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1 Introduction

Large experimental efforts at the LHC are dedicated to the analysis of Standard Model
(SM) electroweak gauge bosons. The production of γ,W,Z and H are typically considered
either alone or in pairs, see table 1 for analyses of diboson processes at 13 TeV. Recent
developments include evidence for the triboson processes [1–3]. The standard treatment of
all these processes exploits the collinear factorization theorem to combine parton distribu-
tion functions (PDFs) and a hard scattering cross-section evaluated at a scale close to Q to
derive a prediction. The scale Q is the invariant mass of the produced colorless final state.
These collinear factorization predictions are not appropriate at small transverse momentum
qT , where predictions at a fixed order of αs contain powers of L = log(Q2/q2

T ). In addition,
for the same reason, collinear factorization predictions are not suitable for cross-sections
where jet activity is vetoed. In the region of small transverse momentum the fixed-order
predictions need to be enhanced with resummation of these logarithms to all orders in αs.
This necessitates an improved power counting where log(Q2/q2

T ) ∼ 1/αs and exploits a
factorization theorem at small qT , valid up to terms suppressed by some power of qT /Q.

Since the dominant fraction of cross-section resides at low transverse momentum, ac-
curate theoretical control of this region is important. In addition, precise resummed pre-
dictions are necessary to validate the transverse-momentum spectra obtained from parton
shower event generators operating at a lower logarithmic accuracy. Compared to single
boson production, resummation effects for boson pair processes are expected to be even
more important at the same value of qT because the value of Q is much larger.
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Process ATLAS CMS
WZ [19] [20–22]
ZZ [23, 24] [25]
WW [26, 27] [21, 28]
WH/ZH [29, 30] [31]

Table 1. Experimental publications for boson pair production at 13 TeV.

Of all massive diboson processes, the production of W+W− has received most theoret-
ical and phenomenological attention. This is because of its sizable cross-section and its role
as a background to top-quark production and to Higgs-boson production. Transverse mo-
mentum resummation in W+W− processes has been considered in refs. [4–7]. In particular
ref. [7] discusses the resummation of transverse momentum logarithms at N2LL+NNLO.
The important topic of the resummation of jet veto logarithms in W+W− processes has
been considered in refs. [7–10].

As for the other processes, ref. [11] considers the W±Z and ZZ processes (as well
as W+W−) at N2LL+NLO. Resummation in the ZZ (and W+W−) processes has been
considered in ref. [12] at N2LL+NNLO. The interface of RadISH resummation to the
MATRIX program allows for N3LL+NNLO resummation [7] of all diboson processes but no
phenomenological results for the W±Z and ZZ processes at this level have been published.

In this paper we present an upgrade of CuTe-MCFM [13] which implements the SCET-
based qT resummation formalism of refs. [14–17]. We describe the N3LL resummation
matching to the remaining diboson processes WW , ZZ and WZ that have been recently
implemented in MCFM at fixed order NNLO [18]. Our goal is to show these improvements
and the phenomenological capabilities of our code, especially since the diboson calculations
were previously only presented at a technical level in MCFM [18]. We present resummed
results for the massive diboson processes W+W−, W±Z, and WH, ZH at the level of
N3LL+NNLO, compare with data as far as currently available, and provide predictions for
the current LHC energy of

√
s = 13.6 TeV.

In addition to qT resummation, resummation effects become important when we veto
against jet activity, for example in W+W− production to reduce background from tt̄ pro-
duction. Although a discussion of jet-veto results is not the principal aim of our study, in
view of its experimental importance we present the results of jet-veto resummation for the
case of W+W− production. We leave a detailed analysis of jet-veto resummation of this
and other processes for a future study.

