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Figure 1: NLO boson production in pp-collisions. The decay branching ratios of the W ’s and Z’s
into one species of leptons are included. For γγ and V γ we apply pT cuts of 25 and 10 GeV to
photons respectively.

1. Introduction

The current plan for the LHC calls for running in both 2011 and 2012. Running in 2011

is at a centre of mass energy at
√
s = 7 TeV, with a baseline expectation of 1 fb−1 per

experiment and a good chance that greater luminosity will be accumulated. At the end of

the 2012 run it is likely that data samples in excess of 5 fb−1 will have been accumulated

by both of the general purpose detectors. Data samples of this size will (at the very least)

allow detailed studies of the production of pairs of vector bosons.

It therefore seems opportune to provide up-to-date predictions for the production of

all pairs of vector bosons, specifically for the LHC operating at 7 TeV. This extends the

previous implementation of diboson production in MCFM [1] which was focussed primarily

on the Tevatron. Moreover, we also consider the production of final states that contain real

photons. This requires the inclusion of fragmentation contributions in order to address the

issue of isolation in an experimental context. In addition, we have also included the con-

tribution of the gluon–gluon initial state to a number of processes. These finite corrections

are formally of higher order but can be of phenomenological relevance at the LHC where

the gluon flux is substantial.

A review of the current experimental status of vector pair boson production, primarily

from the Tevatron, can be found in ref. [2]. The production of pairs of vector bosons is
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Precision for di-boson: why

Good control on    
di-boson processes:

• Test the SU(2)xU(1) SM 
structure

• Higgs background, off-
shell Higgs

• BSM backgrounds 
(leptons + Et,miss)

LHC: sizable cross-section

• ~10% accuracy 
• no deviation from SM

PERCENT-LEVEL 
EXPERIMENTAL ACCURACY 

WITHIN REACH
LHC Run-1: 



Precision predictions for di-boson 
production at the LHC: outline

• The quest for precision: NNLO predictions 

• The importance of fiducial measurements: 
the WW cross section

• Large effects beyond NNLO: gg->VV @ NLO



NNLO predictions for 
di-boson processes



Precise predictions: what do we need

d� =

Z
dx1dx2f1(x1)f2(x2)d�part(x1, x2)FJ(1 +O(⇤QCD/Q))

Require precise input 
parameters (αs, PDFs)

Ultimate limitation: NP corrections. 
For typical EW scale: ~ percent

High-Q physics → part we have most control on

Must describe realistic conditions (fiducial cuts, 
arbitrary observables → fully differential)

Since αs ~ 0.1: percent-level control → NNLO PREDICTIONS



Anatomy of a NNLO computation - I

UP TO TWO-LOOP FOR QQ -> VV
Amplitudes for pp -> VV -> 4l only computed 
recently [FC, Henn, Melnikov, Smirnov, Smirnov 
(2015); Gehrmann, Manteuffel, Tancredi (2015)]

VV

RV
UP TO ONE-LOOP FOR QQ -> VV+J
In principle, ‘problem-solved’. IN PRACTICE: 
must be very stable and fast. For VV processes: 
OpenLoops proved reliable

RR TREE-LEVEL FOR QQ -> VV+JJ

So a NNLO computation for VV ‘naturally’ contains a 
(N)LO computation for VV+(1)2 jet



Anatomy of a NNLO computation - II

• For a long time, the problem of NNLO computations 
was how to consistently extract IR singularity from 
double-real emission/real-virtual emission. Knowing 
all relevant amplitudes not enough (especially 
problematic for processes with non-trivial color 
structure)

• A lot of progress recently. First steps towards an 
optimal solution

• Subtraction: antenna, sector-improved FKS, colorful

• Slicing: qT, N-jettiness

• In practice, this allowed for computations of 2->2 
reactions at the LHC (top-pair, di-jet, single-top, H+J, 
V+J…)



NNLO: what does it buy you
For Born-like observables (cross-section, m4l, pt,l…)
• Stabilization of the perturbative expansion
Example: Zγ, ATLAS setup [Grazzini, Kallweit, Rathlev (2015)]
σLO = 0.81+8%-9.3%, σLO = 1.031+2.7%-4.3%, σNNLO = 1.059+0.7%-1.4% or
KNLO = +27%, KNNLO = +3%
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Figure 7. The invariant mass of the photon pair m�� at NLO and NNLO, compared with the CMS
data from ref. [15]. The pure NNLO prediction is shown in the left panel, while the result that also
includes gg nF contributions that enter at N3LO is depicted in the right panel. The lower panels
present the ratio of the data and NNLO scale variations to the NNLO theory prediction obtained
with the central scale.

cancellation between the various real and virtual pieces of the calculation. By only including
a subset of the N3LO calculation we are unlikely to improve this bin. However in the bulk
of the phase space we are typically interested in the types of correction that are sensitive to
the staggered phase space cuts. This is exactly the places where we expect the gg ! ��g

contribution to be important. By including these pieces we therefore do a better job of
describing the data.

The situation with the ���� distribution is similar. The NLO prediction for this
observable does a very bad job of describing the CMS data. However by including the NNLO
corrections we get much closer to the data, whilst still observing large (⇠ 1.5�) deviations
from the experimental data towards the middle of the distribution. This observable clearly
requires at least a full N3LO prediction to match the experimental data. However, our
partial prediction does not do much better. Again we are exposed to the LO phase space
sensitivity in the bins around ⇡ where it is entirely possible that reasonably large corrections
from the three-loop triple virtual and real-double virtual may drive the theoretical prediction
down towards the data.

4.2 Studies of �� at high invariant masses

One of the most interesting phenomenological aspects of the diphoton production channel
during Run II at the LHC is its ability to search for new resonances that may manifest
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• More reliable scale uncertainty 
estimates, typically reduced (→ 
discussions about ‘right’ scale less 
important)
For VV processes: no αs at Born-
level, lowest order scale uncertainty 
badly underestimates corrections 
(also, new channels open up)
←Example: di-photon, mγγ, CMS 
setup [Campbell, Ellis, Li, Williams (2016)]



NNLO: what does it not buy you
For configurations dominated by extra hard radiation, 
NNLO VV predictions are the same of NLO predictions 
for VV+J. Example: di-photon opening angle

Sneak preview: NLO merging

NLO multi-jet merging for pp ! ��

• other processes already available with NLO multi-jet merging
ME+PS@NLO: Höche, Krauss, Schönherr, FS (2012)

• photon production was so far only available in ME+PS@LO
• here very very preliminary results from ongoing work towards

�� + 0,1jets @ NLO + 2,3jets @ LO Höche, FS (in preparation)
• current development version of the upcoming Sherpa 2.2.0 with NNPDF3.0 NNLO PDFs and the

interface to OpenLoops 1.1.1 matrix elements

Data
gg+0,1j@NLO+2,3j@LO
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NNLO
[Catani et al. (2012)]

Merged NLO
[Höche and Siegert, SHERPA]

