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We calculate the complete next-to-leading order (NLO) QCD corrections to loop-induced gg — ZZ
production including full top-quark mass effects. The two-loop virtual corrections are obtained by
combining analytic results for the massless, Higgs-mediated, and one-loop factorizable contributions with
numerically computed amplitudes containing the top-quark mass. We show that the choice of subtraction
scheme for the virtual contribution impacts the precision with which the virtual contribution must be
evaluated in order to obtain sufficiently precise phenomenological predictions. For direct production
through a massive top-quark loop, we observe that the relative NLO corrections are large. The direct
massive and Higgs-mediated contributions individually increase relative to the massless production at high
diboson invariant mass, but interfere destructively with each other. At the Large Hadron Collider, the NLO
corrections to the gluon channel give a sizable contribution to the pp — ZZ + X cross section at N*LO.
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Introduction—The advent of the High-Luminosity LHC
brings exciting opportunities to measure standard model
parameters at unprecedented precision. An important process
in this regard is Z pair production, which is relevant for new
physics searches [1-4] and provides a significant background
to Higgs production in the four-lepton channel [5-8], both
for on- and off-shell Higgs bosons. Z boson pair production
has been measured at 13.6 TeV [9] and used to constrain
anomalous CP-odd neutral triple gauge couplings [10].
Comparing resonant and nonresonant Higgs production
allows for an indirect probe of the Higgs width [11,12],
and continuum Z pair production can contribute significantly
to off-shell Higgs production through interference [13,14].
Constraints on the Higgs width have been obtained in this
way by CMS [15] and ATLAS experiments [16]. Given the
phenomenological relevance, precise theoretical predictions
for this process are desirable.

The gluon fusion channel for Z pair production is loop-
induced and starts to contribute to the hadronic process pp —
ZZ+X only at next-to-next-to-leading order (NNLO).
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Owing to high gluon luminosity at the LHC, this channel
accounts for O(60%) of the total NNLO correction [17].
NLO corrections to this channel are formally next-to-next-to-
next-to-leading order with respect to the hadronic process. In
general, different partonic channels mix at higher orders in
the perturbative expansion such that the concept of correc-
tions to a specific subprocess is not well defined. In the
present case, however, one can define NLO corrections to
the gluon channel by considering only the contributions in
which neither of the Z bosons couples to external quark lines.
The so-defined NLO corrections are indeed significant;
estimates [18,19] give an overall O(5-8%) increase to the
total pp — ZZ cross section.

For the two-loop amplitudes, the massless corrections
were computed a while back in [20,21], while the top-quark
contributions remained a challenge until recently, preventing
the calculation of the exact NLO QCD corrections in this
channel so far. The top-quark contributions are expected to be
important, particularly in the high invariant mass region for
the production of longitudinal Z bosons due to the Goldstone
boson equivalence theorem [22,23] and the interplay with
Higgs-mediated production. Approximate NLO corrections
to gg — ZZ have been presented in [24-28] and supple-
mented with a parton shower in [29,30]. Recently, the two-
loop amplitudes have been calculated with full top-quark
mass effects [31,32].

In this Letter, we take the next step and calculate the
complete NLO QCD corrections to gg — ZZ with full top-
quark mass effects. Specifically, we consider all contribu-
tions to the cross section involving closed massless or
massive quark loops to which the external Z bosons couple

Published by the American Physical Society


https://orcid.org/0000-0002-9266-9806
https://orcid.org/0000-0003-0024-7970
https://orcid.org/0000-0003-1008-3914
https://orcid.org/0000-0003-2207-7132
https://ror.org/04t3en479
https://ror.org/05hs6h993
https://ror.org/01v29qb04
https://ror.org/01eezs655
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.134.031901&domain=pdf&date_stamp=2025-01-22
https://doi.org/10.1103/PhysRevLett.134.031901
https://doi.org/10.1103/PhysRevLett.134.031901
https://doi.org/10.1103/PhysRevLett.134.031901
https://doi.org/10.1103/PhysRevLett.134.031901
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

PHYSICAL REVIEW LETTERS 134, 031901 (2025)

either directly or through a Higgs boson. For the real
radiation contributions, we take into account also gq, 94,
and ¢g in addition to gg initial states. Using a fully
differential setup, we compute the inclusive cross section
and the diboson invariant mass distribution for ZZ pro-
duction at the LHC.

