly produced by a ud̄ partonic pro-
cess, with the u coming from the valence region. As
a consequence, we observe that sets characterized by a
larger value of the combination guv

NP + gds
NP (sets 3 and

5) lead to positive shifts in the value of MW+ , while sets
with a smaller value of guv

NP + gds
NP (set 2) lead to neg-

ative shifts. For W� the situation is less clear, because
the dominant partonic channel is ūd, with similar con-
tributions from the valence and sea components of the
d quark. It seems that sets with smaller values of the
sum of gus

NP + gdv
NP + gus

NP + gds
NP (sets 3, 4, 5) lead to to

negative shifts in the value of MW+ . Set 1 has a large
value of the of the sum of gus

NP + gdv
NP + gus

NP + gds
NP and

leads to a positive shift in MW+ . Set 2, however, violates
the expectations based on these simple arguments.

Di↵erent flavor-dependent sets may induce artificial
asymmetric shifts for MW+ and MW� in the flavor-
independent template fits. For instance, if MW� > MW+

(which corresponds to the ATLAS findings [23]) a template
fit to the pT ` observable based on sets 1 and 2 would
lead to di↵erent shifts �MW� > �MW+ such that
the di↵erence between the two masses is enhanced. In
this case, a fit with the corresponding flavor-dependent
nonperturbative contributions would lead to a reduction
of the mass gap. On the contrary, using sets 3-5 one
would obtain the opposite result.

Outlook and future developments.

In this work, we investigated the uncertainties on the
determination of MW at the LHC induced by a possi-
ble flavor dependence of the partonic intrinsic transverse
momentum. From these outcomes, we point out that a
“flavor-blind” data analysis may not be a su�ciently ac-

curate option, especially when a total uncertainty lower
than 10 MeV is expected for MW at the LHC [46].

Future data from flavor-sensitive processes such as
SIDIS (from the 12 GeV upgrade at Je↵erson Lab [47],
from the COMPASS collaboration [48], and from a future
Electron-Ion Collider with both proton and deuteron
beams [42, 43]) will shed new light on the flavor de-
composition of the unpolarized TMD PDF. These low-
energy SIDIS data involve also the study of the flavor
dependence in the fragmentation function (the unpolar-
ized TMD FF). Therefore, new data from semi-inclusive
e+e� annihilation will also be needed for the flavor de-
composition of the TMD FF [36].

All these data will improve our knowledge of the
partonic structure of hadrons, and may help in reducing
the uncertainties in precision measurements at high
energies.
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which is flavor independent (but, in principle, di↵erent
for quarks and gluons), and ga is the genuine flavor-
dependent contribution. Information on gevo can be de-
duced from Ref. [13], where the TMD PDF was extracted
from the global fit of SIDIS, Drell-Yan and Z-production
data (gevo corresponds to g2/4 in Ref. [13]). At Q = MW

and Q0 = 1 GeV, we have gevo ln(Q2/Q2
0) ⇡ 0.3 GeV2.

In order to account for the uncertainties a↵ecting the de-
termination of gevo, we choose to consider the interval
[0.2, 0.6] GeV2 as a reasonable range and we vary ga in
Eq. (2) such that the gaNP values fall into this range.

Thus, we generate random widths in the allowed
range for the considered five flavors. We build 50 sets
of flavor-dependent parameters together with a flavor-
independent set where all the parameters are put equal
to the central value of the variation range, gaNP = 0.4
GeV2. Our analysis is performed by first selecting
“Z-equivalent” sets, and then making a template fit, as
detailed here below.

Selection of “Z-equivalent” sets. For proton-proton
collisions at

p
s = 7 TeV, we generate pseudodata for

the qT distribution of the Z boson (22 bins similar to
the ATLAS ones [23]) using the flavor-independent set in
the DYqT code at O(↵s) and NLL accuracy. We do the
same for proton-antiproton collisions at

p
s = 1.96 TeV

(72 bins similar to the CDF ones [22]). We assign to each
of the qT bins an uncertainty equal to the experimental
one. We compute the qT distribution in the same con-
ditions also for each of the 50 flavor-dependent sets. We
calculate the �2 between each of these 50 distributions
and the pseudodata generated by the flavor-independent
set. We retain only those flavor-dependent sets that
have a �2 < 80 on the “CDF-like” bins (�2/d.o.f. < 1.1)
and a �2 < 44 on the “ATLAS-like” bins (�2/d.o.f. < 2).
The first criterion selects 48 flavor-dependent sets out
of 50; only 30 sets out of 50 match the second one,
because the ATLAS data have smaller (experimental)
uncertainties. We keep those flavor-dependent sets that
fullfil both criteria. When considering all the bins, these
sets have a total �2 < 124 on the pseudodata (�2/d.o.f.
< 1.3). In practice, these selected flavor-dependent sets
are equivalent to the flavor-independent one (with which
the Z pseudodata are generated) at approximately
2� level. Not surprisingly, this result implies that
the Z boson data alone are not able to discriminate
between flavor-independent and flavor-dependent sets of
nonperturbative parameters. Data from flavor-sensitive
processes are needed, in particular from SIDIS [40–43].

Template fit. Following the scheme introduced
in [26, 44], we perform a template fit to estimate the
impact of our “Z-equivalent” flavor-dependent sets on
the determination of MW . We use the DYRes code at the
same accuracy (NLL at small transverse momentum and
O(↵s) at large transverse momentum) and kinematics as

before, using the MSTW2008 NLO PDF set [45], setting
central values for the renormalization, factorization and
resummation scales µR = µF = µres = MW , and
implementing ATLAS acceptance cuts on the final-state
leptons [23]. In DYRes, the singularity of the resummed
form factor at very large values of bT (bT & 1/⇤QCD) is
avoided by the usual b⇤ prescription [2]. Similarly, the
correct behavior at very low bT is enforced by modifying
the argument of the logarithmic terms as in Refs. [37, 39].
The form factor in Eq. (2) is usually interpreted as the
nonperturbative contribution to TMD resummation for
bT & 1/⇤QCD. We generate templates with very high
statistics (750 M events) for the mT , pT ` distributions1

with di↵erent MW masses in the range 80.370 GeV
 MW  80.400 GeV, using the flavor-independent
set for the nonperturbative parameters. Then, for
each “Z-equivalent” flavor-dependent set we generate
pseudodata with lower statistics (135 M events) for
the same leptonic observables with the fixed value
MW = 80.385 GeV. Finally, for each pseudodata set we
compute the �2 of the various templates and we identify
the template with minimum �2 in order to establish how
large is the shift in MW induced by a particular choice
of flavor-dependent nonperturbative parameters. The
statistical uncertainty of the template-fit procedure has
been estimated by considering statistically equivalent
those templates for which ��2 = (�2

� �2
min)  1.

Consequently, we quote an uncertainty of 2.5 MeV for
each of the obtained MW shifts.

Impact on the MW determination.

The outcome of our template fit is summarized in
Tabs. I and II for 5 representative sets out of the 30
“Z-equivalent” sets. The former table lists the values of
the gaNP parameter in Eq. (2) for each of the 5 considered
flavors a = uv, dv, us, ds, s = c = b = g. The latter table
shows the corresponding shifts induced in MW when ap-
plying our analysis to the mT , pT ` distributions for the
W+ and the W� production at the LHC (

p
s = 7 TeV).

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

TABLE I: Values of the gaNP parameter in Eq. (2) for the
flavors a = uv, dv, us, ds, s = c = b = g. Units are GeV2.

As expected, the shifts induced by the analysis per-

1
Our analysis is performed on 30 bins in the interval [60, 90] GeV

for mT and on 20 bins in the interval [30, 50] GeV for pT `.

4

�MW+ �MW�

Set mT pT ` mT pT `

1 0 -1 -2 3
2 0 -6 -2 0
3 -1 9 -2 -4
4 0 0 -2 -4
5 0 4 -1 -3

TABLE II: Shifts in MW± (in MeV) induced by the cor-
responding sets of flavor-dependent intrinsic transverse mo-
menta outlined in Tab. I (Statistical uncertainty: 2.5 MeV).

formed on pT ` are generally larger than for the mT case,
since the latter is less sensitive to qWT -modelling e↵ects.

