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ABSTRACT: We consider QCD radiative corrections to W+W ™~ production at the LHC
and present the first fully differential predictions for this process at next-to-next-to-leading
order (NNLO) in perturbation theory. Our computation consistently includes the leptonic
decays of the W bosons, taking into account spin correlations, off-shell effects and non-
resonant contributions. Detailed predictions are presented for the different-flavour channel
pp — pre v+ X at /s = 8 and 13 TeV. In particular, we discuss fiducial cross sections
and distributions in the presence of standard selection cuts used in experimental W W~
and H — WTW ™ analyses at the LHC. The inclusive W W™ cross section receives large
NNLO corrections, and, due to the presence of a jet veto, typical fiducial cuts have a sizeable
influence on the behaviour of the perturbative expansion. The availability of differential
NNLO predictions, both for inclusive and fiducial observables, will play an important role

in the rich physics programme that is based on precision studies of W W~ signatures at
the LHC.
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1 Introduction

The production of W-boson pairs is one of the most important electroweak (EW) processes
at hadron colliders. Experimental studies of WTW ™ production play a central role in
precision tests of the gauge symmetry structure of EW interactions and of the mechanism of
EW symmetry breaking. The W W™ cross section has been measured at the Tevatron [1,
2] and at the LHC, both at 7 TeV [3, 4] and 8 TeV [5-8]. The dynamics of W-pair production
is of great interest, not only in the context of precision tests of the Standard Model, but
also in searches of physics beyond the Standard Model (BSM). Any small anomaly in
the production rate or in the shape of distributions could be a signal of new physics. In
particular, due to the high sensitivity to modifications of the Standard Model trilinear
gauge couplings, W W~ measurements are a powerful tool for indirect BSM searches
via anomalous couplings [3, 4, 6, 8, 9]. Thanks to the increasing reach in transverse
momentum, Run 2 of the LHC will considerably tighten the present bounds on anomalous
couplings. Final states with W-boson pairs are widely studied also in the context of direct
BSM searches [10].

In Higgs-boson studies [11-16], WTW ™ production plays an important role as irre-
ducible background in the H — WT™W ™ channel. Such measurements are mostly based
on final states with two leptons and two neutrinos, which provide a clean experimental
signature, but do not allow for a full reconstruction of the H — WTW ™ resonance. As
a consequence, it is not possible to extract the irreducible W™W ™ background from data
with a simple side-band approach. Thus, the availability of precise theory predictions



for the WTW ™~ background is essential for the sensitivity to H — WTW ™ and to any
BSM particle that decays into W-boson pairs. In the context of Higgs studies, the off-
shell treatment of W-boson decays is of great relevance, both for the description of the
H — WTW~ signal region below the W™W = threshold, and for indirect determinations
of the Higgs-boson width through signal-background interference effects at high invariant
masses [17-19].

The accurate description of the jet activity is another critical aspect of Higgs measure-
ments, and of WTTW~ measurements in general. Such analyses typically rely on a rather
strict jet veto, which suppresses the severe signal contamination due to the ¢t background,
but induces potentially large logarithms that challenge the reliability of fixed-order predic-
tions in perturbation theory. All these requirements, combined with the ever increasing
accuracy of experimental measurements, call for continuous improvements in the theoretical
description of W+W ~ production.

Next-to-leading order (NLO) QCD predictions for W*W ™~ production at hadron col-
liders have been available for a long time, both for the case of stable W-bosons [20, 21]
and with spin-correlated decays of vector bosons into leptons [22-25]. Recently, also the
NLO EW corrections have been computed [26-28]. Their impact on inclusive cross sections
hardly exceeds a few percent, but can be strongly enhanced up to several tens of percent
at transverse momenta of about 1TeV.

Given the sizeable impact of O(ag) corrections, the calculation of higher-order QCD
effects is indispensable in order to reach high precision. The simplest ingredient of pp —
WHW~=+ X at O(ag) is given by the loop-induced gluon-fusion contribution. Due to the
strong enhancement of the gluon luminosity, the gg channel was generally regarded as the
dominant source of NNLO QCD corrections to pp — WW ™+ X in the literature. Predic-
tions for gg — WTW ™ at LO have been widely studied [25, 29-32], and squared quark-loop
contributions at LO are known also for gg — WTW g [33, 34]. Two-loop helicity ampli-
tudes for gg — V'V’ became available in refs. [35, 36], and have been used to compute
the NLO QCD corrections to gg — WTW™ [37], including all partonic processes with
external gluons, while the ones with external quarks are still unknown to date. Calcula-
tions at NLO QCD for W*W ™ production in association with one [38-41] and two [42, 43]
jets are also important ingredients of inclusive W+W ™~ production at NNLO QCD and
beyond. The merging of NLO QCD predictions for pp — W+TW = +0, 1 jets' has been pre-
sented in ref. [45]. This merged calculation also consistently includes squared quark-loop
contributions to pp — WHTW = + 0, 1 jets in all gluon- and quark-induced channels.

First NNLO QCD predictions for the inclusive W W = cross section became available
in ref. [46]. This calculation was based on two-loop scattering amplitudes for on-shell
WTW ™ production, while two-loop helicity amplitudes are now available for all vector-
boson pair production processes, including off-shell leptonic decays [47, 48]. In the energy
range from 7 to 14TeV, NNLO corrections shift the NLO predictions for the total cross
section by about 9% to 12% [46], which is around three times as large as the gg — W+W~—
contribution alone. Thus, contrary to what was widely expected, gluon-gluon fusion is
not the dominant source of radiative corrections beyond NLO. Moreover, the relatively

See also [44] for a combination of fixed-order NLO predictions for W TW ™ 40,1 jet production.



large size of NNLO effects turned out to alleviate the tension that was observed between
earlier experimental measurements [5, 7] and NLO QCD predictions supplemented with
the loop-induced gluon fusion contribution [25]. In fact, NNLO QCD predictions are in
good agreement with the latest measurements of the W+W ™ cross section [6, 8].

Besides perturbative calculations for the inclusive cross section, the modelling of the
jet-veto efficiency is another theoretical ingredient that plays a critical role in the com-
parison of data with Standard Model predictions. In particular, it was pointed out that
a possible underestimate of the jet-veto efficiency through the POWHEG Monte Carlo [49],
which is used to extrapolate the measured cross section from the fiducial region to the
full phase space, would lead to an artificial excess in the total cross section [50, 51]. The
relatively large size of higher-order effects and the large intrinsic uncertainties of NLO+PS
Monte Carlo simulations call for improved theoretical predictions for the jet-veto efficiency.
The resummation of logarithms of the jet-veto scale at next-to-next-to-leading logarithmic
(NNLL) accuracy was presented in refs. [52, 53]. Being matched to the pp — WTW ™~ + X
cross sections at NLO, these predictions cannot describe the vetoing of hard jets beyond
LO accuracy. In order to reach higher theoretical accuracy, NNLL resummation needs to
be matched to differential NNLO calculations. Such NNLL+NNLO predictions have been
presented in ref. [54] for the distribution in the transverse momentum of the W W~ sys-
tem, and could be used to obtain accurate predictions for the jet-veto efficiency through a
reweighting of Monte Carlo samples, along the lines of refs. [50, 55].

In this paper we present, for the first time, fully differential predictions for W+W
production with leptonic decays at NNLO. More precisely, the full process that leads to
a final state with two leptons and two neutrinos is considered, including all relevant off-
shell and interference effects in the complex-mass scheme [56]. The calculation is carried
out with MATRIX,? a new tool that is based on the MuUNICH Monte Carlo program? in-
terfaced with the OPENLOOPS generator of one-loop scattering amplitudes [57, 58], and
includes an automated implementation of the gr-subtraction [59] and -resummation [60]
formalisms. This widely automated framework has already been used, in combination with
the two-loop scattering amplitudes of refs. [48, 61], for the calculations of Zv [62, 63],
ZZ [64, 65], WTW ™~ [46], WT~ [63] and W*Z [66] production at NNLO QCD as well as
in the resummed computations of the ZZ and W W ™ transverse-momentum spectra [54]
at NNLL+NNLO. The present calculation relies on the two-loop amplitudes of ref. [48].
Their implementation in MATRIX is applicable to any final state with two charged lep-
tons and two neutrinos, but in this paper we will focus on the different-flavour signature
pwte~ v, .. The impact of QCD corrections on cross sections and distributions will be stud-
ied both at inclusive level and in presence of typical experimental selection cuts for W+~
measurements and H — WTW ™ studies. The presented NNLO results for fiducial cross
sections and for the efficiencies of the corresponding acceptance cuts provide first insights
into acceptance efficiencies and jet-veto effects at NNLO.

