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The transverse momentum spectra of weak gauge bosons and their ratios probe the underlying dynamics
and are crucial in testing our understanding of the standard model. They are an essential ingredient in
precision measurements, such as the W boson mass extraction. To fully exploit the potential of the LHC
data, we compute the second-order [next-to-next-to-leading-order (NNLO)] QCD corrections to the
inclusive-p}¥ spectrum as well as to the ratios of spectra for W=/W and Z/W. We find that the inclusion
of NNLO QCD corrections considerably improves the theoretical description of the experimental CMS
data and results in a substantial reduction of the residual scale uncertainties.
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Introduction.—The production of electroweak gauge
bosons with subsequent leptonic decay, known as the
Drell-Yan process, is one of the most prominent processes
at hadron-hadron colliders such as the LHC. Not only are
the gauge bosons produced in abundance, but the clean
leptonic signature allows this class of processes to be
measured with great precision. As a consequence, the
Drell-Yan-like production of W and Z bosons is among
the most important “standard candles” at hadron colliders
and, as such, has a wide range of applications.

The transverse-momentum spectrum of the gauge bosons
(pYy) takes a particularly important role in this respect:
Different kinematical regimes of this observable probe
various aspects of the predictions, such as resummation and
nonperturbative effects at low pY, fixed-order predictions at
intermediate to high p¥, and also electroweak Sudakov
logarithms at very high pY. As such, detailed theory-data
comparisons of this observable constitute crucial probes to
test the standard model predictions. The py distribution can
also provide important constraints in the fit of parton
distribution functions (PDFs), as was studied in Ref. [1]
for the case of the Z-boson spectrum.

Ratios between two pJ spectra of different processes,
such as W=/W™' and Z/W, shed further light on the
composition of the proton and are also important inputs
to precision measurements. Most notably, a precise
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theoretical understanding of the ratio between Z- and W-
boson production cross sections is of critical importance
in the measurement of the W-boson mass [2,3], where
the modeling of the W-boson p} spectrum is obtained
indirectly through p#%.

The p) spectra of weak gauge bosons have been
studied by the CDF [4] and DO [5-11] collaborations at
the Tevatron collider. Corresponding measurements at the
LHC have been performed by the ATLAS [12,13], CMS
[14-16], and LHCb [17,18] experiments and constitute an
integral part of the current and future LHC program. CMS
also studied the ratios of the pY. spectra for the W=/W™ and
Z /W processes [16].

In view of the experimental precision that is achievable for
the measurement of the pJ. spectra, it becomes mandatory to
have theoretical predictions of the highest possible accuracy.
Given that a nonvanishing value for the transverse momen-
tum implicitly requires a balancing recoil, the p} spectrum
above a finite value, py > py . is closely related to V + jet
production. In the context of fixed-order calculations,
predictions are known to next-to-leading-order (NLO)
accuracy for this process class in perturbative QCD [19]
and electroweak effects [20]. In recent years, substantial
progress has been made in the computation of predictions at
one order higher in pQCD and the next-to-next-to-leading-
order (NNLO) QCD corrections are now available for W +
jet [21], Z + jet [22,23], and y + jet [24] production. In this
work, we present the calculation of the O(a3) NNLO QCD
corrections to W production at finite transverse momentum
with leptonic decay,

p+p_)Wi(_)f+yf)|p‘r/>p¥_cm+xi (1)
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which is closely related to the Z transverse momentum
distribution discussed in Ref. [25]. These corrections receive
contributions from three classes of parton-level processes
with different partonic multiplicities: (a) the two-loop W-
boson-plus-three-parton processes [26], (b) the one-loop W-
boson-plus-four-parton processes [27], and (c) the tree-level
W-boson-plus-five-parton processes [28]. All three types of
contributions are infrared divergent and only their sum is
finite. To this end, we employ the antenna subtraction
formalism [29] for the cancellation of infrared divergences.
We further provide predictions for ratios between different
weak boson processes.

Details of the calculation.—We adopt the setup of the
CMS measurement of Ref. [16] and perform a comparison
of the predictions for the normalized p} distributions for
W- and Z-boson production and their ratios. The meas-
urement is performed in the fiducial volume defined by the
lepton cuts p§ > 25 GeV (p4 > 20 GeV) and |¢| < 2.5
(In*| < 2.1) for the electron (muon) channel. For the
neutral-current process, an additional invariant-mass cut
of 60 < m,7; < 120 GeV is imposed on the lepton pairs.
py is reconstructed from the vector sum of the lepton and
neutrino momenta. No cut is placed on the neutrino
momentum, in line with the treatment of the missing
transverse momentum in the experimental analysis [16].

