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We present the first calculation for the hadroproduction of a W boson in association with a massive
bottom (b) quark-antiquark pair at next-to-next-to-leading order (NNLO) in QCD perturbation theory. We
exploit the hierarchy between the b-quark mass and the characteristic energy scale of the process to obtain a
reliable analytic expression for the two-loop virtual amplitude with three massive legs, starting from the
corresponding result available for massless b quarks. The use of massive b quarks avoids the ambiguities
associated with the correct flavor assignment in massless calculations, paving the way to a more realistic
comparison with experimental data. We present phenomenological results considering proton-proton
collisions at center-of-mass energy

ffiffiffi
s

p ¼ 13.6 TeV for inclusive Wbb̄ production and within a fiducial
region relevant for the associated production of a W boson and a Higgs boson decaying into a bb̄ pair, for
which Wbb̄ production represents one of the most relevant backgrounds. We find that the NNLO
corrections are substantial and that their inclusion is mandatory to obtain reliable predictions.

DOI: 10.1103/PhysRevD.107.074032

I. INTRODUCTION

Many relevant processes at the LHC are characterized by
signatures featuring one or more bottom (b) quarks in the
final state. Among these processes, prominent examples are
the production of top quarks, which decay almost exclu-
sively into a W boson and a b quark, and the associated
production of a Z or a W boson and a Higgs (H) boson
decaying into a bb̄ pair. Furthermore, the cross section for
the production of B hadrons and their decay products
constitutes a relevant part of the physics program at the
LHC, to both better characterize the properties of heavy-
quark production and model backgrounds for New-Physics
searches.
Bottom quarks cannot be directly observed experimen-

tally but are detected either at the level of reconstructed B
hadrons or by associating a b flavor to final-state jets (i.e.,
collimated bunches of hadrons) which contain one or more
B hadrons. Therefore, a meaningful flavor assignment to

the final-state jets is essential to allow for a comparison
between theory and data.
From a theoretical point of view, such an assignment is

delicate since it may lead to ill-defined cross sections in
higher-order calculations due to the enhanced sensitivity to
infrared configurations. In particular, it is well known that
problems related to infrared unsafety arise if the b-quark
massmb is neglected in a theoretical calculation. Thosewere
first addressed by suitably modifying the kt jet clustering
algorithm [1,2] for flavored partons in Ref. [3], and novel
strategies were developed very recently [4–7]. However, jets
defined via such approaches generally differ from those
identified in the experimental analyses, thus introducing an
ambiguity when comparing theoretical predictionswith data
at the level of reconstructed jets. In this respect, calculations
that fully retain the dependence on the b-quark mass are
desirable since the quark mass acts as the physical infrared
regulator. This allows the same jet reconstruction algorithm
to be used in both the theoretical calculation and the
experimental analysis, thus removing any ambiguity.
In this paper, we focus on the associated production

of a W boson and a massive bottom quark-antiquark pair,
which constitutes one of the main backgrounds toWH and
single-top production. The cross section for the production
of a W boson in association with b quarks has been
measured both at the Tevatron [8,9] and the LHC [10–13].
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Next-to-leading-order (NLO) corrections in QCD for Wbb̄
production were first computed with massless b quarks in
Ref. [14] in the so-called five-flavor scheme (5FS), where the
emission of collinear radiation is resummed to all orders into
a b-quark parton distribution function (PDF). A series of
studies for massive b quarks [15,16], performed in the so-
called four-flavor scheme (4FS), showed that the inclusion of
mass effects is phenomenologically relevant. A consistent
combination of the four- and five-flavor schemes has been
considered in Refs. [17,18], using the matching conditions
computed inRef. [19]. TheNLOcorrectionswere found to be
very large, and effects beyond NLO were investigated in a
series of works [20–23].
Very recently, a first calculation with massless b quarks