In this paper we use the SCET-based “collinear anomaly” qT resummation formalism
introduced in refs. [14–16]. Formulations of qT resummation that are fully performed
in impact parameter space have the drawback that the transformation from the impact
parameter space xT back to qT involves the running coupling at scale xT . Therefore,
when performing the Fourier transform over all values of the impact parameter, one is
forced to introduce a prescription to avoid the Landau pole in the running coupling. In
the formulation of refs. [14–16] this issue is avoided, setting the scale directly in qT space.
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The cross-section is obtained by combining the contributions from the partonic channels
i, j ∈ q, q̄, g. Up to terms suppressed by powers of qT /Q, these channels exhibit a factorized
form that is fully differential in the momenta {q} of the colorless final state

dσij(p1, p2, {q}) =
∫ 1

0
dz1

∫ 1

0
dz2 dσ0

ij(z1p1, z2p2, {q})Hij(z1p1, z2p2, {q}, µ) (1.1)

× 1
4π

∫
d2x⊥ e

−iq⊥x⊥

(
x2
TQ

2

b20

)−Fij(x⊥,µ)

×Bi(z1, x⊥, µ) ·Bj(z2, x⊥, µ) ,

where p1 and p2 are the incoming hadron momenta. The function dσ0
ij denotes the

differential cross-section for the hard Born-level process and the hard-function Hij contains
the associated virtual corrections. The beam functions Bi and Bj include the effects of
soft and collinear emissions at large transverse separation x⊥ and the indices i and j

and the momentum fractions z1 and z2 refer to the partons which enter the hard process
after these emissions. The collinear anomaly leads to the Q2-dependent factor within the
Fourier-integral over the transverse position x⊥. The perturbatively calculable anomaly
exponent Fij is also referred to as the rapidity anomalous dimension in the framework of
ref. [32]. We further have b0 = 2e−γE , where γE is the Euler constant, and x2

T = −x2
⊥.

This framework for qT resummation has been implemented at N3LL in
CuTe-MCFM [13, 33], see ref. [13] for further details. Matching to large-qT fixed-order
predictions were previously performed at relative order α2

s for the processes H,Z,W± [34],
W±H and ZH [35], γγ [36], Zγ [37], as well as at N4LL+N3LO for Z production in
ref. [38]. The code is fully differential in the Born kinematics, including the decays of the
bosons and provides an efficient way to estimate uncertainties from fixed-order truncation,
resummation, and parton distribution functions.

To provide phenomenologically meaningful results also for W+W− production, we
have implemented jet-veto resummation at N3LLp+NNLO following the collinear anomaly
formalism of ref. [39]. Beam- and soft-functions are taken from refs. [40, 41] and the rapidity
anomalous dimension at the two-loop level is taken from refs. [39, 42]. The notation N3LLp
indicates that full N3LL accuracy is not achieved since an approximate form, valid at small
jet-radii, for the three-loop term in the collinear anomaly exponent is used [43]. A detailed
presentation of our implementation and its phenomenology for various processes will be
presented elsewhere [44].

2 Phenomenology

In the following we first present finely binned transverse momentum spectra at 13.6 TeV
and compare fixed-order and resummation improved predictions for each diboson process.
These demonstrate the impact of the N3LL resummation for future analyses. In practice, in
current experimental analyses the binning is still large, so that the impact of resummation
is less apparent. We compare with experimental measurements as far as available for the
13TeV LHC.

In section 2.1 we first consider ZZ production. For this process the transverse mo-
mentum of the vector boson pair system is directly measured, unlike for processes with W
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lepton cuts ql1T > 20 GeV, ql2T > 10 GeV,
q
l3,4
T > 5 GeV, |ηl| < 2.5

lepton pair mass 60 GeV < ml−l+ < 120 GeV

Table 2. Fiducial volume of the CMS ZZ analysis presented in ref. [25].

bosons which have missing energy. We compare with differential and total cross-section
measurements from both CMS and ATLAS. We then present results for W±Z production
in section 2.2 and compare with ATLAS data. Finally we present jet-veto resummed pre-
dictions for W+W− in section 2.3 and compare to CMS measurements. Finally, we show
differential predictions at 13.6 TeV for W±H and ZH in section 2.4.

Input parameters. Throughout this paper we use the PDF set
NNPDF31_nnlo_as_0118 which has five active flavors, except for the W+W− process
where we use the PDF set NNPDF31_nnlo_as_0118_nf_4 with four active flavors [45].
We work in the electroweak Gµ scheme with mW = 80.385 GeV, mZ = 91.1876 GeV,
Gµ = 1.166 390× 10−5 GeV−2 and further have ΓW = 2.0854 GeV, ΓZ = 2.4952 GeV,
mH = 125 GeV, mt = 173.3 GeV.