For set 3, the shift induced on MW+ by the pT ` analy-
sis is 9 MeV, its size is particularly large if compared to
the corresponding uncertainty quoted by ATLAS (3 MeV).
In general, taking also into account the statistical uncer-
tainty of our analysis, the absolute value of the shifts
induced when considering the pT ` observable could ex-
ceed 10 MeV. For MW� the shifts are less significant and
fall within a 2-� interval around zero.

In the kinematic conditions under consideration, W+

bosons are dominantly produced by a ud̄ partonic pro-
cess, with the u coming from the valence region. As
a consequence, we observe that sets characterized by a
larger value of the combination guv

NP + gds
NP (sets 3 and

5) lead to positive shifts in the value of MW+ , while sets
with a smaller value of guv

NP + gds
NP (set 2) lead to neg-

ative shifts. For W� the situation is less clear, because
the dominant partonic channel is ūd, with similar con-
tributions from the valence and sea components of the
d quark. It seems that sets with smaller values of the
sum of gus

NP + gdv
NP + gus

NP + gds
NP (sets 3, 4, 5) lead to to

negative shifts in the value of MW+ . Set 1 has a large
value of the of the sum of gus

NP + gdv
NP + gus

NP + gds
NP and

leads to a positive shift in MW+ . Set 2, however, violates
the expectations based on these simple arguments.

Di↵erent flavor-dependent sets may induce artificial
asymmetric shifts for MW+ and MW� in the flavor-
independent template fits. For instance, if MW� > MW+

(which corresponds to the ATLAS findings [23]) a template
fit to the pT ` observable based on sets 1 and 2 would
lead to di↵erent shifts �MW� > �MW+ such that
the di↵erence between the two masses is enhanced. In
this case, a fit with the corresponding flavor-dependent
nonperturbative contributions would lead to a reduction
of the mass gap. On the contrary, using sets 3-5 one
would obtain the opposite result.

Outlook and future developments.

In this work, we investigated the uncertainties on the
determination of MW at the LHC induced by a possi-
ble flavor dependence of the partonic intrinsic transverse
momentum. From these outcomes, we point out that a
“flavor-blind” data analysis may not be a su�ciently ac-

curate option, especially when a total uncertainty lower
than 10 MeV is expected for MW at the LHC [46].

Future data from flavor-sensitive processes such as
SIDIS (from the 12 GeV upgrade at Je↵erson Lab [47],
from the COMPASS collaboration [48], and from a future
Electron-Ion Collider with both proton and deuteron
beams [42, 43]) will shed new light on the flavor de-
composition of the unpolarized TMD PDF. These low-
energy SIDIS data involve also the study of the flavor
dependence in the fragmentation function (the unpolar-
ized TMD FF). Therefore, new data from semi-inclusive
e+e� annihilation will also be needed for the flavor de-
composition of the TMD FF [36].

All these data will improve our knowledge of the
partonic structure of hadrons, and may help in reducing
the uncertainties in precision measurements at high
energies.
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which is flavor independent (but, in principle, di↵erent
for quarks and gluons), and ga is the genuine flavor-
dependent contribution. Information on gevo can be de-
duced from Ref. [13], where the TMD PDF was extracted
from the global fit of SIDIS, Drell-Yan and Z-production
data (gevo corresponds to g2/4 in Ref. [13]). At Q = MW

and Q0 = 1 GeV, we have gevo ln(Q2/Q2
0) ⇡ 0.3 GeV2.

In order to account for the uncertainties a↵ecting the de-
termination of gevo, we choose to consider the interval
[0.2, 0.6] GeV2 as a reasonable range and we vary ga in
Eq. (2) such that the gaNP values fall into this range.

Thus, we generate random widths in the allowed
range for the considered five flavors. We build 50 sets
of flavor-dependent parameters together with a flavor-
independent set where all the parameters are put equal
to the central value of the variation range, gaNP = 0.4
GeV2. Our analysis is performed by first selecting
“Z-equivalent” sets, and then making a template fit, as
detailed here below.

Selection of “Z-equivalent” sets. For proton-proton
collisions at

p
s = 7 TeV, we generate pseudodata for

the qT distribution of the Z boson (22 bins similar to
the ATLAS ones [23]) using the flavor-independent set in
the DYqT code at O(↵s) and NLL accuracy. We do the
same for proton-antiproton collisions at

p
s = 1.96 TeV

(72 bins similar to the CDF ones [22]). We assign to each
of the qT bins an uncertainty equal to the experimental
one. We compute the qT distribution in the same con-
ditions also for each of the 50 flavor-dependent sets. We
calculate the �2 between each of these 50 distributions
and the pseudodata generated by the flavor-independent
set. We retain only those flavor-dependent sets that
have a �2 < 80 on the “CDF-like” bins (�2/d.o.f. < 1.1)
and a �2 < 44 on the “ATLAS-like” bins (�2/d.o.f. < 2).
The first criterion selects 48 flavor-dependent sets out
of 50; only 30 sets out of 50 match the second one,
because the ATLAS data have smaller (experimental)
uncertainties. We keep those flavor-dependent sets that
fullfil both criteria. When considering all the bins, these
sets have a total �2 < 124 on the pseudodata (�2/d.o.f.
< 1.3). In practice, these selected flavor-dependent sets
are equivalent to the flavor-independent one (with which
the Z pseudodata are generated) at approximately
2� level. Not surprisingly, this result implies that
the Z boson data alone are not able to discriminate
between flavor-independent and flavor-dependent sets of
nonperturbative parameters. Data from flavor-sensitive
processes are needed, in particular from SIDIS [40–43].

Template fit. Following the scheme introduced
in [26, 44], we perform a template fit to estimate the
impact of our “Z-equivalent” flavor-dependent sets on
the determination of MW . We use the DYRes code at the
same accuracy (NLL at small transverse momentum and
O(↵s) at large transverse momentum) and kinematics as

before, using the MSTW2008 NLO PDF set [45], setting
central values for the renormalization, factorization and
resummation scales µR = µF = µres = MW , and
implementing ATLAS acceptance cuts on the final-state
leptons [23]. In DYRes, the singularity of the resummed
form factor at very large values of bT (bT & 1/⇤QCD) is
avoided by the usual b⇤ prescription [2]. Similarly, the
correct behavior at very low bT is enforced by modifying
the argument of the logarithmic terms as in Refs. [37, 39].
The form factor in Eq. (2) is usually interpreted as the
nonperturbative contribution to TMD resummation for
bT & 1/⇤QCD. We generate templates with very high
statistics (750 M events) for the mT , pT ` distributions1

with di↵erent MW masses in the range 80.370 GeV
 MW  80.400 GeV, using the flavor-independent
set for the nonperturbative parameters. Then, for
each “Z-equivalent” flavor-dependent set we generate
pseudodata with lower statistics (135 M events) for
the same leptonic observables with the fixed value
MW = 80.385 GeV. Finally, for each pseudodata set we
compute the �2 of the various templates and we identify
the template with minimum �2 in order to establish how
large is the shift in MW induced by a particular choice
of flavor-dependent nonperturbative parameters. The
statistical uncertainty of the template-fit procedure has
been estimated by considering statistically equivalent
those templates for which ��2 = (�2

� �2
min)  1.

Consequently, we quote an uncertainty of 2.5 MeV for
each of the obtained MW shifts.

Impact on the MW determination.

The outcome of our template fit is summarized in
Tabs. I and II for 5 representative sets out of the 30
“Z-equivalent” sets. The former table lists the values of
the gaNP parameter in Eq. (2) for each of the 5 considered
flavors a = uv, dv, us, ds, s = c = b = g. The latter table
shows the corresponding shifts induced in MW when ap-
plying our analysis to the mT , pT ` distributions for the
W+ and the W� production at the LHC (

p
s = 7 TeV).

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

TABLE I: Values of the gaNP parameter in Eq. (2) for the
flavors a = uv, dv, us, ds, s = c = b = g. Units are GeV2.

As expected, the shifts induced by the analysis per-

1
Our analysis is performed on 30 bins in the interval [60, 90] GeV

for mT and on 20 bins in the interval [30, 50] GeV for pT `.

