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Within the framework of transver
se-momentum-dependent

factorizatio
n, we investigate

for the

first time the impact of a flavor-depe
ndent intri

nsic transverse
momentum of quarks o

n the produc-

tion of W
± bosons in proton-pro

ton collisions a
t
p
s = 7 TeV. We estimate the shif

t in the extract
ed

value of the W boson mass MW induced by di↵erent ch
oices of flav

or-depende
nt parameters for th

e

intrinsic quark transverse
momentum by means of a template fit to the transverse-

mass and the

lepton transverse-
momentum distribution

s of the W -decay products. W
e obtain �11  �MW+  4

MeV and �6  �MW�  2 MeV with a statistical
uncertainty

of ±4 MeV. Our findings call

for more detailed investigatio
ns of flavor-depe

ndent nonperturb
ative e↵ects linked to the proton

structure at hadron
colliders.

PACS numbers: 14.70.F
m, 13.85.

Qk, 12.38
.-t

Introdu
ction and motivati

on.

Nonperturb
ative e↵ects in transverse-

momentum-

dependent
(TMD) phenomena are a central topic in

the hadronic physics com
munity with potentially

impor-

tant application
s to high-energy

physics. The study of

nonperturb
ative 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 factorizatio
n and evolution have been extensively

studied in the literature [3–6], toget
her with the match-

ing to collinear factorizatio
n [2, 7–12]. Despite the lim-

ited amount of data available and the many open the-

oretical qu
estions, in

the past years we started gaining

phenomenological
information about TMD parton dis-

tribution functions (T
MD PDFs) with increasing level of

accuracy.
Recently, the unpolarized

quark TMD PDF

was extract
ed for the first time from a global fit o

f data

for semi-inclusive
deep-inelas

tic scattering
(SIDIS) and

production
of Drell-Yan lepton pairs and Z bosons [13].

Nonetheles
s, we need a deeper understand

ing of many

theoretical
and phenomenological a

spects [14].

In this paper, we demonstrate that if we want to

determine the free parameters of the Standard Model

with very high precision, t
hen the e↵ects of a possible

flavor dependence
of the intrinsic partonic transverse

momentum should not be neglected even in the kine-

matic region where nonperturb
ative e↵ects are expected

to be small [9, 13, 1
5–19] (⇤QCD ⌧ Q ⌧

p
s: W boson

production
at the LHC lies in this kinematic region). In

particular,
we focus on the impact of the

simplest TMD

PDF, the unpolarized
one, on the determination of the

W boson mass at hadr
on colliders.

Experim
ental m

easure
ments and uncert

ainties
.

The determination of the W boson mass, MW , from

the global e
lectroweak

fit (MW=80.356±8 MeV) [20] fea
-

tures a very small uncerta
inty 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, respect
ively. The c

urrent

world average, ba
sed on these measurements and the ones

performed at LEP, is MW=80.379±12 MeV [24]. The ex
-

perimental analy
ses are base

d on a template-fit pro
cedure

on the di↵eren
tial distribu

tions of the
decay products: i

n

particular,
the transverse

momentum of the final lepton
,

pT `, the tr
ansverse m

omentum of the neut
rino 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 angle
s of the lepton and

the neutrino, re
spectively).

In a template-fit pro
cedure, seve

ral histogra
ms are gen-

erated with the highest
available th

eoretical ac
curacy and

the best available description
of detector

e↵ects, lett
ing

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 t
he theoret-

ical calcula
tions used to compute the templates (choice

of scales, P
DFs, perturb

ative order, resum
mation of log-

arithmically enhanced contributio
ns, nonpert

urbative ef-

fects, . . . )
a↵ect the r

esult of the
fit and define the t

heo-

retical syste
matics [25]. I

n this work we focus on
ly on the

impact of nonpertu
rbative e↵ects and, in particular,

on

those coming from the intrinsi
c transverse

momentum of

the initial-state
partons. These e↵ects modify the spec-
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Table 13 Results of the mW+ − mW− measurements in the electron
and muon decay channels, and of the combination. The table shows
the statistical uncertainties; the experimental uncertainties, divided into
muon-, electron-, recoil- and background-uncertainties; and the mod-

elling uncertainties, separately for QCD modelling including scale vari-
ations, parton shower and angular coefficients, electroweak corrections,
and PDFs. All uncertainties are given in MeV

Channel mW+ − mW−
[MeV]

Stat. Unc. Muon Unc. Elec. Unc. Recoil Unc. Bckg. Unc. QCD Unc. EW Unc. PDF Unc. Total Unc.