At fixed order we set the default renormalization and factorization scales to the invari-
ant mass of the diboson system. For the resummation-improved results we vary hard scale,
resummation scale and rapidity scale following refs. [13, 33]. We symmetrize resumma-
tion uncertainty bands to account for a frozen out downwards scale variation at small qT
that would otherwise evaluate αs in the non-perturbative regime. Since our resummation
includes the matching through a transition function, we vary this function to estimate a
matching uncertainty and include this in the uncertainty bands. For the detailed procedure
we refer the reader to ref. [13].

2.1 ZZ production

2.1.1 ZZ production at
√

s = 13.6 TeV

We first present results for ZZ production at
√
s = 13.6 TeV using the CMS cuts in

table 2 [25] to study the impact of the resummation compared to fixed order. In figure 1
we show the ZZ transverse momentum distribution at NNLO fixed-order and matched
with N3LL resummation. The transition region is around 30 GeV to 100 GeV and leads to
uncertainties of about 15% in that region, comparable to the fixed-order uncertainties of
10%. The uncertainties in the resummation region for smaller qT benefit from the high
logarithmic accuracy until very small qT of about 4 GeV to 5 GeV. Here resummation at the
level of N4LL would improve uncertainties further [38]. Overall we conclude that the central
value of the resummed and fixed order results start to deviate at about 100GeV. Within
current theory uncertainty levels this difference starts to be significant at about 50GeV.

2.1.2 Comparison with CMS measurements

We compare our predictions with the
√
s = 13 TeV CMS results of ref. [25]. The cuts

for our analysis are shown in table 2. To simplify our theoretical analysis we perform
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Figure 1. Transverse momentum distribution of the ZZ pair at NNLO and N3LL+NNLO using
the CMS cuts in table 2 [25], but at 13.6 TeV.

our calculations for Z bosons decaying to different-flavor leptons and account for all
combinations with an overall factor of two. We thus neglect identical-particle effects (i.e.
the e−e+e−e+ final state is treated in the same way as e−e+µ−µ+). We have checked that
this results in a negligible difference in our results at NLO, less than two per mille, and
thus the approach is fully justified.

A comparison of the fixed-order NNLO and resummed N3LL+NNLO predictions for
qZZT is shown in figure 2, also compared with the corresponding CMS data (cf. figure 5
(left) of ref. [25]). The resummation improves the description of the experimental data up
to 75 GeV noticeably, as anticipated by our finely binned analysis in figure 1.

The CMS collaboration also presents a measurement of the transverse momentum of
all four leptons, see figure 4 (left) of ref. [25]. Our NNLO and N3LL+NNLO results for this
distribution are shown in figure 3. In this distribution there is no evidence for the effects
of resummation. We have therefore performed a theoretical study of the leading-lepton ql1T
spectrum in figure 4, which displays the importance of resummation effects, but only at
very small qT with large uncertainties. We have checked that the distributions of the other
leptons are not significantly changed by qT resummation, which leads to this effect being
washed out in the experimental measurement.
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Figure 2. The qZZ
T distribution at NNLO and N3LL+NNLO compared to the CMS data from

ref. [25].

The resummation is based on a factorization theorem that is fully differential in the
kinematics of the color-singlet system. But a lepton of a given transverse momentum can
come from a vector boson pair of small transverse momentum, for which resummation
yields a better prediction, or from a vector boson pair of larger transverse momentum, for
which resummation will have little effect. The phenomenological impact of resummation
on different lepton distributions should be studied on a case-by-case basis.

Last, we compare the total fiducial cross-section prediction with the measurement in
table 3 and find reasonable agreement between theory prediction and measurement. There
is little difference between the resummed and fixed-order predictions for the cross section
because the lepton cuts in table 2 do not necessarily imply that the transverse momentum
of the ZZ system is small.