4

�MW+ �MW�

Set mT pT ` mT pT `

1 0 -1 -2 3
2 0 -6 -2 0
3 -1 9 -2 -4
4 0 0 -2 -4
5 0 4 -1 -3

TABLE II: Shifts in MW± (in MeV) induced by the cor-
responding sets of flavor-dependent intrinsic transverse mo-
menta outlined in Tab. I (Statistical uncertainty: 2.5 MeV).

formed on pT ` are generally larger than for the mT case,
since the latter is less sensitive to qWT -modelling e↵ects.

For set 3, the shift induced on MW+ by the pT ` analy-
sis is 9 MeV, its size is particularly large if compared to
the corresponding uncertainty quoted by ATLAS (3 MeV).
In general, taking also into account the statistical uncer-
tainty of our analysis, the absolute value of the shifts
induced when considering the pT ` observable could ex-
ceed 10 MeV. For MW� the shifts are less significant and
fall within a 2-� interval around zero.

In the kinematic conditions under consideration, W+

bosons are dominantly produced by a ud̄ partonic pro-
cess, with the u coming from the valence region. As
a consequence, we observe that sets characterized by a
larger value of the combination guv

NP + gds
NP (sets 3 and

5) lead to positive shifts in the value of MW+ , while sets
with a smaller value of guv

NP + gds
NP (set 2) lead to neg-

ative shifts. For W� the situation is less clear, because
the dominant partonic channel is ūd, with similar con-
tributions from the valence and sea components of the
d quark. It seems that sets with smaller values of the
sum of gus

NP + gdv
NP + gus

NP + gds
NP (sets 3, 4, 5) lead to to

negative shifts in the value of MW+ . Set 1 has a large
value of the of the sum of gus

NP + gdv
NP + gus

NP + gds
NP and

leads to a positive shift in MW+ . Set 2, however, violates
the expectations based on these simple arguments.

Di↵erent flavor-dependent sets may induce artificial
asymmetric shifts for MW+ and MW� in the flavor-
independent template fits. For instance, if MW� > MW+

(which corresponds to the ATLAS findings [23]) a template
fit to the pT ` observable based on sets 1 and 2 would
lead to di↵erent shifts �MW� > �MW+ such that
the di↵erence between the two masses is enhanced. In
this case, a fit with the corresponding flavor-dependent
nonperturbative contributions would lead to a reduction
of the mass gap. On the contrary, using sets 3-5 one
would obtain the opposite result.

Outlook and future developments.

In this work, we investigated the uncertainties on the
determination of MW at the LHC induced by a possi-
ble flavor dependence of the partonic intrinsic transverse
momentum. From these outcomes, we point out that a
“flavor-blind” data analysis may not be a su�ciently ac-

curate option, especially when a total uncertainty lower
than 10 MeV is expected for MW at the LHC [46].

Future data from flavor-sensitive processes such as
SIDIS (from the 12 GeV upgrade at Je↵erson Lab [47],
from the COMPASS collaboration [48], and from a future
Electron-Ion Collider with both proton and deuteron
beams [42, 43]) will shed new light on the flavor de-
composition of the unpolarized TMD PDF. These low-
energy SIDIS data involve also the study of the flavor
dependence in the fragmentation function (the unpolar-
ized TMD FF). Therefore, new data from semi-inclusive
e+e� annihilation will also be needed for the flavor de-
composition of the TMD FF [36].

All these data will improve our knowledge of the
partonic structure of hadrons, and may help in reducing
the uncertainties in precision measurements at high
energies.
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which is flavor independent (but, in principle, di↵erent
for quarks and gluons), and ga is the genuine flavor-
dependent contribution. Information on gevo can be de-
duced from Ref. [13], where the TMD PDF was extracted
from the global fit of SIDIS, Drell-Yan and Z-production
data (gevo corresponds to g2/4 in Ref. [13]). At Q = MW

and Q0 = 1 GeV, we have gevo ln(Q2/Q2
0) ⇡ 0.3 GeV2.

In order to account for the uncertainties a↵ecting the de-
termination of gevo, we choose to consider the interval
[0.2, 0.6] GeV2 as a reasonable range and we vary ga in
Eq. (2) such that the gaNP values fall into this range.

Thus, we generate random widths in the allowed
range for the considered five flavors. We build 50 sets
of flavor-dependent parameters together with a flavor-
independent set where all the parameters are put equal
to the central value of the variation range, gaNP = 0.4
GeV2. Our analysis is performed by first selecting
“Z-equivalent” sets, and then making a template fit, as
detailed here below.

Selection of “Z-equivalent” sets. For proton-proton
collisions at

p
s = 7 TeV, we generate pseudodata for

the qT distribution of the Z boson (22 bins similar to
the ATLAS ones [23]) using the flavor-independent set in
the DYqT code at O(↵s) and NLL accuracy. We do the
same for proton-antiproton collisions at

p
s = 1.96 TeV

(72 bins similar to the CDF ones [22]). We assign to each
of the qT bins an uncertainty equal to the experimental
one. We compute the qT distribution in the same con-
ditions also for each of the 50 flavor-dependent sets. We
calculate the �2 between each of these 50 distributions
and the pseudodata generated by the flavor-independent
set. We retain only those flavor-dependent sets that
have a �2 < 80 on the “CDF-like” bins (�2/d.o.f. < 1.1)
and a �2 < 44 on the “ATLAS-like” bins (�2/d.o.f. < 2).
The first criterion selects 48 flavor-dependent sets out
of 50; only 30 sets out of 50 match the second one,
because the ATLAS data have smaller (experimental)
uncertainties. We keep those flavor-dependent sets that
fullfil both criteria. When considering all the bins, these
sets have a total �2 < 124 on the pseudodata (�2/d.o.f.
< 1.3). In practice, these selected flavor-dependent sets
are equivalent to the flavor-independent one (with which
the Z pseudodata are generated) at approximately
2� level. Not surprisingly, this result implies that
the Z boson data alone are not able to discriminate
between flavor-independent and flavor-dependent sets of
nonperturbative parameters. Data from flavor-sensitive
processes are needed, in particular from SIDIS [40–43].

Template fit. Following the scheme introduced
in [26, 44], we perform a template fit to estimate the
impact of our “Z-equivalent” flavor-dependent sets on
the determination of MW . We use the DYRes code at the
same accuracy (NLL at small transverse momentum and
O(↵s) at large transverse momentum) and kinematics as

before, using the MSTW2008 NLO PDF set [45], setting
central values for the renormalization, factorization and
resummation scales µR = µF = µres = MW , and
implementing ATLAS acceptance cuts on the final-state
leptons [23]. In DYRes, the singularity of the resummed
form factor at very large values of bT (bT & 1/⇤QCD) is
avoided by the usual b⇤ prescription [2]. Similarly, the
correct behavior at very low bT is enforced by modifying
the argument of the logarithmic terms as in Refs. [37, 39].
The form factor in Eq. (2) is usually interpreted as the
nonperturbative contribution to TMD resummation for
bT & 1/⇤QCD. We generate templates with very high
statistics (750 M events) for the mT , pT ` distributions1

with di↵erent MW masses in the range 80.370 GeV
 MW  80.400 GeV, using the flavor-independent
set for the nonperturbative parameters. Then, for
each “Z-equivalent” flavor-dependent set we generate
pseudodata with lower statistics (135 M events) for
the same leptonic observables with the fixed value
MW = 80.385 GeV. Finally, for each pseudodata set we
compute the �2 of the various templates and we identify
the template with minimum �2 in order to establish how
large is the shift in MW induced by a particular choice
of flavor-dependent nonperturbative parameters. The
statistical uncertainty of the template-fit procedure has
been estimated by considering statistically equivalent
those templates for which ��2 = (�2

� �2
min)  1.

Consequently, we quote an uncertainty of 2.5 MeV for
each of the obtained MW shifts.

Impact on the MW determination.