γγ@NNLO gives you γγJ@NLO for free, but nothing more



NNLO: where do we stand
NNLO corrections for almost all di-boson processes.
•γγ: Catani et al. (2012); Campbell, Ellis, Li, Williams (2016)
• VV: Grazzini, Kallweit, Rathlev, Torre, Cascioli, Gehrmann, Maierhöfer, 

Manteuffel, Pozzorini, Tancredi, Weihs (2013-2015)

Total Cross-
Section Fiducial Higgs-region

γγ ✓ ✓

Vγ ✓ ✓

ZZ ✓ ✓ ✗

WW ✓ ~ ✗

WZ ✗ ✗

General picture: good theory/data agreement



Sample results: γγ
σCMS = 17.2 ± 0.2 (stat) ± 1.9 (syst) ± 0.4 (lumi) pb

μ�=�γγ
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Figure 6. The pp ! �� cross section at various orders in perturbation theory, as a function of
the LHC operating energy,

p
s. Acceptance cuts have been applied, as described in the text. Also

shown is the CMS measurement, under the same set of cuts, at 7 TeV [15].

appear at one order higher in ↵s than the total inclusive cross section. Sadly, most of the
distributions made publicly available by the experimental collaborations suffer from this
problem. It would be interesting to additionally compare true NNLO observables, such as
the transverse momenta and rapidities of the photons, in future analyses at higher energies.

We now examine the predictions for the invariant mass of the photon pair shown in
Figure 7 in more detail. Note that the transverse momentum cuts on the photons requires
m�� > 80 GeV at LO, so that the region of this distribution below that value is particularly
sensitive to higher order corrections. For all of the figures described here, the plots on
the left hand side are obtained using a pure NNLO prediction, while those on the right
represent the prediction obtained with the inclusion of the ��N3LO

gg,nF
contributions. The

NNLO prediction does a good job of describing the data obtained by CMS, although the
central values are typically a little on the low side compared to data. The situation is
improved in the right hand plot, after inclusion of the ��N3LO

gg,nF
pieces. In particular in the

region around 80 . m�� . 150 GeV the prediction follows the shape of the data a little
more closely.

In Figure 8 we turn our attention to the p��T spectrum, using the same style as for the
m�� plots. The pure NNLO prediction again describes the data very well, even in the very
soft p��T < 10 GeV region of phase space. Including the gg pieces at NLO improves the
agreement with data in the region 10 . p��T . 100 GeV. In the soft region of phase space
it is difficult to argue that the inclusion of the additional pieces improves the agreement
with data. This is understandable since the softest bins are described only after a delicate
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σMCFM = 17.0 ± 1.2 pb [with gg@NLO]
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Figure 11. The rate-normalized shapes of the m�� distribution from the ATLAS collaboration
and the MCFM NNLO prediction for µ = m�� . The lower panel indicates the ratio of the data to
the NNLO prediction.

spectrum. Of course a combination of these two explanations is also possible. Finally, and
most excitingly, a comparison to the fitting function presented in ref. [16] illustrates that
there is no significant hardening from the prediction of the SM compared to the form of the
fitting function used in the ATLAS experiment. This can clearly be seen upon comparison
with Figure 1 in ref. [16]. For instance, both the ATLAS fit and our NNLO prediction
pass directly through the data in the 1090 GeV bin, and just under the central value in
the 690 GeV bin. Therefore we can conclude that the interpretation of an excess of events
around 750 GeV appears to be supported by a first-principle calculation within the SM. It
is not diluted by a hardening of the SM spectrum relative to the fitting function used in
the analysis. If the excess is confirmed, NNLO predictions for the shape of the irreducible
background will be able to significantly enhance analyses designed to discriminate between
different model hypotheses, by providing predictions for the properties of background events
that cannot be captured by a simple spectrum fit.
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• Excellent data/NNLO agreement
• gg@NLO sizable effect
• Nice validation with functional forms 
used for data-driven fits

mγγ
200 GeV 1.6 TeV



Sample results: Vγ
[Grazzini, Kallweit, Rathlev, Torre (2013); Grazzini, Kallweit, Rathlev (2015)]

Numerical results at NNLO QCD NNLO QCD results for pp (→ Vγ) → ℓℓγ/ννγ/ℓνγ + X

Fiducial cross sections for pp (→ Vγ) → ℓℓγ/ℓνγ/ννγ + X/

Setup adapted to the ATLAS analysis @ 7 TeV [ATLAS collaboration (2013)]

process pγ
T,cut Njet σLO [pb] σNLO [pb] σNNLO [pb] σATLAS [pb]

σNLO

σLO

σNNLO

σNLO

Zγ ≥ 0 1.222 +4.2%
−5.3% 1.320 +1.3%

−2.3% 1.31
±0.02 (stat)
±0.11 (syst)
±0.05 (lumi)

+50% +8%
→ ℓℓγ soft 0.8149 +8.0%

−9.3%
= 0 1.031 +2.7%

−4.3% 1.059 +0.7%
−1.4% 1.05

±0.02 (stat)
±0.10 (syst)
±0.04 (lumi)

+27% +3%

hard ≥ 0 0.0736 +3.4%
−4.5% 0.1320 +4.2%

−4.0% 0.1543 +3.1%
−2.8% +79% +17%

Zγ ≥ 0 0.1237 +4.1%
−3.1% 0.1380 +2.5%

−2.3% 0.133
±0.013 (stat)
±0.020 (syst)
±0.005 (lumi)

+57% +12%
→ ννγ 0.0788 +0.3%

−0.9%
= 0 0.0881 +1.2%

−1.3% 0.0866 +1.0%
−0.9% 0.116

±0.010 (stat)
±0.013 (syst)
±0.004 (lumi)

+12% −2%

Wγ ≥ 0 2.058 +6.8%
−6.8% 2.453 +4.1%

−4.1% 2.77
±0.03 (stat)
±0.33 (syst)
±0.14 (lumi)

+136% +19%
→ ℓνγ soft 0.8726 +6.8%

−8.1%
= 0 1.395 +5.2%

−5.8% 1.493 +1.7%
−2.7% 1.76

±0.03 (stat)
±0.21 (syst)
±0.08 (lumi)

+60% +7%

hard ≥ 0 0.1158 +2.6%
−3.7% 0.3959 +9.0%

−7.3% 0.4971 +5.3%
−4.7% +242% +26%

Loop-induced gg contributions in Zγ turn out to be very small (< 15% of NNLO).

Larger K factors in Wγ than in Zγ can be explained by breaking of radiation zero.

Larger K factors in hard than in soft setups due to implicit phase-space restrictions.