2MATRIX is the abbreviation of “MUNICH Automates qT subtraction and Resummation to Integrate
X-sections”, by M. Grazzini, S. Kallweit, D. Rathlev and M. Wiesemann. In preparation.

SMunicH is the abbreviation of “MUlti-chaNnel Integrator at Swiss (CH) precision” an automated
parton level NLO generator by S. Kallweit. In preparation.



As pointed out in ref. [46], radiative QCD corrections resulting from real bottom-
quark emissions lead to a severe contamination of W-pair production through top-quark
resonances in the W+ W ~=b and W+ W ~bb channels. The enhancement of the W~ cross
section that results from the opening of the t¢ channel at NNLO can exceed a factor of five.
It is thus clear that a careful subtraction of ¢t and single-top contributions is indispensable
in order to ensure a decent convergence of the perturbative series. To this end, we adopt a
top-free definition of the WTW ™ cross section based on a complete bottom-quark veto in
the four-flavour scheme. The uncertainty related with this prescription will be assessed by
means of an alternative top-subtraction approach based on the top-quark-width dependence
of the WTW™ cross section in the five-flavour scheme [46].

The manuscript is organized as follows. In section 2 we describe technical aspects of the
computation, including the subtraction of resonant top-quark contributions (section 2.1),
gr subtraction (section 2.2), the MATRIX framework (section 2.3), and the stability of
(N)NLO predictions based on gr subtraction (section 2.4). Section 3 describes our numer-
ical results for pp — pte v, + X: we present the input parameters (section 3.1), cross
sections and distributions without acceptance cuts (section 3.2) and with cuts correspond-
ing to WHW ™ signal (section 3.3) and Higgs analyses (section 3.4). The main results are
summarized in section 4.

2 Description of the calculation

We study the process
pp = 1T ~yop + X, (2.1)

including all resonant and non-resonant Feynman diagrams that contribute to the produc-
tion of two charged leptons and two neutrinos.

Depending on the flavour of the final-state leptons, the generic reaction in eq. (2.1)
can involve different combinations of vector-boson resonances. The different-flavour final
state [T1' "y is generated, as shown in figure 1 for the ¢g process at LO,

(a) via resonant t¢-channel WTW™ production with subsequent W+ — [ty and
W~ — 'y decays;

(b) via s-channel production in Z® /v* — WW® topologies through a triple-gauge-
boson vertex with subsequent W — [Ty, and W~ — I’ "y decays, where either
both W bosons, or the Z boson and one of the W bosons can become simultaneously
resonant;

(¢) via Z/v* production with a subsequent decay Z/v* — ly/W — ll'vjypy. Note that
kinematics again allows for a resonant W boson in the decay chain of a resonant Z
boson.

Additionally, in the case of equal lepton flavours, I = I’, off-shell ZZ production diagrams
are involved, as shown in figure 2, where the [7]~1;7; final state is generated

(d) via resonant t-channel ZZ production with Z — [T~ and Z — v, decays;



Figure 1. Sample of Born diagrams contributing to W+W = production both in the different-
flavour case (I # 1) and in the same-flavour case (I =1").

q Z 2 q 7 Uy
14} I~ 14
q
Z/ 1~ Z/y -
q 1+ q 1t

Figure 2. Sample of Born diagrams contributing to W+ W~ production only in the same-flavour
case. In the different-flavour case, they would describe ZZ production in the 2[2¢" channel.

(e) via further Z — 4 leptons topologies, Z/~v* — lIZ — llyy, or Z — vy Z — llyu,.
Any double-resonant configurations are kinematically suppressed or excluded by
phase-space cuts.

Note that the appearance of infrared (IR) divergent v* — [T]~ splittings in the case of
equal lepton flavours would prevent a fully inclusive phase-space integration.

Our calculation is performed in the complex-mass scheme [56], and besides resonances,
it includes also contributions from off-shell EW bosons and all relevant interferences; no
resonance approximation is applied. Our implementation can deal with any combination
of leptonic flavours, [,1" € {e, u, 7}. However, in this paper we will focus on the different-
flavour channel pp — pe~v,0. + X. For the sake of brevity, we will often denote this
process as WTIW ™~ production though.

The NNLO computation requires the following scattering amplitudes at O(ad):

e tree amplitudes for ¢ — (T~ w7y g9, q7"") — 17U~ yop ¢, and crossing-related
processes;

e one-loop amplitudes for q7 — I7I'" vy g, and crossing-related processes;
e squared one-loop amplitudes for q7 — ITI'"" vy and gg — 171"~ vip;
e two-loop amplitudes for qg — 7'~ yip.

All required tree-level and one-loop amplitudes are obtained from the OPENLOOPS genera-
tor [57, 58], which implements a fast numerical recursion for the calculation of NLO scatter-
ing amplitudes within the Standard Model. For the numerically stable evaluation of tensor
integrals we employ the COLLIER library [67—69], which is based on the Denner-Dittmaier
reduction techniques [70, 71] and the scalar integrals of ref. [72]. For the two-loop helicity



amplitudes we rely on a public C++ library [73] that implements the results of ref. [48],
and for the numerical evaluation of the relevant multiple polylogarithms we use the imple-
mentation [74] in the GINAC [75] library. The contribution of the massive-quark loops is
neglected in the two-loop amplitudes, but accounted for anywhere else, in particular in the
loop-induced gg channel. Based on the size of two-loop contributions with a massless-quark
loop, we estimate that the impact of the neglected diagrams with massive-quark loops will
be well below the per mille level.

2.1 WTW~ contamination through single-top and tf production

The theoretical description of W W ™ production at higher orders in QCD is complicated
by a subtle interplay with top-production processes, which originates from real-emission
channels with final-state bottom quarks [38, 45, 46]. In the five-flavour scheme (5FS),
where bottom quarks are included in the parton-distribution functions and the bottom-
quark mass is set to zero, the presence of real bottom-quark emission is essential to cancel
collinear singularities that arise from g — bb splittings in the virtual corrections. At
the same time, the occurrence of Wb pairs in the real-emission matrix elements induces
t — Wb resonances that lead to a severe contamination of W+W ™~ production. The
problem starts with the NLO cross section, which receives a single-resonant tW — WTW b
contribution of about 30% (60%) at 7(14) TeV. At NNLO, the appearance of double-
resonant ¢t — W W ~bb production channels enhances the W+ W~ cross section by about
a factor of four (eight) [46]. Such single-top and ¢¢ contributions arise through the couplings
of W bosons to external bottom quarks and enter at the same orders in o and ag as (N)NLO
QCD contributions from light quarks. Their huge impact jeopardises the convergence of
the perturbative expansion. Thus, precise theoretical predictions for W W™ production
require a consistent prescription to subtract the top contamination.

In principle, resonant top contributions can be suppressed by imposing a b-jet veto,
similarly as in experimental analyses. However, for a b-jet veto with typical pr values of
20—30 GeV, the top contamination remains as large as about 10% [46], while in the limit of
a vanishing b-jet veto pr’s the NLO and NNLO W W™~ cross sections suffer from collinear
singularities associated with massless bottom quarks in the 5FS.

To circumvent this problem, throughout this paper we use the four-flavour scheme
(4FS), where the bottom mass renders all partonic subprocesses with bottom quarks in
the final state separately finite. In this scheme, the contamination from t¢# and single-top
production is easily avoided by omitting bottom-quark emission subprocesses. However,
this prescription generates logarithms of the bottom mass that could have a non-negligible
impact on the WTW ™ cross section. In order to assess the related uncertainty, results
in the 4FS are compared against a second calculation in the 5FS. In that case, the con-
tributions that are free from top resonances are isolated with a gauge-invariant approach
that exploits the scaling behaviour of the cross sections in the limit of a vanishing top-
quark width [46]. The idea is that double-resonant (single-resonant) contributions depend
quadratically (linearly) on 1/I';, while top-free W W™~ contributions are not enhanced
at small T';. Exploiting this scaling property, the ¢, tW and (top-free) WTW = compo-
nents in the 5FS are separated from each other through a numerical fit based on multiple



high-statistics evaluations of the cross section for increasingly small values of I';. The sub-
tracted result in the 5F'S can then be understood as a theoretical prediction of the genuine
WHW ™ cross section and directly compared to the 4FS result. The difference should be
regarded as an ambiguity in the definition of a top-free W+ W ™ cross section and includes,
among other contributions, the quantum interference between W+TW ™ production (plus
unresolved bottom quarks) and ¢t or single-top production. This ambiguity was shown to
be around 1% — 2% for the inclusive W W ™ cross section at NNLO [46], and turns out to
be of the same size or even smaller in presence of a jet veto (see section 3).

