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ABSTRACT: We consider ZZ production in hadronic collisions and present state-of-the-art
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leading order corrections to the quark-initiated channel are combined with parton showers
using the MINNLOpg method, while next-to-leading order corrections to the loop-induced
gluon fusion channel are matched using the POWHEG method. Their combination, dubbed
nNNLO+PS, constitutes the best theoretical description of ZZ events to date. Spin cor-
relations, interferences and off-shell effects are included by calculating the full process
pp — (07O~ We show the crucial impact of higher-order corrections for both
quark- and gluon-initiated processes as well as the relevance of the parton shower in certain
kinematical regimes. Our predictions are in very good agreement with recent LHC data.
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1 Introduction

Vector-boson pair production processes provide some of the most relevant signatures in
precision measurements, which have evolved to one of the cornerstones of the rich physics
programme at the Large Hadron Collider (LHC). The accurate determination of production
rates and distributions provides a valuable path towards the observation of deviations
from the predictions made by the Standard Model (SM) of particle physics. Observing
or constraining anomalous interactions among SM particles is one of the central goals
of such analyses. Through diboson signatures the couplings among three vector bosons
(triple-gauge couplings) are directly accessible, which are altered by various beyond-the-
SM (BSM) theories. Therefore, the observation of small deviations from the expected rates
or shapes of distributions would be a clear sign of new physics. Similarly, measurements at
high transverse momentum of some of the particles produced in diboson processes provide
constraints on the mass range of possible heavy Z’ bosons. Apart from that, vector-boson
pair final states constitute an irreducible background to on- and off-shell Higgs cross-
section measurements, when the Higgs boson decays to four leptons. These measurements
are important for the extraction of the Higgs couplings and for constraints of the Higgs
width [1-11].

While the cross section for ZZ production is smaller than the one of W*Z or W+W~
production, experimentally the decay to four charged leptons provides the cleanest signa-
ture of the massive diboson processes, since the final state does not involve any missing



transverse momentum. Accordingly, experimental measurements already reach a remark-
able level of precision. In particular, both ATLAS and CMS collaborations have per-
formed measurements of the ZZ production cross sections at 5.02 TeV [12], 7 TeV [13-16],
8 TeV [16-21] and 13 TeV [21-26] and used these measurements to test the SM and constrain
triple-gauge couplings.

Modern fits of parton distribution functions (PDFs) have started to include more and
more LHC data. For instance NNPDF3.1 [27] already includes top-pair production and the
transverse momentum of the Drell-Yan pair. Upcoming fits will also include direct photon,
dijet and single top production. It is clear that a further step would be the inclusion of
diboson production and other processes with more final-state particles such as three jets,
provided the accuracy of theory predictions, both at the level of higher-order QCD and
electroweak (EW) corrections, is sufficient.

The first next-to-leading order (NLO) QCD corrections to Z-boson pair production
started to appear about thirty years ago [28-32]. NLO QCD calculations were later consis-
tently matched with fully exclusive Parton Shower Monte Carlo programmes (NLO+PS)
using the POWHEG [33, 34| or aMC@QNLO method [35]. Electroweak (EW) effects at NLO
were also computed first in the on-shell approximation [36, 37| and later keeping off-shell
and spin-correlation effects [38, 39]. The combination of NLO QCD and NLO EW cor-
rections was presented in ref. [40] and recently also their matching to parton showers was
performed [41]. Likewise, in the case of polarized Z bosons NLO QCD and NLO EW
corrections have been combined very recently [42]. NNLO QCD corrections have been
computed for on-shell [43, 44] and off-shell ZZ production [45, 46], and their combination
with NLO EW effects was presented in ref. [47]. The loop-induced gg — ZZ process starts
contributing only at O(a?), but it is enhanced by the gluon PDFs. Since higher-order
corrections to this process can be formulated as a gauge-invariant set of contributions and
their impact was expected to be important, NLO QCD corrections to gg — ZZ production
have also been computed in the recent years [5, 48-50]. The leading order (LO) matching of
the loop-induced gluon fusion process was presented in ref. [51], while NLO+PS predictions
were first obtained neglecting the quark channels [52] and very recently also including the
full NLO QCD corrections with quark-gluon and quark-antiquark channels and the Higgs
resonance [53].

The remarkable progress in NNLO QCD calculations' triggered considerable advance-
ments in the matching of NNLO QCD corrections and parton showers (NNLO+PS). The
first method developed was the NNLOPS method based on MINLO’ [89, 90], which achieves
NNLO QCD accuracy through a reweighting of MINLO' events. This method was suc-
cessfully employed for relatively simple processes, such as Higgs production [90], Drell-Yan
production [91] and associated Higgs production [92, 93], i.e. to processes that from a
QCD point of view are just 2 — 1 processes. The same method was then also employed
for WHW ™ production, including the decay of the W-bosons [94]. This paper showed ex-
plicitly the limitations of the NNLOPS method, because in practice the multi-differential
reweighting can not easily be applied to more complicated processes, without making cer-

By now all 2 — 1 and 2 — 2 colour-singlet processes are available at NNLO QCD [43-46, 54-83] (see
e.g. ref. [84] for a review), and even first such calculations for 2 — 3 processes are emerging [85-88].



tain assumptions or approximations. About ten years ago, two more NNLO+PS meth-
ods were proposed: the UNNLOPS one, which has only been applied to Higgs [95] and
Drell-Yan production [96], and the GENEVA method [97, 98]. The latter was subsequently
modified, as far as the interface to the shower is concerned, and applied to Drell-Yan [99],
Higgsstrahlung [100], photon pair production [101], hadronic Higgs decays [102], ZZ pro-
duction [103], and W+ production [104]. Recently, the GENEVA method was reformulated
using the transverse momentum of the colour singlet rather than the jettiness variable and
applied to Drell-Yan [105].

Two years ago, the MINNLOpg method was proposed [106, 107], whose underlying idea
is very similar to the MINLO' approach that achieves NLO accuracy for colour singlet plus
zero and one jet simultaneously. The MINNLOpg method exploits the close connection to
transverse-momentum resummation to include the relevant logarithmically enhanced and
constant terms to reach NNLO accuracy. This method was first used to reproduce known
results for Higgs production and Drell-Yan [106, 107] and it was applied more recently to
Z~ [108] and WHW ™~ production [109]. Remarkably, although it was the last NNLO+PS
method to appear, the MINNLOpg method was the first to be extended and applied to
the production of a coloured final state, namely top-quark pair production [110].

In this work, we employ the MINNLOpg method to include NNLO QCD corrections for
Z 7 production in the POWHEG framework. Additionally, we present a NLO+PS POWHEG
calculation for the loop-induced g9 — ZZ process. When combined, these predictions,
dubbed nNNLO+PS, become the most advanced theoretical predictions for ZZ production
at the LHC, since they include the highest perturbative accuracy in QCD available to
date. Spin correlations, interferences and off-shell effects are included by considering all
contributions to the four-lepton final state. Moreover, the matching to the parton shower
renders it possible to achieve a fully exclusive description at the level of hadronic events. In
the future, the NNLO+PS predictions of our MINNLOpg ZZ generator could be compared
to those recently obtained in the GENEVA framework [103].