Stefan Kallweit (JGU) Hadronic VV production at NNLO QCD March 22, 2016, Moriond LI, La Thuile 9 / 20
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Fiducial region: NNLO vs ATLAS 7 TeV data

• In general, very good agreement, apart for Z→νν (under investigation)
• NLO scale variation fails to capture NNLO
• Negligible impact of gg channel



Sample results: ZZ
[Cascioli et al (2014); Grazzini, Kallweit, Rathlev (2015)]

Numerical results at NNLO QCD NNLO QCD results for pp (→ ZZ) → 4ℓ + X

Inclusive on-shell ZZ cross sections for relevant LHC energies/

[ATLAS collaboration (2013 & 2015), CMS collaboration (2013 & 2015)]

σ/σNLO

141387

1.2
1.15
1.1

1.05
1.00
0.95

CMS (60GeV < mℓℓ < 120GeV)
ATLAS (66GeV < mℓℓ < 116GeV)

σ[pb]

√
s [TeV]

pp → ZZ+X

15

10

5

LONN+gg
NLON+gg
NLO+ggN
NNLO+gg

σ[pb]

√
s [TeV]

pp → ZZ+X

15

10

5

√
s σLO σNLO σNNLO

[TeV] [pb] [pb] [pb]

7 4.167+0.7%
−1.6%

6.044+2.8%
−2.2%

6.735+2.9%
−2.3%

8 5.060+2.7%
−1.6%

7.369+2.8%
−2.3%

8.284+3.0%
−2.3%

13 9.887+4.9%
−6.1%

14.51+3.0%
−2.4%

16.91+3.2%
−2.4%

14 10.91+5.4%
−6.7%

16.01+3.0%
−2.4%

18.77+3.2%
−2.4%

Scale uncertainties at NNLO about
±3% for MZ/2 < µR, µF < 2MZ,
1/2 < µR/µF < 2 (7-point variation).

Loop-induced gg channel provides
about 60% of NNLO effect.

NNLO/NLO ranges from 12% to 17%
when

√
s varies from 7 TeV to 14 TeV.

Resonant ZZ contributions are experimentally isolated by mℓℓ cuts.

↪→ Cross sections are slightly overestimated in on-shell calculation (≈ 5%).

Corrections from NLO EW and NLO QCD to gg-fusion channel can be sizable.
Stefan Kallweit (JGU) Hadronic VV production at NNLO QCD March 22, 2016, Moriond LI, La Thuile 12 / 20

Numerical results at NNLO QCD NNLO QCD results for pp (→ ZZ) → 4ℓ + X

Fiducial off-shell cross sections for pp (→ ZZ) → 4ℓ+ X/

Setup adapted to the ATLAS analysis @ 8 TeV [ATLAS collaboration (2013)]

channel σLO [fb] σNLO [fb] σNNLO [fb] σATLAS [fb]

e+e−e+e− 4.6+0.8
−0.7(stat)

+0.4
−0.4(syst)

+0.1
−0.1(lumi)

3.547(1)+2.9%
−3.9% 5.047(1)+2.8%

−2.3% 5.79(2)+3.4%
−2.6%

µ+µ−µ+µ− 5.0+0.6
−0.5(stat)

+0.2
−0.2(syst)

+0.2
−0.2(lumi)

e+e−µ+µ− 6.950(1)+2.9%
−3.9% 9.864(2)+2.8%

−2.3% 11.31(2)+3.2%
−2.5% 11.1+1.0

−0.9(stat)
+0.5
−0.5(syst)

+0.3
−0.3(lumi)

Agreement significantly improved in different-flavour channel.

Worse agreement in same-flavour channels, but still consistent at the ≈ 1σ level.

Setup adapted to the ATLAS analysis @ 13 TeV [ATLAS collaboration (2015)]

channel σLO [fb] σNLO [fb] σNNLO [fb] σATLAS [fb]

e+e−e+e− 8.4+2.4
−2.0(stat)

+0.4
−0.2(syst)

+0.5
−0.3(lumi)

5.007(1)+4%
−5% 6.157(1)+2%

−2% 7.14(2)+2%
−2%

µ+µ−µ+µ− 6.8+1.8
−1.5(stat)

+0.3
−0.3(syst)

+0.4
−0.3(lumi)

e+e−µ+µ− 9.906(1)+4%
−5% 12.171(2)+2%

−2% 14.19(2)+2%
−2% 14.7+2.9

−2.5(stat)
+0.6
−0.4(syst)

+0.9
−0.6(lumi)

Agreement improved at NNLO in all channels within quite large (statistical) errors.

Stefan Kallweit (JGU) Hadronic VV production at NNLO QCD March 22, 2016, Moriond LI, La Thuile 13 / 20

ATLAS 8 TeV 
fiducial

• Largest contribution to NNLO from 
gg channel (~60%). LO-contribution

• Good agreement at 7, 8 and 13 TeV
• Perfect agreement for eμ channel, 

consistent within 1σ for ee, μμ 
channels

A more careful analysis: large interference

In the SM: large destructive interference at high invariant 
mass σint ~ - 50% off peak (unitarity) [on-peak: negligible]

[Kauer, Passarino (2012), Ellis, Campbell, Williams (2013)]

�int⇠gHgggHVV=[ei✓]

s
�H

�H,SM
�int

SM

Noff=
�H

�H,SM
Noff

SM�[ei✓]

s
�H

�H,SM
Nint

SM

PUTTING EVERYTHING TOGETHER:

Negative interference -> less off-shell events -> decrease sensitivity



WW: total vs fiducial



The WW puzzle

 σATLAS,8 = 71.4+1.2−1.2 (stat)+5.0−4.4 (syst)+2.2
−2.1 (lumi) pb

σCMS,8 = 69.9 ± 2.8 (stat) ± 5.6 (syst) ± 3.1 (lumi) pb

Early LHC measurements

Theoretical prediction (MCFM)

 σNLO = 56.5+1.5-1.1 pb

NNLO corrections: ~ 10 %

SOME TENSION, FOR BOTH ATLAS AND CMS



The WW puzzle

However, if one looks at the FIDUCIAL REGION

2

8 TeV fiducial region

pt > 25(20) GeV for the leading (subleading) lepton and charged leptons separated by ∆R > 0.1

muon pseudorapidity |y| < 2.4 and electron pseudorapidity |y| < 1.37 or 1.52 < |y| < 2.47

no jets (anti-kt [10], R = 0.4) with pt > 25 GeV and |y| < 4.5, separated from the electron by ∆R > 0.3

mll′ > 15, 15, 10 GeV and |mll′ −mZ | > 15, 15, 0 GeV for ee, µµ, and eµ, respectively

pν+ν̄
t,Rel > 45, 45, 15 GeV and pν+ν̄

t > 45, 45, 20 GeV for ee, µµ, and eµ, respectively

Table 1 Fiducial volume, as defined by the ATLAS collaboration, at 8 TeV. For a detailed definition of all variables see [2].

work in the Gµ scheme with the electroweak parametersMZ = 91.1876GeV, ΓZ = 2.4952GeV,MW = 80.398GeV,
ΓW = 2.1054GeV, and GF = 1.16639× 10−5 GeV−2. The branching ratio of W into leptons is taken from the
Particle Data Book [13], namely Br(W → lν) = 0.108.1 We use the MSTW2008nlo parton densities [14] and
central renormalization and factorization scales µR = µF = M4l, where M4l is the invariant mass of the leptonic
system. The scale uncertainty is obtained by varying both scales by a factor of two in either direction and keeping
µR = µF . With this setup we get a total inclusive W+W− cross section of 53.6+1.4

−1.0 pb (56.5+1.5
−1.1 pb) excluding

(including) Higgs mediation. For consistency, the quoted Higgs mediated cross section has also been computed
with MCFM. On the other hand, ATLAS finds 71.4+1.2

−1.2(stat.)
+5.0
−4.4(syst.)

