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Abstract We introduce an observable relevant for the deter-
mination of the W -boson mass mW at hadron colliders. This
observable is defined as an asymmetry around the jacobian
peak of the charged-lepton transverse-momentum distribu-
tion in the charged-current Drell–Yan process. We discuss
the observable’s theoretical prediction, presenting results at
different orders in QCD, and showing its perturbative sta-
bility. Its definition as a single scalar number and its linear
sensitivity to mW allow a clean extraction of the latter and a
straightforward discussion of the associated theoretical sys-
tematics: a perturbative QCD uncertainty of O(±5) MeV on
mW can be established by means of this observable, relying
solely on charged-current Drell–Yan information. Owing to
its relatively inclusive nature, the observable displays desir-
able properties also from the experimental viewpoint, espe-
cially for the unfolding of detector effects. We show that a
measurement of this observable can lead to a competitive
experimental error on mW at the LHC.

1 Introduction

The experimental determination of the W -boson mass mW

[1–4] plays a central role in the programme of precision tests
of the Standard Model (SM) at hadron colliders. A potential
discrepancy between the measured value and precise mW

predictions [5,6] within the SM may immediately hint at the
presence of New-Physics effects, as comprehensively dis-
cussed in the context of global fits [7,8] of electroweak (EW)
precision observables.

At hadron colliders, the value of mW is primarily inferred
from the analysis of the charged-current Drell–Yan (CCDY)
process. Of particular relevance are the properties of final-
state kinematical distributions defined in the transverse plane
with respect to the collision axis, such as the charged-lepton

a e-mail: paolo.torrielli@unito.it (corresponding author)

transverse momentum p�⊥, the lepton-pair transverse mass
M�ν⊥ and transverse momentum p�ν⊥ , and the missing trans-
verse energy ET [1–4].

Experimental analyses aiming at the measurement of
mW typically employ a QCD modelling of CCDY based
on parton-shower Monte Carlo (MC) event generators,
whose parameters are tuned on high-precision neutral-
current Drell–Yan (NCDY) measurements, chiefly the lepton-
pair transverse momentum p�+�−

⊥ . A data-driven tuning step
is in general necessary, as a standalone prediction of CCDY
with the relatively low accuracy provided by MC simula-
tions typically leads to an insufficient description of data.
Tuned MC predictions are then used to prepare templates of
the relevant transverse kinematical distributions with differ-
ent mW hypotheses. Theoretical templates are subsequently
compared with CCDY experimental data, and a χ2 analysis
is performed to determine the preferred value for mW .

Such a significant dependence of the χ2-based approach
on the tuning to NCDY experimental data poses however
some conceptual issues for mW determination. On the one
hand, the fit procedure heavily relies on phenomenological
models rather than on first-principle SM predictions. In turn,
this exposes the procedure to the risk of hiding New-Physics
effects in the fit of model parameters. On the other hand,
and even more severely, it hinders the possibility to perform
meaningful studies of the perturbative uncertainty associated
with the theoretical prediction: even an MC tool with arbitrar-
ily low formal accuracy can indeed yield an excellent descrip-
tion of data, provided it grants sufficient flexibility for tuning.
This approach essentially makes no use of the high-quality
theoretical understanding of NCDY and CCDY lepton-pair
production [9], which in recent years has witnessed a sub-
stantial progress in the description of fixed-order [10–27] and
all-order [28–39] QCD effects, as well as in the evaluation
of EW [40–49] and mixed QCD-EW [50–68] corrections.
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Theoretical systematics in the data-driven procedure are
mainly assessed by quantifying to what extent the experimen-
tal input from p�+�−

⊥ may be applied to p�ν⊥ , given the theoret-
ical knowledge of the two distributions [69], with limited fur-
ther constraints coming from the direct measurement of p�ν⊥
[4],[70]: this might underestimate uncertainties, as it assumes
that the procedure works equally well for all observables
used for mW extraction. The impact of modelling uncertain-
ties onmW determination has been discussed considering the
role of parton distribution functions (PDFs) [71–78], of non-
perturbative contributions to transverse spectra [79], as well
as of EW and of leading QCD-EW corrections [55,67,80];
all of these studies assume the existence of an underlying per-
turbative description of the process supplemented by a data-
driven non-perturbative model. However, the quoted theoret-
ical uncertainties typically neglect the interplay of the per-
turbative and the non-perturbative components.