W → eν −29.7 17.5 0.0 4.9 0.9 5.4 0.5 0.0 24.1 30.7

W → µν −28.6 16.3 11.7 0.0 1.1 5.0 0.4 0.0 26.0 33.2

Combined −29.2 12.8 3.3 4.1 1.0 4.5 0.4 0.0 23.9 28.0

 [MeV]Wm
80250 80300 80350 80400 80450 80500

ALEPH

DELPHI

L3

OPAL

CDF

D0

+ATLAS W

−ATLAS W

±ATLAS W

ATLAS

Measurement
Stat. Uncertainty
Full Uncertainty

Fig. 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 exper-
iments 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

In this process, uncertainties that are anti-correlated
betweenW+ andW− and largely cancel for themW measure-
ment become dominant when measuringmW+−mW− . On the
physics-modelling side, the fixed-order PDF uncertainty and
the parton shower PDF uncertainty give the largest contribu-
tions, while other sources of uncertainty only weakly depend
on charge and tend to cancel. Among the sources of uncer-
tainty related to lepton calibration, the track sagitta correc-
tion dominates in the muon channel, whereas several residual
uncertainties contribute in the electron channel. Most lep-
ton and recoil calibration uncertainties tend to cancel. Back-
ground systematic uncertainties contribute as the Z and mul-
tijet background fractions differ in the W+ and W− channels.
The dominant statistical uncertainties arise from the size of
the data and Monte Carlo signal samples, and of the control
samples used to derive the multijet background.

The mW+ − mW− measurement results are shown in
Table 13 for the electron and muon decay channels, and for
the combination. The electron channel measurement com-
bines six categories (pℓ

T and mT fits in three |ηℓ| bins), while

 [MeV]Wm
80320 80340 80360 80380 80400 80420

LEP Comb. 33 MeV±80376

Tevatron Comb. 16 MeV±80387

LEP+Tevatron 15 MeV±80385

ATLAS 19 MeV±80370

Electroweak Fit 8 MeV±80356

Wm
Stat. Uncertainty
Full Uncertainty

ATLAS

Fig. 29 The present measurement of mW is compared to the SM pre-
diction from the global electroweak fit [16] updated using recent mea-
surements of the top-quark and Higgs-boson masses, mt = 172.84 ±
0.70 GeV [122] and mH = 125.09 ± 0.24 GeV [123], and to the com-
bined values of mW measured at LEP [124] and at the Tevatron col-
lider [24]

the muon channel has four |ηℓ| bins and eight categories in
total. The fully combined result is

mW+ − mW− = −29.2 ± 12.8(stat.)

± 7.0(exp. syst.)

± 23.9(mod. syst.) MeV

= −29.2 ± 28.0 MeV,

where the first uncertainty is statistical, the second corre-
sponds to the experimental systematic uncertainty, and the
third to the physics-modelling systematic uncertainty.

12 Discussion and conclusions

This paper reports a measurement of the W -boson mass with
the ATLAS detector, obtained through template fits to the
kinematic properties of decay leptons in the electron and
muon decay channels. The measurement is based on proton–
proton collision data recorded in 2011 at a centre-of-mass
energy of

√
s = 7 TeV at the LHC, and corresponding to an

integrated luminosity of 4.6 fb−1. The measurement relies
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Our findings
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The fact that quark intrinsic transverse momentum can be flavor-dependent 
leads to an additional uncertainty on MW, not considered so far:

−11 ≤ MW+ ≤ 4 MeV

−6 ≤ MW− ≤ 2 MeV



W boson production
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How to determine mW

 7

MW extracted from the study of the shape of mT, pTl, pTmiss


MW determination at hadron colliders: observables and techniques
MW extracted from the study of the shape of the  MT, pt_lep, ET_miss  distributions  in CC-DY  
thanks to the jacobian peak that enhances the sensitivity to MW

Alessandro Vicini - University of Milano                                                                                                                                                                  Shanghai, May 18th 2017
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Impact of the parton distribution function uncertainties on themeasurement of theW bosonmass
at the Tevatron and the LHC

G. Bozzi,* J. Rojo,† and A. Vicini‡

(Received 14 April 2011; published 20 June 2011)

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.