The transverse-momentum distributions shown here are
O(a?), where final-state QCD emissions are treated fully
inclusively while imposing a transverse-momentum cut of
p¥ > 7.5 GeV on the vector bosons [30]. This cut renders
the calculation infrared finite as it enforces the presence of
final-state partons that recoil against the vector boson. It is
further aligned with the upper edge of the first p}. bin of the
charged-current and ratio measurements. The normalization
in the normalized distributions is obtained from the inclusive
Drell-Yan calculation, which we evaluate at O(a?) through-
out. All these processes are implemented in the flexible
parton-level Monte Carlo generator NNLOJET. It provides
the necessary infrastructure for the antenna subtraction
formalism, used to redistribute and cancel the infrared
divergences appearing in contributions of different parton
multiplicities. This program combines all parton-level sub-
processes contributing at a given order in «, and further
allows us to provide fully differential results in the form of
binned distributions, which can directly be compared to
LHC data. For the PDFs, we employ the central member of
the NNPDF31_mlo [31] set with a,(M;) =0.118 for all
predictions at LO, NLO, and NNLO.

In order to assess the theory uncertainties, we independ-
ently vary the factorization (17) and renormalization (ug)
scales by factors of % and 2 around the central scale p,
while imposing the restriction § < yp/ug < 2. The central
scale choice is given by the transverse energy

Ho = Er = /M5 + (pr)*, (2)

where My and p} denote the invariant mass and transverse
momentum of the final-state lepton pair. For the ratios and
double ratios encountered in the normalized distributions
and their ratios, we generalize this procedure and consider
the uncorrelated variation of all scales appearing inside the
different parts while imposing %S u/p <2 between all
pairs of scales. This prescription results in a total of 31 and
691 points in the scale variation of the normalized dis-
tributions and their ratios, respectively.

Results.—Figures 1 and 2 show the normalized trans-
verse-momentum distribution of the W boson in the
electron and muon channels, respectively. In the following,
the label “W — £v,” denotes the sum of both the W~ —
"0y and W — £, processes. The NLO corrections are
between 10% and 40% with residual scale uncertainties at
the level of around £10%. Although the scale-uncertainty
bands at NLO mostly cover the experimental data points,
systematic differences in the shape between data and
the central theory prediction are visible. In view of the
experimental precision, this clearly demonstrates the neces-
sity of higher-order predictions with smaller uncertainties
in order to discriminate such behaviors. The NNLO
corrections are positive and between 5% and 10% in the
intermediate- to high-p} region. Towards lower pY¥, the
NNLO corrections become smaller and turn negative in
the lowest-p}¥ bin. The residual scale uncertainties reduce
to the level of about 2% and overlap with the NLO scale
bands, exhibiting good perturbative convergence. Most
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FIG. 1. Normalized pY distribution for W = W+ + W~ pro-
duction with subsequent decay into electrons. Predictions at LO
(gray fill), NLO (orange hatched), and NNLO (blue cross-
hatched) are compared to CMS data from Ref. [16]. The bands
correspond to scale uncertainties estimated as described in the
main text.
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FIG. 2. Normalized p} distribution for W = W* + W~ pro-
duction with subsequent decay into muons. Predictions at LO
(gray fill), NLO (orange hatched), and NNLO (blue cross-
hatched) are compared to CMS data from Ref. [16]. The bands
correspond to scale uncertainties estimated as described in the
main text.

notably, we observe that the shape distortion induced by the
NNLO corrections brings the central predictions in line
with the measured distributions.

The corresponding comparison for the Z-boson spectrum
is shown in Fig. 3, where the measurement was only
performed in the muon channel. As in the charged-current
case, there is a substantial reduction in the scale uncer-
tainties accompanied with an improved description of the
shape. We note that the vertical range of the bottom panel in
Fig. 3 has been increased compared to the respective
figures of the charged-current process in order to accom-
modate the experimental data, which exhibit larger stat-
istical fluctuations.