In this letter we present an alternative strategy to deter-
mine the value of mW which fully exploits the theoretical
progress in the description of Drell–Yan lepton-pair produc-
tion. We introduce a new observable based on the charged-
lepton transverse-momentum distribution in CCDY, defined
as an asymmetry around its jacobian peak at mW /2. On the
one hand, its clean definition in terms of calculable fiducial
rates allows to directly interpret the extracted mW as the fun-
damental SM parameter; on the other hand, the observable
displays excellent perturbative convergence, which enables
a robust study of the associated perturbative-QCD (pQCD)
uncertainties, and its theoretical description is systemati-
cally improvable by adding subleading QCD and EW effects.
The simple dependence of the observable upon mW in turn
allows a plain study of the impact of non-perturbative QCD
(npQCD) effects, as well as a consistent propagation of their
uncertainties in the prediction.

2 Lepton transverse momentum and sensitivity to mW

The modelling of p�⊥ in CCDY requires a precise description
of the QCD contributions to the transverse and longitudi-
nal degrees of freedom of the final state [81]. At leading
order (LO) the charged lepton and the neutrino are back-
to-back, p�ν⊥ = 0, thus, neglecting lepton masses and the
W -boson decay width �W , the p�⊥ distribution has a sharp
kinematical endpoint at p�⊥ = mW /2, which is the origin
of its sensitivity to the W -boson mass (see also [82,83]).
Beyond LO in QCD, the region around the endpoint devel-
ops a sensitivity to soft radiation, which in turn generates an
integrable singularity [84] in the fixed-order differential p�⊥
spectrum. The all-order treatment of soft and collinear initial-
state QCD radiation, achieved by a resummation of enhanced
logarithms log(p�ν⊥ /mW ), is therefore a central ingredient for
a reliable description of p�⊥. Such a resummation nowadays

reaches next-to-next-to-next-to-leading-logarithmic (N3LL)
accuracy, matched with the next-to-next-to-leading-order
(NNLO) predictions for the transverse-momentum spectrum
[30].

In the following, we consider the p�⊥ distribution in
W− production at the large hadron collider (LHC) with
centre-of-mass energy

√
S = 13 TeV and acceptance cuts

p�⊥ > 20 GeV, M�ν⊥ > 27 GeV, |η�| < 2.5, 66 GeV
< M�ν < 116 GeV, p�ν⊥ < 15 GeV1 (η� and M�ν being the
charged-lepton rapidity and the lepton-pair invariant mass,
respectively), using the central replica of the NNPDF4.0
NNLO proton PDF set [85] with strong coupling constant
αs(mZ ) = 0.118 through the LHAPDF interface [86]. We
give predictions for three different QCD approximations,
NLO+NLL, NNLO+NNLL and NNLO+N3LL, using the
RadISH [34,87–89] code for p�ν⊥ resummation, with a fixed-
order prediction provided by MCFM [90]. Here and in the
following, the labels NkLO (NkLL) refer to the accuracy
of the underlying CCDY cross section (of the resummed
p�ν⊥ spectrum). We match the two results using the qT -
subtraction formalism [91], with a technical slicing cutoff
qcut
T = 0.81 GeV in the MCFM calculation. Linear fiducial

power corrections are included to all orders in the RadISH
prediction through transverse recoil [31,92]. We consider
21 values of mW between 80.329 GeV and 80.429 GeV, in
steps of 5 MeV. Renormalisation, factorisation and resumma-

tion scales are chosen as μR,F = ξR,F

√
(M�ν)2 + (p�ν⊥ )2,

and μQ = ξQ M�ν , respectively. We estimate pQCD uncer-
tainties by varying ξR and ξF independently in the range
(1/2, 1, 2), excluding ξR,F/ξF,R = 4, while keeping ξQ =
1/2 (7 variations). In addition, we consider the 2 variations
of ξQ in (1/4, 1) at central values ξR = ξF = 1, thereby
obtaining a total envelope of 9 variations.