The outcome of our template fit is summarized in
Tabs. I and II for 5 representative sets out of the 30
“Z-equivalent” sets. The former table lists the values of
the gaNP parameter in Eq. (2) for each of the 5 considered
flavors a = uv, dv, us, ds, s = c = b = g. The latter table
shows the corresponding shifts induced in MW when ap-
plying our analysis to the mT , pT ` distributions for the
W+ and the W� production at the LHC (

p
s = 7 TeV).

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

TABLE I: Values of the gaNP parameter in Eq. (2) for the
flavors a = uv, dv, us, ds, s = c = b = g. Units are GeV2.

As expected, the shifts induced by the analysis per-

1
Our analysis is performed on 30 bins in the interval [60, 90] GeV

for mT and on 20 bins in the interval [30, 50] GeV for pT `.

4

�MW+ �MW�

Set mT pT ` mT pT `

1 0 -1 -2 3
2 0 -6 -2 0
3 -1 9 -2 -4
4 0 0 -2 -4
5 0 4 -1 -3

TABLE II: Shifts in MW± (in MeV) induced by the cor-
responding sets of flavor-dependent intrinsic transverse mo-
menta outlined in Tab. I (Statistical uncertainty: 2.5 MeV).

formed on pT ` are generally larger than for the mT case,
since the latter is less sensitive to qWT -modelling e↵ects.

For set 3, the shift induced on MW+ by the pT ` analy-
sis is 9 MeV, its size is particularly large if compared to
the corresponding uncertainty quoted by ATLAS (3 MeV).
In general, taking also into account the statistical uncer-
tainty of our analysis, the absolute value of the shifts
induced when considering the pT ` observable could ex-
ceed 10 MeV. For MW� the shifts are less significant and
fall within a 2-� interval around zero.

In the kinematic conditions under consideration, W+

bosons are dominantly produced by a ud̄ partonic pro-
cess, with the u coming from the valence region. As
a consequence, we observe that sets characterized by a
larger value of the combination guv

NP + gds
NP (sets 3 and

5) lead to positive shifts in the value of MW+ , while sets
with a smaller value of guv

NP + gds
NP (set 2) lead to neg-

ative shifts. For W� the situation is less clear, because
the dominant partonic channel is ūd, with similar con-
tributions from the valence and sea components of the
d quark. It seems that sets with smaller values of the
sum of gus

NP + gdv
NP + gus

NP + gds
NP (sets 3, 4, 5) lead to to

negative shifts in the value of MW+ . Set 1 has a large
value of the of the sum of gus

NP + gdv
NP + gus

NP + gds
NP and

leads to a positive shift in MW+ . Set 2, however, violates
the expectations based on these simple arguments.

Di↵erent flavor-dependent sets may induce artificial
asymmetric shifts for MW+ and MW� in the flavor-
independent template fits. For instance, if MW� > MW+

(which corresponds to the ATLAS findings [23]) a template
fit to the pT ` observable based on sets 1 and 2 would
lead to di↵erent shifts �MW� > �MW+ such that
the di↵erence between the two masses is enhanced. In
this case, a fit with the corresponding flavor-dependent
nonperturbative contributions would lead to a reduction
of the mass gap. On the contrary, using sets 3-5 one
would obtain the opposite result.

Outlook and future developments.

In this work, we investigated the uncertainties on the
determination of MW at the LHC induced by a possi-
ble flavor dependence of the partonic intrinsic transverse
momentum. From these outcomes, we point out that a
“flavor-blind” data analysis may not be a su�ciently ac-

curate option, especially when a total uncertainty lower
than 10 MeV is expected for MW at the LHC [46].

Future data from flavor-sensitive processes such as
SIDIS (from the 12 GeV upgrade at Je↵erson Lab [47],
from the COMPASS collaboration [48], and from a future
Electron-Ion Collider with both proton and deuteron
beams [42, 43]) will shed new light on the flavor de-
composition of the unpolarized TMD PDF. These low-
energy SIDIS data involve also the study of the flavor
dependence in the fragmentation function (the unpolar-
ized TMD FF). Therefore, new data from semi-inclusive
e+e� annihilation will also be needed for the flavor de-
composition of the TMD FF [36].

All these data will improve our knowledge of the
partonic structure of hadrons, and may help in reducing
the uncertainties in precision measurements at high
energies.
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parameter sets and compute low-statistics (135M) 
mT and pTl distributions
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• Take the flavour-independent parameter set and 
compute high-statistics (750M) mT and pTl 
distributions for 30 different values of MW
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compute the shifts induced by flavour effects

• transverse mass: zero or few MeV shifts, generally 
favouring lower values for W- (preferred by EW fit)
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which is flavor independent (but, in principle, di↵erent
for quarks and gluons), and ga is the genuine flavor-
dependent contribution. Information on gevo can be de-
duced from Ref. [13], where the TMD PDF was extracted
from the global fit of SIDIS, Drell-Yan and Z-production
data (gevo corresponds to g2/4 in Ref. [13]). At Q = MW

and Q0 = 1 GeV, we have gevo ln(Q2/Q2
0) ⇡ 0.3 GeV2.

In order to account for the uncertainties a↵ecting the de-
termination of gevo, we choose to consider the interval
[0.2, 0.6] GeV2 as a reasonable range and we vary ga in
Eq. (2) such that the gaNP values fall into this range.

Thus, we generate random widths in the allowed
range for the considered five flavors. We build 50 sets
of flavor-dependent parameters together with a flavor-
independent set where all the parameters are put equal
to the central value of the variation range, gaNP = 0.4
GeV2. Our analysis is performed by first selecting
“Z-equivalent” sets, and then making a template fit, as
detailed here below.

Selection of “Z-equivalent” sets. For proton-proton
collisions at

p
s = 7 TeV, we generate pseudodata for

the qT distribution of the Z boson (22 bins similar to
the ATLAS ones [23]) using the flavor-independent set in
the DYqT code at O(↵s) and NLL accuracy. We do the
same for proton-antiproton collisions at

p
s = 1.96 TeV

(72 bins similar to the CDF ones [22]). We assign to each
of the qT bins an uncertainty equal to the experimental
one. We compute the qT distribution in the same con-
ditions also for each of the 50 flavor-dependent sets. We
calculate the �2 between each of these 50 distributions
and the pseudodata generated by the flavor-independent
set. We retain only those flavor-dependent sets that
have a �2 < 80 on the “CDF-like” bins (�2/d.o.f. < 1.1)
and a �2 < 44 on the “ATLAS-like” bins (�2/d.o.f. < 2).
The first criterion selects 48 flavor-dependent sets out
of 50; only 30 sets out of 50 match the second one,
because the ATLAS data have smaller (experimental)
uncertainties. We keep those flavor-dependent sets that
fullfil both criteria. When considering all the bins, these
sets have a total �2 < 124 on the pseudodata (�2/d.o.f.
< 1.3). In practice, these selected flavor-dependent sets
are equivalent to the flavor-independent one (with which
the Z pseudodata are generated) at approximately
2� level. Not surprisingly, this result implies that
the Z boson data alone are not able to discriminate
between flavor-independent and flavor-dependent sets of
nonperturbative parameters. Data from flavor-sensitive
processes are needed, in particular from SIDIS [40–43].

Template fit. Following the scheme introduced
in [26, 44], we perform a template fit to estimate the
impact of our “Z-equivalent” flavor-dependent sets on
the determination of MW . We use the DYRes code at the
same accuracy (NLL at small transverse momentum and
O(↵s) at large transverse momentum) and kinematics as

before, using the MSTW2008 NLO PDF set [45], setting
central values for the renormalization, factorization and
resummation scales µR = µF = µres = MW , and
implementing ATLAS acceptance cuts on the final-state
leptons [23]. In DYRes, the singularity of the resummed
form factor at very large values of bT (bT & 1/⇤QCD) is
avoided by the usual b⇤ prescription [2]. Similarly, the
correct behavior at very low bT is enforced by modifying
the argument of the logarithmic terms as in Refs. [37, 39].
The form factor in Eq. (2) is usually interpreted as the
nonperturbative contribution to TMD resummation for
bT & 1/⇤QCD. We generate templates with very high
statistics (750 M events) for the mT , pT ` distributions1

with di↵erent MW masses in the range 80.370 GeV
 MW  80.400 GeV, using the flavor-independent
set for the nonperturbative parameters. Then, for
each “Z-equivalent” flavor-dependent set we generate
pseudodata with lower statistics (135 M events) for
the same leptonic observables with the fixed value
MW = 80.385 GeV. Finally, for each pseudodata set we
compute the �2 of the various templates and we identify
the template with minimum �2 in order to establish how
large is the shift in MW induced by a particular choice
of flavor-dependent nonperturbative parameters. The
statistical uncertainty of the template-fit procedure has
been estimated by considering statistically equivalent
those templates for which ��2 = (�2

� �2
min)  1.