This manuscript is organized as follows: in section 2 we discuss in detail the calcula-
tion and implementation of the MINNLOpg method for the gg-initiated process and the
POWHEG implementation for the loop-induced gg-initiated process. We also show how to
avoid that the two-loop amplitudes, whose numerical evaluation is very time-consuming,
slow down our code in a considerable way. Our phenomenological results for both cross
sections and distributions in ZZ production are discussed in section 3, where we present
a comparison between showered, fixed-order, and analytically resummed results at high
accuracy for various observables as well as a comparison of our nNNLO+PS predictions to
recent LHC data from CMS. We conclude in section 4.

2 Outline of the calculation

2.1 Description of the process
We study the process
pp — 40+ 0= (2.1)

for any combination of charged leptons ¢, ¢ € {e, u, 7}. While at the matrix-element level
our calculation is based on the different-flavour channel £ # ¢/, at the event-generation level
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Figure 1. Sample Feynman diagrams for ZZ production with four charged leptons in the final
state. Panels (a) and (b): tree-level diagrams of the quark annihilation (¢q) channel; Panel (c):
loop-induced diagram in the gluon fusion (gg) channel.

arbitrary combinations of charged leptons can be considered, both with different flavours
¢ £ ¢' and with same flavours ¢ = ¢’ (in the latter case interference effects when exchanging
the charged leptons, which are typically at the 1-2% level [45], are neglected). Moreover,
lepton masses are included via reshuffling of the momenta in the event generation. For sim-
plicity and without loss of generality we consider only the process pp — eTe~ut ™ here,
which we will refer to as ZZ production in the following. By including all resonant and
non-resonant topologies leading to this process, off-shell effects, interferences and spin cor-
relations are taken into account. Sample diagrams are shown in figure 1 and they include:

(a) tree-level double-resonant ¢t-channel ZZ production in the ¢q channel;
(b) tree-level single-resonant s-channel Drell-Yan topologies in the ¢g channel,
(¢) loop-induced ZZ production in the gg channel.

The loop-induced gg contribution, including also the single-resonant Higgs mediated di-
agrams, proceeds through a quark loop and enters the cross section at O(ag), ie. it is
part of the NNLO QCD corrections. Since this contribution is enhanced by the large
gluon-gluon luminosity at LHC energies, it yields a relatively large fraction of the NNLO
corrections [73, 74]. Moreover, it is known that at NLO QCD [48, 50], i.e. O(a2), its
relative correction is very sizable (about a factor of two). It is likely that these correc-
tions constitute the most significant contribution to ZZ production at O(a?), since the
O(a?) corrections to the ¢ channel are not expected to be of the same size as those at the
previous order.

We include the most accurate currently available information in QCD perturbation the-
ory for both the gg-initiated and the loop-induced gg-initiated process, and match them
consistently with a parton shower. Thus, we calculate NNLO+PS predictions in the qq
channel by means of the MINNLOpg method [106-108] and NLO+PS predictions in the
loop-induced gg channel using the POWHEG approach [111-113]. Full top-quark mass ef-
fects are included everywhere, except for the two-loop amplitudes. For the ggq channel they
are expected to be small in the relevant phase-space regions, while for the loop-induced
gg contribution we have included them approximately via reweighting in the two-loop cor-
rection (cf. section 2.3). We stress that to avoid any overlap, our MINNLOpg implemen-



tation of the NNLO~+PS calculation in the ¢ channel does not include the loop-induced
gg-initiated contribution. In this way, all loop-induced gg contributions are correctly ac-
counted for when combining the former with our NLO+PS predictions for the gg channel.
Our ensuing result is dubbed as nNNLO-+PS, as the NLO corrections to the loop-induced
gluon-fusion contribution are of O(a?). These corrections are separately gauge-invariant
and constitute the most significant N3LO corrections, as pointed out before.

2.2 MIiNNLOpg for qqg — ZZ production

In this section we present the implementation of a NNLO—+PS generator for ZZ production
in the ¢gq channel by means of the MINNLOpg method. We first sketch the MINNLOpg
method by introducing its essential ingredients and then discuss its practical implementa-
tion within the POWHEG-BOX-RES framework [114] and linking MATRIX [115].

2.2.1 The MiNNLOpg method for colour-singlet production

MINNLOpg has been formulated in ref. [106], optimized for 2 — 1 processes in ref. [107]
and later extended to generic colour-singlet processes in ref. [108] and to heavy-quark pair
production in ref. [110]. We refer to those publications for a detailed description of the
MINNLOpg method and here we only sketch the procedure adopting a simplified notation.

The MINNLOpg method includes NNLO corrections in the event generation of a sys-
tem F of colour-singlet particles. It involves essentially three steps: in the first one (StepI)
F is generated in association with one light parton at NLO according to the POWHEG
method [111-113, 116], inclusively over the radiation of a second light parton. The second
step (Step II) characterizes the MINNLOpg approach, and it corrects the limit in which the
light partons become unresolved by supplementing the appropriate Sudakov form factor
and higher-order terms, such that the simulation remains finite as well as NNLO accurate
for inclusive F production. In the third step (StepIII), the kinematics of the second radi-
ated parton (accounted for inclusively in StepI) is generated through the POWHEG method
to preserve the NLO accuracy of the F+1-jet cross section, and subsequent radiation is in-
cluded through the parton shower. In these three steps all emissions are appropriately
ordered (when using a pr-ordered shower) and the applied Sudakov matches the leading
logarithms resummed by the parton shower. Thus, the MINNLOpg approach preserves
the (leading logarithmic) accuracy of the parton shower.

The fully differential MINNLOpg cross section can be expressed through the POWHEG
formula for the production of a colour singlet plus one light parton (FJ) with a modified
content of the B function:

. . R
doy! INNLOPs — qopy,, pMINNLOPs {prg(prg) + dPrad Apwg (Pr,rad) BFJ} 5 (2.2)
FJ
where Apyg is the POWHEG Sudakov form factor, ®r; is the phase space of the FJ system,
®,,q and pr,.q are the phase space and the transverse momentum of the second radiation,
respectively, and By; and Ryp; denote the squared tree-level matrix elements for FJ and
FJJ production, respectively. The content of the curly brackets generates the second QCD

emission according to the POWHEG method, as described in Step III above, with a default



cutoff of Agwg = 0.8GeV2. The B function contains the same contributions to generate
the first emission (and inclusively the second emission) as in a standard FJ POWHEG
calculation, described in Stepl above, but it is modified according to the MINNLOpg
procedure in order to reach NNLO accuracy for inclusive F production, as discussed in

Step Il above. Symbolically, it can be written as

BMNNLOws =5 {do () (14 W) 4+ do?) + (D = D = D@) x Feory - (2.3)
with dagﬁ) being the first- and second-order contribution to the differential FJ cross section

and e~ denoting the Sudakov form factor for the transverse momentum of F. Note that
in the MINNLOpg approach the renormalization and factorization scales are evaluated as
Hr ~ Mg ~ Dp, where pp is the transverse momentum of F. The third term in eq. (2.3)
is of order a2(pr) and it adds the relevant (singular) contributions so that the integration
over pr yields a NNLO accurate result [106]. Regular contributions at this order are of
subleading nature. The function D is derived from the transverse-momentum resummation
formula, which can be expressed fully differentially in the Born phase space of F as

dotes = diT {edc}=eS{-sL+17, (2.4)
=D

with £ being the luminosity factor up to NNLO that includes the squared hard-virtual
matrix elements for F production and the convolution of the collinear coefficient functions
with the parton distribution functions (PDFs). In fact, eq. (2.3) follows directly from
matching eq. (2.4) with the fixed-order cross section doy;, when using a matching scheme
where the Sudakov form factor is factored out, i.e.

do”™ + [dowlo. — [dop™]to.