2.2 The gp-subtraction formalism

The implementation of the various IR-divergent amplitudes into a numerical code that
provides finite NNLO predictions for physical observables is a highly non-trivial task. In
particular, the numerical computations need to be arranged in a way that guarantees the
cancellation of IR singularities across subprocesses with different parton multiplicities. To
this end various methods have been developed. They can be classified in two broad cate-
gories. In the first one, the NNLO calculation is organized so as to cancel IR singularities of
both NLO and NNLO type at the same time. The formalisms of antenna subtraction [76—
79], colourful subtraction [80-82] and Stripper [83-85] belong to this category. Antenna
subtraction and colourful subtraction can be considered as extensions of the NLO subtrac-
tion methods of refs. [86-89] to NNLO. Stripper, instead, is a combination of the FKS
subtraction method [86] with numerical techniques based on sector decomposition [90, 91].
The methods in the second category start from an NLO calculation with one additional
parton (jet) in the final state and devise suitable subtractions to make the cross section
finite in the region in which the additional parton (jet) leads to further divergences. The gp-
subtraction method [59] as well as N-jettiness subtraction [92-94], and the Born-projection
method of ref. [95] belong to this class.

The gr-subtraction formalism [59] has been conceived in order to deal with the produc-
tion of any colourless* high-mass system F at hadron colliders. This method has already
been applied in several NNLO calculations [46, 59, 62-66, 97-100], and we have employed
it also to obtain the results presented in this paper. In the gp-subtraction framework, the
pp — F 4+ X cross section at (N)NLO can be written as

Pt

The term dag\f)jfg represents the cross section for the production of the system F plus one
jet at (N)LO accuracy and can be evaluated with any available NLO subtraction formalism.
The counterterm dU(CNFI;NLO guarantees the cancellation of the remaining IR divergences of
the F+jet cross section. It is obtained via fixed-order expansion from the resummation
formula for logarithmically enhanced contributions at small transverse momenta [60]. The
practical implementation of the contributions in the square bracket in eq. (2.2) is described

in more detail in section 2.3.

4The extension to heavy-quark production has been discussed in ref. [96].



The hard-collinear coeflicient HEFN)NLO encodes the loop corrections to the Born-level
process and compensates® for the subtraction of da(CNT)NLO. It is obtained from the (N)NLO
truncation of the process-dependent perturbative function

2
HF — 14 OSyFO) (ﬁ) W@ 4 (2.3)
e ™

The NLO calculation of do¥ requires the knowledge of HFD | and the NNLO calculation
also requires H¥(?). The general structure of #F() has been known for a long time [101].
Exploiting the explicit results of #F(?) for Higgs [102] and vector-boson [103] produc-
tion, the result of ref. [101] has been extended to the calculation of the NNLO coefficient
#F(2) [104]. These results have been confirmed through an independent calculation in the
framework of Soft-Collinear Effective Theory [105, 106]. The counterterm da(CNT)NLO only
depends on ’HfN)LO, i.e. for an NNLO computation it requires only HFD) as input, which
can be derived from the one-loop amplitudes for the Born subprocesses.

2.3 Organization of the calculation in MATRIX

Our calculation of WTW ™ production is based on MATRIX, a widely automated program
for NNLO calculations at hadron colliders. This new tool is based on g subtraction, and
is thus applicable to any process with a colourless high-mass final state, provided that the
two-loop amplitudes for the Born subprocess are available. Moreover, besides fixed-order
calculations, it supports also the resummation of logarithmically enhanced terms at NNLL
accuracy (see ref. [54], and ref. [107] for more details).

MATRIX is based on MUNICH, a general-purpose Monte Carlo program that includes a
fully automated implementation of the Catani-Seymour dipole subtraction method [88, 89],
an efficient phase-space integration, as well as an interface to the one-loop generator OPEN-
Loops [57, 58] to obtain all required (spin- and colour-correlated) tree-level and one-loop
amplitudes. MUNICH takes care of the bookkeeping of all relevant partonic subprocesses.
For each subprocess it automatically generates adequate phase-space parameterizations
based on the resonance structure of the underlying (squared) tree-level Feynman diagrams.
These parameterizations are combined using a multi-channel approach to simultaneously
flatten the resonance structure of the amplitudes, and thus guarantee a fast convergence
of the numerical integration. Several improvements like an adaptive weight-optimization
procedure are implemented as well.

Supplementing the fully automated NLO framework of MUNICH with a generic
implementation of the gp-subtraction and -resummation techniques, MATRIX achieves
NNLL+NNLO accuracy in a way that limits the additionally introduced dependence on
the process to the two-loop amplitudes that enter ’HENLO in eq. (2.2). All other process-
dependent information entering the various ingredients in eq. (2.2) are expressed in terms
of NLO quantities already available within MUNICH+OPENLOOPS.

®More precisely, while the behaviour of da(CNT)NLO for ¢r — 0 is dictated by the singular structure of

dag\f)jfg, its non-divergent part in the same limit is to some extent arbitrary, and its choice determines the

explicit form of H(FN)NLO.



All NNLO contributions with vanishing total transverse momentum g7 of the final-
state system F' are collected in the coefficient HEINLo- The remaining part of the NNLO
cross section, namely the difference in the square bracket in eq. (2.2), is formally finite in
the limit gr — 0, but each term separately exhibits logarithmic divergences in this limit.
Since the subtraction is non-local, a technical cut on ¢r is introduced in order to render
both terms separately finite. In this way, the gpr-subtraction method works very similarly
to a phase-space slicing method. In practice, it turns out to be more convenient to use a
cut, reyt, on the dimensionless quantity r» = qp/M, where M denotes the invariant mass of
the final-state system F.

The counterterm daijrl;NLO cancels all divergent terms from the real-emission contri-
butions at small ¢p, implying that the r¢,t dependence of their difference should become
numerically negligible for sufficiently small values of r¢ut. In practice, as both the countert-
erm and the real-emission contribution grow arbitrarily large for r¢y; — 0, the statistical
accuracy of the Monte Carlo integration degrades, preventing one from pushing 7.y too
low. In general, the absence of any strong residual r.,; dependence provides a stringent
check on the correctness of the computation since any significant mismatch between the
contributions would result in a divergent cross section in the limit r.,y — 0. To monitor
the r.ut dependence without the need of repeated CPU-intensive runs, MATRIX allows for
simultaneous cross-section evaluations at variable 7., values. The numerical information
on the 7.yt dependence of the cross section can be used to quantify the uncertainty due to
finite rcy values (see section 2.4).

2.4 Stability of g7 subtraction for p"‘e_yuﬂe production

In the following we investigate the stability of the ¢r subtraction approach for pp —
ptevuve + X. To this end, in figure 3 we plot the NLO and NNLO cross sections
as functions of the gp-subtraction cut, rcu, which acts on the dimensionless variable
T = PTyute—v,be /m;ﬁe—uuﬂe' Validation plots are presented at 8 TeV both for the fully
inclusive cross section (see section 3.2) and for the most exclusive case we have investi-
gated, i.e. the cross section in presence of standard fiducial cuts for Higgs background
analyses (see section 3.4). All considered scenarios at 8 and 13 TeV lead essentially to the
same conclusions.