The upper panel of Fig. 1 displays the perturbative con-
vergence of the p�⊥ distribution, for a given value of mW =
80.379 GeV: one can notice how the inclusion of higher-order
pQCD effects in resummed predictions translates into a sig-
nificant reduction of theoretical systematics. The lower panel
of Fig. 1 shows with a ratio plot the impact on the p�⊥ distri-
bution of a 20-MeV shift of the reference mW value. Such a
shift induces a shape distortion at the 0.5%-level around the
jacobian peak, an effect which is clearly resolvable beyond
the theoretical uncertainty, assuming full correlation between
the scales of numerator and denominator in the ratio. We also
note that, starting from a baseline featuring all-order QCD
radiation, the effect of the mW shift is remarkably indepen-
dent of the QCD perturbative order and scale choice, as a

1 A p�ν⊥ < 15 GeV cut, achievable in a Tevatron setup, is slightly lower
than what currently employed by the LHC experimental collaborations.
We stress however that all of the features discussed in the following
remain qualitatively unchanged when applying a p�ν⊥ < 30 GeV cut.
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Fig. 1 Upper panel: charged-lepton transverse-momentum distribu-
tion in CCDY, computed with different QCD approximations and refer-
ence mW = 80.379 GeV. Lower panel: ratio of p�⊥ distributions com-
puted with two mW values differing by 20 MeV. Uncertainty bands are
obtained as the envelope of 9 renormalisation, factorisation and resum-
mation scales, see text for further details

consequence of the factorisation of initial-state QCD radia-
tion from W -boson production and decay.

The sensitivity to mW of the N bins σi of the p�⊥ distri-
bution can be quantified by means of the covariance matrix
with respect tomW variations,

(CmW

)
i j ≡ 〈σi σ j 〉−〈σi 〉 〈σ j 〉,

where the 〈 〉 symbol indicates an arithmetic average over the
different availablemW options (21 in our case). The N eigen-
vectors of CmW represent the linear combinations of p�⊥ bins
that transform independently under mW variations, and the
corresponding eigenvalues in turn express the sensitivity of
such combinations to mW .

For p�⊥ bins around the jacobian peak, such as those con-
tributing to Fig. 1, there is a strong hierarchy among the CmW

eigenvalues, with the first one being more than an order
of magnitude larger than all others. Such a feature, robust
against variations of the considered p�⊥ range, suggests the
first linear combination to be representative of the behaviour
of the whole p�⊥ distribution under mW variations. In our
simulation setup, the coefficients of this linear combination
are all positive (negative) for bins at p�⊥ < 37 GeV (p�⊥ > 37
GeV), irrespectively of the employed QCD approximation or
of the p�⊥ range. The pattern of signs is in turn indicative of
mW sensitivity: the value of 37 GeV is directly related to the
position of the jacobian peak at mW /2, after considering the
smearing due to all-order QCD radiation as well as to the W -
boson decay width (we set �W = 2.084 GeV). Inspection of
the lower panel of Fig. 1 confirms the value p�⊥ = 37 GeV as
separating the spectrum into two regions, respectively with
(p�⊥ > 37 GeV) and without (p�⊥ < 37 GeV) sensitivity to
mW .

3 Jacobian asymmetry and mW determination

Based on the previous considerations, we introduce a p�⊥
range [p�,min

⊥ , p�,max
⊥ ] which includes the jacobian peak, as

well as an intermediate value p�,min
⊥ < p�,mid

⊥ < p�,max
⊥ , and

define two fiducial cross sections,

L p�⊥
≡

∫ p�,mid
⊥

p�,min
⊥

dp�⊥
dσ

dp�⊥
, Up�⊥

≡
∫ p�,max

⊥

p�,mid
⊥

dp�⊥
dσ

dp�⊥
, (1)

together with their asymmetry

Ap�⊥
(p�,min

⊥ , p�,mid
⊥ , p�,max

⊥ ) ≡
L p�⊥

−Up�⊥
L p�⊥

+Up�⊥
. (2)

In Fig. 2 we plot Ap�⊥
(32 GeV, 37 GeV, 47 GeV) as a func-

tion of mW , with different QCD approximations. The uncer-
tainty bands computed (with the same scale choice for L p�⊥
and Up�⊥

) at the various perturbative orders exhibit an excel-
lent convergence pattern, and in all cases encompass predic-
tions at the next orders. Given this behaviour, we consider
the size of the NNLO+N3LL uncertainty band as a good esti-
mator of the uncertainty due to missing pQCD higher-order
effects. We have studied the dependence of this pattern on
p�,mid
⊥ and found that for p�,mid

⊥ � 38 GeV, approaching
the effective endpoint of the fixed-order distribution, the per-
turbative convergence slightly deteriorates; on the contrary,
choices with p�,mid

⊥ < 37 GeV exhibit a better stability, at
the price of a reduced sensitivity to mW . We then choose
p�,mid
⊥ = 37 GeV as our default, as an excellent compromise

between stability and sensitivity. The convergence behaviour
is instead fairly stable against variations of p�,min

⊥ and p�,max
⊥ .