Consequently, we quote an uncertainty of 2.5 MeV for
each of the obtained MW shifts.

Impact on the MW determination.

The outcome of our template fit is summarized in
Tabs. I and II for 5 representative sets out of the 30
“Z-equivalent” sets. The former table lists the values of
the gaNP parameter in Eq. (2) for each of the 5 considered
flavors a = uv, dv, us, ds, s = c = b = g. The latter table
shows the corresponding shifts induced in MW when ap-
plying our analysis to the mT , pT ` distributions for the
W+ and the W� production at the LHC (

p
s = 7 TeV).

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

TABLE I: Values of the gaNP parameter in Eq. (2) for the
flavors a = uv, dv, us, ds, s = c = b = g. Units are GeV2.

As expected, the shifts induced by the analysis per-

1
Our analysis is performed on 30 bins in the interval [60, 90] GeV

for mT and on 20 bins in the interval [30, 50] GeV for pT `.

4

�MW+ �MW�

Set mT pT ` mT pT `

1 0 -1 -2 3
2 0 -6 -2 0
3 -1 9 -2 -4
4 0 0 -2 -4
5 0 4 -1 -3

TABLE II: Shifts in MW± (in MeV) induced by the cor-
responding sets of flavor-dependent intrinsic transverse mo-
menta outlined in Tab. I (Statistical uncertainty: 2.5 MeV).

formed on pT ` are generally larger than for the mT case,
since the latter is less sensitive to qWT -modelling e↵ects.

For set 3, the shift induced on MW+ by the pT ` analy-
sis is 9 MeV, its size is particularly large if compared to
the corresponding uncertainty quoted by ATLAS (3 MeV).
In general, taking also into account the statistical uncer-
tainty of our analysis, the absolute value of the shifts
induced when considering the pT ` observable could ex-
ceed 10 MeV. For MW� the shifts are less significant and
fall within a 2-� interval around zero.

In the kinematic conditions under consideration, W+

bosons are dominantly produced by a ud̄ partonic pro-
cess, with the u coming from the valence region. As
a consequence, we observe that sets characterized by a
larger value of the combination guv

NP + gds
NP (sets 3 and

5) lead to positive shifts in the value of MW+ , while sets
with a smaller value of guv

NP + gds
NP (set 2) lead to neg-

ative shifts. For W� the situation is less clear, because
the dominant partonic channel is ūd, with similar con-
tributions from the valence and sea components of the
d quark. It seems that sets with smaller values of the
sum of gus

NP + gdv
NP + gus

NP + gds
NP (sets 3, 4, 5) lead to to

negative shifts in the value of MW+ . Set 1 has a large
value of the of the sum of gus

NP + gdv
NP + gus

NP + gds
NP and

leads to a positive shift in MW+ . Set 2, however, violates
the expectations based on these simple arguments.

Di↵erent flavor-dependent sets may induce artificial
asymmetric shifts for MW+ and MW� in the flavor-
independent template fits. For instance, if MW� > MW+

(which corresponds to the ATLAS findings [23]) a template
fit to the pT ` observable based on sets 1 and 2 would
lead to di↵erent shifts �MW� > �MW+ such that
the di↵erence between the two masses is enhanced. In
this case, a fit with the corresponding flavor-dependent
nonperturbative contributions would lead to a reduction
of the mass gap. On the contrary, using sets 3-5 one
would obtain the opposite result.

Outlook and future developments.

In this work, we investigated the uncertainties on the
determination of MW at the LHC induced by a possi-
ble flavor dependence of the partonic intrinsic transverse
momentum. From these outcomes, we point out that a
“flavor-blind” data analysis may not be a su�ciently ac-

curate option, especially when a total uncertainty lower
than 10 MeV is expected for MW at the LHC [46].

Future data from flavor-sensitive processes such as
SIDIS (from the 12 GeV upgrade at Je↵erson Lab [47],
from the COMPASS collaboration [48], and from a future
Electron-Ion Collider with both proton and deuteron
beams [42, 43]) will shed new light on the flavor de-
composition of the unpolarized TMD PDF. These low-
energy SIDIS data involve also the study of the flavor
dependence in the fragmentation function (the unpolar-
ized TMD FF). Therefore, new data from semi-inclusive
e+e� annihilation will also be needed for the flavor de-
composition of the TMD FF [36].

All these data will improve our knowledge of the
partonic structure of hadrons, and may help in reducing
the uncertainties in precision measurements at high
energies.
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• Take the “Z-equivalent” flavour-dependent 
parameter sets and compute low-statistics (135M) 
mT and pTl distributions

➡ these are our pseudodata

• Take the flavour-independent parameter set and 
compute high-statistics (750M) 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: zero or few MeV shifts, generally 
favouring lower values for W- (preferred by EW fit)

• lepton pt: quite important shifts (W+ set 3: 9 MeV, 
envelope: up to 15 MeV)

Impact on the determination of MW

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

DYRes code [Catani, deFlorian, Ferrera, Grazzini (2015)]


(LHC 7 TeV, ATLAS acceptance cuts)


Statistical uncertainty: 2.5 MeV 
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3

which is flavor independent (but, in principle, di↵erent
for quarks and gluons), and ga is the genuine flavor-
dependent contribution. Information on gevo can be de-
duced from Ref. [13], where the TMD PDF was extracted
from the global fit of SIDIS, Drell-Yan and Z-production
data (gevo corresponds to g2/4 in Ref. [13]). At Q = MW

and Q0 = 1 GeV, we have gevo ln(Q2/Q2
0) ⇡ 0.3 GeV2.

In order to account for the uncertainties a↵ecting the de-
termination of gevo, we choose to consider the interval
[0.2, 0.6] GeV2 as a reasonable range and we vary ga in
Eq. (2) such that the gaNP values fall into this range.

Thus, we generate random widths in the allowed
range for the considered five flavors. We build 50 sets
of flavor-dependent parameters together with a flavor-
independent set where all the parameters are put equal
to the central value of the variation range, gaNP = 0.4
GeV2. Our analysis is performed by first selecting
“Z-equivalent” sets, and then making a template fit, as
detailed here below.

Selection of “Z-equivalent” sets. For proton-proton
collisions at

p
s = 7 TeV, we generate pseudodata for

the qT distribution of the Z boson (22 bins similar to
the ATLAS ones [23]) using the flavor-independent set in
the DYqT code at O(↵s) and NLL accuracy. We do the
same for proton-antiproton collisions at

p
s = 1.96 TeV

(72 bins similar to the CDF ones [22]). We assign to each
of the qT bins an uncertainty equal to the experimental
one. We compute the qT distribution in the same con-
ditions also for each of the 50 flavor-dependent sets. We
calculate the �2 between each of these 50 distributions
and the pseudodata generated by the flavor-independent
set. We retain only those flavor-dependent sets that
have a �2 < 80 on the “CDF-like” bins (�2/d.o.f. < 1.1)
and a �2 < 44 on the “ATLAS-like” bins (�2/d.o.f. < 2).
The first criterion selects 48 flavor-dependent sets out
of 50; only 30 sets out of 50 match the second one,
because the ATLAS data have smaller (experimental)
uncertainties. We keep those flavor-dependent sets that
fullfil both criteria. When considering all the bins, these
sets have a total �2 < 124 on the pseudodata (�2/d.o.f.
< 1.3). In practice, these selected flavor-dependent sets
are equivalent to the flavor-independent one (with which
the Z pseudodata are generated) at approximately
2� level. Not surprisingly, this result implies that
the Z boson data alone are not able to discriminate
between flavor-independent and flavor-dependent sets of
nonperturbative parameters. Data from flavor-sensitive
processes are needed, in particular from SIDIS [40–43].