At NLO the rqyt-independent cross section obtained with Catani-Seymour subtraction
is used as a reference for the validation of the gp-subtraction result. The comparison of the
NLO cross sections in the left panels of figure 3 demonstrates that g7 subtraction reaches
about half-permille accuracy already at the moderate value of reyt = 1%, where we can,
however, still resolve a difference, which is slightly larger than the respective numerical
uncertainties, with respect to the rqy-independent result achieved using Catani-Seymour
subtraction. This difference is due to the power-suppressed contributions that are left
after the cancellation of the logarithmic singularity at small r¢t. Going to even smaller
values of r¢,t, we observe a perfect convergence within statistical uncertainties towards the
Catani-Seymour-subtracted result in the limit r.yt — 0. The expected behaviour of the
perturbative correction at N"LO is

AO'(n) (Tcut) = AO'(n) + f(n) (rcut) n= 1> 2> <. (24)
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Figure 3. Dependence of the pp — pte v, 7.+ X cross sections at 8 TeV on the gr-subtraction cut,
Teut, for both NLO (left plots) and NNLO (right plots) results in the inclusive phase space (upper
plots) and with Higgs cuts (lower plots). NLO results are normalized to the r¢y¢-independent NLO
cross section computed with Catani-Seymour subtraction, and the NNLO results are normalized to
their values at r.yy — 0, with a conservative extrapolation-error indicated by the blue bands.

where Ac(™ is the reut-independent result and the function f (n) (rcut) has the general form
2n—1

f(n) (TCUt) = rzut Z ak,n lnk (rcut) + ... (25)
k=0

At NNLO, where an r¢yt-independent control result is not available, we observe no
significant, i.e. beyond the numerical uncertainties, r.,; dependence below about r¢yt = 1%;
we thus use the finite-r.yt results to extrapolate to royy = 0, taking into account the
breakdown of predictivity for very low r¢, values, and conservatively assign an additional
numerical error to our results due to this extrapolation.® This procedure allows us to control
all NNLO predictions to inclusive and fiducial cross sections presented in section 3 well
below the level of two per mille. The increasing error bars indicate that arbitrarily low rcut
values cannot be tested as the contributions cancelling in the limit are separately divergent.

Based on the observation that no significant r..; dependence is found below 7.y = 1%,
the value 7oyt = 0.25% was adopted for the calculation of the differential observables
presented in section 3. We have checked that the total rates for that value are fully
consistent within numerical uncertainties with our extrapolated results and that a smaller
value 7ey = 0.1% leads to distributions in full statistical agreement, thus confirming the
robustness of our results also at the differential level.

5In the NNLO calculation the O(as) contributions are evaluated by using Catani-Seymour subtraction.
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3 Results

We present numerical results for the different-flavour process pp — pre v,v. + X at
/s = 8TeV and 13 TeV. Cross sections and distributions are studied both in the inclusive
phase space and in presence of typical selection cuts for WTW~ and H — WTW ™ analyses.

Different-flavour final states provide the highest sensitivity both in W+ W~ measure-
ments and Higgs studies. We note that, due to the charge asymmetry of W+ W™ production
in proton-proton collisions and the differences in the muon and electron acceptance cuts (in
particular regarding the rapidity cuts), the two different-flavour channels, p"e~v,7. and
e u~ ey, do not yield identical cross sections. However, we have checked that the absolute
differences are not resolved on the level of our statistical errors. Thus (N)NLO predictions
and K-factors for u*e~ v, production can be safely applied also to pp — et~ v, + X.

3.1 Input parameters, PDFs and selection cuts

Results in this paper are based on the EW input parameters G, = 1.1663787 x 1075 GeV~2,
myw = 80.385GeV and myz = 91.1876 GeV. The other couplings in the EW sector are
derived in the G-scheme, where cosfy, = my /my and a = ﬂGMm%V sin? Oy, /7. In the
complex-mass scheme, the physical gauge-boson masses and the weak mixing angle are
replaced by py = \/m%/ — il'ymy and cos éw = pw/uz, while for a the above real-valued
expression is used. For the vector-boson widths we employ I'yy = 2.085GeV and 'y =
2.4952 GeV [108], and for the heavy quarks we set m, = 4.92GeV and m; = 172.5GeV.
These input parameters result in a branching fraction BR(W* — I*1;) = 0.1090040 for
each massless lepton generation, i.e. [ = e, . Contributions from resonant Higgs bosons and
their interference with the W+ W~ continuum are fully supported in our implementation.
However, since this study is focused on W+W ™ production as EW signal or as background
to H — W*TW~, Higgs contributions have been decoupled by taking the my — oo limit.

To compute hadronic cross sections, we use NNPDF3.0 parton-distribution functions
(PDFs) [109], and, unless stated otherwise, we work in the 4FS, while removing all contri-
butions with final-state bottom quarks in order to avoid any contamination from top-quark
resonances. In the NNPDF framework, 4FS PDFs are derived from the standard variable-
flavour-number PDF set with ag5F)(M 7z) = 0.118 via appropriate backward and forward
evolution with five and four active flavours, respectively. The resulting values of the strong
coupling a§4F)(MZ) at LO, NLO and NNLO are 0.1136, 0.1123 and 0.1123, respectively.
Predictions at N"LO are obtained using PDFs at the corresponding perturbative order
and the evolution of ag at (n + 1)-loop order, as provided by the PDF set. The central
values of the factorization and renormalization scales are set to up = ur = my. Scale
uncertainties are estimated by varying ur and pg in the range 0.5 my < pp, ur < 2mwy
with the restriction 0.5 < pup/pg < 2.

In the following subsections we investigate u*e~ v, 7. production in the inclusive phase
space (section 3.2) and in presence of typical selection cuts that are designed for measure-
ments of WTW ™ production (section 3.3) and for H — WTW ™ studies (section 3.4) at
the LHC. The detailed list of cuts is specified in table 1. Besides the requirement of two
charged leptons within a certain transverse-momentum and rapidity region, they involve
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cut variable WHW ™ cuts Higgs cuts
lepton definition
pr, > 25 GeV > 22 GeV
P11, > 20 GeV > 10 GeV
Y] <24 <24
A <247 and ¢ [1.37;1.52] | < 2.47 and ¢ [1.37;1.52]
leptonic cuts
piniss > 20 GeV > 20 GeV
ppissrel > 15GeV —
pru — > 30 GeV
mi > 10 GeV € [10 GeV; 55 GeV]
ARy > 0.1 —
A¢ll — < 1.8
Adu — > 7/2
anti-kr jets with R = 0.4, pr; > 25GeV, |y;] < 4.5
]Vjets ‘ 0 ‘ 0

Table 1. Selection cuts targeted at WTW ™ signal measurements (central column) and H —
WHW ™ studies (right column). The hardest and second hardest lepton are denoted as I; and

miss

ly, respectively. The missing transverse momentum, p7'*®, is identified with the total transverse
momentum of the v pair, while the relative missing transverse momentum p?‘ss’rel is defined as

PpRIsS x sin |A¢|, where Ag is the azimuthal separation between p* and the momentum of the

closest lepton; A¢y ., is the azimuthal angle between the vectorial sum of the leptons’ transverse

momenta, pr i, and pp'®.

additional restrictions on the missing transverse momentum (p=5 = pr,;), the trans-

verse momentum (prpy) and invariant mass (my;) of the dilepton system, the combined
rapidity-azimuth (ARy) and azimuthal (A¢y;) separation of the charged leptons, as well as
on the relative missing transverse momentum (p?iss’rel) and the azimuthal angle between
pT,11, and p%iss (A¢yi), as defined in table 1. Moreover, the WHW~ and Higgs selection

criteria involve a veto against anti-k7 jets [110] with R = 0.4, pr > 25GeV and |y| < 4.5.

3.2 Analysis of inclusive u"‘e‘uuﬂe production

In this section we study pe~ v, production in absence of acceptance cuts. Predictions
for the total inclusive cross section at LO, NLO and NNLO are listed in table 2. The NLO
cross section computed with NNLO PDFs, denoted by NLO’, and NLO’ supplemented with
the loop-induced gluon-fusion contribution (NLO’+gg) are provided as well.

At /s = 8(13) TeV the NLO corrections increase the LO cross section by 47% (55%),
and the NNLO corrections result in a further sizeable shift of +11% (4+14%) with respect
to NLO. The total NNLO correction can be understood as the sum of three contributions
that can be read off table 2: evaluating the cross section up to O(ag) with NNLO PDFs
increases the NLO result by about 2% (3%). The loop-induced gluon-fusion channel, which
used to be considered the dominant part of the NNLO corrections, further raises the cross
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Tinclusive [fD] o/onLo — 1
NG 8 TeV 13 TeV 8 TeV 13 TeV
LO 425.41(4) T25% 778.99 (8) 7% | —31.8%  —35.4%
NLO 623.47(6) t55%  1205.11(12) T3 | 0 0
NLO' 635.95(6) TS5 1235.82(13) TR | + 2.0%  + 2.5%
NLO'+gg | 655.83(8) 733 1286.81(13) T35 | + 5.2% + 6.8%
NNLO | 690.4(5) *22%  1370.9(11) 287 | +10.7%  +13.8%

Table 2. Total inclusive cross sections at different perturbative orders and relative differences with
respect to NLO. The quoted uncertainties correspond to scale variations as described in the text,
and the numerical integration errors on the previous digit(s) are stated in brackets; for the NNLO
results, the latter include the uncertainty due the 7., extrapolation (see section 2.4).

section by only 3% (4%), while the genuine O(a2) corrections to the ¢g channel” amount to
about +6% (+7%). Neglecting PDF effects, we find that the loop-induced gg contribution
corresponds to only 37% (38%) of the total O(ad) effect, i.e. of onnLO — OnLor, With the
remaining 63% (62%) being due to genuine NNLO corrections.