2.1.3 Comparison with ATLAS measurements

We also compare with results from the ATLAS collaboration [24] using the cuts shown in
table 4. As before, we perform our full calculations for Z bosons decaying to different-flavor
leptons. Since the cuts in table 4 do not require the dilepton invariant masses to lie within
a Z-mass window the effect of same-flavor interference is non-negligible. This effect can be
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Figure 3. The ql
T (summed over all leptons) distribution at NNLO and N3LL+NNLO, compared

to the CMS data from ref. [25].
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Figure 4. The ql1
T distribution at NNLO as a ratio to N3LL+NNLO. See figure 3 for the sum of

all leptons compared to CMS data.
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cross-section [fb]
NNLO 37.8+0.5

−0.4 (scale)
N3LL+NNLO 36.0± 0.8 (scale)± 0.8 (match)
measurement 40.5± 0.7 (sta.)± 1.1 (sys.)± 0.7 (lum.)

Table 3. Comparison of total fiducial ZZ cross-section predictions at NNLO, N3LL+NNLO with
the CMS analysis combining measurements from 2016, 2017 and 2018 [25]. Fiducial cuts are as in
table 2.

lepton cuts q`1T > 20 GeV, q`2T > 10 GeV,
q
`3,4
T > 5 GeV, qeT > 7 GeV,
|ηµ| < 2.7, |ηe| < 2.47

lepton separation ∆R(`, `′) > 0.05

Table 4. Setup for the ATLAS ZZ analysis at
√
s = 13 TeV presented in ref. [24].

measured by the ratio,
σ(4e) + σ(4µ) + σ(2e2µ)

σ(2e2µ) . (2.1)

In the absence of interference effects it would simply be equal to two. By explicit compu-
tation at LO and NLO we find that it is instead equal to 1.9 with this set of cuts and the
procedure of ref. [24] for assigning leptons to Z-boson candidates. We therefore account for
all combinations by applying this as an overall factor, thus correctly including interference
contributions up to NLO but approximating them at NNLO. This is expedient in order to
reduce the computational burden and, given that this ratio does not change from LO to
NLO and the NNLO corrections are small, we expect only per-mille level deviations in a
full calculation.

The ATLAS collaboration has performed measurements of the m4l distribution in five
slices of q4`

T in figure 15 of ref. [24]. We limit our comparison to the region m4` > 182 GeV
to avoid the low invariant mass region populated by gg → H. Since we are resumming
logarithms log(m4`/q

4`
T ) our expectation is that the resummation should improve the agree-

ment with data in the region of small q4`
T , in particular as m4` increases. We show results

at NNLO and N3LL+NNLO in figure 5 and indeed find this expectation to be correct. For
brevity we only show the comparison with the first slice q4`

T < 10 GeV.

2.2 W±Z production

2.2.1 W Z production at
√

s = 13.6 TeV

We begin with predictions at 13.6 TeV for run 3 of the LHC using CMS cuts as in table 5.
Figure 6 illustrates the impact that resummation has on the qT distribution. For the
purposes of illustration, qT is constructed from the full WZ four-vector, although of course
this is not a quantity that can be directly measured in experiment. Similar to the other
diboson processes, the resummation becomes essential below 50 GeV to 100 GeV.
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Figure 5. The m4l distribution for q4`
T < 10 GeV at NNLO and N3LL+NNLO compared with

ATLAS data from ref. [24].

A related quantity, which is often measured in experiment, is the transverse mass of
the WZ system, mWZ

T , which following ref. [19] is defined as,

(
mWZ

T

)2
=
( 3∑
`=1

p`T + Emiss
T

)2

−

( 3∑
`=1

p`x + Emiss
x

)2

+
( 3∑
`=1

p`y + Emiss
y

)2 . (2.2)

The predictions for this variable are shown in figure 7. At the current level of theory uncer-
tainties, resummation effects are relevant for transverse masses less than about 100 GeV,
far below the peak region.