Figure 4 shows the ratio between the normalized dis-
tributions of the W~ — 70, and W' — £"v, processes.
The ratio is close to 1 in the lowest p}¥ bin and rises up to
~1.1 at p¥ ~ 150 GeV, where it turns over and slowly
decreases t0 0.9 at p¥¥ = 500 GeV. The central predictions
remain remarkably stable between the different orders,
resulting in K factors that are very close to 1. However, the
precision of the theory prediction is substantially improved
by going to higher orders: While the scale uncertainties at
NLO are between +10% and 20%, the NNLO corrections
reduce the uncertainties to the level of 5% across most of
the p¥¥ range, never exceeding +10%.

The ratio between the Z- and W-boson processes is
shown in Fig. 5. Here, the ratio is again close to 1 in the
low-pY. bin and shows a steady increase towards higher pY.,
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FIG. 3. Normalized pZ distribution for Z production with

subsequent decay into muons. Predictions at LO (gray fill),
NLO (orange hatched), and NNLO (blue cross-hatched) are
compared to CMS data from Ref. [16]. The bands correspond to
scale uncertainties estimated as described in the main text.

reaching about 1.5 at pjy ~ 500 GeV. As was the case for
the W= /W™ ratio, the QCD corrections are very stable and
leave the central predictions largely unaffected, supporting
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FIG. 4. Ratio of normalized pJ¥ distributions between W~ and
W production in the muon channel. Predictions at LO (gray fill),
NLO (orange hatched), and NNLO (blue cross-hatched) are
compared to CMS data from Ref. [16]. The bands correspond to
scale uncertainties estimated as described in the main text.
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FIG. 5. Ratio of normalized p}. distributions between Z and
W = W' + W~ production in the muon channel. Predictions at
LO (gray fill), NLO (orange hatched), and NNLO (blue cross-
hatched) are compared to CMS data from Ref. [16]. The bands
correspond to scale uncertainties estimated as described in the
main text.

the expected similarity of QCD corrections between Z and
W production. The higher-order corrections however have a
big impact on the scale uncertainties, which are reduced by
more than a factor of 2 across almost all p¥ bins by going
from NLO to NNLO and are at the level of £5%—10%.
Our predictions are based on fixed-order perturbation
theory, which produces logarithmic terms of the form
log(p¥/My) at each order in the expansion. In the limit
of very large or very small transverse momentum, these
logarithms can become potentially large, thereby affecting
the convergence of the fixed-order expansion and potentially
requiring an all-order resummation. An onset of these effects
can be seen in nearly all figures in the lowest pY. bin, where
the scale dependence is substantially larger than in the other
bins. A detailed study of the p% distribution [25], where
multidifferential data are available for low values of the
transverse momentum, indicated that inclusion of the NNLO
corrections considerably extends the range where fixed-
order perturbation theory provides reliable predictions.
Obtaining a description valid throughout the full transverse
momentum range requires the matching of the NNLO
predictions with resummation of large logarithmic correc-
tions [32]. At large pJ, logarithmic QCD contributions are
only very moderate in size [33], while electroweak Sudakov
logarithms can become potentially important in individual
distributions [20], while largely canceling in the ratios.
Conclusions.—In summary, we have presented the
genuine NNLO O(a?) corrections to pY spectra in

inclusive gauge-boson production and their ratios. For
the first time, corrections at this order have been computed
for the inclusive-p} spectrum and for ratios of different p.
spectra. The latter comprise ratios between the processes
W~ /W™ and Z/W, which are key ingredients for precision
studies such as the W-boson mass measurement.

We find that the corrections to the transverse momentum
distributions of the weak gauge bosons are quite sizable and
at the level of 5%—-10%. The inclusion of the NNLO
corrections substantially reduces scale uncertainties and
further induces changes to the shape that result in a better
theory-data agreement. Higher-order QCD corrections to
the W- and Z-boson production processes exhibit a similar
behavior, as is further supported by the observed correc-
tions to the ratios. Here, we find remarkable stability of the
central prediction between the different perturbative orders
with K factors very close to 1. However, the inclusion of the
NNLO corrections is crucial in reducing the theory uncer-
tainties as estimated through the variation of factorization
and renormalization scales. The observed reduction in scale
uncertainties from NLO to NNLO is typically larger than a
factor of 2, with a residual uncertainty of about 5%.

The calculation presented in this work paves the way
towards stress testing standard model predictions using the
precise experimental data that are available for the p}
spectra and related observables and to reduce theory
uncertainties in the extraction of PDFs and parameters
such as My, .
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