These results are in line with the inclusive on-shell predictions of ref. [46], where the
relative weight of the gg contribution was found to be 35% (36%), and the small difference
is due to the chosen PDFs. We also find by up to about 2% larger NNLO corrections
than stated in ref. [46], which can also be attributed to the chosen PDF sets. Indeed,
repeating the on-shell calculation of ref. [46] using the input parameters of section 3.1
(with I'y = I'z = 0), we find that the relative corrections agree on the level of the
statistical error when the same PDF sets are applied. Moreover, comparing the results of
table 2 with this on-shell calculation allows us to quantify the size of off-shell effects, which
turn out to reduce the on-shell result by about 2% with a very mild dependence (at the
permille level) on the perturbative order and the collider energy. The results for the two
considered collider energies confirm that the size of relative corrections slightly increases
with the centre-of-mass energy, as in the on-shell case.

We add a few comments on the theoretical uncertainties of the above results. As is
well known, scale variations do not give a reliable estimate of the size of missing higher-
order contributions at the first orders of the perturbative expansion. In fact, LO and
NLO predictions are not consistent within scale uncertainties, and the same conclusion
can be drawn by comparing NLO or NLO'+gg predictions with their respective scale un-
certainties to the central NNLO result. This can be explained by the fact that the gg
(as well as Gg) and gg (as well as qq®, Gg¥ and ¢g') channels open up only at NLO and
NNLO, respectively. Since the NNLO is the first order where all the partonic channels
are contributing, the NNLO scale dependence should provide a realistic estimate of the

"Here and in what follows, all NNLO corrections that do not stem from the loop-induced gg — W+W~
channel are denoted as genuine O(ad) corrections or NNLO corrections to the gg channel. Besides ¢g-
induced partonic processes, they actually contain also gq and g¢ channels with one extra final-state parton
as well as gg, g, g7 and qq channels with two extra final-state partons.
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Figure 4. Distribution in the invariant mass of the WTW ™ pair, mpy+w- = My+e=p,p,- NO

acceptance cuts are applied. Absolute LO (black, dotted), NLO (red, dashed) and NNLO (blue,
solid) predictions at /s = 8 TeV (left) and /s = 13 TeV (right) are plotted in the upper frames.
The lower frames display NLO'+gg (green, dot-dashed) and NNLO predictions normalized to NLO.
The bands illustrate the scale dependence of the NLO and NNLO predictions. In the case of ratios,
scale variations are applied only to the numerator, while the NLO prediction in the denominator
corresponds to the central scale.

uncertainty from missing higher-order corrections. The loop-induced gluon-gluon channel,
which contributes only at its leading order at O(a%) and thus could receive large relative
corrections, was not expected to break this picture due to its overall smallness already in
ref. [46]. That conclusion is supported by the recent calculation of the NLO corrections to
the loop-induced gg channel [37].

In figures 4-7 we present distributions that characterize the kinematics of the recon-
structed T bosons.® Absolute predictions at the various perturbative orders are comple-
mented by ratio plots that illustrate the relative differences with respect to NLO. In order
to assess the importance of genuine NNLO corrections, full NNLO results are compared to

NLO'+gg predictions in the ratio plots.

In figure 4 we show the distribution in the total invariant mass, my+w- = M+, p,-
This observable features the characteristic threshold behaviour around 2 myy, with a rather
long tail and a steeply falling cross section in the off-shell region below threshold. Although
suppressed by two orders of magnitude, the Z-boson resonance that originates from topolo-
gies of type (b) and (c) in figure 1 is clearly visible at m+.-,,5 = mz. Radiative QCD
effects turn out to be largely insensitive to the EW dynamics that governs off-shell W-boson

8The various kinematic variables are defined in terms of the off-shell W-boson momenta, py,+ = R
and py — = pe— + po..-
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Figure 5. Distribution in the transverse momentum of the W W™ pair. No acceptance cuts are
applied. Absolute predictions and relative corrections as in figure 4.

decays and dictates the shape of the My+e—u, 5. distribution. In fact, the onnro/ONLO Ta-
tio is rather flat, and shape distortions do not exceed about 5%, apart from the strongly
suppressed region far below the 2 my threshold.

The distribution in the transverse momentum of the W+ W~ pair, shown in figure 5,
vanishes at LO. Thus, at non-zero transverse momenta NLO (NNLO) results are formally
only LO (NLO) accurate. Moreover, the loop-induced gg channel contributes only at
pr,ww = 0. The relative NNLO corrections are consistent with the results discussed in
ref. [54]: they are large and exceed the estimated scale uncertainties in the small and
intermediate transverse-momentum regions, while the NLO and NNLO uncertainty bands
overlap at large transverse momenta. At very low pr, the fixed-order NNLO calculation
diverges, but NNLL+NNLO resummation [54] can provide accurate predictions also in
that region.

In figures 6 and 7 the transverse-momentum distributions of the harder W boson,
pT,w,, and the softer W boson, prw,, are depicted. The first eye-catching feature is the
large NLO/LO correction in case of the harder W boson, which grows with pr and leads
to an enhancement by a factor of five at pr ~ 500 GeV, whereas such large corrections
are absent for the softer W boson. This feature is due to the fact that the phase-space
region with at least one hard W boson is dominantly populated by events with the NLO
jet recoiling against this W boson, while the other W boson is relatively soft. The LO-like
nature of this dominant contribution for moderate and large values of pr v, is reflected by
the large NLO scale band. The phase-space region where the softer W boson has moderate
or high transverse momentum as well is naturally dominated by topologies with the two W
bosons recoiling against each other. Such topologies are present already at L.O, and thus
do not result in exceptionally large corrections. Both for the leading and subleading W

~15 —



do/dpr,w, [fb/GeV] H*evV e(inclusive) @LHC 8 TeV do/dpr,w, [fb/GeV] H*e vV e(inclusive) @LHC 13 TeV

10! - LO o 3
F- ---- NLO fﬁ L fﬁ

100 — NNLO-4= +
E It E =

C 1= C 1>
107 E 45 107k 45
E ERal E ERal

F 1= r 7:3

[ 1o [ ke
1072 45 102 43
3 13 3 33

i 12 i 18

1078 B e e e e e e 1078 e e e e e e
1.4 29400 1.4 29400 .
1.3F 1.3F 3
1 25 1 25 ,71—'_'_;—\—‘—\; E
T E & B E ;—-— |_|'_J?I” i 5
11 E eSS 1.1 %E:':»-x;;::.;f_i;:_,;.f:i T _L
1E = = —
0.9F . : 09F - S
0.8: L L L PR B T et 08: L L L L a0
0 100 200 300 400 500 0 100 200 300 400 500

pTw, [GeV] pTw, [GeV]

(a) (b)

Figure 6. Distribution in the transverse momentum of the harder reconstructed W boson. No
acceptance cuts are applied. Absolute predictions and relative corrections as in figure 4.
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Figure 7. Distribution in the transverse momentum of the softer reconstructed W boson. No
acceptance cuts are applied. Absolute predictions and relative corrections as in figure 4.
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boson, the NNLO corrections tend to exceed the NLO scale band at moderate transverse-
momentum values.

For all distributions discussed so far, we find qualitatively the same effects at 8 and
13 TeV, essentially only differing by the larger overall size of the NNLO corrections at the
higher collider energy. Contributing only about one third of the total NNLO correction, the
NLO’+gg approximation does not provide a reliable description of the full NNLO result.
Moreover, in general the loop-induced gluon-gluon channel alone cannot reproduce the
correct shapes of the full NNLO correction.

3.3 Analysis of p"‘e_u”l?e production with W+ W~ selection cuts

In this section we investigate the behaviour of radiative corrections in presence of accep-
tance cuts used in WTW ™ measurements. The full set of cuts is summarized in table 1
and is inspired by the W W~ analysis of ref. [6].° Besides various restrictions on the lep-
tonic degrees of freedom and the missing transverse momentum, this analysis implements
a jet veto.