We remark in Fig. 2 that Ap�⊥
has a clear linear sensitivity

tomW , directly stemming from the linearmW -dependence of
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Fig. 2 The asymmetry Ap�⊥
as a function of mW , in different QCD

approximations

the jacobian-peak position. Moreover, its slope is extremely
stable irrespectively of the QCD approximation and the
scale choice, and just depends on the defining p�⊥ range,
which reflects the factorisation of QCD initial-state radiation
from themW -sensitive propagation and decay. These features
make Ap�⊥

an excellent observable to determine mW and to
robustly quantify the associated uncertainties. For a given
choice of [p�,min

⊥ , p�,mid
⊥ , p�,max

⊥ ], the experimental value of
Ap�⊥

can be obtained by simply measuring the fiducial cross
sections L p�⊥

, Up�⊥
(i.e. a counting experiment), eventually

resulting in a single scalar number in which systematic uncer-
tainties can be straightforwardly propagated. The relatively
large size of the [p�,min

⊥ , p�,mid
⊥ ] and [p�,mid

⊥ , p�,max
⊥ ] inter-

vals helps taming the statistical error, and would be beneficial
with a view to unfolding detector effects, for a comparison
with theory predictions at particle level; the latter is welcome
in view of a combination of the results obtained by different
experiments [93]. For illustrative purposes, in Fig. 2 we plot
a hypothetical experimental measurement for Ap�⊥

, with sta-
tistical and systematic errors realistically propagated.

From Fig. 2 we compare the experimental error band with
a single theoretical curve (arbitrarily chosen, as all have the
same slope): the intercepts of the curve with the edges of
the band identify an mW interval that we treat as the exper-
imental uncertainty. The large CCDY cross section implies
high statistical precision on Ap�⊥

, and already with a lumi-

nosity of L = 140 fb−1 we find 
Astat
p�⊥

= ± 0.00007;

moreover, assuming a relative systematic error of 0.001
in the measurement of both L p�⊥

and Up�⊥
, and neglecting

experimental correlations in the error propagation, we obtain

Asyst

p�⊥
= ±0.0007. Such numbers translate into an mW

uncertainty 
mstat
W +
msyst

W ∼ ± 1.3 ± 12.5 MeV. We then

Fig. 3 The range of mW values obtained comparing the band of theo-
retical predictions at different orders in pQCD, with the central exper-
imental value of Ap�⊥

. Different choices of [p�,min
⊥ , p�,mid

⊥ , p�,max
⊥ ] are

considered

take the two edges of the scale-variation band at a given per-
turbative accuracy, and use them to estimate the uncertainty
on mW due to missing pQCD higher orders, by comparison
with the central experimental result. At NNLO+N3LL we
find a very competitive 
mpQCD

W ∼ ±6 MeV.
In Fig. 3 we quantify the pQCD uncertainty on mW as

just outlined, considering different perturbative orders and
choices of [p�,min

⊥ , p�,mid
⊥ , p�,max

⊥ ]. For the sake of definite-
ness and consistency, in each setup we employ the central-
scale NNLO+N3LL Ap�⊥

value computed with mW =
80.379 GeV as our experimental proxy. The pattern of con-
vergence against variations of [p�,min

⊥ , p�,mid
⊥ , p�,max

⊥ ] largely
reflects our considerations below Eq. (2). We also remark the
need of N3LL resummation for a sizeable reduction of theo-
retical uncertainty, and a precise mW determination.