_ 1 [doi®]t.o. }
S F o
=e D + [dog;lt.o. — 2.5
D+ ldomdro o — — 29
—_
1+8M)... —_p1H_p@)..
—eS {daé? (14 8D) +dof? + (D - DD - D)) 4 O(aﬁ)} :
where [-- -], denotes the expansion up to a given fixed order in as. Finally, F' in

eq. (2.3) determines the appropriate function to spread the NNLO corrections in the FJ
phase space, which is necessary to include those corrections in the context of an FJ POWHEG
calculation. Note also that one could either truncate the third term in eq. (2.3) at the third
order (D - D — D(2)) = DB+ O(a?) [106], or keep the terms of O(a?}) and higher [107],
which are beyond accuracy, in order to preserve the total derivative in eq. (2.4). We employ
the latter option here.

2.2.2 Practical implementation in POwHEG-Box-REs+MATRIX

In the following we provide some information on our implementation of a MINNLOpg gen-
erator for ZZ production in the ¢g channel within the POWHEG-BOX-RES framework [114].



Our NLO+4PS generator for the loop-induced gg channel is discussed in the next section.
We stress that, while we distinguish these processes as ¢q and gg, in their higher-order
corrections of course all the relevant partonic initial states are consistently included, with
the exception of the gg loop-induced partonic channel in the NNLO corrections to the ¢g
process, since this contribution is already accounted for by our NLO+PS generator for the
loop-induced gg channel.

Since no implementation for ZZ+jet production was available in POWHEG-BOX to
date, the first step was to implement this process in the POWHEG-BOX-RES framework.
We have implemented all relevant flavour channels and, in addition, adapted the rou-
tine build_resonance_histories of POWHEG-BOX-RES such that it is capable of auto-
matically constructing the correct resonance histories. The tree-level single and double
real matrix elements for eTe~ ™~ +1,2-jet production and the one-loop amplitude for
ete” putu~+1-jet production are evaluated through OPENLoOOPS [117-119].

In a second step, we have employed the MINNLOpg method to obtain NNLO+PS
predictions for ZZ production in the g channel. In particular, we made use of the im-
plementation of the MINNLOpg method that was developed and applied to Z+ produc-
tion in ref. [108]. The respective tree-level and one-loop g7 — ete pp~ amplitudes
are also evaluated through OPENLOOPS, while the two-loop helicity amplitudes have been
obtained by extending the interface to MATRIX [115] developed in ref. [108] to ZZ pro-
duction. The evaluation of the two-loop coefficients in this implementation relies on the
code VVAMP [120] and is based on the calculation of ref. [121].

As discussed in ref. [109] for W W~ production, the evaluation of the two-loop helicity
amplitudes for massive diboson processes is particularly demanding from a computational
point of view. In ref. [109] this problem was circumvented by constructing a set of interpo-
lation grids for the two-loop coefficients that achieves their fast on-the-fly evaluation. In
this work we pursue a different strategy: we exploit the possibility of reweighting the events
at the generation level (i.e. stage 4 in POWHEG-BOX) to include the two-loop contribution.
In combination with a suitable caching system of the two-loop amplitude that we imple-
mented this allows us to omit the evaluation of the two-loop contribution entirely in the
calculation up to stage 4, where it needs to be evaluated only once per event.? To be more
precise, we have implemented a new flag (run_mode), which is accessible from the POWHEG
input file, and allows the user to switch between four different ways of running the code.
Either the full calculation is performed including the two-loop contributions throughout
(run_mode 1), or one completely drops the NNLO corrections provided by MINNLOpg,
specifically the terms (D - DM — D(2)) X F' in eq. (2.3), thus effectively reproducing
MINLO’ predictions (run_mode 2). Alternatively, the evaluation of two-loop amplitude
can be omitted only in the grid setup, i.e. stage 1 in POWHEG-BOX, (run_mode 3), or com-
pletely (run_mode 4). For all results presented in this manuscript we run the code with the
last option run_mode 4, i.e. without evaluating the computationally expensive two-loop am-
plitude. In this way, also the generation of the events is faster. However, once an event has

2Note that in order for the caching to work properly and not having to reevaluate the two-loop amplitude
for every scale variation in the event reweighting, we have set the parameter rwl_group_events 1 in the
input file, which ensures that the events are reweighted one-by-one instead of in batches.



been accepted, it is reweighted such that the two-loop contribution is included by resetting
the run_mode keyword in the event reweight information of the POWHEG input file. As a
result the two-loop amplitude is evaluated only once for each event, considerably improving
the efficiency of the code. Moreover, following the same logic we can also compute MINLO’
weights in parallel to the generation of MINNLOpg ones using the appropriate setting for
run_mode in the event reweight information. We have first validated our implementation in
an inclusive setup, requiring only a suitable Z-mass window for the opposite-charge same-
flavour dilepton pairs. Here we compared the inclusive cross section at the Les Houches
event (LHE) level obtained at stage 4 with the one computed at stage 2 when including
the two-loop contribution, finding excellent agreement. Another very robust cross-check of
the reweighting procedure is provided by the comparison of the MINLO’ results obtained
directly or through reweighting, which also agree perfectly.

Our calculation involves the evaluation of several convolutions with the PDFs, for
which we employ HOPPET [122]. The evaluation of the polylogarithms entering the collinear
coefficient functions is done through the HPLOG package [123].

Finally, let us summarize some of the most relevant (non-standard) settings that we
have used to produce NNLO+PS accurate ZZ events in the ¢q channel. For more detailed
information on those settings we refer to refs. [107, 110]. To avoid spurious contributions
from higher-order logarithmic terms at large pr, we replace the logarithm L = InQ/pr,
where we set Q = myy, with a modified logarithm L which is identical to L below pr = Q /2
and smoothly vanishes at pr equal or larger than @ [110]. As far as the renormalization
and factorization scales are concerned, we use the standard MINNLOpg scale setting at
small pr [107],

Ur = KRQeiL ) pr = Kg QeiL ) (2.6)

where Ky r are scale variation parameters varied between 1/2 and 2. In the NLO ZZ+jet
cross section at large pr the scale setting is changed to [107]

pr = Kg pr, pr = Ky pr, (2'7)

by activating the option largeptscales 1. The Landau singularity is regulated by freezing
the strong coupling and the PDFs for scales below 0.8 GeV. Finally, as recommended for
processes with jets in the final state, we turn on the option doublefsr 1 of the POWHEG-
Box, see ref. [124] for details. For the parton-shower we have used the standard settings,
also for the recoil scheme (namely a global recoil scheme for initial state radiation, with
SpaceShower:dipoleRecoil 0).