was performed at next-to-next-to-leading order (NNLO) [24]
using the flavor-kt algorithm of Ref. [3]. To reduce the
issues related to flavor assignment when comparing with
experimental analyses, which widely exploit the anti-kT
algorithm [25], its flavor-aware modification of Ref. [4]
was used to present phenomenological results in Ref. [26].
Nonetheless, this approach is still not completely satisfactory
since intrinsic ambiguities remain when comparing massless
predictions with data. Indeed, the calculation of Ref. [26]
depends on an unphysical parameter, necessary to make the
calculation infrared safe, that must be tuned with data.
In this work, we present the first computation of NNLO

corrections to Wbb̄ production with massive b quarks. Our
results are obtained by retaining the exact dependence on
the b-quark mass in all the contributions but the two-loop
virtual amplitude. For the latter, we rely on the recently
computed results for the massless b-quark case in the
leading-color approximation [24,27,28]. Through a massi-
fication procedure [29–32], we consistently include mass
effects up to power-suppressed terms ofOðmb=QÞ, exploit-
ing the hierarchy of energy scales between mb and the hard
scale Q ∼mW of the process.

II. CALCULATION

We start by discussing our calculation forWbb̄ production
at NNLO. To deal with infrared singularities arising at
intermediate stages of the computation, we use the qT
subtraction formalism [33], which exploits the knowledge
of the singular behavior of the transverse momentum of
the produced final state (qT) in the limit qT → 0. The
approach was first developed for color-singlet production
and subsequently extended in Refs. [34–37] to deal with
massive quarks in the final state. The extension of the
formalism to Wbb̄ production does not pose additional
complications from a conceptual point of view but requires
the correct treatment of soft QCD radiation in a generic
configurationwhere the heavy-quark pair is accompanied by
a colorless final state [38,39], as recently applied to tt̄H
production [40,41].
Schematically, the differential NNLO cross section can

be written as

dσNNLO ¼ H ⊗ dσLO þ lim
rcut→0

½dσR − dσCT�r>rcut : ð1Þ

Here, σLO is the differential leading-order (LO) cross
section, convoluted with the perturbatively computable
function H; the term dσR is the real contribution and
dσCT the qT subtraction counterterm. The real contribution
corresponds to a configuration where theWbb̄ final state is
accompanied by additional QCD radiation with transverse
momentum qT > 0, which is calculable at NLO accuracy
using local-subtraction methods [42–44]. In the limit
qT → 0, it develops logarithmic divergences which are
canceled by dσCT. The cancellation is performed at small,
finite values of the cutoff rcut applied on r ¼ qT=M, where
M is the invariant mass of the Wbb̄ final state. An
extrapolation to the limit rcut → 0 is taken [45,46], thereby
ensuring that the final result is independent of rcut.
The contribution of the massive one- and two-loop

virtual amplitudes is part of the coefficient H, which
admits a perturbative expansion in the strong coupling αs,

HðαsÞ ¼ 1þ αsH1 þ α2sH2 þ… : ð2Þ

In addition to these process-dependent quantities, the
coefficient H contains universal contributions of soft and
collinear origin encoded in soft [36,38,47,48] and beam
functions [49–52]. The only missing ingredient to reach
NNLO accuracy forWbb̄ with massive b quarks is the two-
loop coefficient Mm

2 , which enters the coefficient H2, of
the renormalized virtual amplitude,

MmðαsÞ ¼ αsðMm
0 þ αsMm

1 þ α2sMm
2 þ…Þ; ð3Þ

where we have factored out a power of αs since the process
starts at this order. In the following, we describe the
massification procedure that allows us to construct a
reliable approximation of Mm

