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a b s t r a c t
We present precise predictions for the production of a Higgs boson in association with a hadronic jet and
a W boson at hadron colliders. The behaviour of QCD corrections are studied for ﬁducial cross sections
and distributions of the charged gauge boson and jet-related observables. The inclusive process (at least
one resolved jet) and the exclusive process (exactly one resolved jet) are contrasted and discussed. The
inclusion of QCD corrections up to O (αs3 ) leads to a clear stabilisation of the predictions and contributes
substantially to a reduction of remaining theoretical uncertainties.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3 .

1. Introduction
The production of a Higgs boson H in association with either a
W± or Z boson and possible hadronic jets, also known as the Higgs
Strahlung process, is one of the most promising Higgs production
modes for the accurate determination of the Higgs-boson couplings with known Standard Model particles. These classes of Higgs
production channels provide the opportunity to probe the gaugeboson–Higgs vertex (V V H) separately for V = W± and V = Z and
give access to the decay of the Higgs boson into a quark–antiquark
pair (e.g. bottom or charm). The presence of a leptonically decaying vector boson provides a clean experimental signature, enhancing the control over the backgrounds of the V H process when
hadronic Higgs boson decays are considered. In 2017, the LHC experiments [1,2] announced the observation of a Standard Model
Higgs-like particle decaying to a pair of bottom–antibottom quarks,
precisely through this Higgs Strahlung production channel.
First differential measurements based on simpliﬁed template
cross sections have been reported in ref. [3]. Updated measurements with the full Run 2 data set were presented in refs. [4,5],
indicating that the observed production rate is consistent with
the expectation of the Standard Model within experimental uncertainties of ≈ 20%. These (differential) measurements are currently
limited by the available statistics, but will eventually become sys-
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tematically limited. For example, the uncertainty on the extracted
production rate due to signal modelling constitutes ≈ (5 − 8)% of
the total uncertainty [4]. Notably, approximately half of the measured events arise from an event selection which includes the
presence of a light hadronic jet.
As both the measurement and interpretation of this data relies
on theoretical knowledge of the V H(+jet) production and decay
modes within the Standard Model, it is of critical importance to
have more precise theoretical predictions both for ﬁducial cross
sections and for differential distributions in the kinematic regions
probed by experiments. This includes the study of QCD effects related to Higgs production and decay. An improved understanding
of these effects will be of particular relevance for future measurements of V H(+jet) production—including data from Run III of the
LHC and the planned high-luminosity upgrade (HL-LHC).
Depending on the selected V H(+jet) production mode, different theoretical knowledge is currently available. For V H production, the total inclusive cross section has been known to NNLO
QCD precision for some time, and theoretical predictions are available publicly through the program VH@NNLO [6]. Fully differential
NNLO predictions for V H observables obtained via the combination of Higgs production and its decay to bottom–antibottom
quarks have been presented in refs. [7–9]. These three computations have one essential feature in common: they consider massless bquarks except in the bottom Yukawa coupling and use the
ﬂavour-kt algorithm [10] to deﬁne b-jets. In the case of WH production, a computation using massive bquarks and standard jet
algorithms has been recently reported in ref. [11]. Furthermore,
for this Higgs Strahlungs process, NNLO ﬁxed order computations
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have been combined with parton shower simulations in the Monte
Carlo GENEVA framework in ref. [12].
The theoretical predictions for V H+jet are currently limited to
NLO accuracy and additionally consider the Higgs boson as stable. The NLO QCD computations for V H and V H+jet production
have been merged in the context of parton showers to provide full
NLO+PS simulations for these (on-shell) Higgs production modes
in refs. [13–15], which have been further reﬁned to include electroweak corrections in [16].
It is the purpose of this paper to provide a new level of theoretical precision for observables related to the V H+jet production
mode by including QCD corrections to the Drell–Yan-type and top
quark loop-induced contributions to this production mode up to
orders αs3 and αs2 yt , respectively. This particular mode is of phenomenological interest as the requirement of a resolved jet has the
potential to provide more differential information on the production process and sensitivity to QCD radiation effects.
As previously noted, almost half of the selected events in an
experimental analysis [4] arise from conﬁgurations which include
the reconstruction of a light hadronic jet. Improving the theoretical modelling of these types of processes (currently limited to NLO
accuracy) is therefore critical to increase the sensitivity of future
measurements in the V H(+jet) channel. It is the focus of this work
to overcome this obstacle, which will otherwise limit our sensitivity to determine the strength of the Higgs boson couplings with
the LHC data in Run 3 and beyond.
We will speciﬁcally consider W+ H+jet production where the
charged vector boson decays leptonically and the Higgs boson is
produced on-shell. This can be regarded as a ﬁrst step towards
computing V H+jet observables including the decay of the Higgs
boson into a quark–antiquark pair, with high theoretical precision.
In the following, we provide details about the ingredients of
the computation before presenting results for 13 TeV LHC runs in
terms of ﬁducial cross sections and a selection of differential distributions.