2.3 NLO+4PS for gg —+ ZZ production

As discussed before, the leading-order contribution to the loop-induced gluon fusion process
enters the ZZ cross section at O(a2). Thus, it constitutes a NNLO correction relative to
the LO part of the ggq channel, but it is significantly enhanced by the large gluon-gluon
luminosities. It is therefore mandatory to include also the NLO corrections to the loop-
induced gluon fusion contribution in any precision study of ZZ production that compares
theory and data.



We have implemented a NLO+PS generator for loop-induced ZZ production in the gg
channel within the POWHEG-BOX-RES framework. Note that in addition to continuum ZZ
production as shown in figure 1 (c) we also include the contribution mediated by a Higgs
boson (or a single Z boson). The calculation of these loop-induced processes is effectively of
similar complexity as a NNLO calculation, as far as the amplitude evaluation is concerned.
Despite that, the matching to the parton shower through the POWHEG method, which is
essentially automated in POWHEG-BOX-RES, can be applied to loop-induced processes as
well, without any further conceptual issues. However such an NLO calculation requires the
evaluation of both one-loop and two-loop helicity amplitudes and the process at hand is
numerically substantially more demanding than a tree-level one, since the evaluation time
of the one-loop and two-loop amplitudes is much slower and the stability of the one-loop
matrix elements with one emitted real parton is challenged in the infrared regions. To
cope with these numerical issues, we have implemented and exploited a number of handles
within POWHEG-BO0OX-RES, which will be discussed below.

For the implementation in POWHEG-BOX-RES, we have specified the relevant flavour
channels and hard-coded also the resonance channels of the process, as the automatic de-
termination of the latter via the already mentioned routine build_resonance_histories
is not available yet for loop-induced processes. At NLO, all relevant partonic channels,
namely ¢gg, 9q, qg, q¢ and the charge-conjugated ones, are included. To unambiguously
define the NLO corrections to the loop-induced gluon-fusion process for each of those ini-
tial states, we follow the approach introduced in ref. [50] and include all diagrams that
involve a closed fermion loop with at least one vector boson attached. The one-loop am-
plitudes with zero and one jet are evaluated through OPENLoOPS [117-119]. For this
purpose, we have adapted the OPENLOOPS interface in POWHEG-BOX-RES developed
in ref. [125] to deal with loop-induced processes. As a cross-check, we have also inter-
faced RECOLA to POWHEG-B0OX-RES and found full agreement for all one-loop amplitudes.
For the two-loop helicity gg — ¢T¢=¢+¢")~ amplitudes we exploit their implementation
within MATRIX [115], which is based on the evaluation of the two-loop coefficients through
VVAMP [121] from their calculation in ref. [126]. To this end, we have extended the interface
of POWHEG-BOX-RES to MATRIX developed in ref. [108] to include the gg — £ ¢~ ")+ ()=
two-loop amplitudes. Also here the evaluation of the two-loop coefficients through VVamMmp
is very slow, lasting from a few seconds to several tens of seconds. Since this leads to a
severe bottleneck in the calculation and especially in the event generation, we have imple-
mented a caching system for the two-loop corrections and we include them only through
event reweighting. This is very similar in spirit to the way the two-loop hard function
is included in the MINNLOpg generator in the gg channel, as described in the previous
section. Our calculation includes the full top-quark mass effects, except for the two-loop
gg — 0= 0O+~ amplitudes, where they are not known to date.? Instead, we follow the
same approach as ref. [50] and include them approximately through a reweighting of the
massless two-loop amplitude with the ratio of the one-loop result including massive loops to

3For the case of on-shell gg — ZZ production the full top-quark mass dependence was recently calculated
in refs. [127, 128].
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Figure 2. Sample Feynman diagram for a ¢g-initiated regular contribution to the loop-induced gg
channel at O(a?).

the one with only massless loops. Since here we are interested in the ZZ signal region, such
reweighting is expected to work extremely well. In fact, ref. [53] recently confirmed that
using an asymptotic expansion in the top-quark mass leads to practically identical results
as using such reweighting, as long as one sticks to the validity range of the expansion itself.

Very recently, ref. [53] presented a completely independent implementation of a
NLO+PS generator for loop-induced Z Z production in the gg channel within the POWHEG-
Box-REs framework. We have compared our calculation to theirs both at the level of in-
dividual phase-space points and of the integrated cross sections, and we have found perfect
agreement when applying the same approximation for the two-loop virtual corrections.*
Since, although developed independently, the two calculations are essentially interchange-
able (both developed in POWHEG-BOX-RES using OPENLOOPS and VVAMP), we advocate
that it is equivalent to use either code and combine the results subsequently with our
MINNLOpg generator in the g channel to obtain nNNLO-+PS accurate results.

To better control the numerical stability of the calculation we have implemented set-
tings similar to those reported in ref. [53]: in particular we apply small (0.5 GeV) generation
cuts on the transverse momentum of the four-lepton system and of each Z boson. Moreover,
we exploit the stability system of OPENLOOPS and set the parameter stability_kill2
0.01 to remove the remaining unstable points. We have further modified the code in such
a way that, whenever the real-emission contribution is set to zero by one of the previous
stability checks, also the respective counter terms are set to zero. Finally, we use withdamp
0 in order not to split the real cross section into a singular and a remnant contribution as
the considerably small value of the latter leads to numerical issues when generating events.
The same is true for the regular contribution that contains only the ¢gq channel (see figure 2
for a sample diagram): after verifying that it is completely negligible, we have turned it
off for all results obtained in this paper.

Since in the upcoming section we study phenomenological results for the full pp —
ete~uTp~ process, we show some plots for the loop-induced gg channel separately in
figure 3, both at LO and at NLO. The settings and inputs that we use here correspond to
those introduced in section 3.1 in the inclusive setup (setup-inclusive) with just a Z-
mass window applied between 60 GeV and 120 GeV. The renormalization and factorization
scales are set to ug = pup = 4/ m?w +p%74£, where my and pr 40 are the invariant mass
and the transverse momentum of the four-lepton system, respectively. Furthermore, the

4We would like to thank the authors of ref. [63] for providing the gg4l code and in particular Jonas
Lindert for very helpful correspondence.
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Figure 3. Predictions for ZZ production in the loop-induced gg channel at LO+PS and NLO+PS.
For reference also the LHE-level central result at NLO is plotted. Shown are the distributions in the
invariant mass, rapidity and transverse momentum of the four-lepton system, and in the transverse
momentum of the leading jet.

uncertainty bands are obtained through a standard seven-point scale variation, and we
employ the PYTHIA8 parton shower [129] with the A14 tune [130] (see section 3.1 for
further details) to obtain the showered results presented in figure 3. For the genuine
NLO-accurate quantities shown in figure 3, namely my, and the rapidity of the four-lepton
system (y4¢), we find results that are completely in line with the findings of previous fixed-
order calculations [48, 50], which is expected since shower effects are negligible for those
observables, as one can see from the LHE results. In particular, NLO corrections are sizable
and increase the value of the inclusive cross section by almost a factor of two, with scale
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uncertainties at the level of 10-15%. In certain phase-space regions, like in the tail of the
mye distribution, the NLO corrections can even become significantly larger than a factor of
two. However, in those regions the relative impact of the loop-induced gg contribution is
reduced. When looking at the transverse-momentum spectrum of the four-lepton system
(pr.a¢) and of the leading jet (pr ;) in figure 3, the importance of matching to the parton
shower becomes clear:® at LO only the parton shower fills those distributions and at
NLO it still provides a substantial correction. In fact, in a fixed-order calculation both
observables would diverge, and therefore be unphysical, at small transverse momenta. It
is interesting to notice that the LO+PS result is actually higher than the NLO+PS one in
the intermediate pr 4¢ region before it falls off steeply. This region is completely filled by
the shower, whose starting scale by default is set to mye in the LO calculation. The fact
that myy is on average relatively large explains why the shower fills the spectrum even at
such high transverse momenta.