2 based on the results for
the two-loop amplitude with massless b quarks.
Our starting point is the observation that there is a

hierarchy between the mass of the b quark mb and the hard
scale Q probed in the process. As a consequence, the
contributions to the virtual amplitude stemming from
power corrections Oðmb=QÞ are phenomenologically neg-
ligible, as we explicitly verified in the one-loop case. This
provides a huge simplification for the construction of the
massive amplitude since only logarithmically enhanced
[powers of lnðmb=QÞ] and constant terms must be consid-
ered [53]. These terms, dominant in the mb → 0 limit, are
universally related to the singular behavior of the corre-
sponding massless amplitude by QCD factorization proper-
ties [30]. As a consequence, we can exploit this connection
to map the ϵ poles of collinear origin, present in the
dimensionally regularized massless amplitude, into loga-
rithms ofmb and constant terms to reconstruct the result for
the massive amplitude.
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The two-loop massive amplitude Mm
2 can be written as

Mm
2 ¼ Mm¼0

2 þ Z1
½q�M

m¼0
1 þ Z2

½q�M
m¼0
0 ; ð4Þ

where Mm¼0
k are the renormalized coefficients of the

massless amplitude [24,27,28], in analogy with Eq. (3),
and Zk

½q� are the perturbative coefficients of the massification

form factor for the quark case, computed in Ref. [30]. We
note that all the quantities appearing in Eq. (4) contain
infrared poles and, thus, the knowledge ofMm¼0

1 andZ1
½q� up

to Oðϵ2Þ is mandatory. For a strong check of our construc-
tion, we have verified that the resulting infrared structure of
Mm

2 is consistent with that predicted in Ref. [54].
We further note that the massless two-loop amplitude

Mm¼0
2 of Refs. [24,27,28] is available at leading color,

whereas all the other terms in Eq. (4) are known in full
color (with the only exception of the OðϵkÞ, k ≥ 1 terms of
Mm¼0

1 ). In our massification procedure, we retain the full
color dependence in all the known terms.
We perform the calculation within the Matrix frame-

work [45], suitably extended to Wbb̄ production. The
evaluation of tree-level and one-loop matrix elements with
massive b quarks is performed via the OpenLoops [55–57]
and Recola [58–61] codes. In our calculation, we do not
consider diagrams with massive-quark loops in the real-
virtual contributions since analogous diagrams appearing in
the two-loop amplitude are not recovered by the massifi-
cation procedure described above. Accordingly, we do not
include the real subprocess with four massive b quarks
entering at NNLO. We have verified that the latter con-
tribution, which constitutes an estimate of the impact of the
neglected diagrams, has a negligible effect in our results.
The contribution of the two-loop virtual amplitude with
massive b quarks is computed in a dedicated C++ code [62],
which is interfaced to Matrix and uses OpenLoops, the
PentagonFunctions-CPP [63] package, and the amplitudes from
Ref. [28].

III. PHENOMENOLOGY

We now move on to discussing the phenomenological
impact of the NNLO corrections. We consider proton-
proton collisions at the center-of-mass energy

ffiffiffi
s

p ¼
13.6 TeV and focus on two different setups: (i) Wbb̄
production in the inclusive phase space with no fiducial
cuts applied, and (ii) Wbb̄ production within a fiducial
region that closely resembles that considered in the ATLAS
analysis of Ref. [64], which is relevant for the associated
production of a W boson and a Higgs boson decaying into
a bb̄ pair. We compute the full process pp → eþνebb̄. A
comparison with the results of Refs. [24,26], obtained with
massless b quarks, is presented in the Appendix. We find
that the two results overlap within the respective uncer-
tainty bands and that our systematic error is smaller than the

ambiguities related to the use of the flavour anti-kt
algorithm. In particular, we find our result very stable
under a conservative variation of the physical value of the
b-quark mass, whereas that of Ref. [26] is subject to a much
larger uncertainty upon variation of the unphysical param-
eter characterising the flavor anti-kT algorithm.
We use NNPDF3.0 LO PDFs [65] with αs ¼ 0.118 for LO

predictions and NNPDF3.1 PDFs [66] NLO (NNLO) PDFswith
αs ¼ 0.118 for those at NLO (NNLO) through the LHAPDF

interface [67]. We consistently adopt parton densities with
nf ¼ 4 for our calculation. We employ the Gμ scheme with
complex masses [68] and the following electroweak input
parameters: GF¼1.16638×10−5GeV−2, mW¼80.379GeV,
ΓW¼2.0855GeV,mZ¼91.1876GeV, andΓZ¼2.4952GeV.
We use a diagonal Cabibbo–Kobayashi–Maskawa (CKM)
matrix. We set the heavy-quark masses to mt ¼ 173.3 GeV
and mb ¼ 4.92 GeV (if not stated otherwise), the latter
corresponding to the value chosen in the NNPDF3.1 analysis.
We start our discussion with inclusive Wbb̄ production.