+2.2
−2.1(lumi.) pb.

The measured fiducial cross sections at 8 TeV are reported in the first column of Table 2, together with the
total NLO predictions in the fourth column. The latter is given by the sum of the cross-section without Higgs
mediation and the Higgs mediated contribution, as reported in the second and third column, respectively. The
quoted theory uncertainty does not account either for the PDF error, that was found to be at 5% level [2], or for
any interference effect.

ATLAS @ 8 TeV pp → l+l−νν̄ pp → H → l+l−νν̄ total

e+µ− + e−µ+ 377.8+6.9
−6.8(stat.)

+25.1
−22.2(syst.)

+11.4
−10.7(lumi.) 332.4+4.7

−2.3 9.8+0.0
−1.2 342.2+4.7

−2.6

e+e− 68.5+4.2
−4.1(stat.)

+7.7
−6.6(syst.)

+2.1
−2.0(lumi.) 63.7+0.8

−0.4 2.2+0.0
−0.2 65.9+0.8

−0.4

µ+µ− 74.4+3.3
−3.2(stat.)

+7.0
−6.0(syst.)

+2.3
−2.1(lumi.) 69.3+0.9

−0.4 2.4+0.0
−0.2 71.7+0.9

−0.5

Table 2 ATLAS fiducial cross-sections in fb at 8 TeV (1st column) and two processes that contribute to W+W− production (2nd
and 3rd column). The last column contains the sum of the previous two contributions. The theory predictions are obtained with
MCFM with central renormalisation and factorisation scales set to the leptonic system invariant mass, and using the MSTW2008nlo
PDF set. The (formally NNLO) gg → W+W− channel is included. Following ref. [2], all quoted numbers do not include electrons
or muons coming from τ decays.

The quoted theoretical uncertainties obtained by varying renormalisation and factorisation scales are tiny, at
the level of just about 1-1.5%. However, the definition of the fiducial volume involves a veto on jets with a large
transverse momentum (see Table 1). It is well-known that, in the presence of a jet-veto, fixed-order calculations
typically underestimate the true theoretical uncertainty, and a more sophisticated procedure should be used in
order to assess the uncertainty [15, 16]. Since at the moment the by far dominant uncertainty is the systematic
one, and since several theoretical improvements are now possible on the theory numbers quoted above (inclusion
of NNLL resummation effects [7] matched to exact NNLO predictions [17]), we do not try to quantify the theory
error in a more precise way. Yet, we observe that there is no sizable tension between NLO theory and experiment
within the large systematic uncertainties. The level of agreement depends on the leptonic channel considered, and
it is always at the one σ level, or better.

In the following section we rather study how much the Monte Carlo prediction differs from the pure NLO one
for the fiducial cross section. The ATLAS analysis at 8 TeV use the POWHEG, so we consider this generator in the
following section.

3 Resummation and Parton Shower effects

In the present section we investigate the effect of parton shower and hadronisation on the fiducial cross section using
the POWHEG BOX [18–20] (using its default settings), where the NLO prediction for W+W− production is matched
to a parton shower [21, 22]. Events are showered with Pythia 6.4.28 [23], Perugia tune 350 [24] (unless otherwise
stated), and hadronisation and underlying event effects are included. To estimate the impact of parton shower and

1We stress that the experimental errors in the electroweak parameters are an important source of theory uncertainty. The sole
variation of the W -boson width ΓW within its error, as quoted by the PDG ΓW = 2.085± 0.042 leads to a ∼ 8.5% variation in the
total cross section, since it scales as σWW ∼ 1/(ΓWMW)2. However, the Standard Model calculation of the W width has a much
smaller uncertainty.

[Monni, Zanderighi (2014)]

TENSION SIGNIFICANTLY ALLEVIATED

In other words, comparing NLO predictions to 
what is ACTUALLY MEASURED leads to reasonable 
data/theory agreement.

Note: same data, same theory →
WHAT IS GOING ON?



(ATLAS) analysis for dummies

1.Perform the measurement. By definition, 
in the fiducial region.                 
Agreement data/theory

2.Use your favorite toy, let’s say POWHEG, 
to extrapolate from the fiducial region to 
the total cross-section

3.Get the total cross section and compare   
→ Disagreement data/theory

Step 2 introduced a (a-priori non-needed) 
theory dependence on the result, and this time 
got it wrong



The problem with extrapolation: jet veto modeling
[Monni, Zanderighi (2014)]

To suppress the large top background, WW 
analysis require a harsh jet veto, pt,veto = 25 GeV

3

hadronisation we compare the latter prediction to the NLO result obtained within the POWHEG programme itself.
Unlike in the previous section, and for the sake of simplicity, we do not include the gg-initiated channel here since
it is not implemented in the POWHEG BOX.

From Table 3 it is evident that the shower and hadronisation reduce the fiducial cross section systematically
in all channels and at both energies by about 9-11%. The uncertainties with POWHEG are obtained by varying µR

and µF by a factor of two in either direction around M4l, while keeping µR = µF . In the presence of a parton

pp → l+l−νν̄ (no gg) POWHEG (hadron) POWHEG (NLO) ratio

e+µ− + e−µ+ 295.2+4.8
−2.8 323.0+6.0

−6.5 0.91

e+e− 54.8+1.7
−0.7 61.5+1.2

−1.3 0.89

µ+µ− 59.5+1.7
−0.2 66.9+1.3

−1.6 0.89

Table 3 Comparison between POWHEG at hadron level and its NLO prediction with fiducial cuts of ATLAS at 8 TeV. Cross-sections
are given in fb. Neither the gg-initiated process nor the Higgs-mediated one are included. The central scales are set to the leptonic
system invariant mass and the MSTW2008nlo PDF are used. Uncertainties are obtained as explained in the text.

shower, competing effects will change the hardest jet transverse momentum, e.g. events will typically have more
jets, while MPI and out of jet radiation can affect the hardest jet transverse momentum. So it is reasonable to
expect differences between the pure NLO and POWHEG prediction, especially given that the hardest jet kinematics is
described at leading order only in both cases. Yet, the observed 9-11% effect is larger than what one would expect
for a process that at Born level is quark-initiated and involves no final state QCD hard jets.

