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1 Introduction

The pair production of Z-bosons at the LHC is an important process to test the electroweak

sector of the Standard Model (SM). It is sensitive to anomalous gauge boson couplings and

constitutes an irreducible background to the production of a Higgs boson decaying into

vector bosons and to New Physics searches.

Recent measurements already include a combined ATLAS and CMS study of anoma-

lous triple gauge couplings in ZZ production based on Run I data [1], as well as measure-

ments at 8 TeV [2–4] and 13 TeV [5–9].

The NLO QCD corrections to Z-boson pair production were calculated first for stable

Z-bosons in refs. [10, 11], and later including leptonic decays in the narrow-width approx-

imation in ref. [12]. Leptonic decays including spin correlations and off-shell effects have

been taken into account in refs. [13, 14].

Z-boson pair production via gluon fusion is suppressed by two powers of the strong

coupling compared to the qq̄ channel, but contributes significantly to the total cross section

due to the large gluon flux at the LHC. The one-loop calculation for stable Z-bosons has

been performed in refs. [15, 16], leptonic decays and off-shell effects have been included

and studied in refs. [17–24]. Soft gluon resummation to the signal/background interference

process gg(→ H(∗))→ ZZ also has been considered [25].

Recently, the 2-loop amplitudes for qq̄ → V V ′ [26–28] and gg → V V ′ [29, 30] became

available, and led to the calculation of the NNLO corrections for Z-boson pair production,

for on-shell Z-bosons [31] as well as including leptonic decays [32]. The two-loop corrections

to the gluon fusion channel were also calculated [33, 34] and even combined with a parton

shower in ref. [35].

Electro-weak (EW) NLO corrections were first calculated for stable vector bosons [36–

38], and including decays within the Herwig++ framework [39]. Very recently, NLO EW

corrections including full off-shell effects have become available [40–42].

The calculation in refs. [31, 32] is based on the qT -subtraction scheme [43] for the

doubly unresolved real radiation occurring at NNLO. In this letter, we report on the
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NNLO contributions perturbative order

0→ qZZggq̄ tree-level

0→ qZZQQ̄q̄ tree-level

0→ qZZgq̄ one-loop

0→ ggZZ one-loop

0→ qq̄ZZ two-loop

Table 1. Perturbative order of the matrix elements for ZZ production at NNLO.

calculation of the NNLO corrections to on-shell Z-boson pairs using a different method,

based on N -jettiness subtraction [44, 45]. The effect of massive quark loops has been

estimated to be at the level of a permille contribution to the total cross section in ref. [31].

However, calculations performed in an s/m2
t expansion framework [46, 47] indicate that

the contributions may be larger, and they certainly will be important in the region of

large values of the 4-lepton invariant mass m4l, which is sensitive to the coupling of the

longitudinal Z-boson components to the top quarks loops.

2 Details of the calculation

The NNLO computation requires the evaluation of the tree-level scattering amplitudes with

two additional partons (double-real (RR) contribution), of the one-loop amplitudes with

one additional parton (real-virtual (RV) contribution) and the two-loop corrections to the

Born process (double-virtual (VV) contribution). In this way we systematically combine

all the amplitudes containing two additional powers in the strong coupling constant with

respect to the Born process such that the final result is NNLO accurate in perturbation

theory. In table 1 we list the matrix elements for ZZ production at NNLO.

Although the sum of virtual and real corrections yields a finite result, the individual

contributions contain singularities of infrared (IR) and ultraviolet nature, such that a

direct numerical evaluation is not possible. Virtual and real corrections come from phase

space integrals of different multiplicity; therefore a framework to combine them must be

such that the divergent regions in the real-radiation contribution (corresponding to soft

and collinear emissions which map to configurations with one or two particles less, and

therefore are degenerate with the virtual contribution) can be extracted and cancelled

with the singularities of the virtual matrix elements.