We note that this quantity is well defined in a scheme with
massive b quarks, while it cannot be computed in a
massless calculation (even at LO) due to the unregularized
g → bb̄ splitting. Although experimentally the inclusive
cross section for Wbb̄ production is not directly measur-
able, the results for the inclusive case are useful to assess
the impact of NNLO corrections and to investigate the
convergence properties of the perturbative series. In addi-
tion, the possibility to compute theoretical predictions in
the whole physically accessible phase space makes our
computation particularly suitable for developing a fully
fledged Monte Carlo event generator. This could be
achieved by matching our NNLO results to parton showers,
for instance, through the MiNNLOPS method developed in
Refs. [69,70] and extended to final-state heavy quarks
in Ref. [71].
Our results are collected in Table I, where we show the

cross section at LO, NLO, and NNLO. We set the central
renormalization and factorization scales μR ¼ μF ¼
mW=2þmb. The uncertainty stemming from missing
higher-order terms is estimated through variation of μR
and μF by a factor of 2 around the central value, while
keeping 1=2 ≤ μR=μF ≤ 2; i.e., we use the standard seven-
point scale variation band. We observe that NNLO cor-
rections are necessary for a satisfactory description of this

TABLE I. Inclusive and fiducial cross sections for Wbb̄
production at different perturbative orders. The numbers in
parentheses indicate the statistical uncertainties of our results.
At NNLO, the error also includes the extrapolation uncertainty.

Order σincl (pb) σbin I
fid (fb) σbin II

fid (fb)

LO 18.270ð2Þþ28%
−20% 35.49ð1Þþ25%

−18% 8.627ð1Þþ25%
−18%

NLO 60.851ð7Þþ31%
−21% 137.20ð5Þþ34%

−23% 37.24ð1Þþ38%
−24%

NNLO 95.54ð8Þþ21%−17% 199.5ð8Þþ17%
−15% 56.34ð8Þþ19%

−17%
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process, since first evidence of perturbative convergence
appears at this order. The NLO result is more than three
times larger than the LO prediction, and the LO scale
uncertainties vastly underestimate the effects from missing
higher orders. NLO corrections were found to be large
already in previous calculations, due to the quark-gluon
channel opening up only at NLO, which also explains that
no reduction of scale uncertainties is observed when going
from LO to NLO.
The NNLO corrections are sizable and increase the

NLO result by more than 50%, but with reduced scale
uncertainties. The NLO and NNLO uncertainty bands,
however, partially overlap, indicating that the series is
starting to converge. This is supported by the fact that all
partonic channels are eventually open at NNLO.
We nowdiscuss the results obtained by applying selection

cuts to Wbb̄ production. The fiducial region is defined as
follows. We consider jets reconstructed using the anti-kT
algorithm with a jet radius R ¼ 0.4. The jets are required to
have aminimum transversemomentumof 20 (30)GeVif the
pseudorapidity is jηjj < 2.5 (2.5 < jηjj < 4.5). We demand
exactly two tagged b jets. The leading b jet is required to
have a minimum transverse momentum of 45 GeV, and we
impose a separation 0.5 < ΔRbb < 2 between the twob jets.
No veto is applied on additional jets. The charged lepton is
required to have a minimum transverse momentum of
25 GeV and jηlj < 2.5. The fiducial region is partitioned
into two bins according to the transverse momentum of the
reconstructed W boson: 150 < pW