DOI: 10.1103/PhysRevD.83.113008 PACS numbers: 14.70.Fm

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



Lepton pT distribution
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Experimental Observables 

5 EPS-HEP Stockholm   18/07/2013 T.Kurca for D0 Collaboration 

pT(e) 
 most affected by pT(W)   

MT 
 less sensitive to transverse motion of W 
- sensitive to detector resolution effects 

          No pT(W)  
   pT(W) included 

  Detector effects  

  extract W mass from 3 observables transversal to the beam direction:   
               Electron pT 
               W transverse mass MT 
               Missing ET 

  complementary observables, not completely correlated 
   

 

)cos1(2 Q
Q IeT

e
TT EEM '� 

If the W were exactly collinear (pTW=0, no TMD effects), the distribution of 
events would look like this

If TMDs are taken into consideration,  
the distribution gets modified like this 

Detector effects cause  
further changes 
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A change of 10 MeV in the W mass induces distortions at the per mille level only: 
challenging

see, e.g., Bozzi, Rojo, Vicini, arXiv:1104.2056

the key: nonperturbative TMD effects can have an impact at 
this level of precision



The strategy: template fit
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• Using Monte Carlo generators that include all known corrections,  
several high-statistics “templates” are produced with different MW.  

• The template that fits data best determines the value of MW.



Estimating uncertainties
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• The Monte Carlo generator is used to  
produce pseudodata with know MW,  
but with some other differences  
(e.g., changing the PDF set). 

• The template fit is applied to the  
pseudodata and the difference  
between the extracted MW and the  
input one is used to determine δMW

see, e.g., Bozzi, Rojo, Vicini, arXiv:1104.2056
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Flavor content
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16 10

uval-dbar is the most important channel 
uval-ubar and d-dbar  

are the most important channels 

W+Z



Event generation

 14

• DYRes code of Catani, de Florian, Ferrera, Grazzini (2015) 
• We assume the conditions of LHC 7 TeV and ATLAS acceptance cuts 
• The cross section involves Transverse Momentum Distributions (TMDs)

fa
1 (x, k?;µ2) =

1
2⇡

Z
d2b?e�ib?·k? efa

1 (x, b?;µ2)

Perturbative parts at order αS — NLL

efa
1 (x, bT ;µ

2) =
X

i

�
C̃a/i ⌦ f i

1

�
(x, b⇤;µb)e

S̃(b⇤;µb,µ)faNP
1 (x, bT )

<latexit sha1_base64="okI+MBRSWZeLMv+Rul9oO4aym4w="></latexit><latexit sha1_base64="okI+MBRSWZeLMv+Rul9oO4aym4w="></latexit><latexit sha1_base64="okI+MBRSWZeLMv+Rul9oO4aym4w="></latexit><latexit sha1_base64="okI+MBRSWZeLMv+Rul9oO4aym4w="></latexit><latexit sha1_base64="okI+MBRSWZeLMv+Rul9oO4aym4w="></latexit>



Nonperturbative corrections in TMDs
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2

trum of the W transverse momentum, qWT , subsequently
inducing a nonnegligible shift in the extracted value of
MW .

The three experimental collaborations D0, CDF, and
ATLAS tipically fit the Z data to obtain an estimate for
the nonperturbative parameters. Then, assuming the pa-
rameters to be flavor independent, they use these esti-
mates to predict the qWT distribution. The uncertainty
on MW due to the modelling of qWT via template fits
for the distributions in (mT , pT `, pT⌫) are, respectively,
�MW = (3,9,4) MeV for CDF [22], �MW = (2,5,2) MeV
for D0 [21] and �MW = (3,3) MeV for ATLAS [23] (the
ATLAS analysis did not include pT⌫ in the template fit).

It is well known that one of the largest sources of er-
ror in determining MW comes from the uncertainty in
the choice of the collinear PDFs [26–29]. Nevertheless,
one can see that the uncertainty propagating from the
qWT spectrum via pT ` can be likewise comparably large
(except for ATLAS, because 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 modelling of qWT , i.e., the pT ` shape gets
more distorted by all-order resummation and nonpertur-
bative contributions than the mT shape (which, in turn,
is dominated by detector resolution).