Details of the calculation—The differential cross section
for gg —» ZZ at NLO can be written as doyy o = dog +
doy + dog, where dog, doy, and dog correspond to
Born, virtual, and real contributions, respectively. In our
calculation, we include effects due to ny =5 massless
quark flavors, a massive top quark, and a massive Higgs
boson. The calculation of the different contributions is
described below.

Born and virtual contributions:
tonic process

We consider the par-

9(p1) +9(p2) — Z(p3) + Z(pa4), (1)

for on-shell momenta, i.e., p; = p3 =0and p3 = p3 = m3.

The one-loop amplitudes relevant for the Born contri-
bution were calculated long ago in Refs. [33-35], while the
two-loop corrections employed for this Letter were com-
pleted only recently. We distinguish between different
classes of contributions to the amplitude, depending on
the couplings of the external Z bosons. Figure 1 shows a
representative two-loop Feynman diagram for each of the
following classes.

Class A,,: Both Z bosons couple directly to the same heavy
top-quark loop. For these one- and two-loop contributions,
we use the recent calculation [31] by some of us that
employed a combination of syzygy techniques [31,36—40],
finite field methods [41,42], multivariate partial fractioning
[43-47], and constructions of finite integrals, and the result-
ing finite master integrals were evaluated numerically with
pySecDec [48-50].

Class A;: Both Z bosons couple directly to the same light
quark loop. Analytical expressions for these one- and two-
loop contributions were provided in [20], based on sol-
utions for the master integrals [51] in terms of multiple
polylogarithms. We employ their implementation in the
Vvamp library and numerically evaluate the multiple poly-
logarithms using the code of [52] included in GiNaC [53].

Class B: The Z bosons couple to different closed quark
loops, each of which can be a light or a heavy quark. At two
loops, these corrections are one-particle reducible products
of one-loop triangles. These are the only diagrams involving
Dirac traces with an odd number of ys; matrices and
contributions related to the chiral anomaly can arise due
to a mass splitting within a weak isodoublet. Consequently,
one should consider them for sums over a complete quark
generation, and for our calculation with five massless quarks
just the third generation contributes due to m; # m,. These
contributions have been presented in [26]; we use the
recalculation in [31] for this work.
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FIG. 1. Representative two-loop diagrams with closed quark
loops entering the virtual corrections to ZZ production. Thick
lines denote top quarks.

Class C: The Z-boson pair is produced via the decay of
an intermediate off-shell Higgs boson, which couples to a
heavy quark loop. We employ an in-house implementation
of these Higgs-mediated contributions based on the differ-
ential equations approach, similar to the calculation in [54].
In the high invariant mass region, above the top-quark
threshold, one finds interesting interferences between the
Higgs-mediated and direct production of longitudinally
polarized Z bosons. At one loop, it has been discussed
in [34] that the interference is destructive and exhibits a
cancellation of the leading term at high energy, as required
by the unitarity of the {7 — ZZ subprocess; we observe a
strong destructive interference also at two loops.

After UV renormalization and IR subtraction, details of
which are provided in Refs. [20,31], the finite remainders
for the helicity amplitudes can be written as

a a2
M= (SMP + (52) M+ 0@ @

where 4 = {1, 4, 43, 44} specify the polarizations of the

external particles. Here, Mﬁl), ./\/1512) are the one- and two-
loop finite remainders constructed from the form factor
decomposition described in [20].

We define the squared one-loop amplitude V(! as

1 x
v — N Z M/I(I)M,(ln’ (3)

A,color

where we divide by N = 2% x 8% x 2 to account for the
averaging over spins and colors in the initial state and the
symmetry factor due to identical particles in the final state.
To optimize the sampling of the two-loop amplitude for our
full result, we separate it according to the classes defined
above,
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2 2 2 2 2
M = MG, + M2+ M+ Mg ()

The interference with the full Born amplitude Mﬁl) can
then be written as

1 «(1 2
Ve =<3 2Re(/\/l M2,

A,color

*(1 2 2 2
+ MU (M, + MG+ M) )

We sample the first interference term using massive virtual
amplitude evaluations distributed according to unweighted
events based on the top-quark only Born distribution, as
described below. The remaining Born-virtual interference
terms are evaluated with higher statistics: they are sampled
dynamically by our phase-space generator code using the
VEGAS algorithm [55,56], with an additional weight to
ensure that sufficiently many events are generated at high
invariant mass.