T < 250 GeV (bin I);
pW
T > 250 GeV (bin II).
We collect the results for the fiducial cross sections in

Table I. We set the central renormalization and factorization
scales to μR ¼ μF ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

HTmbb
p

=2, where mbb is the

invariant mass of the b-jet pair and HT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

lν þ p2
T;lν

q
þ

pT;b1 þ pT;b2 , with pT;bi (i ¼ 1, 2) the transverse momenta
of the two b jets. We compute scale uncertainties as in the
inclusive case. The choice of the scale is motivated by
the observation that there are two characteristic scales in the
fiducial setup: a hard scale of OðHTÞ and a lower scale of
OðmbbÞ associated with the gluon splitting to the bb̄ pair. A
geometric mean effectively takes into account both con-
figurations. We observe a similar pattern of the higher-order
corrections as in the inclusive case. The NLO corrections
are substantial and again way outside the uncertainty bands
of the LO result, even more evidently in bin II. The
inclusion of NNLO corrections is mandatory, given the
poor behavior of the perturbative expansion. They turn out
to be large both in bin I and especially in bin II, where they
amount to more than 50% of the NLO result. The scale
uncertainties are reduced from NLO to NNLO, where they
are at most 20%.
In Fig. 1, we show the invariant-mass distributionmbb of

the b-jet pair in the two bins. We observe that both the NLO
and the NNLO corrections are not uniform in mbb, being
larger for smaller invariant-mass values. As a consequence,
the peaks of the differential cross sections are shifted
toward lower values of mbb when higher orders are
included, to ∼50 and ∼70 GeV in bin I and bin II,
respectively, at NNLO. The peak in bin II turns out to
be significantly broader than in bin I. The missing higher-
order uncertainty estimated through scale variations is
smaller at NNLO than at NLO, with the two bands partially
overlapping.
Lastly, we assess the impact of various systematic uncer-

tainties on our central prediction. We start by considering
the uncertainty due to the value of the b-quark mass by

FIG. 1. Invariant-mass distribution of the b-jet pair in fiducial region, in bin I (left) and bin II (right), at LO (red), NLO (green), and
NNLO (blue). See the text for more details.
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conservatively lowering its value tomb ¼ 4.2 GeV. Starting
at NNLO, such variation probes the additional dependence
of lnmb=Q associated with the use of a flavor-unaware jet
clustering algorithm, besides that associatedwith the use of a
4FS scheme. The cross section at NNLO increases by 2%,
which is well within the quoted scale uncertainties, support-
ing the validity of a fixed-order treatment. The impact of the
massification procedure can be assessed at NLO, by compar-
ing the exact result quoted inTable Iwith a result obtained via
the massified version of the (massless) one-loop amplitude.
We find that the difference amounts to 3% of the NLO
correction, again vastly smaller than the scale uncertainties,
thereby providing a strong indication for the reliability of our
procedure at NNLO. Finally, we find that the contribution of
the two-loop virtual amplitude computed at leading color
amounts to 2% of the total NNLO cross section. Since the
leading-color approximation is expected to reproduce full-
color results within 10% accuracy, we estimate that the error
resulting from relying on such approximation is below the
percent level on our final results.

IV. SUMMARY AND OUTLOOK

In this paper, we have presented the first NNLO
calculation for Wbb̄ hadroproduction with massive bottom
quarks. Our result is not subject to flavor-tagging ambi-
guities, which affect calculations with massless bottom
quarks starting at the NNLO level, and can be compared
directly with experimental data. Our predictions are
obtained with the qT subtraction formalism, properly
extended to this class of processes by evaluating the
relevant soft contributions. The two-loop amplitude is
computed through a massification procedure. Our result
indicates that this is a powerful strategy for obtaining two-
loop amplitudes with several massive legs, whose exact
computation is beyond the present state of the art.
We have presented phenomenological results at the