At present, neither analyses at the Tevatron and at
the LHC included information on the flavor dependence
of the intrinsic transverse momentum of the incoming
partons participating in the hard scattering. Here, it is
our aim to study its impact onto the determination of
MW in hadronic collisions, taking inspiration from the
phenomenological extraction of the unpolarized TMD
PDF from low-energy data [30].

Formalism.

The impact of nonperturbative e↵ects in Drell-Yan and
Higgs production has been extensively investigated (see,
e.g., [13, 18, 19, 31–34] for available calculations and fit-
ting codes).

Di↵erent implementations of the nonperturbative con-
tributions have been presented in the literature (see e.g.
Refs. [13, 19] and references therein). In order to take
into account possible di↵erences between the valence and
the sea quarks (and among di↵erent flavors in general),
a flavor- and kinematic-dependent implementation of the
nonperturbative part of the quark Sudakov exponent has
been suggested in Refs. [30, 35]. In the present work, we
choose a Gaussian functional form for the intrinsic trans-
verse momentum distribution of the unpolarized TMD
PDF. Its Fourier-conjugate expression reads

faNP
1 (b2T ) / e�ga

NP b2T , (1)

where gaNP is related to the average intrinsic transverse
momentum squared of a parton with flavor a. In general,
the latter may also depend on kinematics, but here we
will neglect this dependence.

We implemented the above ansatz in two publicly
available tools for computing Drell-Yan di↵erential cross
sections: DYqT [36, 37] and DYRes [36, 38]. The DYqT pro-
gram computes the qT spectrum of an electroweak boson
V (V = �⇤,W±, Z) produced in hadronic collisions. The
calculation combines the pure fixed-order QCD result up
to O(↵2

s) at high qT (qT ⇠ MV ) with the resummation
of the logarithmically-enhanced contributions at small
transverse-momenta (qT ⌧ MV ) up to next-to-next-to-
leading logarithmic (NNLL) accuracy. The rapidity 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 arbitrary
cuts on the final-state kinematical variables and gives dif-
ferential 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 whose strength is gov-
erned by a single parameter gNP tuned at the electroweak
scale. This factor incorporates the nonperturbative ef-
fects from both the TMD PDFs entering the cross
section, including their evolution. In order to mimic a
flavor dependence in each partonic 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 com-
ponents, respectively). For each parton with flavor a,
the nonperturbative contribution faNP

1 of Eq. (1) is
included in the corresponding term in the flavor sum of
the TMD factorization formula [3]. 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.

The phenomenological extraction of Ref. [30] is based
on about 1500 data points, however the nonperturbative
parameters gaNP in Eq. (1) are not tightly constrained. A
fit to Z/�⇤ data from Tevatron produces the value gNP ⇠

0.8 GeV2 for the universal nonperturbative factor [32].
We recall that this value refers to the convolution of two
TMD PDFs inside the cross section; hence, each parton
should equally contribute with a nonperturbative width
of ⇡ 0.4 GeV2. When we introduce the corresponding
parameter gaNP for a single TMD PDF with flavor a, we
split it as follows:

exp(�gaNP b
2
T ) �! exp[�[gevo ln(Q

2/Q2
0) + ga] b

2
T ] , (2)

where the first term in the right hand side is the non-
perturbative correction due the TMD PDF evolution,
which is flavor independent (but, in principle, di↵erent
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trum of the W transverse momentum, qWT , subsequently
inducing a nonnegligible shift in the extracted value of
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The three experimental collaborations D0, CDF, and
ATLAS tipically fit the Z data to obtain an estimate for
the nonperturbative parameters. Then, assuming the pa-
rameters to be flavor independent, they use these esti-
mates to predict the qWT distribution. The uncertainty
on MW due to the modelling of qWT via template fits
for the distributions in (mT , pT `, pT⌫) are, respectively,
�MW = (3,9,4) MeV for CDF [22], �MW = (2,5,2) MeV
for D0 [21] and �MW = (3,3) MeV for ATLAS [23] (the
ATLAS analysis did not include pT⌫ in the template fit).
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ror in determining MW comes from the uncertainty in
the choice of the collinear PDFs [26–29]. Nevertheless,
one can see that the uncertainty propagating from the
qWT spectrum via pT ` can be likewise comparably large
(except for ATLAS, because 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 modelling of qWT , i.e., the pT ` shape gets
more distorted by all-order resummation and nonpertur-
bative contributions than the mT shape (which, in turn,
is dominated by detector resolution).