2.2.2 Comparison with CMS measurements

For W±Z production, we choose to focus on the CMS analysis of ref. [22]. The parameters
and cuts for this study are given in table 5. We slightly simplify the theoretical analysis
by computing the cross-section for different-flavor leptons only. The effect of interference
in same-flavor final states is measured by the ratio,

σ(3e) + σ(3µ) + σ(2e, µ) + σ(2µ, e)
σ(2e, µ) . (2.3)
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Figure 6. Comparison of NNLO and N3LL+NNLO predictions for truth pW ±Z
T at 13.6 TeV using

the CMS cuts in table 5.

lepton cuts p`Z1
T > 25 GeV, p`Z2

T > 10 GeV,
p`WT > 25 GeV, |η`| < 2.5,
60 GeV < m`−`+ < 120 GeV,
M(`Z1, `Z2, `W ) > 100 GeV

Table 5. Setup for the CMS WZ fiducial volume analysis at
√
s = 13 TeV presented in ref. [22].

Without identical-particle interference this would be equal to four, but we instead find
a value of 4.06 at LO and NLO under this set of cuts and the procedure of ref. [22] for
assigning leptons to W and Z-boson candidates. We therefore sum over lepton flavors by
applying this overall factor to the NNLO calculation of the different-flavor final state.

We first compare total fiducial cross-sections in table 6 and find excellent agreement
between theory prediction and measurement within uncertainties. Similar to the case of
ZZ production, the resummed and fixed-order predictions agree within uncertainties due
to the fact that the cuts of table 5 are relatively inclusive and do not preferentially select
the region of small qWZ

T .
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Figure 7. Comparison of NNLO and N3LL+NNLO predictions for the truth mW ±Z
T at 13.6 TeV

using the CMS cuts in table 5.

W−Z→ e−ν̄µ−µ+ [fb] W+Z→ e+νµ−µ+ [fb]
NNLO 30.3+0.7

−0.6 43.4+0.9
−0.9

N3LL+NNLO 29.4±1.1(scale)±0.3(match.) 42.2±1.5(scale)±0.4(match.)
measurement 31.8±1.4(sta.)±1.1(sys.)±0.6(lum.) 43.1±1.4(sta.)±1.5(sys.)±0.9(lum.)

Table 6. Comparison of total fiducial WZ cross-section predictions at NNLO, N3LL+NNLO with
the CMS measurements taken from tables 8 and 9 of ref. [22]. Fiducial cuts are as in table 5.

We then turn to the differential comparison with the measurement of ref. [22]. The
transverse momentum distribution of the lepton from the decay of the W (summed over
both charges) is shown at NNLO and N3LL+NNLO in figure 8. It is important to note
that small recoils of the W±Z system do not always result in small recoils of the indi-
vidual leptons. Therefore, the impact of transverse momentum resummation can differ
phenomenologically. Based on the results from the ZZ system, we know that the leading
lepton’s qT is strongly correlated with the ZZ qT , thus receiving the largest corrections
from resummation. However, in the case of the W decay, the lepton does not have to be
the leading one, thus the effects are diluted.
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Figure 8. The q`W

T distribution for W±Z at NNLO and N3LL+NNLO compared to the CMS data
from ref. [22].

2.3 W +W− production

The experimental study of W+W− production is subject to large backgrounds, principally
from top production, but also from Drell-Yan processes, W+jet production, and other di-
and tri-boson production processes. Reducing the background from top production to an
acceptable level currently requires the imposition of a veto on jet activity. We have imple-
mented jet-veto resummation for all single boson and boson pair processes at the level of
N3LLp+NNLO based on the collinear anomaly formalism [39] and the ingredients available
in the literature [40, 41]. Here we only present results forW+W− production and leave a de-
tailed jet-veto study for a future publication [44]. Previous detailed analyses of this process
in the literature are at the level of N2LL [7, 8, 10] and N3LLp+NNLO [9]. Our implementa-
tion of the jet veto resummation is closer to full N3LL+NNLO than ref. [9], since it contains
complete results for the beam function [41], including dependence on the jet radius R.