3 Phenomenological results

In this section we present phenomenological results for the process pp — eTe " puTpu~. After
discussing our setup in section 3.1, we compare our MINNLOpg predictions for integrated
cross sections (section 3.2) and at the differential level (section 3.3) against fixed-order
predictions at NNLO accuracy, MINLO’ results and experimental data from the CMS
experiment [26].

3.1 Input parameters and setup

We consider proton-proton collisions at the LHC with a center-of-mass energy of 13 TeV and
present predictions for pp — e*e”utp~ production. We use the complex-mass scheme [134]
throughout and set the electroweak (EW) inputs to their PDG [135] values: Gp = 1.16639x
1075 GeV 2, my = 80.385GeV, I'yy = 2.0854 GeV, my = 91.1876 GeV, I'; = 2.4952 GeV,
myg = 125GeV and I'y = 0.00407 GeV. We set the on-shell top-quark mass to m; =
173.2 GeV, and I'; = 1.347878 GeV is used. We determine the other EW parameters in the
G, scheme with the EW coupling ag, = v2/7G,|(m}), — iTwmw)sin? 6| and the EW
mixing angle cos® Oy = (m¥,—ilwmw)/(m%—ilzmz). We use the NNPDF3.1 [27] NNLO
set with as = 0.118 via the LHAPDF interface [136] for all our predictions. For MINLO’
and MINNLOpg, the PDFs are read by LHAPDF and evolved internally by HOPPET [122]
as described in ref. [106]. The central factorization and renormalization scales are set as
discussed in section 2.2.2 for the MINNLOpg ZZ generator in the ¢¢ channel and as given
in section 2.3 for the loop-induced gg channel. Scale uncertainties are estimated by varying
pr and pr around their central value by a factor of two in each direction, while keeping
the minimal and maximal values with the constraint 0.5 < ugr/per < 2.

By combining the MINNLOpg ¢q results and loop-induced gg results at (N)LO+PS, we
obtain predictions for ZZ production at (n)NNLO accuracy matched to parton showers.

5Note that, compared to the LO+PS results quoted for gg — ZZ, predictions at higher accuracy in the
presence of an additional radiated jet, possibly including zero- and one-jet merging, have been presented
in refs. [131-133].
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setup-inclusive setup-fiducial

Z-mass window | 60 GeV< myz,,mz, < 120 GeV 60 GeV< myz, ,mz, < 120 GeV
pre; > 20GeV,  pre, > 10GeV,
lepton cuts My+p— > 4GeV Prs, >5GeV,  |ng < 2.5,
My+y- > 4GeV

Table 1. Inclusive and fiducial cuts used to the define the setup-inclusive and setup-fiducial
phase space regions [26]. See text for more details.

For all (n)NNLO+PS predictions presented in this paper we make use of the PYTHIA8
parton shower [129] with the A14 tune [130] (py8tune 21 in the input card). To validate
our calculation and to show where shower effects are crucial, we compare (n)NNLO+PS
predictions obtained with MINNLOpg and (n)NNLO fixed-order predictions obtained with
MATRIX [115]. Additionally, we consider the inclusion of NLO EW effects. In the MATRIX
predictions we set ugr = ur = myy, and we construct the scale-uncertainty bands with the
same canonical seven-point scale variation used for our MINLO’ and MINNLOpg results.
Moreover, we compare our predictions with the most recent results by the CMS col-
laboration [26] within the fiducial volume defined in table 1, denoted as setup-fiducial.
Note that the reconstructed Z bosons Z; and Zs are identified by selecting the opposite-sign
same-flavour (OSSF) lepton pair with an invariant mass closest to the Z-boson mass as Z;
and identifying the remaining OSSF lepton pair with Zs. Since here we only consider the
different-flavour channel (eTe™u™ ™), the two Z bosons are unambiguously reconstructed
and this procedure only selects which lepton pair is called Z; and which Z5. Note that in the
different-flavour channel the additional my+,~ > 4 GeV cut in table 1 has no effect. Besides
the fiducial setup, we also consider an inclusive setup (dubbed setup-inclusive), where
we only require a Z-mass window between 60 GeV and 120 GeV for the two resonances.
In order to provide the most realistic comparison to experimental data, our final pre-
dictions include effects from hadronization and multi-particle interactions (MPI). We also
include QED showering effects as provided by PYTHIAS. In order to prevent charged res-
onances to radiate photons and photons to branch into lepton- or quark-pairs, we set the
two flags TimeShower: QEDshowerByOther and TimeShower : QEDshowerByGamma to off.
Finally, we define dressed leptons by adding to the four-momentum of a lepton the

four-momenta of all photons within a distance AR, = ,/Agb%z + Aﬁge < 0.1.

3.2 Integrated cross sections

We start the discussion of our results by first considering integrated cross sections. In
table 2 we report predictions both in the inclusive and in the fiducial setup introduced above
for various perturbative calculations. Specifically, we consider MINLQO’ predictions, and
a number of predictions including NNLO corrections, both at fixed order and matched to
parton showers through MINNLOpg: besides the complete NNLO predictions (that include
the LO loop-induced gg contribution), we provide the NNLO corrections to the ¢g channel
(dubbed NNLOy4) and nNNLO cross sections (as defined before). For completeness, we also
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o(pp — ete putp™) [fb]

setup-inclusive

setup-fiducial

NLO (MATRIX)

32.50(1)T1-0%

16.49(1)*19%

MINLO’

+6.3%
31.42(3)T5-3%

+6.0%
16.38(2)80%

NNLOgg (MATRIX)

NNLO (MATRIX)

nNNLO (MATRIX)
nNNLO+NLOgw (MATRIX)
nNNLOXNLOgw (MATRIX)

+1.0%
34.42(4)T10%

+2.4%
36.57(4)F24%

—2.0%
+2.6%
36.43(7) 255

2.5%
35.63(7) 5 00

+1.0%
17.45(3) 77 0o

+2.5%
18.84(3)F25%

4 +2.7%
+2.6%
18.58(4) T2:0%

NNLOy3+PS (MINNLOpsg)
NNLO+PS (MINNLO&pg)
nNNLO+PS (MINNLOps)

+0.8%
34.36(3) ") 50
+1.9%
36.50(3) "5 0o

2.1%
38.35(3) "5 0ox

(3)
(4)

(4)
38.31(4)2:2%
(7)

(7)

(3)

(3)

+0.9%
17.45(3)F0-9%

+2.5%
18.90(3)* 3 00

20.04(3)*25%

(2)

(3)

(3)
19.96(3)"2:5%
19.00(4)+2 7%

(4)

(3)

(3)

Extracted from CMS 13 TeV [26]

394 + O.7(stat)

203 + O.4(stat)