At present, neither analyses at the Tevatron and at
the LHC included information on the flavor dependence
of the intrinsic transverse momentum of the incoming
partons participating in the hard scattering. Here, it is
our aim to study its impact onto the determination of
MW in hadronic collisions, taking inspiration from the
phenomenological extraction of the unpolarized TMD
PDF from low-energy data [30].

Formalism.

The impact of nonperturbative e↵ects in Drell-Yan and
Higgs production has been extensively investigated (see,
e.g., [13, 18, 19, 31–34] for available calculations and fit-
ting codes).

Di↵erent implementations of the nonperturbative con-
tributions have been presented in the literature (see e.g.
Refs. [13, 19] and references therein). In order to take
into account possible di↵erences between the valence and
the sea quarks (and among di↵erent flavors in general),
a flavor- and kinematic-dependent implementation of the
nonperturbative part of the quark Sudakov exponent has
been suggested in Refs. [30, 35]. In the present work, we
choose a Gaussian functional form for the intrinsic trans-
verse momentum distribution of the unpolarized TMD
PDF. Its Fourier-conjugate expression reads

faNP
1 (b2T ) / e�ga

NP b2T , (1)

where gaNP is related to the average intrinsic transverse
momentum squared of a parton with flavor a. In general,
the latter may also depend on kinematics, but here we
will neglect this dependence.

We implemented the above ansatz in two publicly
available tools for computing Drell-Yan di↵erential cross
sections: DYqT [36, 37] and DYRes [36, 38]. The DYqT pro-
gram computes the qT spectrum of an electroweak boson
V (V = �⇤,W±, Z) produced in hadronic collisions. The
calculation combines the pure fixed-order QCD result up
to O(↵2

s) at high qT (qT ⇠ MV ) with the resummation
of the logarithmically-enhanced contributions at small
transverse-momenta (qT ⌧ MV ) up to next-to-next-to-
leading logarithmic (NNLL) accuracy. The rapidity 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 arbitrary
cuts on the final-state kinematical variables and gives dif-
ferential 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 whose strength is gov-
erned by a single parameter gNP tuned at the electroweak
scale. This factor incorporates the nonperturbative ef-
fects from both the TMD PDFs entering the cross
section, including their evolution. In order to mimic a
flavor dependence in each partonic 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 com-
ponents, respectively). For each parton with flavor a,
the nonperturbative contribution faNP

1 of Eq. (1) is
included in the corresponding term in the flavor sum of
the TMD factorization formula [3]. 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.

The phenomenological extraction of Ref. [30] is based
on about 1500 data points, however the nonperturbative
parameters gaNP in Eq. (1) are not tightly constrained. A
fit to Z/�⇤ data from Tevatron produces the value gNP ⇠

0.8 GeV2 for the universal nonperturbative factor [32].
We recall that this value refers to the convolution of two
TMD PDFs inside the cross section; hence, each parton
should equally contribute with a nonperturbative width
of ⇡ 0.4 GeV2. When we introduce the corresponding
parameter gaNP for a single TMD PDF with flavor a, we
split it as follows:

exp(�gaNP b
2
T ) �! exp[�[gevo ln(Q

2/Q2
0) + ga] b

2
T ] , (2)

where the first term in the right hand side is the non-
perturbative correction due the TMD PDF evolution,
which is flavor independent (but, in principle, di↵erent

this component is  
flavor-independent  
(gluon radiation)

this component can be  
flavor-dependent

see, e.g., Bacchetta, Delcarro, Pisano, Radici, Signori, arXiv:1703.10157
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• 50 flavour-dependent sets                                with 

• 1 flavour-independent set with  

ga
NP
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We considered initially:

We selected the sets that give a description of Z boson data equivalent to the flavor-
independent set (“Z-equivalent”)  
 
We then chose a few sets with interesting characteristics
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3

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 [39–42].

Template fit. Following the scheme introduced
in [26, 43], 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 [44], 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. [36, 38].
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 (75 M events) for the same leptonic
observables with the fixed value MW = 80.385 GeV 2.
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 con-
sidering statistically equivalent those templates for which
��2 = (�2

� �2
min)  1. Consequently, we quote an

uncertainty of 4 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.

