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Charged gauge boson production at hadron colliders is a fundamental benchmark for the extraction of
electroweak parameters and the understanding of the proton structure. To enable precision phenomenol-
ogy for this process, we compute the third-order (N>LO) QCD corrections to the rapidity distribution and
charge asymmetry in W boson production and to the transverse mass distribution of its decay prod-
ucts. Our results display substantial QCD corrections in kinematic regions relevant for Tevatron and LHC
measurements. We compare the numerical magnitude of the NLO corrections with uncertainties from

electroweak input parameters and illustrate their potential impact on the determination of the W boson

mass.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
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1. Introduction

Charged electroweak (EW) gauge bosons W= are produced co-
piously through the charged-current Drell-Yan process at hadron
colliders [1]. Measurements of the inclusive and differential prop-
erties of W production play a central role in tests of the Standard
Model (SM) of particle physics and in the search for novel physics
effects beyond it, allowing precision determinations of electroweak
parameters such as the W boson mass and weak mixing angle,
and of parton distribution functions (PDFs) in the proton. In the
past, measurements have been performed at the Fermilab Tevatron
and the Large Hadron Collider (LHC), substantially improving our
knowledge about the SM [2-9].

Very recently, using a sample of approximately 4 million W
bosons collected at the Tevatron, the CDF Collaboration reported
a new measurement of the W boson mass using template fits to
the transverse mass distribution in W boson decays and the trans-
verse momentum distribution of the decay leptons [10]. The new
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measurement displays significant tension with the SM expectation
and has an unprecedentedly small uncertainty of £9.4MeV. The
new result calls for a careful assessment of the theoretical predic-
tions for the charged-current Drell-Yan process and their associated
uncertainties.

Due to their importance for SM measurements, precision pre-
dictions for Drell-Yan production have been among the first appli-
cations of perturbative QCD at next-to-leading order (NLO, [11]),
next-to-next-to-leading order (NNLO, [12]), and the inclusive cor-
rections were accomplished at third order (N?LO) accuracy in
QCD [13] recently. Fully differential NNLO QCD corrections [14-17],
including the kinematics of the decay leptons, have been available
for a while and are routinely used in the experimental analysis of
Drell-Yan data.

Significant efforts have also gone in the derivation of EW [18-
20] and mixed QCD-EW corrections [21-25] for W production and
into the combination of fixed-order predictions with resummation
of large logarithmic corrections [26-29].

In this letter we present for the first time differential pre-
dictions for W production at N*LO in QCD, including the gauge
boson rapidity distributions and associated charge asymmetry as
well as the transverse mass distribution. Compared to NNLO, we
find large N3LO corrections to the rapidity distributions with non-
overlapping scale uncertainty bands. For the normalized transverse
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mass distribution, which plays an important role in the W mass
measurement, we observe a high perturbative stability of the pre-
dictions from NNLO to N®LO. We quantify the impact of varying
EW input parameters around the peak region of the transverse
mass distribution, finding substantial effects that could have an
important impact on future precision EW measurements using
charged-current Drell-Yan production.

2. Methodology

In this letter, we calculate the differential cross section dopy,
of charged-current production using the gr-subtraction formal-
ism [30]:

N3LO _ ~N°LO LO NNLO
dopy ™ = Fpy ® dopylg, <o + dOpyeclgr - gt (1)

where a slicing parameter q§"* is introduced to separate unresolved
and resolved contributions. Our study is based on an established
framework at N3LO [31-33] which integrates the unresolved and
resolved contributions in a computationally demanding manner.
The independence of the results on the unphysical slicing parame-
ter q§"* serves as a strong check.

buti N3LO LO
The unresolved contribution JFpy ™ ® dopy g, g denotes the

fixed-order prediction for producing a W boson with transverse
momentum gr less than g§** within Soft-Collinear Effective The-
ory (SCET) [34-38]. It can be expanded into logarithmic terms
al'In" (qCT”t/MW) and constant terms. All logarithmic terms can be
predicted through to N3LO [32,39] using the rapidity renormaliza-
tion group formalism [40]. The key ingredients to achieve N3LO
accuracy for colour-singlet production are the constant terms. They
arise from the boundary conditions for the renormalization group
equation, namely the rapidity-divergent transverse-momentum-
dependent soft function [41] and beam functions [42-44] at three
loops, as well as the massless QCD form factor [45-47].