In this work we employ the N -jettiness subtraction scheme [44, 45, 48, 49] to perform

the evaluation of the NNLO cross section. We begin by reviewing the definition of the

N -jettiness variable introduced in refs. [50, 51],

τN =
2

Q2

∑
k

min {qa · pk, qb · pk, q1 · pk, . . . , qN · pk} , (2.1)

where N denotes the number of jets desired in the final state and the sum runs over all

QCD radiated particles. In eq. (2.1) the qa, qb and q1, . . . , qN are a fixed set of massless
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reference momenta for the two beam jets and the N observed jets, the pk are the parton

momenta, and the dimensionful parameter Q2 is the hard interaction scale. For the specific

case of a colourless diboson system in the final state, eq. (2.1) reduces to the 0-jettiness or

beam thrust which in the leptonic frame reads [50, 52],

T0 = Qτ0 =
∑
k

min
{
eYZZna · pk, e−YZZnb · pk

}
, (2.2)

where na = (1, 0, 0, 1) and nb = (1, 0, 0,−1) define the beam axis and the pk are defined in

the hadronic centre-of-mass frame. In the context of N -jettiness subtractions, taking into

account the boost with rapidity YZZ of the Born system ensures that the power corrections

are independent of YZZ [52].

Looking at the definition of 0-jettiness in eq. (2.2) we can observe that T0 → 0 in the

limit where the QCD emission pk is soft or collinear to the initial state. For this reason

values of T0 close to zero indicate a final state containing the ZZ pair and only IR (soft

and collinear) emissions. In this way the N -jettiness variable can be used as a slicing

parameter in any real-radiation phase space integral to separate infrared singular regions

from hard and resolved configurations. In that sense the approach extends the slicing

methods developed in the early 90’s to compute higher-order corrections at NLO [53]

to NNLO.

To proceed we employ a T cut
0 in the real-radiation NNLO phase space and split the

cross section into regions above and below T cut
0 [44, 45, 49],

σNNLO =

∫
dΦN |MV V |2 +

∫
dΦN+1 |MRV |2 θ<0

+

∫
dΦN+2 |MRR|2 θ<0 +

∫
dΦN+1 |MRV |2 θ>0

+

∫
dΦN+2 |MRR|2 θ>0

≡ σNNLO(T0 < T cut
0 ) + σNNLO(T0 > T cut

0 ) .

(2.3)

In eq. (2.3) we have abbreviated θ<0 = θ(T cut
0 − T0) and θ>N = θ(T0 − T cut

0 ), and have

suppressed any (infrared-safe) measurement function under the phase space integral. The

first three terms in this expression all have T0 < T cut
0 , and are collectively denoted as

σNNLO(T0 < T cut
0 ), while the remaining two terms, with T0 > T cut

0 , are collectively denoted

as σNNLO(T0 > T cut
0 ). Contributions with Born-level kinematics necessarily have T0 = 0.1

Contributions with T0 > T cut
0 necessarily contain one or more well separated hadronic

energy deposits and thus reproduce the ZZ+jet cross section at NLO. The contributions

with T0 < T cut
0 correspond to the limit of the ZZ+jet NLO cross section where the jet

is unresolved. The key advantage that allows the computation of the cross section at

NNLO below T cut
0 is the fact that in the limit where all QCD emission is soft or collinear,

1Prior to its application for fixed-order perturbative QCD calculations a similar partitioning of the phase

space was introduced by the Geneva collaboration [54, 55] in the context of merging fixed-order calculations

with parton showers.
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the cross section can be approximately computed using the machinery of Soft-Collinear

Effective Theory (SCET) [56]. In particular, the existence of a factorization theorem that

gives an all-orders description of N -jettiness for small TN less than some value T cut
N allows

the cross section to be written in the schematic form,

σ(TN < T cut
N ) =

∫
H ⊗B ⊗B ⊗ S ⊗

[
N∏
n

Jn

]
+ · · · , (2.4)

where H describes the effect of hard radiation from the purely virtual corrections to the

process, B encodes the effect of radiation collinear to one of the two initial beam directions,

S describes soft radiation and Jn contains the radiation collinear to hard final-state jets.