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 `.
2
The factor-of-10 reduction in statistics between templates and

pseudodata is justified by a sanity check performed analyzing the

�2
profile of di↵erent samples with the same inputs but di↵erent

statistics [26].

narrow, medium, large  
narrow, large, narrow 
large, narrow, large 
large, medium, narrow 
medium, narrow, large
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trum of the W transverse momentum, qWT , subsequently
inducing a nonnegligible shift in the extracted value of
MW .

The three experimental collaborations D0, CDF, and
ATLAS tipically fit the Z data to obtain an estimate for
the nonperturbative parameters. Then, assuming the pa-
rameters to be flavor independent, they use these esti-
mates to predict the qWT distribution. The uncertainty
on MW due to the modelling of qWT via template fits
for the distributions in (mT , pT `, pT⌫) are, respectively,
�MW = (3,9,4) MeV for CDF [22], �MW = (2,5,2) MeV
for D0 [21] and �MW = (3,3) MeV for ATLAS [23] (the
ATLAS analysis did not include pT⌫ in the template fit).

It is well known that one of the largest sources of er-
ror in determining MW comes from the uncertainty in
the choice of the collinear PDFs [26–29]. Nevertheless,
one can see that the uncertainty propagating from the
qWT spectrum via pT ` can be likewise comparably large
(except for ATLAS, because 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 modelling of qWT , i.e., the pT ` shape gets
more distorted by all-order resummation and nonpertur-
bative contributions than the mT shape (which, in turn,
is dominated by detector resolution).

At present, neither analyses at the Tevatron and at
the LHC included information on the flavor dependence
of the intrinsic transverse momentum of the incoming
partons participating in the hard scattering. Here, it is
our aim to study its impact onto the determination of
MW in hadronic collisions, taking inspiration from the
phenomenological extraction of the unpolarized TMD
PDF from low-energy data [30].

Formalism.

The impact of nonperturbative e↵ects in Drell-Yan and
Higgs production has been extensively investigated (see,
e.g., [13, 18, 19, 31–34] for available calculations and fit-
ting codes).

Di↵erent implementations of the nonperturbative con-
tributions have been presented in the literature (see e.g.
Refs. [13, 19] and references therein). In order to take
into account possible di↵erences between the valence and
the sea quarks (and among di↵erent flavors in general),
a flavor- and kinematic-dependent implementation of the
nonperturbative part of the quark Sudakov exponent has
been suggested in Refs. [30, 35]. In the present work, we
choose a Gaussian functional form for the intrinsic trans-
verse momentum distribution of the unpolarized TMD
PDF. Its Fourier-conjugate expression reads

faNP
1 (b2T ) / e�ga

NP b2T , (1)

where gaNP is related to the average intrinsic transverse
momentum squared of a parton with flavor a. In general,
the latter may also depend on kinematics, but here we
will neglect this dependence.

We implemented the above ansatz in two publicly
available tools for computing Drell-Yan di↵erential cross
sections: DYqT [36, 37] and DYRes [36, 38]. The DYqT pro-
gram computes the qT spectrum of an electroweak boson
V (V = �⇤,W±, Z) produced in hadronic collisions. The
calculation combines the pure fixed-order QCD result up
to O(↵2

s) at high qT (qT ⇠ MV ) with the resummation
of the logarithmically-enhanced contributions at small
transverse-momenta (qT ⌧ MV ) up to next-to-next-to-
leading logarithmic (NNLL) accuracy. The rapidity 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 arbitrary
cuts on the final-state kinematical variables and gives dif-
ferential 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 whose strength is gov-
erned by a single parameter gNP tuned at the electroweak
scale. This factor incorporates the nonperturbative ef-
fects from both the TMD PDFs entering the cross
section, including their evolution. In order to mimic a
flavor dependence in each partonic 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 com-
ponents, respectively). For each parton with flavor a,
the nonperturbative contribution faNP

1 of Eq. (1) is
included in the corresponding term in the flavor sum of
the TMD factorization formula [3]. 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.