:I:l.l(syst) + O.9(theo) + O.?(lumi) j’:O.G(syst) + O.4(1umi)

Table 2. Integrated cross sections at various perturbative orders in both the setup-inclusive and
setup-fiducial region. In brackets we report the statistical uncertainties, while scale uncertainties
are reported in percentages. We also report the inclusive and fiducial cross sections measured by
the CMS experiment in ref. [26]. Since the measured inclusive cross section corresponds to on-
shell pp — ZZ production, we have multiplied the measured cross section by a branching fraction
of BR(Z — £T¢7) = 0.03366, as quoted in ref. [26], for each Z boson and by a factor of two
to compare with our predictions for pp — eTe~u™u~ production. For the measured fiducial cross
section the CMS analysis includes both different-flavour (e*e™ p*p ™) and same-flavour (ete~ete™,
urp~ptpT) decay channels of the two Z bosons. We have therefore divided the measured fiducial
cross section by a factor of two to compare with our pp — eTe~ut ™ predictions.

quote nNNLO predictions combined with NLO EW corrections, computed at fixed-order
with MATRIX, either using an additive or multiplicative scheme. In the latter predictions
we also take into account the photon-induced contribution at LO and beyond.® In order
to compare our predictions to fixed-order results, all MINNLOpg (and MINLO') results
of table 2 are obtained at parton level, without including hadronization, MPI or photon
radiation effects. We have checked explicitly that those effects have a negligible impact on
the integrated cross sections.

The MINNLOpg prediction and the NNLO result are in excellent agreement with
each other both in the inclusive and in the fiducial setup. The perturbative uncertainty at
(n)NNLO(+PS) is at the 2-3% level. In particular, despite the fact that the loop-induced gg
process at LO (NLO) contributes only ~ 6-8% (~ 10-15%) to the NNLO (nNNLO) cross
section, the uncertainties of the (n)NNLO results are dominated by the gluon-initiated
contribution. The NLO correction for the loop-induced gg channel is particularly sizable,
almost doubling the LO contribution entering at a2, as discussed in section 2.3. Accord-
ingly, the nNNLO central prediction is not included in the NNLO uncertainty band.

The MINLO' result is 8-10% smaller than the MINNLOpg result. Its uncertainty

®We used the NNPDF31_nnlo_as_0118_luxqed [137-139] PDF set to compute fixed-order predictions
which include EW corrections, and verified that the (n)NNLO prediction is modified at the few permille
level with respect to the prediction obtained with NNPDF31_nnlo_as_0118.
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band, which is considerably larger than the MINNLOpg one, does not contain the central
(n)NNLO+PS prediction, because scale variations cannot account for the additional loop-
induced gg process entering at NNLO. We also note that the MINLO’ uncertainty band
is larger than the NLO one, and it includes the NLO result. On the contrary, the NLO
uncertainty band is very small and neither MINLO’ nor the NNLO central results lie
inside it.

Notwithstanding the excellent agreement between the nNNLO(+PS) result and the
fiducial cross section measured by CMS, the theoretical predictions should be supplemented
with EW corrections. Their inclusion, using either an additive or multiplicative scheme [47],
has a non-negligible impact on the nNNLO result and reduces the cross section by about
4-6% in the fiducial region, slightly deteriorating the agreement with the experimental
measurement. We note that EW effects include photon-initiated processes. These have a
negligible impact in the fiducial setup, where the leading lepton has a transverse momentum
larger than 20 GeV, and all leptons have a transverse momentum larger than 5GeV. On
the contrary, in the inclusive setup, without a minimal transverse momentum, the photon-
initiated contribution features a collinear divergence. To avoid this divergence, the CMS
analysis [26] imposed a transverse momentum cut of 5 GeV on the leptons in the evaluation
of the photon-induced component. With this cut, they showed that the photon-induced
contribution is less than 1% of the total cross section. For this reason, we set the photon-
induced component to zero for the nNNLO+NLOgw and nNNLO XNLOgw results in the

inclusive case.

3.3 Differential distributions

In this section we present our results for differential distributions. We start by comparing
the nNNLO+PS predictions obtained with MINNLOpg against MINLO' and fixed-order
nNNLO predictions in the setup-inclusive in section 3.3.1. In section 3.3.2 we move to
consider the setup-fiducial and we compare our MINNLOpg predictions at nNNLO+PS
with the data collected and analyzed by the CMS experiment [26].

3.3.1 Comparison against theoretical predictions

In figure 4 we compare nNNLO+PS predictions for MINNLOpg with MINLO’ and nNNLO
predictions at fixed order for four different distributions which are non-zero at LO. In par-
ticular, we consider the invariant mass of the e™e™ pair (m.+.- ), the invariant mass (myy)
and the rapidity of the diboson system (y4¢), and the rapidity (yz,) of the Z boson whose
invariant mass is closer to mz. We remind the reader that both the MINNLOpg and the
MINLQ’ predictions are obtained at parton level, without including hadronization, MPI
or photon radiation effects. We observe a very good agreement between the nNNLO+PS
and the nNNLO predictions, both for the central values and for the scale-variation bands.
The latter are at the few-percent level across the whole range shown in the plots, becoming
larger (about +£5%) at high mg4e. Minor differences are visible in the tails of the distribu-
tions, in particular at large myy, where the nNNLO-accurate MINNLOpg and fixed-order
predictions however still overlap. Indeed, in the large invariant-mass region scale choices
and terms beyond accuracy become increasingly important, as it was recently pointed out
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Figure 4. Comparison between selected distributions computed with MATRIX, MINNLOpg and
MINLO'’. Upper panel: invariant mass of the eTe™ pair (left) and of the ZZ pair (right); lower
panel: rapidity of Z; (left) and of the ZZ pair (right).

for WHTW ™ production in ref. [109] and extensively discussed for ¢¢ production [140, 141].
The MINLO' result is in all cases about 15-20% smaller than the nNNLO results, which
provides mostly flat corrections to the distributions under consideration, increasing slightly
only at large myy. We stress that the relatively flat QCD corrections are a feature of the
chosen distributions (in the inclusive setup) that does not apply in general, as we shall see
below. Although the MINLO' uncertainty is a factor of 3 larger than the MINNLOpg and
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Figure 5. Same as figure 4, for the transverse momentum of the p*p~ pair (left) and of the
leading jet (right).

nNNLO ones, the MINLO' predictions do not overlap with the nNNLO-accurate results.
This is not unexpected since a large part of the difference is caused by the loop-induced
gg contribution. Since the latter is missing in the MINLQO’ predictions, the MINLQO’ scale
variation can not account for this new production process, which instead enters the nNNLO
results. From the second ratio panel we can appreciate the effect of the loop-induced gg
contribution both at LO (comparing NNLO+PS to NNLO,;+PS) and at NLO (comparing
nNNLO+PS to NNLOyz+PS). It is clear from the plots that due to the gluon flux the
impact of the loop-induced gg process is more prominent in certain phase-space regions.
The LO (NLO) corrections, which inclusively amount to ~ 6-8% (~ 10-15%) as pointed
out before, contribute more significantly in the bulk region of the distributions, i.e. at the
Z resonance in mg+.- as well as for small my4, and central rapidities.