The ellipsis denote power-suppressed terms which become negligible for TN � Q.

We have expanded the formula in eq. (2.4) to second order in the strong coupling con-

stant to obtain the σNNLO(T0 < T cut
0 ) cross section for ZZ production at hadron colliders.

In particular this includes contributions from the universal quark beam function at two

loops [57] and the 0-jettiness soft function at two-loops [58, 59]. The process dependent

hard function has been extracted from the two-loop amplitude computed in ref. [28] via

an interface to the program qqvvamp. We do not include massive top-quark loops in the

qq̄ZZ two-loop amplitude. Using Nf = 5 therefore introduces the chiral anomaly stemming

from subdiagrams where one Z-boson and two gluons are attached to a b-quark triangle.

However, we neglect this anomalous contribution in our calculation as the anomaly must

cancel once the top quark loops are included, following the same strategy as advocated

in ref. [33].

In SCET renormalised form, the IR finite one- and two-loop amplitudes can be written

at renormalisation scale µ2 as [60, 61]

Ω
(1),finite
N = Ω(1) − IN1 (ε)Ω(0),

Ω
(2),finite
N = Ω(2) − IN1 (ε)Ω(1) − IN2 (ε)Ω(0), (2.5)

where the N -jettiness subtraction operators are defined by2

IN1 (ε) =
Γ′0
8ε2

+
Γ0

4ε
,

IN2 (ε) = − (Γ′0)2

128ε4
− 6β0Γ′0 + 2Γ′0Γ0

64ε3
− 8β0Γ0 + 2(Γ0)2 − Γ′1

64ε2
+

Γ1

16ε
, (2.6)

with

Γ′0 = −2CFγ
cusp
0 , Γ′1 = −2CFγ

cusp
1 ,

Γ0 = −CFγcusp
0 log

(
µ2

−s

)
+ 2γq0 , Γ1 = −CFγcusp

1 log

(
µ2

−s

)
+ 2γq1 , (2.7)

2The subtraction operators are identical to those given for diphoton production in appendix A, eq. (A.17)

of ref. [62], but these formulae appear to contain two typographical errors. Specifically, we find that Γ′
0

should be multiplied to β0 in the second term of eq. (2.6) and that the last term has a factor 16 in the

denominator.
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and constants

γcusp
0 = 4, γcusp

1 =

(
268

9
−4π2

3

)
CA−

80

9
TFnf , γq0 = −3CF ,

γq1 =

(
−3

2
+2π2−24ζ3

)
C2
F+

(
−961

54
−11π2

6
+26ζ3

)
CFCA+

(
130

27
+

2π2

3

)
CFTFnf ,

β0 =
11

6
CA−

4

6
TFnf , CA = N, CF =

N2−1

2N
, TF =

1

2
. (2.8)

In ref. [28] the finite remainder of the one- and two-loop form factors for vector boson

pair production are provided in the qT - [63] and Catani- [64] subtraction schemes. By

comparing the definition of the subtraction schemes, the form factors in the N -jettiness

scheme can be derived from those of the qT -scheme according to,

Ω
(1),finite
N = Ω(1),finite

qT
+ ∆I1Ω(0),finite

qT
,

Ω
(2),finite
N = Ω(2),finite

qT
+ ∆I1Ω(1),finite

qT
+ ∆I2Ω(0),finite

qT
,

with the scheme conversion coefficients given by

∆I1 =
π2

12
CF ,

∆I2 =
π4

288
C2
F +

(
−607

162
+

67π2

144
+

77ζ3

36
− π4

72
+

11iπ3

72

)
CACF

+

(
41

81
− 5π2

72
− 7ζ3

18
− iπ3

36

)
CFnf , (2.9)

where, for brevity, we have set µ2 = s.