consequence of their shared QCD structure, the subtraction terms
of the Drell–Yan-type contributions can be readily constructed
from the W+jet subtraction terms computed at the same order.
The heavy quark loop-induced contributions to WH+jet production begin at O (αs2 yt ), i.e. at NLO level. We only consider the dominant contributions enhanced by the top Yukawa coupling, that is
where the Higgs boson couples to a top-quark loop. The corresponding loop amplitudes are known in the literature as so-called
R I -type matrix-elements and are related to the Higgs Strahlung
production process without the additional jet requirement [29].
In the present computation, top-loop induced contributions to the
cross section arise only through the interference of such one-loop
amplitudes with Drell–Yan-type amplitudes and are therefore of
O(αs2 yt ). Contributions of higher order in αs or yt are mostly
unknown and not included here. As will be highlighted in what
follows, such higher-order terms are not expected to be of phenomenological relevance.
3. Numerical results at 13 TeV
3.1. Numerical set-up

√

We present predictions for
s = 13 TeV proton–proton
collisions
using
the
parton
distribution
function
set
NNPDF31_nnlo_as_0118 from the LHAPDF library [30]. We require a hard cut of p ⊥ > 20 GeV for each identiﬁed ﬁnal-state jet,
which are clustered with the anti-kt algorithm using  R = 0.5. We
demand at least one resolved jet to be present in the ﬁnal state,
which deﬁnes the inclusive production process σ≥1j . In addition,
we also consider the exclusive process, denoted σ1j , where additional resolved jets are vetoed. The charged leptons are subject to
a transverse momentum cut of p ⊥, > 25 GeV and a cut | y  | < 2.5
in the absolute value of their rapidity. Lastly the missing transverse
energy must satisfy E ⊥,miss > 25 GeV.
In the following, we collect the values of all independent parameters used in the computation (based on the G μ electroweak
scheme): The W-boson mass and width M W = 81.385 GeV, W =
2.085 GeV, the Z-boson mass M Z = 91.1876 GeV, the Fermi constant G F = 1.1663787 × 10−5 GeV−2 , and the top-quark pole mass
mt = 173.21 GeV. In addition, the theoretical predictions are obtained with a diagonal CKM matrix.
In order to estimate the theoretical uncertainty of the inclusive
predictions we vary the factorisation and renormalisation scales by
a factor of two around the central value of the dynamical mass of
the WH system according to the commonly used 7-point variation
scheme:

2. Details of the calculation
Throughout this work, we compute observables related to the
production of a Higgs boson H, together with a positively charged
weak gauge boson W+ , and an additional hadronic jet including
up to O (αs3 ) corrections in perturbative QCD. That is, we consider
the process

pp → HW+ + jet → H + + ν + jet,

(1)

where the Higgs boson is produced on-shell and the charged vector boson decays leptonically (including all spin-correlation and
off-shell effects).
The calculation of all contributions is carried out within the
NNLOjet framework [17]: a ﬁxed-order parton-level event generator using the NNLO antenna subtraction formalism [18–26] to
regulate infrared divergences that appear in different partonic processes beyond leading order. The LO contribution to this process
begins at O (αs ). Starting from O (αs2 ), two types of contributions,
which are commonly referred to as Drell–Yan-type and heavy
quark-loop induced, can be distinguished.
The Drell–Yan-type contributions arise from contributions akin
to the process of W+jet production, where the Higgs boson is
emitted from the intermediate gauge-boson propagator. As such,
the corresponding predictions can be obtained using essential
components of the W+jet calculation [27] already available in
NNLOjet. The necessary amplitudes for the WH+jet partonic processes were constructed from those of the W+jet case by inserting
a W–Hvertex onto the W propagator. A subset of the new O (αs3 )
Drell–Yan-like contributions were independently derived in addition to amplitudes provided by the OpenLoops 2 [28] library. As a