LHC, both at the inclusive level and within fiducial cuts.
We found that the NNLO corrections are sizeable and that
the perturbative series starts manifesting convergence
properties only if these are included. The inclusion of
NNLO corrections would help to alleviate the tension
observed in a recent CMS analysis [72], which needs to
apply large corrections factors on top of NLO results to
properly estimate the Wbb̄ background in the phase space
relevant for Higgs production in association with a W
boson [73].
Our novel calculation paves the way for several further

high-impact applications. First, it is particularly suitable to
be matched to parton showers to construct a fully fledged
Monte Carlo event generator forWbb̄ production. This will
be of paramount importance for the Higgs precision
program at the LHC since Wbb̄ constitutes one of the
main backgrounds for WH associated production. Second,
we foresee an application inW þ charm production, which
is relevant for the determination of the strange-quark PDF.

Finally, the methodology discussed in this paper can be
applied to other relevant processes at the LHC, like the
production of a Z boson in association with a heavy-quark
pair, once the corresponding massless amplitude become
available.
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APPENDIX: COMPARISON
TO A 5FS CALCULATION

In this appendix, we compare our result for Wbb̄
production, obtained in the 4FS with massive bottom
quarks, to the result of Ref. [26] computed in the 5FS
with massless bottom quarks. For this comparison, we set
the electroweak parameters to the values used for our
predictions in the main text, matching the settings of
Ref. [26]. Concerning the input parton densities, both
computations use NNPDF3.1 PDF sets [66] for NLO and
NNLO predictions with nf ¼ 4 and nf ¼ 5, respectively.
At LO, the massless computation of Ref. [26] employs the
NNPDF3.1 PDF set, whereas our results are obtained by using
NNPDF3.0 PDFs [65] with nf ¼ 4, since NNPDF3.1 LO PDFs

with nf ¼ 4 are not available. We set μR ¼ μF ¼ HT as
in Ref. [26].
We consider proton-proton collisions at a center-of-mass

energy
ffiffiffi
s

p ¼ 8 TeV. The fiducial region is defined by
requiring the presence of a charged lepton with pl

T >
30 GeV and jηlj < 2.1 and at least two b jets with pb

T >
25 GeV and jηbj < 2.4. In the 4FS calculation, the b jets
are defined via the standard anti-kt algorithm [25] with
R ¼ 0.5. Specifically, we assign a b flavor to each jet that
contains at least one b or b̄ quark. On the other hand, in the
5FS calculation, the results are computed using the recently
proposed flavor anti-kt algorithm [4] with the same jet
radius. In the latter case, the results depend additionally on
the parameter a, which acts as a regulator of the infrared
divergences. The anti-kt algorithm, which is infrared unsafe
starting at NNLO in a 5FS calculation, is recovered in the
limit a → 0. Starting from NNLO, the value of a should be
carefully tuned to be sufficiently small to allow for a
comparison with experimental data where the anti-kt
clustering algorithm is typically used, yet sufficiently large
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lest the perturbative convergence of the calculation be
spoiled by large logarithms of a. In Ref. [26], three values
of the parameter a are considered, namely, 0.05, 0.1,
and 0.2.
In Table II, we compare the LO, NLO, and NNLO

predictions in the 4FS to the 5FS results for different values
of the parameter a. We observe good agreement between
the two calculations within scale uncertainties, with the
4FS being systematically below the 5FS result. At LO, the
4FS is about 20% smaller than the 5FS result, which at this
order is essentially independent of a. At NLO and NNLO,
the difference between the two schemes reduces to below
the 10% level and becomes smaller for larger values of the
parameter a. At all perturbative orders, the scale variation
bands are of the same size in the two computations.
The difference at the level of the central values can be

reduced by performing a change of scheme in our compu-
tation and by using the same PDFs and strong running
coupling of the 5FS calculation. We have performed this
exercise at NLO. At this order, we can directly use PDFs
with nf ¼ 5 in our 4FS calculation; differences between the
two schemes will only start at NNLO since we do not have

gluon initiated partonic processes at LO. On the other hand,
in replacing the strong coupling constant renormalized
considering nf ¼ 4 active flavors with that renormalized
with nf ¼ 5, we need to take into account the NLO
correction [19],