Finally we have obtained the σNNLO(T0 > T cut
0 ) contribution of the ZZ NNLO cross

section using the tree level matrix elements from VBFNLO [65, 66] for the double-real

emission phase space integral cross-checked with MadGraph5 [67], while the one-loop ampli-

tudes for the real-virtual phase space were generated with GoSam [68, 69] and cross-checked

with OpenLoops [70]. GoSam uses QGRAF [71], FORM [72] and Spinney [73] for the gener-

ation of the Feynman diagrams, and offers a choice from Samurai [74], golem95C [75–77]

and Ninja [78, 79] for the reduction. At run time the amplitudes were computed using

Ninja, which calls OneLOop [80] for the master integrals, and rescued using an implemen-

tation of Ninja in quadruple precision for unstable phase space points. We also include the

loop induced one-loop squared corrections in the gg → ZZ channel, which are formally of

NNLO accuracy, keeping full dependence on the top quark mass and on the Higgs mediated

contributions using GoSam.

2.1 Discussion of the IR subtraction procedure

Before we present our numerical results for ZZ production at hadron colliders we would like

to make a few remarks concerning the IR subtraction scheme employed for this calculation.

As mentioned in the previous section, the N -jettiness subtraction scheme is a non-local

– 5 –
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subtraction scheme. In local subtraction schemes the IR divergent phase space integrals

are regulated by the introduction of suitable IR real-radiation counterterms that satisfy

two basic properties,

• reproduce locally, for each phase space point in a singular region, the physical IR

divergent soft and collinear limits of the matrix elements of the process under con-

sideration;

• be simple enough to allow their analytic integration and generate a local and pointwise

analytic pole cancellation between the explicit 1/ε-poles of the virtual corrections and

the 1/ε-poles of the integrated real-radiation counterterms.

Some flexibility however exists on how the singular limits are locally subtracted and

how the real-radiation phase space is parametrised. For antenna subtraction [81–83] phys-

ical matrix elements with three partons [84] at tree-level and one-loop suffice to reproduce

single unresolved limits in QCD amplitudes, while four parton antennae [85, 86] subtract

doubly unresolved configurations at NNLO [87–90]. Examples of local IR subtraction

schemes which employ a structured decomposition of the real-radiation phase space based

on singular IR limits of QCD amplitudes [91–94] have also been developed and applied to

specific NNLO calculations. For the specific case of colourless systems in the initial state

local subtractions have been developed in refs. [95, 96]. The extension of the N -jettiness

method towards local subtractions has also been conceptually discussed in ref. [45].

On the other hand, non-local IR subtraction schemes regulate the singularities of the

real-radiation phase space integrals by the introduction of a suitable variable (N -jettiness or

the transverse momentum qT of a colourless system for qT -subtraction [43]3) that regulates

the phase space integration by separating IR divergent regions from hard and resolved

ones according to eq. (2.3). In this way contributions to the cross section for T0 above

and below T cut
0 are separately logarithmically divergent. However, in the sum all the

logarithmic dependence on T cut
0 should cancel, provided the value of T cut

0 employed in the

phase space integration is small enough such that the SCET approximation to the cross

section is valid. In particular, for each 1/ε-IR pole in dimensional regularisation there is

a corresponding logarithmically divergent coefficient predicted from SCET in the T0 → 0

limit, according to
1

εn
∼ logn

(
T0

µ

)
. (2.10)

The infrared pole cancellation in this case is observed through the cancellation between

the universal and analytically known terms predicted by SCET, integrated over the Born

phase space, and the Monte Carlo integration over the real-radiation phase space of the

real-emisson matrix elements for small T0. The method of N -jettiness meanwhile has been

applied successfully to various processes calculated at NNLO [44, 48, 49, 62, 98–104].