μF = M WH [1, 12 , 2],

μR = M WH [1, 12 , 2],

with the constraint 12 ≤ μF /μR ≤ 2. The analytic dependence on
the renormalisation scale has been explicitly veriﬁed following
[31]. In the case of the exclusive process, theoretical uncertainties can be underestimated by such a correlated scale variation as
discussed in Ref. [32]. We therefore adopt the more conservative
uncorrelated prescription introduced in [32]

σ1j ≡ σ≥1j − σ≥2j ,

21j = 2≥1j + 2≥2j ,

(2)

where ≥1(2)j denote the uncertainties for inclusive W+ H+1(2)-jet
production obtained from their respective 7-point scale variation.
3.2. Fiducial cross sections
The ﬁducial cross sections for inclusive (“≥ 1 jet”) and exclusive (“1 jet”) W+ H+jet production are summarised in Table 1 at
the various orders in αs . Note that in the case of the exclusive
2
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Table 1
The ﬁducial cross sections for the experimental set-up at 13 TeV detailed in the
main text. The lower and upper error estimates are obtained from the envelope of
the cross section values evaluated at the seven different scales. For the exclusive
1-jet predictions, the (symmetric) errors are obtained from the uncertainties of the
inclusive 1-jet and 2-jet predictions, added in quadrature.
W+ H+≥ 1jet
2.09
20.99 +
−1.83

σ LO [fb]
σ NLO [fb]
σ NNLO [fb]

0.94
26.12 +
−0.99
+0.04
26.36 −0.24

W+ H+1jet

 2.09 
20.99 ± 1.96 +
−10..83

73
17.42 ± 2.10 +
−1.35
 0.48 
15.59 ± 0.59 +
−0.44

process, we employ Eq. (2) to estimate theory uncertainties but
also provide the variant based on the correlated scale variation in
parenthesis.
In the case of the inclusive production, we observe a drastic
stabilization of the ﬁducial cross section at NNLO: the correction
to the NLO central value is of O (1%) and the theoretical uncertainty reduces from O (4%) at NLO to less than O (1%) at NNLO.
Furthermore, the NNLO value is fully contained within the scale
uncertainty of the NLO prediction, indicating a stable perturbative
convergence.
In contrast, for exclusive production, the higher-order corrections systematically suppress the cross section and the scale uncertainties are larger. The uncertainty estimate at NLO is similar
to that at LO, with a signiﬁcant reduction only observed when going to NNLO for both the conservative uncorrelated scale variation
(Eq. (2)) and the correlated scale variation given in parenthesis. We
note that only the more conservative variant is able to reliably estimate uncertainties with subsequent orders overlapping in their
uncertainty intervals.
To study the numerical impact of the top-loop induced parts,
we compare the coeﬃcient of the ﬁducial cross section obtained
at O (αs2 yt ) with the inclusive/exclusive NNLO Drell–Yan-like coefﬁcients at O (αs3 ) computed at the central scale μF = μR = M WH :
0.07
δ σ (αs2 yt ) = 0.32 +
−0.06 fb,

δ σ≥1j (αs3 ) = 0.24 fb,

Fig. 1. W transverse momentum distribution for the W+ H +jet production process.
The panels are described in the main text.

δ σ1j (αs3 ) = −1.83 fb.

We observe that the O (αs2 yt ) top Yukawa-induced piece is of the
same order of magnitude as the inclusive Drell–Yan-like O (αs3 )
correction and much smaller than the exclusive one. The size of
this top loop-induced piece is comparable to the uncertainty on
both the inclusive and exclusive NNLO Drell–Yan-like cross sections
(cf. Table 1), which necessarily prompts its inclusion for precision phenomenology. However, the theoretical error estimate on
these top-loop contributions is small, and as such, we do not expect their—mostly unknown—higher-order O (αs3 yt ) corrections to
be phenomenologically relevant for this process.