By default, we use the g4 subtraction scheme [57] for our
two-loop amplitudes and the Catani-Seymour scheme [58]
to construct the dipoles for our real radiation diagrams. This
mismatch amounts to a term proportional to the Born
contribution, which is straightforward to add (subtract)
from the virtual (real) contributions as we desire. Similarly,
we can obtain the virtual and real contributions in the
original Catani subtraction scheme [59] by adding terms
proportional to the Born contribution. Starting with the I
operator in the gy scheme, we can obtain results in the
Catani and Catani-Seymour subtraction schemes by adding
2Re(AI) - V) to V), where

1
AIC = _E”ZCA + iﬂ:ﬂo, (6)

1 % °C
Alcs =—inC,y [E—Hn(l%ﬂ -z 3 At Botky (7)

with the Mandelstam invariant 3 = (p; + p»)?, fo =
(11/6)Cy — (2/3)Tpn; and k, = (67/18 —2%/6)Cy —
(10/9)Tpns. The imaginary parts of the shifts do not
contribute when computing the Born-virtual interference.
We utilize these conversions to construct our virtual and
real contributions in all three schemes (g, Catani-
Seymour, and Catani).

The calculation of the class A, massive virtual ampli-
tudes was described in Ref. [31]. In the current work, the
integrated virtual contribution is obtained using a new
implementation of these amplitudes, relying on the dis-
tributed evaluation (DISTEVAL) feature of pySecDec, devel-
oped in tandem with this work. We evaluate 3000
unweighted events (distributed according to the Born cross
section) on multiple GPUs. A major improvement, required
to obtain sufficiently stable results in all phase-space

L/L
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FIG. 2. Representative diagrams with a closed quark loop
entering the real corrections to ZZ production. Different partonic
channels and loops with light or top quarks contribute.

regions, is the evaluation of the two-loop amplitudes
directly in the physical helicity basis (not the A-basis form
factors presented in Refs. [20,31]), for which we set a
relative accuracy target of 1% per amplitude. On a test grid
of phase-space points, taken from Ref. [31], the mean
evaluation time per phase-space point is 1.9 min with the
new implementation and accuracy goal compared to 4.8 h
with the original code. Our new virtual amplitude code is
checked against our original code and an independent
calculation using different methods described in Ref. [32].

Real contributions: The real corrections for this proc-
ess include the partonic channels gg — ZZ + g, q(g)g —
ZZ +q(g), and qq — ZZ + g; representative Feynman
diagrams are shown in Fig. 2. For the real radiation
diagrams, we require that both Z bosons are coupled to
the closed fermion loop; in particular, we exclude diagrams
that involve a Z boson coupling to an incoming or outgoing
quark line.

The amplitudes for the real radiation diagrams are
generated using GoSam [60,61] and validated numerically
at the level of individual phase-space points against
MadGraph [62,63] and OpenLoops [64] (WhiCh uses COLLIER
[65], CutTools [66], and OneLOop [67]). Our integrated real
matrix elements are also validated against MadGraph by
computing the LO ZZ plus jet cross section with several
different values of pr; cut. To obtain stable numerical
results we use the Ninja integrand reduction package [68,69]
with a quadruple precision rescue system. Our rescue system
employs a three-step procedure: each point is evaluated
twice in double precision after an azimuthal rotation about
the beam axis; if the double results do not agree to 11 digits,
then the amplitude is reevaluated in quadruple precision; if
the quadruple evaluation does not agree with the double
results within eight digits, then a second rotated quadruple
result is obtained. The result is discarded if the two
quadruple results do not agree within 11 digits, affecting
~107> of the points. The most common feature of the
rejected points is the presence of a soft jet. Soft and collinear
singularities arising from the phase-space integration are
cancelled locally by Catani-Seymour dipoles.
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To obtain the Catani-Seymour dipole contributions, we
compute the required spin-correlated Born matrix elements
using the massless quark amplitudes from the Vvamp library
[20] and an in-house implementation of the one-loop massive
quark amplitudes using LoopTools [70,71] to evaluate the one-
loop master integrals. For the calculation of the dipoles, we
observed that the spin-correlated Born matrix elements were
numerically unstable in highly soft or collinear regions using
the form factors of [31]. Switching to the orthogonal form
factors defined in [28] improved numerical stability, and
much better cancellation in the singular regions was
observed.