Due to the non-local IR subtraction method employed in our calculation of the NNLO

corrections we found it necessary to do the following optimisations at the Monte Carlo

3An extension of qT -subtraction to colourful final states has been worked out in ref. [97].
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integration level in order to observe the independence of our results on the choice of the

slicing parameter value T cut
0 :

• introduce a phase space generator where the 0-jettiness variable T0 is directly sampled

by VEGAS. This can be achieved by applying the transformation

p±,i = Ei ± pz,i, dEi dpz,i =
1

2
dp+,i dp−,i (2.11)

to the integration over the real radiation phase space.4 With the momenta defined

in the center-of-mass system of the Z-bosons, the 0-jettiness as defined in eq. (2.2)

then reads

T0 = min(p+,1, p−,1) + min(p+,2, p−,2). (2.12)

With further transformations, where the regions with p+,i < p−,i and p+,i > p−,i
have to be distinguished, it is then possible to directly sample T0, followed by the

sampling of min(p+,1, p−,1), which also fixes the value of min(p+,2, p−,2). Afterwards,

the two missing values of p±,i can be sampled.

• have a fast implementation of the double-real and real-virtual matrix elements for

ZZ-production which is stable in the multiple soft and collinear limits.

The first optimisation ensures that the real-radiation phase space generator properly

samples the phase space boundaries determined by the choice of slicing parameter T cut
0 and

that the phase space integral converges. The second optimisation ensures that the matrix

elements are fast and stable enough to be integrated near the singular IR limits which give

the bulk of the cross section for the (T0 > T cut
0 ) phase space integrals when T cut

0 is small.

This is in contrast with a local subtraction scheme, where the real radiation subtraction

terms ensure that the integrand vanishes as we approach a singular region.

3 Results

Our numerical studies for proton-proton collisions at centre-of-mass energy
√
s =13 TeV are

for on-shell Z-boson pair production. We use the MSTW2008 [105] and NNPDF-3.0 [106]

sets of parton distribution functions via the LHAPDF [107] interface, with densities and αs
evaluated at each corresponding order (i.e. we use (n+1)-loop αs at NnLO, with n = 0, 1, 2)

and we consider Nf = 5 massless quark flavours. The default renormalisation (µR) and

factorisation (µF ) scales are set to µR = µF = mZ . We use the Gµ EW scheme where

the EW input parameters have been set to GF = 1.16639 × 10−5, mW = 80.399 GeV and

mZ = 91.1876 GeV. The top quark and Higgs boson masses that are included in the RV

one-loop contributions and in the loop-induced gg channel have been set to mt = 173.2 GeV

and mH = 125 GeV, respectively. We do not include top quark contributions in the double

virtual two-loop diagrams.

4For each transformation, the integration boundaries, which we do not state explicitly, have to be changed

accordingly.
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Figure 1. (a) NLO coefficient to the inclusive ZZ cross section computed with N -jettiness subtrac-

tion (dashed-lines) and antenna subtraction (solid lines) as a function of T cut
0 . We show separately

the contributions of the 2 → 3 and 2 → 2 phase space integrals for antenna subtraction, and the

σNLO(T0 > T cut
0 ) and σNLO(T0 < T cut

0 ) phase space integrals for N -jettiness. The ratio plot shows

∆σNLO(N -jettiness) over ∆σNLO(antenna). (b) NNLO coefficient to the inclusive ZZ cross section

computed with N -jettiness subtraction (dashed lines) as a function of T cut
0 . We show the separate

cross sections for σNNLO(T0 > T cut
0 ) from the double-real and real-virtual phase space integrals and

for σNNLO(T0 < T cut
0 ) from the SCET phase space integrals together with their sum.