Template fit. Following the scheme introduced
in [26, 44], we perform a template fit to estimate the
impact of our “Z-equivalent” flavor-dependent sets on
the determination of MW . We use the DYRes code at the
same accuracy (NLL at small transverse momentum and
O(↵s) at large transverse momentum) and kinematics as

before, using the MSTW2008 NLO PDF set [45], setting
central values for the renormalization, factorization and
resummation scales µR = µF = µres = MW , and
implementing ATLAS acceptance cuts on the final-state
leptons [23]. In DYRes, the singularity of the resummed
form factor at very large values of bT (bT & 1/⇤QCD) is
avoided by the usual b⇤ prescription [2]. Similarly, the
correct behavior at very low bT is enforced by modifying
the argument of the logarithmic terms as in Refs. [37, 39].
The form factor in Eq. (2) is usually interpreted as the
nonperturbative contribution to TMD resummation for
bT & 1/⇤QCD. We generate templates with very high
statistics (750 M events) for the mT , pT ` distributions1

with di↵erent MW masses in the range 80.370 GeV
 MW  80.400 GeV, using the flavor-independent
set for the nonperturbative parameters. Then, for
each “Z-equivalent” flavor-dependent set we generate
pseudodata with lower statistics (135 M events) for
the same leptonic observables with the fixed value
MW = 80.385 GeV. Finally, for each pseudodata set we
compute the �2 of the various templates and we identify
the template with minimum �2 in order to establish how
large is the shift in MW induced by a particular choice
of flavor-dependent nonperturbative parameters. The
statistical uncertainty of the template-fit procedure has
been estimated by considering statistically equivalent
those templates for which ��2 = (�2

� �2
min)  1.

Consequently, we quote an uncertainty of 2.5 MeV for
each of the obtained MW shifts.

Impact on the MW determination.

The outcome of our template fit is summarized in
Tabs. I and II for 5 representative sets out of the 30
“Z-equivalent” sets. The former table lists the values of
the gaNP parameter in Eq. (2) for each of the 5 considered
flavors a = uv, dv, us, ds, s = c = b = g. The latter table
shows the corresponding shifts induced in MW when ap-
plying our analysis to the mT , pT ` distributions for the
W+ and the W� production at the LHC (

p
s = 7 TeV).

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

TABLE I: Values of the gaNP parameter in Eq. (2) for the
flavors a = uv, dv, us, ds, s = c = b = g. Units are GeV2.

As expected, the shifts induced by the analysis per-

1
Our analysis is performed on 30 bins in the interval [60, 90] GeV

for mT and on 20 bins in the interval [30, 50] GeV for pT `.
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�MW+ �MW�

Set mT pT ` mT pT `

1 0 -1 -2 3
2 0 -6 -2 0
3 -1 9 -2 -4
4 0 0 -2 -4
5 0 4 -1 -3

TABLE II: Shifts in MW± (in MeV) induced by the cor-
responding sets of flavor-dependent intrinsic transverse mo-
menta outlined in Tab. I (Statistical uncertainty: 2.5 MeV).

formed on pT ` are generally larger than for the mT case,
since the latter is less sensitive to qWT -modelling e↵ects.

For set 3, the shift induced on MW+ by the pT ` analy-
sis is 9 MeV, its size is particularly large if compared to
the corresponding uncertainty quoted by ATLAS (3 MeV).
In general, taking also into account the statistical uncer-
tainty of our analysis, the absolute value of the shifts
induced when considering the pT ` observable could ex-
ceed 10 MeV. For MW� the shifts are less significant and
fall within a 2-� interval around zero.

In the kinematic conditions under consideration, W+

bosons are dominantly produced by a ud̄ partonic pro-
cess, with the u coming from the valence region. As
a consequence, we observe that sets characterized by a
larger value of the combination guv

NP + gds
NP (sets 3 and

5) lead to positive shifts in the value of MW+ , while sets
with a smaller value of guv

NP + gds
NP (set 2) lead to neg-

ative shifts. For W� the situation is less clear, because
the dominant partonic channel is ūd, with similar con-
tributions from the valence and sea components of the
d quark. It seems that sets with smaller values of the
sum of gus

NP + gdv
NP + gus

NP + gds
NP (sets 3, 4, 5) lead to to

negative shifts in the value of MW+ . Set 1 has a large
value of the of the sum of gus

NP + gdv
NP + gus

NP + gds
NP and

leads to a positive shift in MW+ . Set 2, however, violates
the expectations based on these simple arguments.

Di↵erent flavor-dependent sets may induce artificial
asymmetric shifts for MW+ and MW� in the flavor-
independent template fits. For instance, if MW� > MW+

(which corresponds to the ATLAS findings [23]) a template
fit to the pT ` observable based on sets 1 and 2 would
lead to di↵erent shifts �MW� > �MW+ such that
the di↵erence between the two masses is enhanced. In
this case, a fit with the corresponding flavor-dependent
nonperturbative contributions would lead to a reduction
of the mass gap. On the contrary, using sets 3-5 one
would obtain the opposite result.

Outlook and future developments.

In this work, we investigated the uncertainties on the
determination of MW at the LHC induced by a possi-
ble flavor dependence of the partonic intrinsic transverse
momentum. From these outcomes, we point out that a
“flavor-blind” data analysis may not be a su�ciently ac-

curate option, especially when a total uncertainty lower
than 10 MeV is expected for MW at the LHC [46].

Future data from flavor-sensitive processes such as
SIDIS (from the 12 GeV upgrade at Je↵erson Lab [47],
from the COMPASS collaboration [48], and from a future
Electron-Ion Collider with both proton and deuteron
beams [42, 43]) will shed new light on the flavor de-
composition of the unpolarized TMD PDF. These low-
energy SIDIS data involve also the study of the flavor
dependence in the fragmentation function (the unpolar-
ized TMD FF). Therefore, new data from semi-inclusive
e+e� annihilation will also be needed for the flavor de-
composition of the TMD FF [36].

All these data will improve our knowledge of the
partonic structure of hadrons, and may help in reducing
the uncertainties in precision measurements at high
energies.
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• Accuracy of templates essential: highly demanding computing task! 
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according to the PDF4LHC recipe [18] and by measuring the half-width �PDF of the resulting band.
We include, in the evaluation of the envelope, the results of the sets CT10, MSTW2008CPdeut and
NNPDF2.3, because they are based on the same sets of data, making their comparison homoge-
neous. These results are presented in Table 2. We observe that the spread �sets represents a
large contribution, up to 35% of the overall uncertainty . In Table 3 we compute the envelope
of the results obtained with two more modern PDF sets, namely NNPDF3.0 and MMHT2014, which
include public data from the LHC. We observe that the width of the envelope ranges between 16
and 32 MeV, depending on the collider energy and kind and on the final state; more interesting,
the spread of the two central values is below 5 MeV in the W� case at the LHC, while it is above
15 MeV in the W+ case and at the Tevatron.

From Table 5 we can appreciate the impact of the inclusion of the new LHC data, which have
been used in the determination of the NNPDF3.0 set. Beside a few MeV o↵set for the central
values, it is possible to observe a small (few MeV) reduction of the PDF uncertainty, which is
roughly 20% smaller than the one computed with NNPDF2.3.