The resolved contribution above qCTUt is computed using the
NNLOJET code for charged-current Drell-Yan-plus-jet production at
NNLO [48,49]. It is fully differential at NNLO accuracy by employ-
ing the antenna subtraction method [50-52]. Sufficient numerical
precision is mandatory to enable the cancellation between resolved
and unresolved contributions at qCT”t. This is achieved through ded-
icated optimization [29,33,39] of phase space generation and sub-
traction terms to enable robust coverage in the unresolved regions
for small values of the slicing parameter qCT”t. The cancellation
of qCT“t-dependent terms between resolved and unresolved contri-
butions in (1) is accurate only up to power-suppressed terms at
O(af(qf}”t/Mw)z) which are unaccounted for in the unresolved
piece. These terms are found to be sufficiently suppressed to no
longer affect the final result for g ~ 1.5 (0.75)GeV at the LHC
(Tevatron), which is validated for each LHC (Tevatron) observable
by varying " by +0.5 (0.25)GeV.

The decay of the W boson into a charged lepton and a neutrino
is described at leading order with a Breit-Wigner parametrisation
of the W propagator using a fixed width. To assess the impact of
higher order QCD corrections and EW input parameters, we use
the PDG [53] values My = 80.379 GeV and I'iy = 2.085 GeV as the
default setup and compare predictions with variations of My and
T'w.

3. Results

Applying the gr-subtraction method described above, we study
charged-current Drell-Yan production at fully differential N>LO ac-
curacy in proton-proton collisions with centre-of-mass energy at
13 TeV. We use the central member of NNPDF3 .1 and NNPDF4 .0
NNLO PDFs [54,55] with as(Mz) = 0.118 throughout the calcu-
lation and the scale evolution is performed with LHAPDF [56].
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Fig. 1. W boson rapidity distributions from LO to N®LO accuracy at the LHC. The
coloured bands represent theory uncertainties from 7-point scale variation. The bot-
tom panels show the ratio with respect to NNLO, for three different values of q%”t.

The electroweak couplings are determined using the G, scheme
with: Mz = 91.1876GeV, I'z = 2.4952GeV, Gr = 1.1663787 x
107> GeV~2 [53]. The CKM parameters are taken at their PDG val-
ues [53] in all Tevatron predictions, while a diagonal CKM matrix is
used for LHC predictions. For absolute cross sections, the CKM ef-
fects are negligible for LHC energies (0.2%) but relevant at 2% level
at Tevatron energies (largely due to the different partonic compo-
sition in proton-antiproton collisions). For normalized distributions
without fiducial cuts, the CKM effects are negligible throughout.
The central factorisation and renormalisation scales are chosen to
be the invariant mass of final state leptons, yr = g = myy,. To
estimate theoretical uncertainties, we adopt the 7-point scale vari-
ation of wur and wg by a factor of two while enforcing 1/2 <
HF/UR < 2.

In Fig. 1, we show the rapidity distributions of the Drell-Yan
pairs from W and W~ decays, with no fiducial cuts applied. Fixed
order contributions with up to N°LO accuracy are included with
the bottom panels showing their ratio with respect to the central
NNLO result. The coloured bands represent theory uncertainties
from the 7-point scale variation and the error bars indicate the nu-
merical integration error. Our state-of-the-art predictions at N3LO
accuracy amount to a contribution of about —2.5% with respect
to NNLO with relatively flat corrections for all rapidities. While
the NLO and NNLO scale variation bands overlap, the N3LO pre-
diction is found to be non-overlapping with the previous order
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Fig. 2. W boson charge asymmetry distribution from LO to N°LO at the LHC. The

coloured bands represent theory uncertainties from 31 scale variations. The bottom
panel is the ratio with respect to NNLO.