We show in figure 1 the NLO and NNLO coefficients of the ZZ cross section as a

function of T cut
0 . On the left-hand side we compare the NLO results obtained using either

antenna subtraction or N -jettiness subtraction and observe full agreement in the evaluation

of the NLO corrections ∆σNLO. We present separate results for the phase space integration

with real emission kinematics (2→ 3) and Born-like kinematics (2→ 2). Obviously, using

a local subtraction scheme (antenna subtraction), all phase space integrals contributing

to ∆σNLO are independent of the choice of T cut
0 . Moreover, the bulk of the NLO coeffi-

cient comes from the 2 → 2 phase space integral which determines where more statistical

precision is needed to obtain an accurate result. On the other hand, using N -jettiness we

observe that both phase space integrals are separately double-logarithmically divergent and

therefore a very good numerical precision is needed for both contributions to improve the

accuracy of the final result. In figure 1b we present the NNLO coefficient of the ZZ cross

section as a function of T cut
0 . In this case we observe that the phase space integrals for the

contributions σNNLO(T0 < T cut
0 ) and σNNLO(T0 > T cut

0 ) are logarithmically divergent to the

fourth power in log
(
T cut

0

)
, and for typical values of T cut

0 in the range 10−2–10−3 GeV need

to be known with better than permille level accuracy to achieve an accurate determination

of the NNLO coefficient.

In order to study in more detail the independence of the NNLO coefficient on the choice

of slicing parameter T cut
0 we present in figure 2 on a smaller scale the NNLO coefficient

– 8 –
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N

L
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σ
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1
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1.2

)
Z

=mµ=13 TeV   (s ZZ + X   →pp 

0.004 [pb]± - gg)=0.833
NNLO

σ∆(

Figure 2. T cut
0 dependence of the NNLO coefficient for ZZ production with the T0 independent

gg → ZZ contribution subtracted. The black dashed line shows the fit of the T cut
0 dependence of

the NNLO coefficient (black data points) to the analytic form in equation (3.1). The T cut
0 → 0 limit

is shown as a solid black line with a grey band showing the uncertainty on the fitted parameter. The

red line represents the NNLO coefficient reconstructed from the NNLO result obtained in ref. [31].

after combining the contributions for σNNLO(T0 < T cut
0 ) and σNNLO(T0 > T cut

0 ) as black

data points. Within the errors we observe a plateau in the region T cut
0 = 10−1 ∼ 10−3 GeV

where the results tend to a constant. In addition we can observe for larger values of T cut
0

(T cut
0 > 10−1 GeV) the on-set of the power corrections to the N -jettiness SCET factori-

sation theorem which we do not compute. The fact that the on-set of power corrections

shows up for fairly large values of T cut
0 with respect to other processes [44, 49, 102] seems to

indicate that for ZZ production their contribution is small. Nonetheless the leading power

correction can be modeled after integration over the final-state phase space as [52, 108, 109]

∆σNNLO
jettiness(T cut

0 ) = ∆σNNLO + c3
T cut

0

Q
log3

(
T cut

0

Q

)
+ c2

T cut
0

Q
log2

(
T cut

0

Q

)
+ . . . , (3.1)

where Q is an appropriate hard scale of the process and c2, c3 are unknown constants. We

have performed a fit of the results of our Monte-Carlo runs to this functional form of the

N -jettiness NNLO coefficient for ZZ and show the resulting fit as a black dotted line in

figure 2. The fit allows us to numerically extract the value of the NNLO coefficient in the

limit where T0 → 0. This value can be compared to the reconstructed NNLO coefficient for

ZZ production obtained in ref. [31],5 which is shown as a red line. We use the extrapolated

value for our result for the ZZ cross section at NNLO shown in table 2, which is in excellent

agreement with the result σNNLO = 16.91 pb obtained in ref. [31].