To study the impact of the jet veto, we consider the inclusive jet-veto efficiency where no further cuts on leptons
are applied. The results are reported in Figure 1 for three different Pythia tunes. We observe that the suppression
of the POHWEG prediction with respect to the pure NLO at pt,veto = 25 GeV depends on the tune, and it varies
in the range 6-9%. In order to check whether POWHEG overestimates Sudakov suppression effects, one can compare
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Fig. 1 Jet-veto efficiency for W+W− production obtained with the POWHEG BOX both at pure NLO and matched to parton shower
simulated with Pythia 6.4.28. For comparison, different tunes are shown.

the Monte Carlo prediction to the analytic resummation for the jet-veto efficiency. Recently a NNLL resummation
for the jet veto efficiency was carried out for this process [25], where it is shown that the NNLL+NLO jet-veto
efficiency is larger than the NLO one by a few percent, however a matching of the NNLL and NNLO calculation has
not been done yet. It is possible to provide an estimate of the NNLL+NNLO corrections by looking at the jet-veto
resummation for Drell-Yan [16]. The difference between Z and W+W− production is mainly due to a different
invariant mass for the colourless final state, different parton luminosities, and the absence of a t channel in Z
production at the Born level. As far as the jet-veto efficiency is concerned, at small pt,veto, where the logarithmic
terms dominate, the main difference between the two processes is due to the masses of the colourless final state
(which is the natural mass scale appearing in the large logarithms). This is due to the fact that in the efficiency
differences in the virtual corrections and parton luminosities largely cancel, while the real radiation pattern is
the same in both processes. Moreover, the dependence on electroweak parameters also cancels in the efficiency at
small pt,veto. To convert the jet veto efficiency from Z to W+W− production, neglecting for the moment the gg
contribution, we impose that the argument of the large logarithms is the same for both processes. In both cases,
the cross section is integrated over the invariant mass of the colourless final-state objects. Since the invariant mass
spectrum is peaked at MZ and 2MW , respectively, and it steeply decreases for larger invariant masses, we assume
that the integral is dominated by the value of the distribution at the peak and we thus consider the respective
masses as argument of the Sudakov logarithms. This leads to

pDY
t,veto

MZ
=

pWW
t,veto

2MW
. (1)

• Independent on tunes, 
POWHEG fails to 
properly model the jet 
veto efficiency and 
predicts fiducial cross 
section which are 
systematically lower

• When used for 
acceptance corrections, it 
then leads to overestimate 
the inclusive cross section



The problem with extrapolation: jet veto modeling
[Monni, Zanderighi (2014)]

A more refined analysis: POWHEG vs NNLL resummation

4

Since ATLAS uses a veto of pWW
t,veto = 25 GeV, one obtains pDY

t,veto ∼ 15 GeV. We emphasize that, because of this
small pt,veto, the logarithmic terms are expected to dominate over the finite remainder. This correspondence can be
tested with POWHEG by comparing the jet-veto efficiency for the two processes. In order to study the Sudakov region
in a shower-independent way, we perform the comparison at the Les Houches Event (LHE) level in Figure 2, where
pWW
t,veto has been rescaled by MZ/(2MW ) according to Eq. 1. We see that after the rescaling the two efficiencies are
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Fig. 2 Jet-veto efficiency for Z production obtained with the POWHEG BOX and showered with Pythia (v. 6.4.28 Perugia tune 350).

in good agreement in the small transverse momentum region. Not surprisingly, when the Pythia parton shower
and non-perturbative effects (including hadronisation, multiple interactions, pile-up and intrinsic pt simulation) are
also included, the above agreement is partly lost (right plot in Figure 2), since some non-perturbative corrections
and non-logarithmic corrections have a different scaling in pt. Still, we can use the relation between pWW

t,veto and
pDY
t,veto to estimate the impact of higher-order logarithmic corrections on the jet-veto efficiency by looking at the

corresponding quantity in Z-boson production at pt,veto = 15 GeV, shown in Figure 3 (left).
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Fig. 3 Jet-veto efficiency for single Z (left) and H (right) production. The uncertainty band for the resumed predictions is obtained
by varying µR, µF , and the resummation scale Q by a factor of two in either direction while keeping 1/2 < µR/µF < 2. Moreover,
the matching scheme for the jet-veto efficiency is also varied as shown in ref. [16]. The dashed black lines denote the pt,veto values
relevant for the present analysis (see text for more details).

By comparing the pure NLO (blue dashed line) and the NLO+NNLL (green dashed line) calculation of Drell
Yan at this transverse momentum value, one observes a suppression by about 3-4% when NNLL effects are included.
While the magnitude of the impact of the NNLL resummation is found to be similar to that of ref. [25], we observe
a reduction in the jet-veto efficiency rather than an enhancement. This might be due to a different matching scheme
and treatment of higher-order corrections. Furthermore, we observe that POWHEG enhances considerably Sudakov
effects with respect to the analytic resummation when compared to the NLO prediction. On the other hand, it is
also clear from Fig. 3 that the difference with respect to NLO is about -7-8% when the NNLL is matched to the
NNLO result (red solid line). Hence, as far as jet-veto effects are concerned, POWHEG is accidentally close to the
NNLL+NNLO prediction at this veto scale. Therefore, the inclusive cross section extrapolated using POWHEG will
be reasonably in better agreement with the NNLO prediction, rather than with the NLO one.

A further reduction in the fiducial cross section is due to the way the hardest emission is treated in POWHEG,
which was found to slightly change the transverse momentum spectrum of the produced leptons. As example,
we show in Fig. 4 the comparison between the Les Houches events and the pure NLO for the missing transverse

• For pt,veto = 25 GeV, NNLL 
resummation effects 
decrease pure NLO by 3-4%

• POWHEG prediction: -9%

• Also, other small effects in 
POWHEG further decrease 
efficiency

• NNLO+NNLL partially 
compensates for NNLO K-
factor → agreement in the 
fiducial region should 
persist / improve at NNLO

THESE EFFECTS COMPLETELY 
EXPLAIN THE EXCESS IN THE 
INCLUSIVE ‘MEASUREMENT’



New analysis: approximate NLO+NNLL

 σATLAS,8 = 71.1+1.1−1.1 (stat)+5.7−5. (syst)+1.4−1.4 (lumi) pb

 σCMS,8 = 60.1 ± 0.9 (stat) ± 3.2 (exp) ± 3.1 (th) ± 1.6 (th) pb

[Higgs contribution included]

[Higgs contribution subtracted]

 σNNLO = 59.84 +2.2%-1.9% + 4.14 +7.2%-7.2% (Higgs) pb

• Perfect agreement for CMS

• Slight ~1.5σ tension with ATLAS

Calls for COMPARISONS IN THE FIDUCIAL REGION 
(all ingredients are available, minimize theory error)