In figure 5 we show the same comparison for the transverse momentum of the p*pu~
pair (pr ,+,-) and the transverse momentum of the leading jet (pr,j,) above 30 GeV. The
latter was constructed using the anti-ky algorithm [142] with a jet radius of R = 0.4 as
implemented in FASTJET [143]. While py ,+,- is already defined at LO, prj, receives
its first contribution only at NLO and its accuracy is thus effectively reduced by one
perturbative order. The MINNLOpg and the nNNLO results for py ,+,- are in good
agreement with each other in the whole range shown here. The MINLO’ result is more
than 20% smaller at low values of the transverse momentum, while it agrees with the other
two predictions at large values of pr ,+,-. Hence, this distribution shows that in general
QCD corrections are not uniformly distributed in phase space. By and large, the three
predictions for the transverse momentum of the leading jet display a good agreement,
especially in the tail of the distribution. The level of agreement between nNNLO and
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Figure 6. Same as figure 4, for the transverse momentum of the electron (left) and of the leading
lepton (right).

MINNLOpg is expected as both predictions are effectively nNLO accurate at large pr j, .
The residual scale uncertainties are at the 5-10% level and they are larger than those in the
other distributions, which is a direct consequence of the lower accuracy of the predictions
for this distribution. Looking at the effect of loop-induced gg contribution in the second
ratio panel, we observe a rather peculiar behaviour with the nNNLO+PS corrections being
negative with respect to NNLO+PS for pr ;, 2 80 GeV. However, this is completely in line
with the results presented in figure 3 and it is a consequence of the fact that the NNLO+PS
predictions include only a LO+PS calculation for the loop-induced gg process, which is not
expected to describe the high pr;, range as it is filled entirely by the parton shower,
which has no accuracy in this region. This further underlines the need for including NLO
corrections to the loop-induced gg process. Indeed, after including the NLO corrections,
the loop-induced gg contribution reduces to 5% (and less) at high pr j, (comparing nNNLO
to NNLOy;+PS), which is more reasonable.

In figure 6 we show an analogous comparison for the transverse-momentum spectrum
of the electron (pr.-) and of the leading lepton (pr, ). For the pr.- distribution we
observe excellent agreement over the whole range between the MINNLOpg and the nNNLO
results, which is fully expected since this distribution should be affected very mildly by
resummation/shower effects. We have explicitly checked that a similar level of agreement
is obtained when considering the same comparison at NNLOy; accuracy, as opposed to the
GENEVA calculation in ref. [103], where differences between the GENEVA and fixed-order
results are observed for pr .- > 40 GeV. When comparing the MINNLOpg and the MINLO'
predictions for the pr .- spectrum we observe that the effect of both the NNLO 4 corrections
and the loop-induced gg contribution is particularly pronounced in the bulk region of the
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distribution, where the MINLQO' result is more than 20% smaller than the nNNLO result.
On the other hand, the transverse momentum of the leading lepton is subject to shower
effects, especially at low pr, , and indeed we observe a difference between the MATRIX
results and the MINNLOpg predictions below 40 GeV, which become increasingly larger
the more steeply the distribution falls when pr,, approaches zero. Above this value, the
shower effects are less pronounced and the two predictions are in good agreement. By
comparing the nNNLO+PS predictions to the NNLO+4PS and NNLO,;+PS results we
can see that the impact of the loop-induced gg contribution is particularly relevant below
40 GeV, and it is also predominantly responsible for the relatively large shower effects
that we observe. In fact, we have checked that for the NNLO,z+PS result the relative
impact of the shower is smaller than for the NLO+PS result in the gg channel, which
is expected considering the higher perturbative accuracy (and thereby logarithmic terms)
already included at fixed order in the gg channel.

Finally, in figure 7 we show predictions for the transverse momentum of the dibo-
son pair (pr4¢). In this case, we also show the NNLO+N?LL result obtained with MA-
TRIX+RADISH [144], which interfaces MATRIX [115] to the RADISH resummation formal-
ism [145, 146], using pur = pr = mye and Q... = myy/2 for the resummation scale. Since
MATRIX+RADISH does not include the contribution stemming from the loop-induced gg
channel, we perform this comparison by considering only the ¢g-initiated process, i.e. at
the NNLOy;(+PS) level. At small values of the ZZ transverse momentum we observe
an excellent agreement between the NNLO+N3LL and the MINNLOpg result, especially
considering the lower accuracy of the parton shower in that region; MINNLOpg is between
5% and 8% larger than the NNLO+N3LL prediction below 10 GeV and has a larger uncer-
tainty band reflecting its lower accuracy. On the other hand, the MINLO' result is O(10%)
smaller than the NNLO+N3LL and the MINNLOpg predictions and its uncertainty band
does not overlap with either of the more accurate results below 40 GeV. Fixed-order calcu-
lations actually lead to unphysical results in the small-pr 4¢ region due to large logarithmic
corrections, which need to be resummed to all orders. Indeed, the NNLO result diverges at
low transverse momentum, and its prediction differs significantly from the ones including
resummation effects. At larger values of pr 4, the NNLO result is instead in agreement
with the NNLO+N3LL, MINLO’ and MINNLOpg predictions, as one may expect since
all of them have the same formal accuracy in the tail of the distribution.

In conclusion, we observe overall a very good agreement between MINNLOpg, fixed-
order, and analytically resummed results across a variety of distributions, which provides
a robust validation of our calculation. The MINLQO’ result, despite the considerably larger
uncertainty bands, rarely overlaps with the (n)NNLO(+PS) predictions, thus highlighting
the importance of higher-order corrections to this process. Moreover, certain observables
require the resummation of large logarithmic contributions, which renders the matching to
the parton shower mandatory.

3.3.2 Comparison against data

In this section we compare our MINNLOpg predictions at nNNLO+PS to the CMS mea-
surement presented in ref. [26] in the setup-fiducial defined in table 1. We have gener-
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Figure 7. Same as figure 4, for the transverse momentum of the ZZ pair for two different ranges of
pr,4¢. In both plots, we also show the NNLO+N?LL result computed with MATRIX+RADISH [144].

ated the events and estimated the theoretical uncertainties as described in section 3.1. We
note that in order to compare against data our predictions include MPI and hadronization
effects, as well as QED corrections in the shower approximation.

The comparison between MINNLOpg predictions and experimental data is presented
in figure 8. Altogether, we show predictions for six observables: the invariant mass and the
transverse momentum of the diboson pair (my, and pr4¢), the sum of the four individual
transverse-momentum distributions of each final-state lepton (which corresponds to the
average of the lepton transverse-momentum distributions), the sum of the two distributions
of the transverse momentum of the reconstructed Z bosons (which analogously corresponds
to the average of the Z transverse-momentum distributions), and the separation between
the two Z bosons in the azimuthal angle (A¢z, z,) and in the n-¢ plane (ARz, z,). In all
cases, except for A¢yz, 7, that has a kinematical endpoint at A¢ = m, the last bin shown
in the figures also includes the contribution of the overflow.