5The NNLO coefficient was reconstructed by subtracting from the total NNLO ZZ cross section quoted

in table 1 of ref. [31] the NLO ZZ cross section and the contribution from the loop-induced gg-channel.
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σLO [pb] σNLO [pb] σNNLO [pb]

Our Result

MSWT2008 9.890+4.9%
−6.1% 14.508+3.0%

−2.4% 16.92+3.2%
−2.6%

NNPDF3.0 9.845+5.2%
−6.2% 14.100+2.9%

−2.4% 16.69+3.1%
−2.8%

ATLAS [7] 17.3± 0.6(stat.)± 0.5(syst.)± 0.6(lumi.)

CMS [8] 17.2± 0.5(stat.)± 0.7(syst.)± 0.4(theo.)± 0.4(lumi.)

Table 2. Inclusive cross section for ZZ production at the LHC run II
√
s =13 TeV at LO, NLO and

NNLO with µR = µF = mZ , together with the measurements from ATLAS [7] and CMS [8]. Un-

certainties in the theory calculation at each order are obtained by varying the renormalisation and

factorisation scales in the range 0.5mZ < µR, µF < 2mZ with the constraint 0.5 < µF /µR < 2. Un-

certainties in the experimental measurements denote absolute statistical, systematic and luminosity

uncertainties.

As a consistency check we have also fitted a constant to the plateau region (T cut
0 <

10−2 GeV or T cut
0 < 10−1 GeV) and these fits yield compatible results for ∆σNNLO. Further,

we have also fitted the leading power corrections using (3.1) including only results for

T cut
0 < 1 GeV. When fitting the leading power corrections with T cut

0 < 1 GeV there is a

strong correlation between c3 and Q as well as c2 and Q; fixing Q to values in the range

50–5000 GeV we obtain compatible results for ∆σNNLO. Including in the fit results up to

T cut
0 < 102 GeV, as shown in figure 2 , we obtain a stable fit also when Q is treated as a

free parameter.

The resulting theoretical predictions can be compared with the ATLAS and CMS mea-

surements at
√
s = 13 TeV [7, 8], also shown in table 2. In the same table we present an

updated value for the NNLO cross section computed as described in the previous section

using the more recently determined NNPDF-3.0 [106] PDF sets and an updated value for

the W -boson mass of MW = 80.385 GeV; these settings are also used for our phenomeno-

logical results in the following. We observe a significant improvement in the agreement

with the data after the inclusion of the NNLO corrections.

In order to study in more detail the scale uncertainty of the cross section we present

in figure 3 the renormalisation and factorisation scale dependence of the ZZ cross section

at LO, NLO and NNLO. The figure shows largely non-overlapping scale uncertainty bands

which demonstrate that for this process, the scale variations are insufficient to estimate

missing higher order terms in the perturbative expansion. This however is not unexpected

since ZZ production at the LHC is an electroweak process which exhibits no renormal-

isation scale dependence at LO. For this reason we obtain large NLO QCD corrections

to the cross section which are outside the LO scale band. Moreover, when going from

NLO to NNLO, the loop-induced gluon fusion channel gg → ZZ opens up, and due to the

large gluon flux it represents a numerically significant contribution. Since this new channel

contributes for the first time at NNLO its contribution cannot be captured by the scale

variation of the NLO cross section. Therefore, when increasing the perturbative order,

we can observe a systematic reduction of the factorisation scale dependence of the cross
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Figure 3. Renormalisation and factorisation scale dependence of the ZZ cross section at LO, NLO

and NNLO for the central scale choice µR = µF = mZ and with NNPDF-3.0 PDFs. We also show

the NNLO result without the gluon fusion contributions. The thickness of the bands shows the vari-

ation in the cross section due to factorisation scale while the slope shows the renormalisation scale

dependence. The scale uncertainty was obtained by varying the renormalisation and factorisation

scales in the range 0.5mZ < µR, µF < 2mZ with the constraint 0.5 < µF /µR < 2.

section (indicated by the thickness of the scale uncertainty band), while there is no signif-

icant reduction of the renormalisation scale dependence. To show that this effect can be

attributed to the gluon fusion channel opening up at NNLO, we also show the NNLO result

excluding this channel, leading to an improved convergence of the perturbative expansion.