Results—In this section, we present our NLO results for
ZZ production in the gluon channel for the LHC. We
set Gp = 1.1663787 x 107> GeV~2, m; = 91.1874 GeV,
my = 80.2959 GeV, and m, = 173.016 GeV. For the
calculation of the two-loop massive amplitudes, we fix
the ratio m%/m? =5/18 as described in [31]. We set
MR = My = mzz/2 as central values for renormaliza-
tion and factorization scales respectively, and use the
CTI8NLO [72] parton distribution functions interfaced
via LHAPDF [73] to calculate the total cross section.
Uncertainty estimates are obtained by simultaneously
varying the renormalization and factorization scales by a
factor of 2 around the central scale u = m,,/2.

In Fig. 3, we show the invariant mass distribution for this
process considering only diagrams of class A;, i.e., con-
tributions involving both Z bosons coupled to the same
closed top-quark loop. The shaded bands indicate the scale
uncertainty. We find that the massive NLO corrections are
large, enhancing the top-only cross section by a factor of
1.8 at /s = 13 TeV hadronic center-of-mass energy. The
NLO corrections to the Z-boson invariant mass distribution
are large but rather flat; they amount to a factor 2 increase in
the distribution near the ZZ production threshold and
decrease to a factor of around 1.7 at 1 TeV. For the
corresponding integrated cross section at /s = 13 TeV we
obtain, o} = 19.001274% fb, 6%, = 34.46(6)1104% fb,
where the number in parenthesis indicates the statistical
Monte Carlo error.

In Fig. 3, we also show the subtracted virtual contribu-
tion obtained using different IR subtraction schemes. The
NLO result does not depend on the choice of subtraction
scheme, with different schemes amounting to reshuffling
contributions proportional to V') between the subtracted
reals and virtuals. However, we do observe that while the
virtuals in the gy and Catani-Seymour schemes behave
rather similarly, they are heavily suppressed in the Catani
scheme. The shape of the Catani scheme virtual corrections
is similar to the other schemes, but the corrections are
shifted down and are negative in the bins my; < 220 GeV
and my; > 620 GeV. This implies that in the Catani
scheme, the majority of the NLO correction comes from
the IR subtracted real contribution and the subtracted
virtual contribution accounts for less than 2% of the total
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FIG. 3. Top-quark-only contributions to the ZZ invariant mass

distribution in pp collisions. The absolute value of the two-loop
virtual correction is shown separately in the g7, Catani-Seymour
(CS), and Catani (C) schemes. The dashed curve represents an
approximate NLO result obtained by rescaling the massive Born
amplitude with the massless K-factor.

cross section. We point out that the finite remainders in the
Catani scheme were previously shown to be more sensitive
to kinematic expansions of the two-loop expressions than
in the gy scheme [31], and may thus be interpreted as
representing more directly the genuine two-loop effects.
Choosing a scheme where the virtuals are numerically
small can be of practical importance in situations where
their exact evaluation is possible but computationally
expensive, since one can reduce the number of phase-
space points for the numerical integration in this way.
Nevertheless, in the present work, we were able to obtain
sufficient statistics that the virtuals could be reliably
obtained in each subtraction scheme, as shown.

We also compare our results to an approximation,
NLOQ};’me similar to [19], obtained using exact ingredients
except for the massive two-loop virtual amplitudes, which
are replaced by the top-quark only Born amplitude rescaled
by the ratio %Vm /V) computed using only the massless
quark amplitudes. This rescaling is performed fully differ-
entially at the level of individual phase-space points. We
find that the approximation describes the exact results well
in most of the phase space for the unpolarized distributions,
particularly in the high energy region.

In other loop-induced processes, an uncertainty related to
the choice of the top-quark mass renormalization scheme
and scale is known to be large at NLO, dominating the QCD
scale uncertainty [74—77]. To estimate this uncertainty, we
can compare the result in the on-shell (OS) scheme with a
result in the MS scheme at the scale y, = 2m®S. Converting
the top-quark mass to the MS scheme we obtain m,(u,) =
154.6 GeV [78,79]. Considering afg only, at LO we find
that the MS result is 8.7% larger than the OS result.
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FIG. 4. Diboson invariant mass distribution for gluon-initiated
ZZ production at the LHC. The solid curves represent the LO and
NLO results with complete massless and massive contributions,
including Higgs-mediated diagrams. The dashed curve represents
an approximate NLO result obtained as described in the text.