within the respective scale uncertainties. This feature at N>LO has
already been observed for the total cross sections for neutral cur-
rent [57,58] and charged-current [13] Drell-Yan production and for
the neutral-current Drell-Yan rapidity distribution [33] and fidu-
cial cross sections [59]. The relative size of scale variation remains
comparable at NNLO and N®LO at about +1% for central rapid-
ity and slightly increasing at large rapidity. We use three different
g5 values (1, 1.5 and 2GeV) to confirm the g§*-independence of
the results within integration errors. A strong check on our results
is provided by the rapidity-integrated charged current Drell-Yan
cross section at N3LO, where our results for ch“t = 1.5 GeV agree
with [13] within our numerical integration error of 1.5 per-mille.

The W boson charge asymmetry Aw at hadron colliders reveals
details of the proton structure. It has been measured at the Teva-
tron [60,61] and the LHC [7,9,62] and is defined as

do /d|yw+| —do /d|yw-|
do /d|yw+| + do /d|yw-|

In Fig. 2, we display the predictions of Aw(]yw]|) at 13TeV cen-
tre of mass energy with up to N>LO corrections. We independently
vary the scale choices between the numerator and the denomina-
tor of Eq. (2) while requiring 1/2 < u/u’ <2 for any pair of scales,
leading to 31 combinations. Their envelope is used to estimate the
theoretical uncertainty. We observe positive N>LO corrections of
about 2% relative to the NNLO predictions. The N3LO contribution
is not flat in rapidity. In contrast to the individual rapidity distri-
butions, the charge asymmetry converges well from NLO to NLO
with scale variation uncertainty reduced to about +1.5% at N3LO.

Finally, we consider the transverse mass distribution in charged-
current Drell-Yan production. The transverse mass is constructed as

Aw(lyw)) = (2)

mW" = \/25‘;*5;(1 — COsA®), (3)

with El}i(”) denoting the transverse energies of the final state
charged lepton and neutrino and A¢ being their azimuthal an-
gle difference. It is a characteristic observable in measurements of
Mw [3-5,10] and TI'w [63,64] at hadron colliders, since its distri-
bution peaks around My and the shape of its tail is sensitive to
I'w. Precise predictions for the m‘%"i distribution are vital for the
measurement of W boson mass and width, which are based on
fitting theory templates for the normalized distribution to data in
the experimental analysis. The most recent measurement of My
by CDFII collaboration reports +-9.4 MeV overall uncertainty among
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Fig. 3. Normalised W* transverse mass distribution from LO to N>LO accuracy at the
Tevatron without (upper) and with (lower) CDFII fiducial cuts. The coloured bands
represent theory uncertainties from 7-point scale variation. The bottom panel is the
ratio with respect to NNLO, with different cutoff qCT“t.

which +5.2MeV arises from theoretical modelling [10]. The dif-
ferent sources of modelling uncertainties have subsequently been
revisited [65,66], largely supporting the CDFII approach [10] while
however not accounting for the state-of-the-art fixed-order predic-
tions in mixed QCD-EW [25] and fixed-order QCD corrections.

Fig. 3 presents the normalized W* boson transverse mass dis-
tribution at the Tevatron. With the newly computed N3LO correc-
tions, it establishes a new state-of-the-art in the precise descrip-
tion of this observable. The inclusive distribution without fiducial
cuts is displayed in the upper frame, while the fiducial cuts on
charged lepton and neutrino of the CDFII analysis [10] are ap-
plied in the lower frame: pr, Et, € [30,55] GeV, || <1 and
pr.w+ < 15 GeV. For the N3LO coefficient, we compensate the
linear qCT“t-dependence due to the fiducial cuts through a recoil
prescription [67,68] where the unresolved contribution in Eq. (1) is
active if all fiducial requirements are satisfied after boosting Born
kinematics to finite qr below g$'. At N3LO, corrections are very
uniform in the peak region for both inclusive and fiducial distribu-
tion, while displaying some kinematical dependence at low m\TNi
below 12GeV in the inclusive distribution and below 68 GeV in
the fiducial distribution. Starting from NNLO, we observe a stabi-
lization of scale uncertainties to the level of +1%.