We will compare our jet-veto resummed predictions to results from a CMS analysis
at
√
s = 13 TeV [28] that are obtained using the cuts in table 7. Our calculation is

performed using the nf = 4 version of the PDFs to ensure consistency across the entire
calculation. In order to sum over both electrons and muons we have to take care that the
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lepton cuts q`T > 20 GeV, |η`| < 2.5,
m`` > 20 GeV, q``T > 30 GeV,
qmiss
T > 30 GeV

jet veto anti-kT , R = 0.4, 0-jet events only

Table 7. Setup for the CMSW+W− fiducial volume analysis at
√
s = 13 TeV presented in ref. [28].
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Figure 9. Jet-veto resummed cross-sections for W+W− → 2e2ν production at 13 TeV using the
CMS cuts in table 7 of this section in comparison with the CMS measurement [28]. The solid lines
are interpolations to guide the eye.

final state e−ν̄ee+ν̄e is properly included in the calculation. Although contributions of the
form ZZ → e−ν̄ee

+ν̄e are negligible if a suitable cut on |m`¯̀−mZ | is applied, the CMS
results reported in table 6 of ref. [28] do not include such a cut.1 At NLO we find,

σ(e−ν̄ee+ν̄e) + σ(µ−ν̄µµ+ν̄µ) + σ(µ−ν̄µe+ν̄e) + σ(e−ν̄eµ+ν̄µ)
σ(µ−ν̄µe+ν̄e)

= 4.15 , (2.4)

independent of the value of qveto
T in the range studied here. Without the additional same-

flavor contribution from ZZ diagrams this would just be equal to four. To simplify our
NNLO prediction, we compute the different-flavor cross-section at this order and multiply

1We thank Pietro Govoni for clarification of this point.
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by a factor of 4.15 instead. We include the gg channel at leading fixed order. For simplicity
we do not include a transition function for this calculation but perform a naive matching.

Our predictions, and a comparison with the CMS results of ref. [28], are shown in
figure 9. The matched resummed cross-sections are dominated by the resummed part,
with 5 to 10 percent matching corrections between qveto

T = 25 GeV and 60 GeV. There
is general agreement between these predictions and measurements but fixed-order NNLO
predictions differ by a larger amount, highlighting the need for jet-veto resummed results.
To obtain robust predictions for the jet-vetoed NNLO results we use the value of the jet-
veto for the central resummation and factorization scales and include a factor two variation
about them to estimate uncertainties.

2.4 W H and ZH production

Matched N3LL+NNLO calculations for WH and ZH were implemented in ref. [13], but
no results were presented. Here we present predictions for these two processes at

√
s =

13.6 TeV to demonstrate the capabilities of the code. For this demonstration we do not
apply cuts on the electroweak final state afterW , Z and H bosons decay. We further divide
out the branching ratio to give the total rate independent of the particular decay channel.

We have also upgraded our code to include resummation for Wγ production, but do
not show results, since Zγ has been extensively discussed in ref. [13]. In particular, the
issue of photon isolation plays a big role in this process and requires a dedicated discussion.

3 Conclusions

The experimental study of massive diboson kinematics is still in its infancy. Currently
only 5% of the final LHC luminosity has been recorded and the high-luminosity LHC will
require precise predictions at the percent level. We have presented transverse momentum
resummed results at the level of N3LL+NNLO for the production of pairs of vector bosons
ZZ, W±Z, W±H and ZH. Where experimental data has been available in sufficient detail
we have shown that the inclusion of the resummed logarithms leads to improved agreement
with the data at low qT . For W+W− production we have shown jet-veto resummed pre-
dictions in comparison with measurements and find agreement within uncertainties.

Current binning of experimental data is not fine-grained and still quite inclusive. In
particular one often has a large first bin starting at qT = 0. This diminishes the effect of
qT resummation, which is most necessary at the differential level at small qT , but also for
certain sets of fiducial cuts at an inclusive level at a sufficient level of precision [46]. Our
more finely binned predictions for

√
s = 13.6 TeV show the importance of resummation

when precise enough data becomes available.
With decreasing experimental uncertainties it will be necessary to take into account

NLO corrections to the gg channel [47, 48], which we only include at LO, as well as NLO
electroweak corrections [49–51] that can be included by the use of automated one-loop
tools [49, 52, 53].

Our calculation will be publicly available in the upcoming release of MCFM and can
be used to reproduce the results in this study as well as to perform further studies with
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Figure 10. The qW H
T distribution for W+H + W−H at N3LL+NNLO compared to fixed order

NNLO.

modified parameters. With this, our calculation also provides an important theoretical
tool for comparison and tuning of approaches based on parton shower event generators
operating at low logarithmic accuracy.
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