In our calculation, the ratio of the mass of the Z boson and
the top quark is fixed to the OS value in the two-loop virtual
correction, preventing the direct evaluation of the scheme
uncertainty at NLO. To estimate the size of the uncertainty,
we can renormalize the top-quark mass in the MS scheme
and vary the mass in all parts of the calculation except the
finite O(e”) term of the bare two-loop amplitude. We find
that at NLO the MS result is 4.1 & 0.4% bigger than the OS
result. The stability of our estimate is assessed by computing
it in both the Catani and g, subtraction schemes.

In Fig. 4, we show the invariant mass distribution for ZZ
production in the gluon channel for the LHC with
/s = 13.6 TeV, taking into account all massless and
massive contributions, including those mediated by a
Higgs boson. As above, the shaded bands indicate the scale
uncertainty. We find that the complete NLO corrections are
large, ranging from 1.8 near the ZZ production threshold and
dropping to around 1.4 at 1 TeV invariant mass.

For the dashed curve, NLO,p0x, We again employ the
approximation in which the two-loop massive virtual
amplitude is replaced by the rescaled top-quark only
Born amplitude, as described above. At low invariant
mass, the cross section is dominated by diagrams contain-
ing loops of massless quarks and, to a lesser extent, their
interference with the Higgs-mediated contribution, both
of which are included exactly in the approximation.
Conversely, at high invariant mass, where the massive
contribution is more important, the massive amplitudes are
approximated well. As a result, we observe that the
approximation works well across the entire invariant mass
range for the full unpolarized NLO correction.

For the full NLO cross section in the gluon channel at
/s = 13.6 TeV with exact dependence on the top-quark
mass, we obtain

oLo = 131615505 b, (8)
ONLO — 2275(12)513.85‘5 fb. 9)

Here, the number in parenthesis indicates the statistical
Monte Carlo error, while the percentages specify the
uncertainty stemming from simultaneous variation of the
renormalization and factorization scales by a factor of 2.
The complete NLO corrections to the gluon channel are
large, increasing the contribution by a factor of 1.7
compared to the leading order and beyond the naive scale
uncertainty estimate. The corrections approximately half
the scale uncertainty. The impact of including the direct
massive and Higgs-mediated contributions at the level of
the total cross section is moderate, decreasing the NLO
cross section by around 2% compared to purely massless
contributions.

Conclusions—We have presented a complete calculation
of the NLO QCD corrections to gg — ZZ retaining full top-
quark mass effects. For the LHC at center-of-mass energy
/s = 13.6 TeV, we find that the total cross section of the
gluon-induced channel is enhanced by a factor of 1.7
relative to the LO correction. The diboson invariant mass
distribution K factor falls from around 1.8 at production
threshold to 1.4 at 1 TeV.

We show that the choice of infrared subtraction scheme
has a great impact on the accuracy with which the two-loop
finite remainders need to be known. In particular, we find
that in Catani’s original subtraction scheme, the virtual
contributions are numerically suppressed. This observation
can help to reduce the computational cost for sampling
these challenging contributions and should be taken into
account when quantifying the quality of approximations for
the finite remainders. Our analysis also shows that an
approximation of the two-loop massive amplitudes similar
to [19] works well at the level of the full unpolarized NLO
invariant mass distribution.

In future work, it would be interesting to study the
impact of top-quark mass effects on other differential
observables and in the presence of anomalous couplings,
e.g., Ztt [80,81]. We observe that at high invariant mass
there is strong destructive interference at LO as well as
NLO between diagrams in which the Z bosons couple
directly to a massive quark line and those in which the Z
bosons are produced via an intermediate Higgs boson; this
cancellation could be spoiled by such anomalous cou-
plings. The corrections presented here contribute at next-to-
next-to-next-to-leading order to the hadronic cross section,
and should be combined with the quark-initiated contribu-
tions at least to NNLO for such phenomenological
applications.
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