α
nf¼4
s ðμÞ ¼ α

nf¼5
s ðμÞ

�
1 − α

nf¼5
s ðμÞTR

3π
ln

μ2

m2
b

þ…

�
: ðA1Þ

We find that the NLO result increases up to 481 fb, which is
indeed closer to the 5FS result. For a further check, we have
taken the massless limit of our NLO calculation by
performing an extrapolation from results obtained with
progressively smaller values of the b-quark mass. By this
procedure, we find that the result further increases to
491 fb. We estimate therefore that the size of the mass
corrections at NLO is as large as the impact of the change of
scheme. We notice that the inclusion of higher-order
corrections should also reduce differences between the
4FS and 5FS as the two schemes are formally equivalent in
all-order QCD. Since the 4FS computation is sensitive to
the value of the b-quark mass, we conservatively vary its
value down to 4.2 GeV. We find that the NNLO cross
section is rather stable upon such variation, showing a
marginal ∼2% increase. In comparison, the NNLO result
in the 5FS features a more pronounced dependence on the
values of a, where we observe that the predictions for
a ¼ 0.2 and a ¼ 0.05 differ by almost 7%.
Finally, in Fig. 2, we compare the 4FS results against

those obtained in the 5FS with a ¼ 0.1 for the separation
ΔRbb in the rapidity and azimuthal angle between the two
leading b jets. This distribution was shown in Ref. [26] to
clearly discriminate the flavor anti-kt clustering algorithm
from the flavor-kt algorithm, as the latter features an
enhanced suppression at small values of ΔRbb. We observe
an overall good agreement between the results of the two
computations across the whole range of the plot. The ratio
between the two results is largely flat for ΔRbb ≳ 1. For
smaller values of ΔRbb, the 5FS result tends to slightly
overshoot the 4FS result and gets up to 25% larger. On the
other hand, the 5FS result with a ¼ 0.2 seems to be in
better agreement with our result, at both large and small
values of ΔRbb.
In conclusion, we observe overall good agreement

between the two computations at NNLO, with the 4FS

TABLE II. Cross sections for Wbb̄ production in the 4FS using anti-kt algorithm and in the 5FS using flavor anti-kt algorithm with
different values of the parameter a (see the text for details). The 5FS results are taken from Ref. [26].

Order σ4FS (fb) σ5FSa¼0.05 (fb) σ5FSa¼0.1 (fb) σ5FSa¼0.2 (fb)

LO 210.42ð2Þþ21.4%
−16.2% 262.52ð10Þþ21.4%

−16.1% 262.47ð10Þþ21.4%
−16.1% 261.71ð10Þþ21.4%

−16.1%
NLO 468.01ð5Þþ17.8%

−13.8% 500.9ð8Þþ16.1%
−12.8% 497.8ð8Þþ16.0%

−12.7% 486.3ð8Þþ15.5%
−12.5%

NNLO 652.8ð1.6Þþ12.8%
−11.0% 690ð7Þþ10.9%

−9.7% 677ð7Þþ10.4%
−9.4% 647ð7Þþ9.5%

−9.4%

FIG. 2. Rapidity and azimuthal angle separation ΔRbb between
the two leading b jets in the 4FS (blue) and in the 5FS with
a ¼ 0.1 (green) calculations. For reference, the 5FS result with
a ¼ 0.2 is also shown (orange). The 5FS results are taken
from Ref. [26].
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result being ∼10% smaller than the 5FS result and with
scale uncertainties largely overlapping. We find that the
4FS is largely independent of the value of the b-quark mass
and tends to be in better agreement with 5FS results

obtained with a flavor anti-kT algorithm if the tuneable
a parameter is≳0.1. The agreement improves if a change of
scheme is applied to the 4FS computation to use the same
PDFs and strong coupling as in the 5FS computation.
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