Predictions for fiducial cross sections at different perturbative orders are reported in
table 3. As a result of fiducial cuts, in particular the jet veto, radiative corrections behave
very differently as compared to the inclusive case. The NLO corrections with respect to
LO amount to only about +4% (+1%) at 8 (13) TeV. Neglecting the +2% (+3%) shift due
to the PDFs, the NNLO corrections amount to +5% (+7%). Their positive impact is,
however, entirely due to the loop-induced gluon-fusion contribution, which is not affected
by the jet veto. In fact, comparing the NNLO and NLO’+gg predictions we see that the
genuine O(a?) corrections are negative and amount to roughly —1% (—2%).

The reduction of the impact of radiative corrections when a jet veto is applied is
a well-known feature in perturbative QCD calculations [111]. A stringent veto on the
radiation recoiling against the W W~ system tends to unbalance the cancellation between
positive real and negative virtual contributions, possibly leading to large logarithmic terms.
The resummation of such logarithms has been the subject of intense theoretical studies,
especially in the important case of Higgs-boson production [112-115], and it has been
recently addressed also for W W~ production [52, 53]. In the case at hand, the moderate
size of radiative effects beyond NLO suggests that, similarly as for Higgs production, fixed-
order NNLO predictions should provide a fairly reliable description of jet-vetoed fiducial
cross sections and distributions.

The reduced impact of radiative effects in the presence of a jet veto is often accom-
panied by a reduction of scale uncertainties in fixed-order perturbative calculations. Com-
paring the results in table 3 with those in table 2 we indeed see that the size of the NNLO
scale uncertainty is reduced when cuts, particularly the jet veto, are applied. Such a small
scale dependence should be interpreted with caution as it tends to underestimate the true
uncertainty due to missing higher-order perturbative contributions.

The effect of radiative corrections on the efficiency of WW ~ fiducial cuts,

€= Uﬁducial/ainclusive s (31)

9We do not apply any lepton-isolation criteria with respect to hadronic activity.
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Ttiducial(W T W ~-cuts) [fb] o/onLo — 1
Vs 8 TeV 13 TeV 8 TeV 13 TeV
LO 147.23 (2) 4% 233.04(2) T80 | —3.8% - 1.3%
NLO 153.07 (2) T19%  236.19(2) T25% | 0 0
NLO' 156.71 (3) 156 243.82(4) T2S% | +24%  + 3.2%
NLO'+gg | 166.41 (3) 156 267.31(4) 733% | +8.7%  +13.2%
NNLO | 164.16(13) *1-%%  261.5(2) T19% | +7.2%  +10.7%
Table 3. Cross sections with WTW ™ fiducial cuts at different perturbative orders and relative
differences with respect to NLO. Scale uncertainties and errors as in table 2.
€ = Ofiducial (W TW ™ -cuts) / Oinclusive €/exvo — 1
NG 8 TeV 13 TeV 8 TeV 13 TeV
LO 0.34608(7)T05%  0.29915(6)T05% | +41.0%  +52.6%
NLO 0.24552(5) 7146 0.19599(4) TR |0 0
NLO™-+gg | 0.25374(7)735%  0.20773(5)*32% | + 3.3%  + 6.0%
NNLO | 0.2378(4) T03%  0.1907(3) Tp28 | — 32% - 2.7%

Table 4. Efficiency of WTW ™ acceptance cuts at different perturbative orders and relative differ-
ences with respect to NLO. Scale uncertainties and errors as in table 2.

is illustrated in table 4, where numerator and denominator are evaluated at the same
perturbative order and both with urp = pur = myy. Due to the negative impact of the
newly computed NNLO corrections on the fiducial cross section (see table 3) and their
positive impact on the inclusive cross section (see table 2), the NNLO corrections on
the cut efficiency are quite significant. In particular, at /s = 8(13) TeV the full NNLO
prediction lies about 6% (9%) below the NLO'+gg result. The uncertainties quoted in
table 4 are obtained by varying pur and pp in a fully correlated way in the numerator and
denominator of eq. (3.1). Clearly, there is a large correlation at LO, which results in a
particularly small uncertainty. At NNLO the uncertainties are comparable to those of the
fiducial cross sections.

As discussed in section 2.1, our default 4F'S predictions are compared to an alternative
top-subtracted computation in the 5FS, in order to assess the uncertainty related to the
prescription for the subtraction of the top contamination. Without top subtraction we
obtain oxpo = 165.7(3) fb and onnLo = 181.9(4) fb at /s = 8 TeV in the 5FS. Due to the
jet veto, these fiducial cross sections feature a moderate top contamination of about 8% at
NLO and 12% at NNLO. Removing the top contributions, we find oxp,0 = 153.4(4) fb and
onnLo = 162.5(3) fb, which agree with the 4FS results within 1%. At /s = 13 TeV, the top
contamination in the 5FS is somewhat larger and amounts to 12% (17%) at NLO (NNLO).
The top-subtracted fiducial cross sections, onr,o = 238.3(6) fb and onnrLo = 265(2) fb, on
the other hand, are again in agreement with the 4FS results at the 1% — 2% level.
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Figure 8. Distribution in the azimuthal separation of the charged leptons. WTW ™ cuts are
applied. Absolute predictions and relative corrections as in figure 4.

Differential distributions in presence of WTW ™ fiducial cuts are presented
in figures 8-15. We first consider, in figure 8, the distribution in the azimuthal separa-
tion of the charged leptons, A¢y. The NLO'+gg approximation is in good agreement with
full NNLO result at small Ag¢y, but in the peak region the difference exceeds 5%, and
the NLO'+gg result lies outside the NNLO uncertainty band. The difference significantly
increases in the large A¢y region, where the cross section is strongly suppressed though.
The uncertainty bands of the NLO and NNLO predictions do not overlap. This feature
is common to all distributions that are considered in the following. It is primarily caused
by the loop-induced gg contribution, which enters only at NNLO and is not accounted for
by the NLO scale variations. Ignoring the gluon-induced component, we observe a good
perturbative convergence, apart from some peculiar phase-space corners.

In figure 9 we study the cross section as a function of the azimuthal separation Agy .,
between the transverse momentum of the dilepton pair (pr ) and the missing transverse
momentum (p3*). Since Ag¢y,, = 7 at LO, the (N)NLO calculation is only (N)LO
accurate at A¢y ,, < 7. The NNLO corrections have a dramatic impact on the shape of
the distribution: the onnrLo/onLo K-factor grows with decreasing Agy ., and reaches up
to O(10) in the region A¢y ., S 1, where the cross section is suppressed by more than
three orders of magnitude. This huge effect results from the interplay of the jet veto with
the cuts on the py’s of the individual leptons and on p%iss. At small Agy ,, the transverse
momenta pt 1 and p%iss must be balanced by recoiling QCD partons. However, at NLO
the emitted parton can deliver a sizeable recoil only in the region that is not subject to the
jet veto, i.e. in the strongly suppressed rapidity range |y;| > 4.5. At NNLO, the presence
of a second parton relaxes this restriction to some extent, thereby reducing the suppression
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ton system and the missing transverse momentum. W*W ™ cuts are applied. Absolute predictions

and relative corrections as in figure 4.
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Figure 11. Distribution in the W+W ™ transverse mass. WTW ™ cuts are applied. Absolute
predictions and relative corrections as in figure 4.

by about one order of magnitude. The loop-induced gg contribution does not involve any
QCD radiation and contributes only at A¢y ., = m. As a consequence, the NLO and
NLO'+gg predictions at A¢y,,,, < 7 are almost identical, apart from minor differences due
to the PDFs.

The invariant-mass distribution of the dilepton pair is presented in figure 10. On the
one hand, if one takes into account NNLO scale variations, the NLO’+gg result is by and
large consistent with the NNLO prediction. On the other hand, the shapes of the NLO'+gg
and NNLO distributions feature non-negligible differences, which range from +5% at low
masses to —5% in the high-mass tail. Nevertheless, NLO’+gg provides a reasonable ap-
proximation of the full NNLO result, in particular regarding the normalization.

The distribution in the W™ W ™~ transverse mass,

L2 iss) 2
AT =/ (B, + Bra, + )’ = (pra, + pras + ) (32)

is displayed in figure 11. Also in this case, apart from the strongly suppressed region
of small m:}ATLAS, the NLO’+gg approximation is in quite good agreement with the full
NNLO prediction.