are found to be rather ﬂat, and in the inclusive case very close to
unity. Similar to the observations made for the ﬁducial cross sections, the uncorrelated error estimates are important in obtaining
overlapping uncertainty estimates going from NLO to NNLO in the
exclusive production process. The veto-eﬃciency decreases towards
larger transverse momenta, as harder interactions are probed that
are more likely to be accompanied by additional resolved QCD
emissions. The shape of veto is already well captured with one
additional emission (NLO), while the NNLO corrections give an
overall shift accompanied by a reduction of the residual uncertainties. The results for the transverse momentum of the Higgs boson
(not shown here) follow a qualitatively very similar pattern.
Fig. 2 shows the rapidity (left) and the transverse momentum
(right) of the leading jet. The rapidity distribution, due to its inclusive nature in transverse momentum, follows a similar pattern
to the ﬁducial cross section and the p T,W distribution discussed
above: NNLO K -factors that are rather ﬂat (with the exception of
high rapidities in the inclusive case). The veto eﬃciency increases
slightly towards forward rapidities, indicating that a leading jet
produced in the very forward region is less likely to be accompanied by additional hard resolved emissions. The transverse momentum of the leading jet, on the other hand, shows very large
corrections with large uncertainties in the high-p T tail. This can be
explained by the fact that this region is dominated by two high-p T
jets recoiling against each other, while the colour-neutral WH sys-

3.3. Distributions
Moving on to kinematic distributions, we will present the results in ﬁgures that are divided into four panels. The top panel
shows the absolute predictions; the two centre panels show the
K -factors for the inclusive and exclusive process, respectively. For
the latter we further include the error bands based on a correlated
scale variation shown as shaded bands. Finally, the bottom panel
shows the veto eﬃciency deﬁned as
veto (O )

=

dσ1j /dO
dσ≥1j /dO

,

for an observable O .
Fig. 1 shows the W+ boson transverse momentum distribution.
In both the inclusive and the exclusive case, the NNLO K -factors
3
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Fig. 2. Leading jet rapidity (left) and transverse momentum (right) for the W+ H+jet production process. The panels are described in the main text.

tem is produced almost at rest. As a consequence, the exclusive
process is strongly suppressed in the tail and the formal accuracy of the prediction effectively degrades by an order. The scale
uncertainties of the NNLO prediction are therefore at the level of
±10% here, which is more characteristic of an NLO prediction. Further theoretical improvement in this kinematic regime could be
achieved by considering jet-veto resummation in the presence of a
hadronic jet [33].
Overall, we observe that the inclusive process exhibits an excellent perturbative convergence with small corrections and tiny
residual scale uncertainties.
The observables in the exclusive process receive larger QCD
corrections and the error prescription of Eq. (2) is crucial in obtaining overlapping uncertainty bands and thus reliable estimates
for them. This latter statement also holds for the veto eﬃciencies. We observe that those decrease towards higher values of the
transverse momentum with the NNLO prediction lying at the edge
of the uncertainty estimate of the previous order. In addition the
NNLO prediction has an uncertainty band that is typically reduced
by more than a factor two compared to the NLO error envelope.

on-shell Higgs boson with a (leptonically decaying) charged vector
boson and a hadronic jet for proton-proton collisions at 13 TeV.
These predictions include both Drell–Yan-like and top quark loopinduced contributions, for which we have included QCD corrections up to O (αs3 ) and O (αs2 yt ) for the ﬁrst time.
We have considered observables related to both inclusive and
exclusive jet rates. In the case of inclusive jet production, the perturbative corrections to the central value are small (ﬂat K-factors
close to unity) and the residual theoretical uncertainties are considerably reduced. For exclusive jet production, the perturbative
corrections are O (−10%) negative and the theoretical uncertainty
is reduced to O (5%) for the considered distributions. It is found
that the NLO and NNLO predictions for the exclusive process are
consistent only when the uncorrelated prescription for evaluating
the theoretical uncertainty in exclusive jet rates is applied. This is
an important result as it veriﬁes that the current approach taken
by the experimental collaborations [4,5] to evaluate the theoretical
uncertainty on the signal process is reliable.
The theoretical modelling of the signal process, deﬁned in
terms of exclusive jet bins, contributes to one of the main sources
of systematic uncertainty in the experimental measurements of the
V H(+jet) process, and we have shown here how this uncertainty
can be substantially reduced through the inclusion of NNLO QCD
corrections. In the future, the computation of all Higgs Strahlung

4. Conclusions and outlook
We have presented the computation of precise predictions for
differential observables related to the associated production of an
4
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modes (including a negatively charged or a neutral gauge boson in
association with a hard jet) will allow for a comprehensive study
of the theoretical uncertainties for all V H(+jet) modes with high
precision. Such a study will be vital in reducing the uncertainty associated to the signal modelling in future V H(+jet) measurements
at the LHC, which will ultimately improve the experimental sensitivity to the Higgs-boson couplings. Such a study is envisaged for
future work.
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