By and large, we observe a quite remarkable agreement between our predictions and
the experimental data. The invariant mass is well described at low myy, but there is a
tendency of the data to undershoot the prediction at large myy, with the last bin being
almost two standard deviations away. In this region EW corrections are known to be
important and they are only partly included here through the QED shower. Below, we
discuss how the inclusion of the NLO EW corrections at fixed order improves the agreement
with data in this region. The transverse-momentum distribution of the ZZ pair is also well
described, except for a two-sigma deviation in the last bin, with a remarkable agreement
for pr 4¢ values below ~ 100 GeV, where the all-order corrections provided by the shower
are particularly important. The two averaged distributions of pr, and pr 7, also compare
very well to MINNLOpg, with deviations in the tail of the distributions only. In the last
bins the experimental data are about two standard deviations away from the theoretical
predictions, which can again be related to the missing EW corrections, as discussed below.
The A¢z, 7z, and the ARz, 7, distributions are also very well described by MINNLOpsg,
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with the data fluctuating (within one sigma, except for one bin with a two-sigma deviation)
around the central theoretical prediction across the whole plotted range.

The comparison at the level of integrated cross section in section 3.2 showed that the
inclusion of NLO EW effects has a small, but non-negligible impact in the fiducial setup.
Since in our comparison with data we include QED effects via parton-shower matching, one
may wonder whether the proper inclusion of NLO EW effects in a Monte Carlo context,
see e.g. refs. [41, 147], would further improve the agreement with the data, especially in
the tails of distributions where EW logarithms are important. A possible way to assess
the impact of the EW corrections beyond the parton shower approximation is to apply to
the MINNLOpg predictions a differential K-factor correction for the NLO EW corrections
that is computed at fixed order accuracy.

We have done this exercise turning off the QED shower in the MINNLOpg predictions
to avoid double counting. The central rescaled prediction is shown in the lower ratio panels
in figure 8. We adopt as our default a factor KIEE)OEW, defined using the multiplicative
scheme nNNLOXNLOgw [47], which includes an estimate of mixed higher-order correc-
tions, divided by the nNNLO result. Note that for distributions starting at NLO QCD
we do not perform this additional comparison, since one would need to compute the EW
corrections to the ZZ+1-jet process. We find that the inclusion of NLO EW corrections
within this approximation improves the agreement with the experimental data for the tails
of the my, and the averaged pr 7z, distributions, where the effects of Sudakov logarithms are
expected to be visible. For the averaged pr g, distribution their impact is a bit milder, also
because the distribution extends to lower values, and there is no significant improvement
compared to data. Furthermore, we would like to add some comments on the effects of
the QED shower below the my; ~ 2my threshold (where QED effects are expected to be
sizable) in light of its limited accuracy. First of all, we verified that its effect is below 10%
in the first bin of the my, distribution in figure 8, but it can become as large as 35% when
considering the setup-inclusive for the same bin instead. Moreover, we notice from
figure 8 that the approximation of the QED shower in that region is in good agreement
with the result including NLO EW effects. This is not unexpected, because logarithmic
contributions due to EW Sudakov effects are small in that region and the first emission
is the most relevant one for dressed leptons. We leave a consistent inclusion of NLO EW
effects in our MINNLOpg predictions with a complete and consistent matching to QCD
and QED showers to future work.

4 Conclusions

In this work, we have advanced the state of the art for Monte Carlo simulations of Z-
boson pair production at the LHC. For the gg-initiated process we have matched NNLO
QCD predictions to parton showers using the MINNLOpg method. We have further-
more included the loop-induced gg-initiated process, which contributes at O(a?), in the
POWHEG-BOX-RES framework at NLO QCD accuracy matched to parton showers. When
combined, the ensuing nNNLO+PS results constitute the most accurate theoretical predic-
tions for this process to date. We remind the reader that the benefits of the MINNLOpg
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approach reside in (1) the possibility to include NNLO corrections on-the-fly, without the
need of any a-posteriori reweighting, (2) the absence of any merging scale or unphysical
boundaries to partition the phase space into different regions according to the number of
resolved emissions, and (3) the fact that the logarithmic accuracy of the parton shower
is preserved by the matching (when using a pr-ordered shower). We stress that this last
feature is in general far from trivial.

We have performed an extensive comparison of our MINNLOpg predictions against
(n)NNLO fixed-order results and the analytic resummation in the transverse momentum
of the four-lepton system. We found excellent agreement with fixed-order predictions in
phase-space regions where shower effects are expected to be small. As expected, for dis-
tributions that have a singularity at fixed order the MINNLOpg predictions feature the
appropriate Sudakov damping close to the singularity and yield physical results. In par-
ticular, the comparison to the NNLO+N3LL pr,4¢ spectrum showed quite a remarkable
agreement. Moreover, we have shown that MINNLOpg corrections are at the level of
15-20% with respect to MINLQO', and that the matching to the parton shower is crucial
for observables sensitive to soft-gluon effects. It is interesting to notice that we do not
observe the mild tension in the pr .- distribution observed in ref. [103] when comparing
NNLO4;+PS to fixed-order predictions, which motivates a more comprehensive comparison
between GENEVA and MINNLOpg predictions in the future.

We have compared our nNNLO+PS predictions against 13 TeV CMS data of ref. [26]
and found excellent agreement both at the level of production rates and shapes of kine-
matical distributions, with nNNLO+PS predictions and CMS data agreeing on almost all
bins within one sigma. In the few bins where the differences are at the two-sigma level we
have shown that the inclusion of NLO EW corrections removes those differences in most
instances. Our final results have missing higher-order uncertainties that are of the order of
2% both for inclusive and fiducial cross sections. These uncertainties” are of similar size as
the current precision of experimental results, which will further decrease in the future. It is
then clear that theoretical predictions with an accuracy comparable to that of the results
presented in this paper are mandatory to fully exploit ZZ cross section measurements at
the LHC. This is particularly the case when using ZZ production data for off-shell Higgs
cross section measurements in the H — 4¢ channel to put bounds on the Higgs-boson
width, or when constraining the coefficients of effective-field-theory operators or anoma-
lous triple-gauge couplings. It is interesting to note that, even though the loop-induced gg
contribution is only about 10% of the total cross section, its uncertainty dominates our final
predictions. It is unlikely that a three-loop calculation for this process will become available
in the near future. Still, the theoretical precision can be further improved if one imposes
fiducial cuts that suppress the loop-induced gluon fusion contribution. For instance, when
requiring a large invariant mass of the lepton system or when considering high-p, leptons,
as done in BSM searches, the gluon-fusion contribution becomes less important since the

"We note that we consider here only uncertainties associated to scale variation. In particular we have
omitted PDF uncertainties, those related to missing interference effects in the case of identical leptons
in the final state, and those intrinsic to the approximations in the event simulation (e.g. related to the
QED shower).
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gluon PDFs decrease strongly at large x values. On the other hand, electroweak effects
become more important in these regions. The approximate combination considered here,
which already increases the agreement with the experimental data in the high-energy tails,
needs to be improved by combining highest-order QCD and QED corrections consistently
in parton-shower simulations in the future.

Since the evaluation of the two-loop contributions is numerically highly demanding, we
made full use of the reweighting facility of POWHEG and introduced the possibility to eval-
uate the two-loop contributions only at the very end of the event generation, considerably
speeding up the calculation. The code used for our simulations will be soon made publicly
available within POWHEG-BOX-RES. We are confident that this will be valuable for upcom-
ing experimental measurements of ZZ production at the LHC, which require an accurate
and fully exclusive simulation of hadron-level events, including all-order, non-perturbative,
and QED effects.
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