Our newly derived predictions for the m‘{vi distribution allow
us to compare different sources of theory uncertainty arising from
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Fig. 4. Normalized W* transverse mass distribution at the Tevatron with CDFII fidu-
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values from PDG, CDFII and L3 in the middle panel and with different I'yy with
PDG central value and + 10 uncertainties in the bottom panel. All distributions are
compared to the NNLO result with PDG central values. The coloured bands repre-
sent theory uncertainties from 7-point scale variation.

higher perturbative orders and from variations of the input param-
eters for My and I'w in Fig. 4. For this purpose, we consider the
PDG baseline values My = 80.379 GeV and I'yy = 2.085 GeV, sup-
plemented by the values of My according to the measurement
from CDFII (80.433 GeV) [10] and L3 (80.27 GeV) [69], as well as a
variation of I'yy within the PDG uncertainty of +£42 MeV [53].

The top panel of Fig. 4 demonstrates that the normalized m\p’i
fiducial distribution changes substantially in shape when going
from NLO to NNLO, but remains much more stable especially
away from the peak region upon inclusion of the newly derived
N3LO corrections. The sensitivity to the input parameters can thus
be reliably quantified based on the NNLO predictions. The mid-
dle panel compares the normalized m‘%"i distributions for fixed
'y = 2.085GeV and My values from CDFII [10] and L3 [69],
thus quantifying the magnitude and shape of the resulting vari-
ations in the distribution. As expected, a strong sensitivity on My
around the peak region is observed. Compared to the change in
the normalized distribution from NLO to NNLO, we observe that
an NLO-based template fit could experience a slight pull towards
larger values of My to compensate for missing NNLO corrections.
These variations are to be contrasted with the lower panel of Fig. 4,
where I'y is varied by its PDG uncertainty of +42 MeV for fixed
PDG My, which basically affects the distributions only above the
peak region, with a magnitude comparable to the effect of the M
variation. In contrast to the sensitivity on I'y of the CDFII mea-
surement recently reported in [65], a more realistic assessment of
the uncertainties from 'y may thus be warranted.

4. Conclusions

In this letter, we have produced state-of-the-art predictions
for differential distributions in the charged-current Drell-Yan pro-
duction to third order in perturbative QCD. We used the qr-
subtraction method at N3LO, by combining an NNLO calculation for
the production of a charged Drell-Yan pair at large g7 and leading-
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power factorised predictions from SCET at small qr. The robust
numerical quality of both contributions allowed us to consistently
check the cancellation of the qCT”t dependence in our predictions.

We presented differential distributions for the rapidity charge
asymmetry at the LHC and for m‘ﬁ’i at the Tevatron. Our results
display modest N3LO corrections in asymmetries and normalized
distributions, that are usually within the uncertainties of the NNLO
predictions. N>LO perturbative uncertainties estimated by scale
variations are found to be about £1% to £1.5% throughout. Dis-
tortions to the shape of the distributions are minimal at N>LO and
only become visible outside the peak region of the m\TNi distribu-
tion.

On the CDFII fiducial m‘%"i distribution [10], we studied the
impact of perturbative corrections and of variations of EW input
parameters. We observed only minimal effects in going from NNLO
to N3LO. Variations of My and T'w within their respective experi-
mental uncertainties led on the other hand to characteristic shifts
in the shape of the normalized transverse mass distributions at a
level between 2% to 6% around the peak region.

With the newly derived N3LO corrections, our results establish
a new state-of-the-art for the perturbative description of W bo-
son production at hadron colliders. They yield perturbative QCD
uncertainties at the sub-per-cent level, which combine with re-
cent results on QCD resummation, electroweak as well as mixed
QCDXEW corrections to enable precision physics studies with up-
coming LHC data.
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