In figures 12 and 13 we show results for the pr distributions of the leading and sub-
leading lepton, respectively. In both cases the impact of NNLO corrections grows with pp.
This is driven by the gluon-induced contribution, which overshoots the complete NNLO
result in the small-py region and behaves in the opposite way as pr becomes large. In
the case of the subleading lepton, the genuine NNLO corrections are as large as O(10%)
around pry, = 200 GeV. Overall, there is a visible difference in shape between NLO'+gg
and NNLO for both the leading and subleading lepton transverse-momentum distributions.
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Figure 12. Distribution in the py of the leading lepton. WTW ™ cuts are applied. Absolute
predictions and relative corrections as in figure 4.
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Figure 14. Distribution in the pr of the dilepton system. WTW ™ cuts are applied. Absolute
predictions and relative corrections as in figure 4.
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The pr distribution of the dilepton pair is displayed in figure 14. This observable has
a kinematical boundary at LO, where the requirement p?iss > 20 GeV implies that pr; >
20 GeV. The region pr; < 20 GeV starts to be populated at NLO, but each perturbative
higher-order contribution (beyond LO) produces integrable logarithmic singularities leading
to perturbative instabilities at the boundary [116]. This becomes particularly evident in
the donnLo/donpo ratio. The loop-induced gg contribution, having Born-like kinematics,
does not contribute to the region pr; < 20 GeV. In contrast, NNLO corrections are huge,
and the formal accuracy of NNLO predictions is only NLO in that region. In the region of
high pp;; we observe significant NNLO corrections, and the NLO’+gg approximation works
rather well. Similar features are observed in the p?iss distribution, displayed in figure 15,
but without the perturbative instability at p?iss = 20 GeV, as the cut on p?iss is explicit.

In general, radiative corrections behave in a rather similar way at /s = 8 TeV and
Vs = 13TeV in presence of WTW ™ cuts. Comparing the NLO’+gg approximation with
the full NNLO prediction, we find that the overall normalization is typically reproduced
quite well, while genuine NNLO corrections can lead to significant shape differences of up
to 10%. It does not come as a surprise that in kinematic regions that imply the presence of
QCD radiation, loop-induced gg contributions cannot provide a reasonable approximation
of the full NNLO correction.

3.4 Analysis of [J,+€_Vu173 production with Higgs selection cuts

In this section we repeat our study of radiative corrections in presence of cuts that are
designed for H — WTW ™ studies at the LHC. In this case, WTW ™ production plays the
role of irreducible background, and more stringent cuts are applied in order to minimize
its impact on the H — WTW ™ signal. The precise list of cuts is specified in table 1 and
corresponds to the H — W+ W~ analysis of ref. [12].10 This selection implements a series
of cuts similar to the ones used in W W ™ signal measurements, including a jet veto. The
suppression of on-shell WTW ™ production is achieved through additional restrictions on
PT.a1, M, Ady and Ay .

In table 5 we report predictions for fiducial cross sections at different perturbative
orders. The corresponding acceptance efficiencies, computed as in section 3.3, are presented
in table 6. It turns out that Higgs cuts suppress the impact of QCD radiative effects in
a similar way as WTW ™~ cuts. At 8 (13) TeV the NLO and NNLO corrections amount to
+5% (+3%) and to +9% (+13%), respectively. The latter consist of a positive +3% shift
due to NNLO PDFs, a sizeable loop-induced gg component of +9% (+13%), and a rather
small genuine O(ad) contribution of —2% (—4%).

We compare the 4FS predictions against the top-subtracted calculation in the 5FS:
at /s = 8(13) TeV the latter yields onpo = 48.7(3) fb (onLo = 73.4(2) fb) and onnro =
53.0 (5) fb (onnLo = 83.1(5) fb), which corresponds to a 1% — 2% agreement with the 4FS
results. The size of the subtracted top contamination in the 5FS is slightly smaller than
what was found for WHW ™ cuts. It amounts to 5% (9%) at NLO and 6% (11%) at NNLO.

°Tn our analysis, we require |y, | < 2.4 as for WTW ™ signal cuts, in contrast to |y,| < 2.5 in the ATLAS
analysis. Moreover, we do not apply any lepton-isolation criteria with respect to hadronic activity.
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Ofiducial (H—cuts) [fb] o/onLo — 1
Vs 8 TeV 13 TeV 8 TeV 13 TeV
LO 45.923(4) TRO% 71164 (7)TREE | - 44% - 2.6%
NLO 48.045(5) T19%  73.085 (6) T2TA | 0 0
NLO’ 49.318(7) 1% 7s5TS(11) TENE | + 27%  + 3.4%
NLO’+gg | 53.496(8) *20%  85.231(12) 722% | +11.3%  +16.6%
NNLO | 52.30(4) *16%  82.32(12) T20% | + 8.9%  +12.6%

Table 5. Cross sections with Higgs fiducial cuts at different perturbative orders and relative
differences with respect to NLO. Scale uncertainties and errors as in table 2.

€ = Ofiducial (H—cuts) /Ginclusive €/envo — 1
N 8 TeV 13 TeV 8 TeV 13 TeV
LO 0.10795 (2)*12%  0.09135 (2)T]3% | +40.1%  +50.6%
NLO 0.07706 (2)T43%  0.06065 (1)T35E | 0 0
NLO'+gg | 0.08157 (2)T31%  0.06623 (2)727% | + 5.9%  + 9.2%
NNLO 0.07575(11) ) 2% 0.06005(14) "5 3% | — 1.7% — 1.0%

Table 6. Efficiency of Higgs acceptance cuts at different perturbative orders and relative differences
with respect to NLO. Scale uncertainties and errors as in table 2.

Similarly to the case of WTW ™ cuts, genuine (’)(a%) corrections have a significant
impact on the acceptance efficiency: at /s = 8 (13) TeV the NNLO prediction lies roughly
8% (10%) below the NLO'+gg result, which exceeds the respective scale uncertainties.
While the relative size of higher-order effects on the Higgs-cut efficiency is almost identical
to the one found for W~ selection cuts, the absolute size of the acceptance efficiencies
is much smaller. In the case of Higgs cuts it is almost a factor of three lower, primarily
due to the stringent cut on the invariant mass of the dilepton system.

Differential distributions with Higgs cuts applied are presented in figures 16-23. In
general, they behave in a similar way as for the case of W W ™~ cuts discussed in section 3.3.
However, a few observables are quite sensitive to the additional cuts that are applied in the
Higgs analysis. Most notably, the distribution in the azimuthal separation of the charged
leptons in figure 16 exhibits a completely different shape as compared to figure 8. In
particular, it features an approximate plateau in the region 0.4 < A¢y < 1.2. The NNLO
corrections with respect to the NLO distribution at /s = 8(13) TeV range from about
+13% (+18%) at small Agy to roughly +2% (4+5%) at separations close to the fiducial cut.
The loop-induced gg component provides a good approximation of the complete NNLO
result for small separations, but in the large A¢y region it overshoots the complete NNLO
result by about 5% (7%).

In the A¢y,, distribution, displayed in figure 17, we observe that, similarly to the
case of WTW™ cuts (see figure 9), also Higgs cuts lead to huge NNLO corrections at
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Figure 16. Distribution in the azimuthal separation of the charged leptons. Higgs cuts are applied.
Absolute predictions and relative corrections as in figure 4.
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tions and relative corrections as in figure 4.
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Figure 18. Distribution in the dilepton invariant mass. Higgs cuts are applied. Absolute predic-
tions and relative corrections as in figure 4.

small A¢y .. As discussed in section 3.3, this behaviour is due to the fact that at small
Ay, the leptonic and pr_‘PiSS cuts require the presence of a sizeable QCD recoil, which is,
however, strongly suppressed by the jet veto at NLO. In the Higgs analysis, this suppression
mechanism becomes even more powerful due to the additional cut pry > 30 GeV, which
forbids the two leptons to recoil against each other. This leads to the kink at Agy ,, = 2.2
in the NLO distribution and to the explosion of NNLO corrections below and slightly above
this threshold.

The invariant mass of the dilepton system, shown in figure 18, is restricted to the
region 10 GeV< my < 55 GeV. The peak of the distribution is around my; = 38 GeV, and
the onnpLo/onLo K-factor is essentially flat. Also the NLO'+gg curve has a very similar
shape so that the radiative corrections precisely match those on the fiducial rates.

ATLAS
T

The distribution in m is presented in figure 19. As compared to the WTW~—

analysis (see figure 11), we observe that the tail of the distribution drops significantly faster

ATLAS region the size of the loop-

when Higgs cuts are applied. Moreover, in the high-m
induced gg corrections relative to NLO and, hence, the size of the full NNLO correction,
is much larger than in the W+W ™ analysis. The NNLO corrections amount up to about
40% (60%) of the NLO cross section at /s = 8(13) TeV, while they hardly exceed 15%
when WTW ™ cuts are applied.