The dependence of the PDF uncertainty with the collider energy is illustrated in Table 4, using
the NNPDF3.0 PDF set.

no pW? cut pW? < 15 GeV
�PDF (MeV) �sets (MeV) �PDF (MeV) �sets (MeV)

Tevatron 1.96 TeV 27 16 21 15
LHC 8 TeV W+ 33 26 24 18

W� 29 16 18 8
LHC 13 TeV W+ 34 22 20 14

W� 34 24 18 12

Table 2: Half-width �PDF of the envelope of the PDF uncertainty intervals by CT10,
MSTW2008CPdeut and NNPDF2.3. Corresponding spread �sets of the central predictions.

no pW? cut pW? < 15 GeV
�PDF (MeV) �sets (MeV) �PDF (MeV) �sets (MeV)

Tevatron 1.96 TeV 16 4 9 15
LHC 8 TeV W+ 32 33 21 21

W� 22 6 12 0
LHC 13 TeV W+ 30 24 18 16

W� 23 16 11 5

Table 3: Same as in Table 2, now considering only the two recent PDF sets NNPDF3.0 and
MMHT2014.
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• Individual PDF sets provide non-pessimistic 
estimates: ΔMW ~ O(10 MeV)


• Global envelope still shows large 
discrepancies of the central values


• pTW cut is relevant
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3.4 PDF uncertainty dependence on the acceptance cuts

The results presented in Section 3.3 have been obtained imposing on the leptons the basic cuts
of Table 1. The dependence of the mW PDF uncertainty on additional cuts on the lepton-pair
transverse momentum pW? or on the charged-lepton pseudorapidity acceptance interval is presented
in Table 6. This study suggests possible optimizations of the event selection, to minimize the PDF
uncertainty impact. We observe that the region at large pW? yields an important contribution

normalized distributions
cut on pW? cut on |⌘l| CT10 NNPDF3.0

inclusive |⌘l| < 2.5 80.400 + 0.032� 0.027 80.398± 0.014
pW? < 20 GeV |⌘l| < 2.5 80.396 + 0.027� 0.020 80.394± 0.012
pW? < 15 GeV |⌘l| < 2.5 80.396 + 0.017� 0.018 80.395± 0.009
pW? < 10 GeV |⌘l| < 2.5 80.392 + 0.015� 0.012 80.394± 0.007

pW? < 15 GeV |⌘l| < 1.0 80.400 + 0.032� 0.021 80.406± 0.017
pW? < 15 GeV |⌘l| < 2.5 80.396 + 0.017� 0.018 80.395± 0.009
pW? < 15 GeV |⌘l| < 4.9 80.400 + 0.009� 0.004 80.401± 0.003
pW? < 15 GeV 1.0 < |⌘l| < 2.5 80.392 + 0.025� 0.018 80.388± 0.012

Table 6: LHC 8 TeV, W+ production. Impact of di↵erent acceptance cuts. The two cuts pl? > 25
GeV and /ET � 25 GeV are always applied. In the first four rows we vary the cut on pW? , for fixed
|⌘l| interval. In the second four rows we vary the pseudorapidity acceptance, with pW? < 15 GeV.
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Figure 5: Shape of the di↵erential distribution d�/dx for di↵erent pW? cuts (left plot). Ratio of
the previous shapes with di↵erent pW? cuts with respect to the inclusive (no pW? cut) distribution
(right plot).

to the PDF uncertainty, which can be reduced by a suitable cut on this variable. A tight cut like
pW? < 10 GeV could bring the uncertainty below the 10 MeV level. The experimental problem to
accurately select the events that pass the cut can be a limiting factor for the improvement in this
direction.
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Acceptance cuts: interesting insights
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The results presented in Section 3.3 have been obtained imposing on the leptons the basic cuts
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3.4 PDF uncertainty dependence on the acceptance cuts

The results presented in Section 3.3 have been obtained imposing on the leptons the basic cuts
of Table 1. The dependence of the mW PDF uncertainty on additional cuts on the lepton-pair
transverse momentum pW? or on the charged-lepton pseudorapidity acceptance interval is presented
in Table 6. This study suggests possible optimizations of the event selection, to minimize the PDF
uncertainty impact. We observe that the region at large pW? yields an important contribution
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pW? < 20 GeV |⌘l| < 2.5 80.396 + 0.027� 0.020 80.394± 0.012
pW? < 15 GeV |⌘l| < 2.5 80.396 + 0.017� 0.018 80.395± 0.009
pW? < 10 GeV |⌘l| < 2.5 80.392 + 0.015� 0.012 80.394± 0.007

pW? < 15 GeV |⌘l| < 1.0 80.400 + 0.032� 0.021 80.406± 0.017
pW? < 15 GeV |⌘l| < 2.5 80.396 + 0.017� 0.018 80.395± 0.009
pW? < 15 GeV |⌘l| < 4.9 80.400 + 0.009� 0.004 80.401± 0.003
pW? < 15 GeV 1.0 < |⌘l| < 2.5 80.392 + 0.025� 0.018 80.388± 0.012

Table 6: LHC 8 TeV, W+ production. Impact of di↵erent acceptance cuts. The two cuts pl? > 25
GeV and /ET � 25 GeV are always applied. In the first four rows we vary the cut on pW? , for fixed
|⌘l| interval. In the second four rows we vary the pseudorapidity acceptance, with pW? < 15 GeV.
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to the PDF uncertainty, which can be reduced by a suitable cut on this variable. A tight cut like
pW? < 10 GeV could bring the uncertainty below the 10 MeV level. The experimental problem to
accurately select the events that pass the cut can be a limiting factor for the improvement in this
direction.
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The results presented in Section 3.3 have been obtained imposing on the leptons the basic cuts
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to the PDF uncertainty, which can be reduced by a suitable cut on this variable. A tight cut like
pW? < 10 GeV could bring the uncertainty below the 10 MeV level. The experimental problem to
accurately select the events that pass the cut can be a limiting factor for the improvement in this
direction.
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of Table 1. The dependence of the mW PDF uncertainty on additional cuts on the lepton-pair
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The results presented in Section 3.3 have been obtained imposing on the leptons the basic cuts
of Table 1. The dependence of the mW PDF uncertainty on additional cuts on the lepton-pair
transverse momentum pW? or on the charged-lepton pseudorapidity acceptance interval is presented
in Table 6. This study suggests possible optimizations of the event selection, to minimize the PDF
uncertainty impact. We observe that the region at large pW? yields an important contribution
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2
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XNeigenvectors

i¼1

½Xþ
i − X−

i $2

vuut ; ð2Þ

where the sum runs over the Neigenvectors eigenvectors
in parameter space, with the associated pairs of replicas
(þ and −). Instead with NNPDF the average and the
standard deviation over the ensemble fqg of Nrep PDF
replicas provide the estimate of the best value and of the
error on the observable F :

hF ½fqg$i ¼ 1

Nrep

XNrep

k¼1

F ½fqðkÞg$; ð3Þ

σF ¼
"

1

Nrep−1

XNrep

k¼1

ðF ½fqðkÞg$−hF ½fqg$iÞ2
#1=2

: ð4Þ

The results obtained with these PDF sets can be combined
according to the current PDF4LHC recommendation [32],
to find a conservative estimate of the PDF uncertainty.
In this paper we apply this procedure to two observables,

namely the lepton transverse momentum distribution and
the W mass determined with the template fit procedure.

C. Correlation functions

A useful quantity to evaluate the role of the different
parton densities in the hadronic cross section is the
correlation function ρ between the parton-parton luminos-
ities and the charged-lepton distribution at a given value of

the transverse momentum. The parton-parton luminosity is
defined as Pijðx; τÞ ¼ fiðx; μ2FÞfjðτx ; μ

2
FÞ where fiðx; μ2FÞ

is the density describing a parton i at a scale μF and τ ¼ M2

S
with M the final-state invariant mass and S the hadronic
Mandelstam invariant. The correlation ρ is defined as

ρðx; τÞ ¼
hPijðx; τÞ dσ

dpl
⊥
i − hPijðx; τÞih dσ

dpl
⊥
i

σPDFPij
σPDFdσ=dpl

⊥

; ð5Þ

where the angle brackets indicate the average with respect
to the different PDF replicas.

III. NUMERICAL RESULTS

A. Input parameters and setup

We simulate the processes p p
ð−Þ

→ Wþ → μþ νμ þ X and

p p
ð−Þ

→ W− → μ−ν̄μ þ X in proton-antiproton collisions
with

ffiffiffi
S

p
¼ 1.96 TeV and in proton-proton collisions withffiffiffi

S
p

¼ 8; 13; 33; 100 TeV energies. In the absence of QED
effects, not considered here, our results will be identical
to those obtained with electrons instead of muons. We
consider the PDF sets MSTW2008CPdeut [27], CT10
[28], NNPDF2.3 [29], NNPDF3.0 [30], and MMHT2014
[31] and use the corresponding values of αsðmZÞ. We use
the following values for the input parameters in the
Monte Carlo codes:

Gμ ¼ 1.16637 × 10−5 GeV−2 mW ¼ 80.398 GeV mZ ¼ 91.1876 GeV
sin2θW ¼ 1 −m2

W=m
2
Z ΓW ¼ 2.141 GeV ΓZ ¼ 2.4952 GeV

Vcd ¼ 0.222 Vcs ¼ 0.975 Vcb ¼ 0
Vud ¼ 0.975 Vus ¼ 0.222 Vub ¼ 0
Vtd ¼ 0 Vts ¼ 0 Vtb ¼ 1.