The phenomenological extraction of Ref. [30] is based
on about 1500 data points, however the nonperturbative
parameters gaNP in Eq. (1) are not tightly constrained. A
fit to Z/�⇤ data from Tevatron produces the value gNP ⇠

0.8 GeV2 for the universal nonperturbative factor [32].
We recall that this value refers to the convolution of two
TMD PDFs inside the cross section; hence, each parton
should equally contribute with a nonperturbative width
of ⇡ 0.4 GeV2. When we introduce the corresponding
parameter gaNP for a single TMD PDF with flavor a, we
split it as follows:

exp(�gaNP b
2
T ) �! exp[�[gevo ln(Q

2/Q2
0) + ga] b

2
T ] , (2)

where the first term in the right hand side is the non-
perturbative correction due the TMD PDF evolution,
which is flavor independent (but, in principle, di↵erent

this component can be  
flavor-dependent
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TEMPLATES

• high statistics (750M events)  
• different values of MW  
ΔMW = −15 MeV to +15 MeV 

• no flavor-dependent intrinsic transverse 
momentum

PSEUDODATA

• “low” statistics (75M events)  
• central value  

MW = 80.385 GeV  
• flavor-dependent intrinsic transverse 

momentum
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We compute the chi2 between templates and pseudo data, find which template gives  
the best description and determine ΔMW 4

�MW+ �MW�

Set mT pT ` mT pT `

1 2 -4 -2 2
2 1 -11 -1 -3
3 0 4 -3 -6
4 1 4 -2 -5
5 2 -5 0 -5

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: 4 MeV).

As expected, the shifts induced by the analysis per-
formed on pT ` are generally larger than for the mT case,
since the latter is less sensitive to qWT -modelling e↵ects.

For set 2, the shift induced onMW+ by the pT ` analysis
is -11 MeV, its absolute size is particularly large if com-
pared to the corresponding uncertainty quoted by ATLAS

(3 MeV). In general, taking also into account the statisti-
cal uncertainty of our analysis, the absolute value of the
shifts induced when considering the pT ` observable can
exceed 10 MeV.

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 and 4 one
would obtain the opposite result. Finally, set 5 would
induce the same shift �MW+ = �MW� , leading to a
higher value for the average MW and thus challenging
the consistency with the prediction of the electroweak
global fit.

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 [45].

Future data from flavor-sensitive processes such as
SIDIS (from the 12 GeV upgrade at Je↵erson Lab [46],
from the COMPASS collaboration [47], and from a future
Electron-Ion Collider with both proton and deuteron
beams [41, 42]) 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 [35].
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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A measurement of the mass of the W boson is presented based on proton–proton collision
data recorded in 2011 at a centre-of-mass energy of 7 TeV with the ATLAS detector at the
LHC, and corresponding to 4.6 fb�1 of integrated luminosity. The selected data sample
consists of 7.8 ⇥ 106 candidates in the W ! µ⌫ channel and 5.9 ⇥ 106 candidates in the
W ! e⌫ channel. The W-boson mass is obtained from template fits to the reconstructed
distributions of the charged lepton transverse momentum and of the W boson transverse
mass in the electron and muon decay channels, yielding

mW = 80370 ± 7 (stat.) ± 11 (exp. syst.) ± 14 (mod. syst.) MeV
= 80370 ± 19 MeV,

where the first uncertainty is statistical, the second corresponds to the experimental system-
atic uncertainty, and the third to the physics-modelling systematic uncertainty. A meas-
urement of the mass di↵erence between the W+ and W� bosons yields mW+ � mW� =

�29 ± 28 MeV.
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ATLAS finding : 

Part of the discrepancy between the mass of the W+ and the W- can be artificially 
induced by not considering the flavor structure in transverse momentum.

ATLAS Collab. arXiv:1701.07240

For example, sets 1 and 2 imply 

mW� > mW+

�mW� > �mW+

4

�MW+ �MW�

Set mT pT ` mT pT `

1 2 -4 -2 2
2 1 -11 -1 -3
3 0 4 -3 -6
4 1 4 -2 -5
5 2 -5 0 -5

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: 4 MeV).

As expected, the shifts induced by the analysis per-
formed on pT ` are generally larger than for the mT case,
since the latter is less sensitive to qWT -modelling e↵ects.

For set 2, the shift induced onMW+ by the pT ` analysis
is -11 MeV, its absolute size is particularly large if com-
pared to the corresponding uncertainty quoted by ATLAS

(3 MeV). In general, taking also into account the statisti-
cal uncertainty of our analysis, the absolute value of the
shifts induced when considering the pT ` observable can
exceed 10 MeV.