4 Discussion

The asymmetry Ap�⊥
defined in Eq. (2) offers some inter-

esting features, compared to a template fit of the whole p�⊥
distribution. First, it is defined in terms of inclusive rates inte-
grated over relatively wide phase-space regions: this allows to
obtain a fairly stable QCD prediction on the theoretical side,
and an excellent statistical precision and the possibility to
unfold detector effects on the experimental side. Second, the
asymmetry enables a determination of mW based on CCDY
data which, upon including state-of-the-art pQCD predic-
tions, is not dominated by the tuning of model parameters

123



Eur. Phys. J. C (2023) 83 :948 Page 5 of 8 948

on NCDY measurements. Third, through its linear depen-
dence on mW , the asymmetry offers the possibility to cleanly
disentangle the impact on mW determination of all effects
contributing to the p�⊥ spectrum. On top of the pQCD pre-
dictions scrutinised in this paper, which constitute a robust
starting point, it is conceptually straightforward to include
final-state QED radiation, as well as EW and mixed QCD-
EW perturbative corrections. All of these additional effects
induce modifications to Ap�⊥

that can be separately assessed
and systematically refined. Effects of npQCD origin, rele-
vant for a fully realistic description, can also be included as a
separate component to the prediction of Ap�⊥

, but as opposed
to template-fitting, their inclusion is not instrumental for the
wholemW -extraction procedure. As they involve initial-state
QCD radiation, their inclusion is expected to simply induce a
vertical offset to Ap�⊥

without altering its slope, i.e. its sensi-
tivity to mW . This offset in turn yields a shift of the preferred
mW value, which can be easily estimated thanks to the linear
mW -dependence of Ap�⊥

. The underlying npQCD model can
be constrained via the simultaneous analysis of more observ-
ables, other than Ap�⊥

: the improvement in the accuracy of
this model is thus a problem fully decoupled from mW deter-
mination.

To illustrate how npQCD contributions can be consistently
studied through the asymmetry Ap�⊥

, we consider effects
on mW coming from two sources: the uncertainties on the
collinear proton PDFs, and those related the transfer of infor-
mation from NCDY to CCDY data (further details on the
results of this study can be found in the Appendix).

As for the effect of collinear PDFs, predictions for
Ap�⊥

(32 GeV, 37 GeV, 47 GeV) obtained using all 100 repli-
cas of the NNPDF4.0 set yield a PDF uncertainty of ±11.5
MeV. More conservatively, we also consider the central
replicas of the CT18NNLO [94], MSHT20nnlo [95], and
NNPDF3.1 [96] PDF sets. The corresponding spread of mW

values is of ∼ 30 MeV. A reduction of PDF uncertainty can be
achieved by profiling PDF replicas through the simultaneous
inclusion of additional information, such as data in different
rapidity regions [72,73], all bins of the p�⊥ distribution [77],
different W -boson charges at the LHC [2].

We now discuss other effects of non-perturbative origin
which affect CCDY predictions at small p�ν⊥ , such as the
intrinsic k⊥ of partons in the proton. These npQCD effects
are precisely modelled studying the p�+�−

⊥ distribution in
NCDY. Assuming their universality,2 the npQCD effects can
be directly applied to the CCDY simulation, inducing a shift
in mW . We have investigated the interplay between the scale
uncertainty of the perturbative NCDY SM description and
the size of the npQCD component extracted from NCDY

2 We point out that the universality of the intrinsic-k⊥ model [97] can be
spoiled by effects such as kinematic dependence on heavy-quark masses
[98–100], flavour dependence [79], or energy-scale dependence.

data (using the central NNLO+N3LL NCDY prediction as
pseudo-data, hence actually extracting a “pseudo-npQCD”
contribution). To this goal, we have determined one pseudo-
npQCD contribution per scale choice, included it in the
CCDY simulation, and assessed its impact on mW determi-
nation. The point which emerges from this analysis is that,
even if the NCDY pseudo-data are a unique set of numbers,
the propagation of their information to CCDY depends on
the underlying pQCD approximation, and the outcome is
not unique. The CCDY results, improved with the pseudo-
npQCD contribution, are spread in a range compatible with,
or even larger than the scale uncertainty of the NNLO+NNLL
calculation. This result stresses the importance of using state-
of-the-art pQCD results in these high-precision studies.