The charm quark in the partonic cross section is treated
as a massless particle, while the bottom quark does not
contribute because of the vanishing top density in the
proton. As for the kinematic cuts, we used those summa-
rized in Table I, similar to those used in the corresponding
experimental analysis: the main difference between the
Tevatron and LHC is the wider acceptance for the rapidity
of the leptons in the latter case. The pl

T distribution has
been studied in the interval 29 GeV ≤ pl

⊥ ≤ 49 GeV, with
a bin size of 0.5 GeV. All the following analyses are
performed with bare leptons both in the pseudodata and in
the templates.
The Monte Carlo simulation requires a specific, techni-

cal comment. The effects under study are deformations of
the shape of the lepton transverse momentum distribution at

the per mill level, either due to a variation of the mW value
or to a different PDF replica choice. This distribution
receives contributions from a large fraction of the available
final-state phase space, making very difficult an accurate
dedicated sampling. As a consequence, Monte Carlo

TABLE I. Selection criteria for DY W → lν events for the
Tevatron and the LHC.

Tevatron LHC

pμ
⊥ ≥ 25 GeV pμ

⊥ ≥ 25 GeV
ET ≥ 25 GeV ET ≥ 25 GeV
jημj < 1.0 jημj < 2.5

pW
⊥ < 15 GeV pW

⊥ < 15 GeV
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3.4 PDF uncertainty dependence on the acceptance cuts

The results presented in Section 3.3 have been obtained imposing on the leptons the basic cuts
of Table 1. The dependence of the mW PDF uncertainty on additional cuts on the lepton-pair
transverse momentum pW? or on the charged-lepton pseudorapidity acceptance interval is presented
in Table 6. This study suggests possible optimizations of the event selection, to minimize the PDF
uncertainty impact. We observe that the region at large pW? yields an important contribution

normalized distributions
cut on pW? cut on |⌘l| CT10 NNPDF3.0

inclusive |⌘l| < 2.5 80.400 + 0.032� 0.027 80.398± 0.014
pW? < 20 GeV |⌘l| < 2.5 80.396 + 0.027� 0.020 80.394± 0.012
pW? < 15 GeV |⌘l| < 2.5 80.396 + 0.017� 0.018 80.395± 0.009
pW? < 10 GeV |⌘l| < 2.5 80.392 + 0.015� 0.012 80.394± 0.007

pW? < 15 GeV |⌘l| < 1.0 80.400 + 0.032� 0.021 80.406± 0.017
pW? < 15 GeV |⌘l| < 2.5 80.396 + 0.017� 0.018 80.395± 0.009
pW? < 15 GeV |⌘l| < 4.9 80.400 + 0.009� 0.004 80.401± 0.003
pW? < 15 GeV 1.0 < |⌘l| < 2.5 80.392 + 0.025� 0.018 80.388± 0.012

Table 6: LHC 8 TeV, W+ production. Impact of di↵erent acceptance cuts. The two cuts pl? > 25
GeV and /ET � 25 GeV are always applied. In the first four rows we vary the cut on pW? , for fixed
|⌘l| interval. In the second four rows we vary the pseudorapidity acceptance, with pW? < 15 GeV.
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Figure 5: Shape of the di↵erential distribution d�/dx for di↵erent pW? cuts (left plot). Ratio of
the previous shapes with di↵erent pW? cuts with respect to the inclusive (no pW? cut) distribution
(right plot).

to the PDF uncertainty, which can be reduced by a suitable cut on this variable. A tight cut like
pW? < 10 GeV could bring the uncertainty below the 10 MeV level. The experimental problem to
accurately select the events that pass the cut can be a limiting factor for the improvement in this
direction.
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where the sum runs over the Neigenvectors eigenvectors
in parameter space, with the associated pairs of replicas
(þ and −). Instead with NNPDF the average and the
standard deviation over the ensemble fqg of Nrep PDF
replicas provide the estimate of the best value and of the
error on the observable F :

hF ½fqg$i ¼ 1

Nrep
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The results obtained with these PDF sets can be combined
according to the current PDF4LHC recommendation [32],
to find a conservative estimate of the PDF uncertainty.
In this paper we apply this procedure to two observables,

namely the lepton transverse momentum distribution and
the W mass determined with the template fit procedure.

C. Correlation functions

A useful quantity to evaluate the role of the different
parton densities in the hadronic cross section is the
correlation function ρ between the parton-parton luminos-
ities and the charged-lepton distribution at a given value of

the transverse momentum. The parton-parton luminosity is
defined as Pijðx; τÞ ¼ fiðx; μ2FÞfjðτx ; μ

2
FÞ where fiðx; μ2FÞ

is the density describing a parton i at a scale μF and τ ¼ M2

S
with M the final-state invariant mass and S the hadronic
Mandelstam invariant. The correlation ρ is defined as

ρðx; τÞ ¼
hPijðx; τÞ dσ

dpl
⊥
i − hPijðx; τÞih dσ

dpl
⊥
i

σPDFPij
σPDFdσ=dpl

⊥

; ð5Þ

where the angle brackets indicate the average with respect
to the different PDF replicas.
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We simulate the processes p p
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→ W− → μ−ν̄μ þ X in proton-antiproton collisions
with
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p
¼ 1.96 TeV and in proton-proton collisions withffiffiffi
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p

¼ 8; 13; 33; 100 TeV energies. In the absence of QED
effects, not considered here, our results will be identical
to those obtained with electrons instead of muons. We
consider the PDF sets MSTW2008CPdeut [27], CT10
[28], NNPDF2.3 [29], NNPDF3.0 [30], and MMHT2014
[31] and use the corresponding values of αsðmZÞ. We use
the following values for the input parameters in the
Monte Carlo codes:

Gμ ¼ 1.16637 × 10−5 GeV−2 mW ¼ 80.398 GeV mZ ¼ 91.1876 GeV
sin2θW ¼ 1 −m2

W=m
2
Z ΓW ¼ 2.141 GeV ΓZ ¼ 2.4952 GeV

Vcd ¼ 0.222 Vcs ¼ 0.975 Vcb ¼ 0
Vud ¼ 0.975 Vus ¼ 0.222 Vub ¼ 0
Vtd ¼ 0 Vts ¼ 0 Vtb ¼ 1.

The charm quark in the partonic cross section is treated
as a massless particle, while the bottom quark does not
contribute because of the vanishing top density in the
proton. As for the kinematic cuts, we used those summa-
rized in Table I, similar to those used in the corresponding
experimental analysis: the main difference between the
Tevatron and LHC is the wider acceptance for the rapidity
of the leptons in the latter case. The pl

T distribution has
been studied in the interval 29 GeV ≤ pl

⊥ ≤ 49 GeV, with
a bin size of 0.5 GeV. All the following analyses are
performed with bare leptons both in the pseudodata and in
the templates.
The Monte Carlo simulation requires a specific, techni-

cal comment. The effects under study are deformations of
the shape of the lepton transverse momentum distribution at

the per mill level, either due to a variation of the mW value
or to a different PDF replica choice. This distribution
receives contributions from a large fraction of the available
final-state phase space, making very difficult an accurate
dedicated sampling. As a consequence, Monte Carlo

TABLE I. Selection criteria for DY W → lν events for the
Tevatron and the LHC.

Tevatron LHC

pμ
⊥ ≥ 25 GeV pμ

⊥ ≥ 25 GeV
ET ≥ 25 GeV ET ≥ 25 GeV
jημj < 1.0 jημj < 2.5
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Flavor & TMD PDFs
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