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 and 4 one
would obtain the opposite result. Finally, set 5 would
induce the same shift �MW+ = �MW� , leading to a
higher value for the average MW and thus challenging
the consistency with the prediction of the electroweak
global fit.

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 [45].

Future data from flavor-sensitive processes such as
SIDIS (from the 12 GeV upgrade at Je↵erson Lab [46],
from the COMPASS collaboration [47], and from a future
Electron-Ion Collider with both proton and deuteron
beams [41, 42]) 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 [35].
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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This implies that building templates with sets 1,2, instead of  
flavor-independent values, the difference would be reduced.
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We find that the uncertainties generated by the flavor structure in the transverse 
momentum can be non-negligible in the LHC kinematics

The generated mass shifts are different for W+ and W- and they are more evident 
looking at the lepton transverse momentum (rather than the transverse mass)

We need more flavor-sensitive data (e.g. SIDIS) to constrain the flavor-dependence of the 
unpolarized TMD PDFs.

In principle a similar analysis can be repeated for the determination of the W mass in 
e+e- annihilation, looking at the flavor-dependence of the unpolarized TMD FFs.

As for collinear PDFs, the transverse structure and its flavor-dependence can have an 
impact on precision studies at high-energies! It depends on the precision of your 
observable.
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pTW modelling depends on flavour and all-order treatment of QCD corrections

Experimental Observables 

5 EPS-HEP Stockholm   18/07/2013 T.Kurca for D0 Collaboration 

pT(e) 
 most affected by pT(W)   

MT 
 less sensitive to transverse motion of W 
- sensitive to detector resolution effects 

          No pT(W)  
   pT(W) included 

  Detector effects  

  extract W mass from 3 observables transversal to the beam direction:   
               Electron pT 
               W transverse mass MT 
               Missing ET 

  complementary observables, not completely correlated 
   

 

)cos1(2 Q
Q IeT

e
TT EEM '� 

Transverse mass: important detector smearing effects, weakly sensitive to pTW modelling

           Lepton pT: moderate detector smearing effects, extremely sensitive to pTW modelling 

mTpT
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where the first uncertainty is statistical, the second corresponds to the experimental system-
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W-boson charge W+ W� Combined
Kinematic distribution p`T mT p`T mT p`T mT

�mW [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 coe�cients 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

Table 3: Systematic uncertainties in the mW measurement due to QCD modelling, for the di↵erent kinematic dis-
tributions 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 separate 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.

6.5 Uncertainties in the QCD modelling

Several sources of uncertainty related to the perturbative and non-perturbative modelling of the strong
interaction a↵ect the dynamics of the vector-boson production and decay [33, 100–102]. Their impact
on the measurement of mW is assessed through variations of the model parameters of the predictions
for the di↵erential cross sections as functions of the boson rapidity, transverse-momentum spectrum at
a given rapidity, and angular coe�cients, which correspond to the second, third, and fourth terms of
the decomposition of Eq. (2), respectively. The parameter variations used to estimate the uncertainties
are propagated to the simulated event samples by means of the reweighting procedure described in Sec-
tion 6.4. Table 3 shows an overview of the uncertainties due to the QCD modelling which are discussed
below.

6.5.1 Uncertainties in the fixed-order predictions

The imperfect knowledge of the PDFs a↵ects the di↵erential cross section as a function of boson rapidity,
the angular coe�cients, and the pW

T distribution. The PDF contribution to the prediction uncertainty is
estimated with the CT10nnlo PDF set by using the Hessian method [103]. There are 25 error eigenvectors,
and a pair of PDF variations associated with each eigenvector. Each pair corresponds to positive and
negative 90% CL excursions along the corresponding eigenvector. Symmetric PDF uncertainties are
defined as the mean value of the absolute positive and negative excursions corresponding to each pair of
PDF variations. The overall uncertainty of the CT10nnlo PDF set is scaled to 68% CL by applying a
multiplicative factor of 1/1.645.

The e↵ect of PDF variations on the rapidity distributions and angular coe�cients are evaluated with
DYNNLO, while their impact on the W-boson pT distribution is evaluated using Pythia 8 and by re-
weighting event-by-event the PDFs of the hard-scattering process, which are convolved with the LO
matrix elements. Similarly to other uncertainties which a↵ect the pW

T distribution (Section 6.5.2), only

18

This contribution contains also intrinsic transverse momentum of partons. The MC 
has been tuned to describe Z-boson data
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