The distributions in the lepton pr’s, depicted in figures 20 and 21, behave in a similar
way as in figures 12 and 13, apart from a steeper drop-off in the tail and slightly larger
corrections. The shape of the pr;, distribution can be qualitatively explained as follows.
As pr;, becomes large, since the dilepton invariant mass is constrained to be smaller than
55 GeV (see table 1), the total transverse momentum of the dilepton system increases.
Such large dilepton pr has to be balanced by the missing transverse momentum and by the
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Figure 19. Distribution in the W+ W~ transverse mass. Higgs cuts are applied. Absolute predic-
tions and relative corrections as in figure 4.

recoiling QCD radiation, whose pr must increase accordingly. At pr;, ~ 50GeV the jet
veto starts to suppress QCD radiation harder than 25 GeV, thereby leading to a reduction
of the impact of radiative corrections. This effect is particularly visible at /s = 13 TeV,
where the available energy is larger.

For the distributions in the pr of the dilepton pair (see figure 22) and in p's* (see
figure 23), we also find a similar behaviour as in the case where WTW ™ cuts are applied.
We note, however, that the perturbative instability observed in the prj distribution with
WHW~ cuts (see figure 14) is removed by the explicit cut ppy > 30GeV in the Higgs
analysis. Accordingly, the pry; cut implicitly vetoes events with p%‘iss < 30 GeV at Born
level, which leads to a perturbative instability in the p?iss distribution, particularly visible
in the onnLO/ONLO ratio. In fact, it is evident from figure 23 that the phase-space region
piss < 30 GeV is filled only upon inclusion of higher-order corrections. Similarly to the case
of WHW ™ cuts, the behaviour of radiative effects is rather insensitive to the collider energy.
Comparing NLO'+gg and full NNLO predictions, in spite of the fairly good agreement at
the level of fiducial cross section, we observe that the genuine O(aZ) corrections lead to
significant shape distortions at the 10% level.

4 Summary

We have presented the first fully differential calculation of the NNLO QCD corrections to
WFW = production with decays at the LHC. Off-shell effects and spin correlations, as well
as all possible topologies that lead to a final state with two charged leptons and two neu-
trinos are consistently taken into account in the complex-mass scheme. At higher orders
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Figure 20. Distribution in the pr of the leading lepton. Higgs cuts are applied. Absolute predic-
tions and relative corrections as in figure 4.
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Figure 21. Distribution in the py of the subleading lepton. Higgs cuts are applied. Absolute
predictions and relative corrections as in figure 4.
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Figure 22. Distribution in the py of the dilepton system. Higgs cuts are applied. Absolute
predictions and relative corrections as in figure 4.
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in QCD perturbation theory, the inclusive W W ~ cross section is plagued by a huge con-
tamination from top-quark production processes, and the subtraction of top contributions
is mandatory for a perturbatively stable definition of the W™ W™ rate. In our calculation,
any top contamination is avoided by excluding partonic channels with final-state bottom
quarks in the 4FS, where the bottom-quark mass renders such contributions separately fi-
nite. In order to quantify the sensitivity of the top-free W™ W = cross section on the details
of the top-subtraction prescription, our default predictions in the 4FS have been compared
to an alternative calculation in the 5FS. In the latter case a numerical extrapolation in
the narrow top-width limit is used to separate contributions that involve top resonances
from genuine W W™ production and its interference with tWW and tt production. The
comparison of 4FS and 5FS predictions for inclusive and fiducial cross sections indicates
that the dependence on the top-subtraction prescription is at the 1% — 2% level.

Numerical predictions at /s = 8 and 13TeV have been discussed in detail for the
different-flavour channel pp — pte v, 7.+ X. As compared to the case of on-shell WW~
production [46], the inclusion of leptonic decays leads to a reduction of the total cross sec-
tion that corresponds to the effect of leptonic branching ratios plus an additional correction
of about —2% due to off-shell effects. The influence of off-shell W-boson decays on the
behaviour of (N)NLO QCD corrections is negligible. In fact, apart from minor differences
due to the employed PDFs, we find that the relative impact of QCD corrections on the
total cross sections is the same as for on-shell W+ W~ production [46]. At /s = 8(13) TeV,
ignoring the shift of +2% (+3%) due to the difference between NNLO and NLO PDFs, the
overall NNLO correction is as large as +9% (+11%), while the loop-induced gluon-gluon
contribution amounts to only +3% (4+4%); i.e., contrary to what was generally expected
in the literature, the NNLO corrections are dominated by genuine NNLO contributions to
the ¢¢ channel, and the loop-induced gg contribution plays only a subdominant role.

The complete calculation of NNLO QCD corrections allows us to provide a first real-
istic estimate of theoretical uncertainties through scale variations: as is well-known, un-
certainties from missing higher-order contributions obtained through scale variations are
completely unreliable at LO and still largely underestimated at NLO. This is due to the
fact that the qg (as well as Gg) and gg (as well as ¢, gg” and ¢¢') partonic channels
do not contribute at LO and NLO, respectively. In fact, NNLO is the first order at which
all partonic channels contribute. Thus NNLO scale variations, which are at the level of
2% — 3% for the inclusive cross sections, can be regarded as a reasonable estimate of the
theoretical uncertainty due to the truncation of the perturbative series. This is supported
by the moderate impact of the recently computed NLO corrections to the loop-induced gg
contribution [37].

Imposing a jet veto has a strong influence on the size of NNLO corrections and on the
relative importance of NNLO contributions from the gg channel and the loop-induced gg
channel. This was studied in detail for the case of standard fiducial cuts used in W+W—
and H — WTW™ analyses by the LHC experiments. As a result of the jet veto, such
cuts significantly suppress all (N)NLO contributions that involve QCD radiation, thereby
enhancing the relative importance of the loop-induced gg channel at NNLO. More precisely,
depending on the analysis and the collider energy, fiducial cuts lift the loop-induced gg
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contribution up to 6% — 13% with respect to NLO, whereas the genuine NNLO corrections
to the ¢g channel are negative and range between —1% and —4%, while the NLO corrections
vary between +1% and +5%. The reduction of the impact of radiative corrections is
accompanied by a reduction of scale uncertainties, which, for the NNLO fiducial cross
sections, are at the 1% — 2% level. This is a typical side-effect of jet vetoes, and scale
uncertainties are likely to underestimate unknown higher-order effects in this situation.

As a result of the different behaviour of radiative corrections to the inclusive and fidu-
cial cross sections, their ratios, which determine the efficiencies of acceptance cuts, turn out
to be quite sensitive to higher-order effects. More explicitly, the overall NNLO corrections
to the cut efficiency are small and range between —3% and —1%. However, they arise from
a positive shift between +3% and +9% due to the loop-induced gg channel, and a negative
shift between —6% and —10% from genuine NNLO corrections to the g channel. The NLO
prediction supplemented by the loop-induced gg channel, i.e. the “best” prediction before
the complete NNLO corrections were known, would thus lead to a significant overestimation
of the efficiency, by up to about 10%. Similarly to the case of fiducial cross sections, the
scale uncertainties of cut efficiencies are at the 1% level, and further studies are needed in
order to estimate unknown higher-order effects in a fully realistic way. This, in particular,
involves a more accurate modelling of the jet veto, which is left for future work.

Our analysis of differential distributions demonstrates that, in absence of fiducial cuts,
genuine NNLO corrections to the gq channel can lead to significant modifications in the
shapes of observables that are sensitive to QCD radiation, such as the transverse momen-
tum of the leading W boson or of the W+ W~ system. On the other hand, in presence of
fiducial cuts, NLO predictions supplemented with the loop-induced gg contribution yield
a reasonably good description of the shape of differential observables, such as dilepton
invariant masses and single-lepton transverse momenta. We find, however, that even for
standard WHW ™~ and Higgs selection cuts, which include a jet veto, genuine NNLO cor-
rections tend to distort such distributions by up to about 10%. In phase-space regions that
imply the presence of QCD radiation, loop-induced gg contributions cannot approximate
the shapes of full NNLO corrections.

The predictions presented in this paper have been obtained with MATRIX, a widely
automated and flexible framework that supports NNLO calculations for all processes of
the class pp — [T’ "y + X, including in particular also the channels with equal lepton
flavours, | = I’. More generally, MATRIX is able to address fully exclusive NNLO compu-
tations for all diboson production processes at hadron colliders.
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