Why fiducial region 2: top contamination

4

∣

∣σ5FNS
full /σ4FNS − 1

∣

∣

103102101

1

10−1

10−2

10−3

σfull[pb]

pvetoT,bjet [GeV]

pp → W+W−+X @ 8TeV500

200

100

50

LONN
NLON
NNLO

σfull[pb]

pvetoT,bjet [GeV]

pp → W+W−+X @ 8TeV500

200

100

50

∣

∣σ5FNS
WW /σ4FNS − 1

∣

∣

103102101

1

10−1

10−2

10−3

σWW[pb]

pvetoT,bjet [GeV]

pp → W+W−+X @ 8TeV64

62

60

58

56

54

LONN
NLON
NNLO

σWW[pb]

pvetoT,bjet [GeV]

pp → W+W−+X @ 8TeV64

62

60

58

56

54

FIG. 2. The pp → W+W− cross section in the 5FNS at
√
s = 8 TeV is plotted versus a b-jet veto, pT,bjet < pvetoT,bjet,

and compared to results in the 4FNS (which are pvetoT,bjet independent). Full 5FNS results (left plot) are contrasted with top-

subtracted 5FNS predictions (right plot). The relative agreement between 5FNS and 4FNS results is displayed in the lower

frames. Jets are defined using the anti-kT algorithm [39] with R = 0.4, and in order to guarantee the cancellations of final-state

collinear singularities, bb̄ pairs that are recombined by the jet algorithm are not vetoed.

tive definition of the W+W− cross section in the 5FNS,
where resonant top contributions are subtracted along
the lines of Refs. [40, 41] by exploiting their characteris-
tic scaling behaviour in the limit of vanishing top-quark
width. The idea is that doubly (singly) resonant contri-
butions feature a quadratic (linear) dependence on 1/Γt,
while top-free W+W− contributions are not enhanced
at small Γt. Using this scaling property, the tt̄, tW±

and (top-free) W+W− components in the 5FNS are de-
termined from high-statistics evaluations of the 5FNS
cross section at different values of Γt. The 5FNS top-free
W+W− cross section σ5F

WW , defined in this way, is pre-
sented in Figure 2 (right) for

√
s = 8 TeV. Its dependence

on the b-jet veto demonstrates the consistency of the em-
ployed top subtraction: at pvetoT,bjet → 0 we clearly observe
the above-mentioned QCD singularity from initial-state
g → bb̄, while for pvetoT,bjet∼

> 10 GeV, consistently with the

absence of top contamination, σ5F
WW is almost insensitive

to the veto. Thus the inclusive limit of σ5F
WW can be used

as a precise theoretical definition of W+W− production
in the 5FNS, and compared to the 4FNS. The agreement
between the two schemes turns out to be at the level of
1 (2)% at 7 (14) TeV, and this finding puts our NNLO
results and their estimated uncertainty on a firm theo-
retical ground.

In summary, we have presented the first NNLO cal-
culation of the total W+W− production cross section
at the LHC. The W+W− signature is of crucial im-
portance to precision tests of the fundamental structure
of electroweak interactions and provides an important
background in Higgs boson studies and searches for new
physics. Introducing consistent theoretical definitions of
W+W− production in the four and five flavour num-
ber schemes, we have demonstrated that the huge top
contamination of the W+W− signal can be subtracted
without significant loss of theoretical precision. The
NNLO corrections to W+W− production increase from
9% at 7 TeV to 12% at 14 TeV, with an estimated 3%
residual uncertainty from missing contributions beyond
NNLO. Gluon fusion amounts to about 35% of the total
NNLO contribution. The inclusion of the newly com-
puted NNLO corrections provides an excellent descrip-
tion of recent measurements of the W+W− cross section
at 7 TeV and diminishes the significance of an observed
excess at 8 TeV. In the near future more differential stud-
ies at NNLO, including leptonic decays and off-shell ef-
fects, will open the door to high-precision phenomenology
with W+W− final states.

We would like to thank A. Denner, S. Dittmaier and
L. Hofer for providing us with the Collier library. S. K.,

At NNLO: huge contamination from (LO) tt production 
for the inclusive cross-section

• Different approaches studies for 
defining the total cross-section 
(4FNS, b-veto, resonance 
expansion)

• Should greatly simplify in the 
FIDUCIAL REGION



VV: gluon channel 
at NLO



gg->VV
• At NNLO, the gg channel enters for the first time

• Because of the large gluon flux at the LHC, this 
contribution is usually big (ZZ/WW: 60%/35% of 
NNLO corrections)

• They are separately finite and gauge-invariant → 
usually already included in NLO predictions

• non trivial interference pattern with Higgs, especially 
in the high invariant mass region → very important 
for off-shell / interference analysis

A more careful analysis: large interference

In the SM: large destructive interference at high invariant 
mass σint ~ - 50% off peak (unitarity) [on-peak: negligible]

[Kauer, Passarino (2012), Ellis, Campbell, Williams (2013)]

�int⇠gHgggHVV=[ei✓]

s
�H

�H,SM
�int

SM

Noff=
�H

�H,SM
Noff

SM�[ei✓]

s
�H

�H,SM
Nint

SM

PUTTING EVERYTHING TOGETHER:

Negative interference -> less off-shell events -> decrease sensitivity



gg->VV
• At NNLO, the gg channel enters for the first time

• Gluon induced process → expect large corrections. 
Despite being part of the NNLO computation, it is 
actually LO

• Corrections to gg->VV are formally part of the 
N3LO corrections to pp->VV, but are expected to 
give sizable contribution

• NLO CORRECTIONS FOR GG->VV DESIRABLE

A more careful analysis: large interference

In the SM: large destructive interference at high invariant 
mass σint ~ - 50% off peak (unitarity) [on-peak: negligible]

[Kauer, Passarino (2012), Ellis, Campbell, Williams (2013)]
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Example: γγ
[Campbell, Ellis, Li, Williams (2016)]

μ�=�γγ
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Figure 6. The pp ! �� cross section at various orders in perturbation theory, as a function of
the LHC operating energy,

p
s. Acceptance cuts have been applied, as described in the text. Also

shown is the CMS measurement, under the same set of cuts, at 7 TeV [15].

appear at one order higher in ↵s than the total inclusive cross section. Sadly, most of the
distributions made publicly available by the experimental collaborations suffer from this
problem. It would be interesting to additionally compare true NNLO observables, such as
the transverse momenta and rapidities of the photons, in future analyses at higher energies.

We now examine the predictions for the invariant mass of the photon pair shown in
Figure 7 in more detail. Note that the transverse momentum cuts on the photons requires
m�� > 80 GeV at LO, so that the region of this distribution below that value is particularly
sensitive to higher order corrections. For all of the figures described here, the plots on
the left hand side are obtained using a pure NNLO prediction, while those on the right
represent the prediction obtained with the inclusion of the ��N3LO

gg,nF
contributions. The

NNLO prediction does a good job of describing the data obtained by CMS, although the
central values are typically a little on the low side compared to data. The situation is
improved in the right hand plot, after inclusion of the ��N3LO

gg,nF
pieces. In particular in the

region around 80 . m�� . 150 GeV the prediction follows the shape of the data a little
more closely.