The appearance of new channels that open up at NNLO and their importance in the

various kinematic regions can be studied by considering differential results. Due to the

observed mild power corrections in this process we chose to fix the value of the 0-jettiness

slicing parameter to T cut
0 = 10−2 GeV for all our histograms. In figure 4 we present the

invariant mass of the ZZ system and the average transverse momentum distribution 〈pT,Z〉
of any Z-boson, defined as 〈pT,Z〉 = (|pZ1

T |+ |p
Z2
T |)/2. We also present results for the loop-

induced gg → ZZ channel.

In figure 4a we show our results for the ZZ invariant mass. In the first and second

sub-panels we show the effect of the NLO and NNLO corrections, respectively. We observe

in the first sub-panel large NLO QCD corrections which vary between 40% at low mZZ

and 60% at high mZZ , and change both the shape and normalisation of the predicted

cross section with respect to the LO result. Going to NNLO we observe an approximately

flat increase of the cross section of about 18% with respect to the NLO result, where

approximately 60% of this effect comes from the loop-induced gg → ZZ channel, which

is outside the scale uncertainty band of the NLO prediction. Similarly, in the transverse

momentum distribution (figure 4b), we observe large NLO corrections of approximately
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Figure 4. (a) ZZ invariant mass distribution and (b) averaged transverse momentum distribution

〈pT,Z〉 of the Z-bosons computed at LO, NLO and NNLO. In the two sub panels we show respectively

the NLO/LO and NNLO/NLO K-factors to visualise the size of the higher order effects. The result

for the contribution from the loop-induced gg → ZZ subset of the full NNLO correction is also shown

separately. Shaded bands represent the theory uncertainty due to the variation of the factorisation

and renormalisation scales.

30% at low 〈pT,Z〉, which can reach almost 100% at high 〈pT,Z〉. The shape of the NNLO

corrections in the second sub-panel largely follows the contribution of the loop-induced

gg → ZZ channel at low 〈pT,Z〉, and we observe a 30% effect at low 〈pT,Z〉 which decreases

to about 18% at high 〈pT,Z〉. For both distributions we observe good convergence of the

perturbative expansion, however the scale uncertainty bands do not overlap between the

orders in the perturbative expansion that we have computed. These results show that the

inclusion of NNLO effects in ZZ production at the LHC is essential to obtain a reliable

theoretical description of this process.

4 Conclusions

In this work we have calculated the NNLO QCD corrections to on-shell Z-boson pair

production. Our calculation of the real emission contributions uses N -jettiness to isolate

the infrared divergent contributions. We discussed our setup in some detail, also showing a

comparison between results based on antenna subtraction and results based on N -jettiness

for the NLO corrections.

After the inclusion of the NNLO correction in the theory prediction we found good

agreement with the results of the recent ATLAS and CMS measurements. Due to the fact

that the numerically sizeable loop-induced gg → ZZ contribution appears for the first time

at NNLO, the scale uncertainties in the NNLO prediction are not reduced with respect to
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NLO. The NNLO corrections increase the NLO result by about 18%, where almost 60%

of this increase stems from the loop-induced gg → ZZ channel. In view of the numerical

importance of this channel, it is desirable to add the two-loop diagrams, including massive

top quark loops, to this channel, which will be left for a subsequent publication.
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[37] A. Bierweiler, T. Kasprzik and J.H. Kühn, Vector-boson pair production at the LHC to

O(α3) accuracy, JHEP 12 (2013) 071 [arXiv:1305.5402] [INSPIRE].

[38] J. Baglio, L.D. Ninh and M.M. Weber, Massive gauge boson pair production at the LHC: a

next-to-leading order story, Phys. Rev. D 88 (2013) 113005 [Erratum ibid. D 94 (2016)

099902] [arXiv:1307.4331] [INSPIRE].
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