5 Conclusions

We have presented a new observable, Ap�⊥
, sensitive to the

value of theW -boson massmW , with promising experimental
properties and robust pQCD convergence. Its linear depen-
dence onmW allows to systematically disentangle the impact
of each contribution, perturbative or not, affecting the deter-
mination of mW and to estimate the associated uncertainty,
a crucial feature for the comparison of data with SM predic-
tions. The study of Ap�⊥

highlights the importance of state-
of-the-art predictions to reduce the pQCD uncertainty onmW

down to the ±5 MeV level at the LHC. We argue that, using
Ap�⊥

, an experimental error on mW at the ±15 MeV level is
achievable already with Run-2 data; moreover, the possibility
is given to unfold the data to particle level, easing the com-
bination of results from different experiments. We observe
that Ap�⊥

can also be used in NCDY to obtain a determina-
tion of the Z -boson mass mZ alternative to the one based
on the dilepton mass spectrum, thereby allowing a powerful
cross-check of the theoretical systematics. Given these prop-
erties, we hope that this observable will be considered for
an independent determination of mW from available CCDY
data.
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Appendix

In this Appendix we detail the study described in the main text
about the impact of non-perturbative effects on mW deter-
mination. The discussion focuses on the uncertainty due to
collinear PDFs, and on the modelling of an intrinsic k⊥ of
partons in the proton.

A.1 Proton-PDF uncertainties

Concerning the effect of different collinear PDFs, predic-
tions for Ap�⊥

(32 GeV, 37 GeV, 47 GeV) obtained with the
100 replicas of the NNPDF4.0 set yield a bundle of parallel
straight lines, as expected due to the factorisation of QCD
effects from W -boson production and decay. The intercepts
with the experimental Ap�⊥

value yield a distribution of 100
mW values. We compute mean value and standard devia-
tion of this distribution, obtaining at NLO+NLL with central
scales a spread in mW of ±11.5 MeV. We also consider the
central replicas of the CT18NNLO [94], MSHT20nnlo [95],
and NNPDF3.1 [96] PDF sets. The spread induced on mW ,
using the central-scale NNLO+N3LL prediction, is of ∼ 30
MeV. We present in Fig. 4 the results for different setups.

A.2 Modelling of the parton intrinsic k⊥

With the following exercise, we schematically describe the
encoding of information present in NCDY data and absent
from a purely perturbative description of the process. We then
consider the usage of such an information in the simulation
of CCDY, and eventually its impact on mW determination.
In particular, the pQCD stability of Ap�⊥

allows to study the
role of scale variations in porting these effects from NCDY to
CCDY. We simulate both processes at NNLO+N3LL QCD,
with ξR = ξF = 2 ξQ = 1 and take the results as a
proxy for experimental data (we dub them “pseudo-data”,
see also [39]). We assume to have available an event gener-
ator with NNLO+NNLL pQCD accuracy only, and compute

Fig. 4 Same as Fig. 3, now comparing the range ofmW values obtained
with different PDF sets

Fig. 5 Same as Fig. 3, now including the reweighed NCDY
NNLO+NNLL predictions

the NCDY p�+�−
⊥ distribution with different scale choices.

The ratio of NNLO+NNLL predictions with pseudo-data
defines a reweighing factor, as a function of p�+�−

⊥ , encoding
the missing pQCD higher orders (with real data as opposed
to pseudo-data it would encode npQCD effects as well).
We compute one such reweighing factor per pQCD scale
choice in NCDY. We then use the NNLO+NNLL genera-
tor to simulate the CCDY process with scale variations, and
reweigh all events in each variation according to their p�ν⊥
value, using the corresponding factor determined in NCDY.
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Since by construction the reweighed NCDY NNLO+NNLL
curves would exactly match NCDY pseudo-data, one expects
to a large extent the same to happen with CCDY pseudo-
data and reweighed NNLO+NNLL CCDY distributions.
We observe instead that the reweighed distributions do not
exactly reproduce CCDY pseudo-data, the discrepancy being
comparable with, or larger than the NNLO+NNLL scale-
uncertainty band, i.e. 
mW ∼ ±27 MeV from the study
of Ap�⊥

(32 GeV, 37 GeV, 47 GeV). We conclude that the
procedure to model npQCD effects due to an intrinsic k⊥
is intertwined with the underlying pQCD formulation. We
thus expect that the same approach, using a NNLO+N3LL-
accurate event generator and the real data as a target, would
lead to a smaller final spread in Ap�⊥

, providing a handle
for a robust assessment of the impact of npQCD effects on
the determination of mW . We present in Fig. 5 the results for
different setups.
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