In Figure 8 we turn our attention to the p��T spectrum, using the same style as for the
m�� plots. The pure NNLO prediction again describes the data very well, even in the very
soft p��T < 10 GeV region of phase space. Including the gg pieces at NLO improves the
agreement with data in the region 10 . p��T . 100 GeV. In the soft region of phase space
it is difficult to argue that the inclusion of the additional pieces improves the agreement
with data. This is understandable since the softest bins are described only after a delicate
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σCMS = 17.2 ± 0.2 (stat) ± 1.9 (syst) ± 0.4 (lumi) pb

σNNLO = 15.8 ± 1 pb

δσgg->γγ@NLO = 1.2 pb
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Figure 7. The invariant mass of the photon pair m�� at NLO and NNLO, compared with the CMS
data from ref. [15]. The pure NNLO prediction is shown in the left panel, while the result that also
includes gg nF contributions that enter at N3LO is depicted in the right panel. The lower panels
present the ratio of the data and NNLO scale variations to the NNLO theory prediction obtained
with the central scale.

cancellation between the various real and virtual pieces of the calculation. By only including
a subset of the N3LO calculation we are unlikely to improve this bin. However in the bulk
of the phase space we are typically interested in the types of correction that are sensitive to
the staggered phase space cuts. This is exactly the places where we expect the gg ! ��g

contribution to be important. By including these pieces we therefore do a better job of
describing the data.

The situation with the ���� distribution is similar. The NLO prediction for this
observable does a very bad job of describing the CMS data. However by including the NNLO
corrections we get much closer to the data, whilst still observing large (⇠ 1.5�) deviations
from the experimental data towards the middle of the distribution. This observable clearly
requires at least a full N3LO prediction to match the experimental data. However, our
partial prediction does not do much better. Again we are exposed to the LO phase space
sensitivity in the bins around ⇡ where it is entirely possible that reasonably large corrections
from the three-loop triple virtual and real-double virtual may drive the theoretical prediction
down towards the data.

4.2 Studies of �� at high invariant masses

One of the most interesting phenomenological aspects of the diphoton production channel
during Run II at the LHC is its ability to search for new resonances that may manifest
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• Sizable effect

• Somewhat improves data/
theory agreement



gg->WW/ZZ@NLO: problems

• Despite being a NLO computation, it involves 
complicated 2-loop amplitudes (LO is loop-induced). 
Similar amplitudes for qq->VV@NNLO

• Especially for Higgs analysis, important to go at high 
invariant mass → top quark contribution become 
relevant (same for qq->VV@NNLO)

q T

Recently computed VERY HARD
[important in the off-shell region]



gg->ZZ@NLO: massless quarks

Two-loop virtual corrections

For the case of double vector boson production,  
we can identify  six different two-loop topologies;
the differential equations can be ``rationalized’’ 
with the following (typical) change of variables
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Important issues: finding a suitable basis;  
choice of ``rational variables’’; boundary 
conditions for solutions of differential 
equations, analytic continuation.
Numerical evaluation of Goncharov’s 
polylogarithms and their mapping on 
conventional polylogarithms.
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gg=>ZZ @ NLO
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Figure 2: Up, left: cumulative cross section for gg ! (Z/�)(Z/�) ! e+e�µ+µ� at the 8 TeV

LHC as a function of the lower cut on four-lepton invariant mass. Up, right: distribution of the

invariant mass of the four leptons in the reaction gg ! (Z/�)(Z/�) ! e+e�µ+µ� at the 8 TeV

LHC. Lower panes show ratios of the LO (yellow) and NLO (blue) distributions evaluated at three

different scales to the LO distribution evaluated at µ = 2mZ . Low: same as above for the 13 TeV

LHC.

the emitted gluons, including the vanishingly small ones. Calculation of one-loop amplitudes

for gg ! ZZg process becomes unstable if the gluon in the final state becomes soft or

collinear to the collision axis. We deal with these instabilities by switching to quadruple

precision where appropriate. To obtain the gg ! ZZ cross section through NLO QCD,

we combine elastic and inelastic contributions using the qt-subtraction [47] and, as a cross-

check, the FKS subtraction [56] methods. The results that we present in the next Section

are obtained by combining computations performed using the two subtraction schemes.
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Recently, a big step was taken towards performing 
this analysis at NLO, with the computation of the 
gg=>ZZ for massless loop particles. 

(Caola, Melnikov, Ronstch, Tancredi 15’ ) 

Two-loop virtual corrections

For the case of double vector boson production,  
we can identify  six different two-loop topologies;
the differential equations can be ``rationalized’’ 
with the following (typical) change of variables

s

m

2
3

= (1 + x)(1 + xy),

t

m

2
3

= �xz,

m

2
4

m

2
3

= x

2
y

q
(s�m

2
3 �m

2
4)

2 � 4m2
3m

2
4 = m

2
3x(1� y)

d~f = ✏(dA)⇥ f, A =

X
Ai log↵i

↵ = {x, y, z, 1 + x, 1� y, 1 + xy, z � y, 1 + y(1 + x)� z,

xy + z, 1 + x(1 + y � z), 1 + xz,

1 + y � z, z + x(z � y) + xyz, z � y + yz + xyz}

G(an, an�1, . . . , a1, t) =

tZ

0

dtn
tn � an

G(an�1, . . . a1, tn)

Important issues: finding a suitable basis;  
choice of ``rational variables’’; boundary 
conditions for solutions of differential 
equations, analytic continuation.
Numerical evaluation of Goncharov’s 
polylogarithms and their mapping on 
conventional polylogarithms.

Monday, November 3, 14

2-loop amplitude for ZZ*
new ideas 

for FI 
at work

Two-loop  calculations in QCD

An interesting recent development in the field is the suggestion by J. Henn to streamline the 
application of differential equations in external kinematic variables to compute master integrals

@

x

~

f = ✏Â

x

(x, y, z. . . )~f

The important point is that on  the right-hand side, the dimensional regularization 
parameter appears explicitly, and only as a multiplicative pre-factor. It is then possible 
to solve these equations iteratively  order-by-order in (d-4) since in each order 
of this expansion the above equation contains no homogeneous terms ( so that in 
each order in epsilon, the right-hand side is the source for the left-hand side). 

The idea by Henn streamlines and simplifies such computations significantly. This 
already lead to very impressive advances ( e.g. master integrals for Bhabha, V1 V2 
production) that will have interesting consequences for phenomenology.

Calculation of two-loop integrals relies on a large number of various  methods ( direct 
integration, Mellin-Barns, differential equations).   The method of differential equations
has been used to find master integrals for long time,  starting from papers by Kotikov and 
Remiddi in the early 1990s,  however it was never ``the method’’. 

Monday, November 3, 14

[FC, Henn, Melnikov, Smirnov, Smirnov (2014-15); 
Gehrmann, Manteuffel, Tancredi (2014-15)]

• large corrections

• effect on NNLO: +6% 
(NNLO scale   
uncertainty ~ 3%)

• massive loop contribution 
to σtot ~ 1%

[FC, Melnikov, Röntsch, Tancredi (2015)] 

Real emission

a) b)

Figure 1: Representative Feynman diagrams for the 0 ! gggZ(! e�e+)Z(! µ�µ+) amplitude.

Double resonant diagrams (a) are relevant for both the on-shell and the off-shell production. Single

resonant diagrams (b) are only relevant for the off-shell production and are not included in our

computation. See text for details.

We write the interaction vertex of the Z-boson and a fermion pair as

Z ¯f�µf 2 gL,f
�µ(1 + �5)

2

+ gR,f
�µ(1� �5)

2

, f 2 (l, q). (4)

The left and right couplings for leptons and quarks are given by an identical formula

gL(R),f =

Vf ± Af

cos ✓W
, (5)

where we use i) Vl = �1/2 + 2 sin

2 ✓W , Al = �1/2 for charged leptons; ii) Vu = 1/2 �
4/3 sin2 ✓W , Au = 1/2 for up-type quarks; and iii) Vd = �1/2 + 2/3 sin2 ✓W , Ad = 1/2 for

down-type quarks.

The 0 ! gggZZ scattering amplitude can be written as a sum of two terms

AZZ
= g3sg

4
W

�
Tr [ta1ta2ta3 ]AZZ

123 + Tr [ta1ta3ta2 ]AZZ
132

�
, (6)

with Tr(ta tb) = �ab/2. The two color-ordered amplitudes, stripped of their couplings to

leptons and quarks, are defined as

AZZ
ijk = C�e,eC�µ,µ

�
gZZ
LLALL

ijk(�i,�j,�k;�e,�µ) + gZZ
RRARR

ijk (�i,�j,�k;�e,�µ)
�
. (7)

In Eq.(7) we introduced

C�,l = DZ(m
2
ll) (gL,l��,� + gR,l��,+) , (8)

where DZ(s) is the function related to the Breit-Wigner propagator DZ(s) = s/(s�M2
Z +

iMZ�Z). The couplings gZZ
LL and gZZ

RR are expressed through Z-boson couplings to quarks

7

fast and stable 
in soft/collinear 
configurations

mixed analytical
+numerical unitarity



gg->ZZ@NLO: massless quarks
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Figure 3: Left: transverse momentum distribution of an e+e� pair at the 13 TeV LHC. Right: the

hardest lepton transverse momentum distribution at the 8 TeV LHC. Lower panes show ratios of the

LO (yellow) and NLO (blue) distributions evaluated at three different scales to the LO distribution

evaluated at µ = 2mZ .

and for both the 8 TeV and the 13 TeV LHC. This result is important for studies of the

Higgs off-shell production where good understanding of the shape of four-lepton invariant

mass distribution is an important pre-requisite for constraining the Higgs width. Note that

for m4l > 2mt top-quark contributions, neglected in our computation, become relevant.

In Fig. 3 we show the transverse momentum distributions of the e+e� pair and of the hardest

lepton in the event. The QCD corrections to the transverse momentum distribution of the

e+e� pair decrease for large values of p
?,e+e� , similar to what is seen in the four-lepton

invariant mass distribution. On the other hand, the QCD corrections for the transverse

momentum distribution of the hardest lepton are independent of the lepton p
?

.

V. CONCLUSIONS

In this paper we computed QCD corrections to the production of a pair of Z-bosons in

gluon fusion through loops of massless quarks. We found that QCD corrections are large;

they change the production cross section by almost a factor of two. These large QCD

corrections are in line with expectations that transition of two gluons to a colorless final

state is strongly affected by QCD radiative effects; QCD corrections of similar magnitude

were observed earlier in theoretical calculations of gg ! H [59] and gg ! �� [60] cross

sections.

14

• realistic final states (leptons)

• Z off-shell, Z/γ interference 
(→can study on the Higgs peak)

• K-factor relatively flat
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Figure 2: Up, left: cumulative cross section for gg ! (Z/�)(Z/�) ! e+e�µ+µ� at the 8 TeV

LHC as a function of the lower cut on four-lepton invariant mass. Up, right: distribution of the

invariant mass of the four leptons in the reaction gg ! (Z/�)(Z/�) ! e+e�µ+µ� at the 8 TeV

LHC. Lower panes show ratios of the LO (yellow) and NLO (blue) distributions evaluated at three

different scales to the LO distribution evaluated at µ = 2mZ . Low: same as above for the 13 TeV

LHC.

the emitted gluons, including the vanishingly small ones. Calculation of one-loop amplitudes

for gg ! ZZg process becomes unstable if the gluon in the final state becomes soft or

collinear to the collision axis. We deal with these instabilities by switching to quadruple

precision where appropriate. To obtain the gg ! ZZ cross section through NLO QCD,

we combine elastic and inelastic contributions using the qt-subtraction [47] and, as a cross-

check, the FKS subtraction [56] methods. The results that we present in the next Section

are obtained by combining computations performed using the two subtraction schemes.
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gg->WW@NLO: massless quarks
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Figure 2: The transverse momentum of the positron p?,`+ (up-
per plot) and the invariant mass of the dilepton system m`+`�

(lower plot) in gg ! W+W� ! ⌫ee+µ�⌫̄µ process at the
p
s = 8

TeV LHC. LO results are shown in yellow, NLO results are shown
in blue. The central scale is µ = mW ; the scale variation bands
correspond to scale variations by a factor of two in either di-
rection. The lower panes show the ratios of the LO and NLO
distributions at each scale to the LO distribution at the central
scale.

W bosons are produced on the mass shell. At
p
s = 8

TeV, we find the inclusive cross sections at LO and NLO
to be

�W+W�

gg,LO = 20.9+6.8
�4.8 fb, �W+W�

gg,NLO = 32.2+2.3
�3.1 fb, (1)

where the superscript (subscript) refers to the value at
µ = µ0/2 (µ = 2µ0). We note that the NLO QCD
corrections increase the gluon fusion cross section by a
factor of 1.24�1.80, with an increase by a factor of 1.54
for the central scale choice. This is similar to what was
found in Ref. [36] for gg ! ZZ production, when one
takes into account the di↵erent choice made there for
the central scale.

In order to put these results into context, we would
like to estimate their impact on the NNLO QCD pre-
diction for the pp ! W+W� process at

p
s = 8 TeV

presented recently in Ref. [26]. The results reported in
Ref. [26] were obtained for stable W -bosons; to com-
pare them with our results, we have to multiply them
by the branching fractions for W decays into leptons.
With the input parameters described above we find
Br(W ! `⌫l) = 0.108, in good agreement with experi-
mental measurements. Then, taking the cross sections
from Ref. [26] at µ = µ0, we obtain

�NLO = 638.84 fb; �NNLO+gg,LO = 697.97 fb. (2)

It is stated in Ref. [26] that about 35% of the NNLO
QCD corrections is due to the gluon fusion channel; this

Figure 3: The azimuthal angle between the charged leptons
��`+`� (upper plot), and the transverse mass of the W+W�

system mT,WW (lower plot), in gg ! W+W� ! ⌫ee+µ�⌫̄µ
process at the

p
s = 8 TeV LHC. LO results are shown in yellow,

NLO results are shown in blue. The central scale is µ = mW ; the
scale variation bands correspond to scale variations by a factor of
two in either direction. The lower panes show the ratios of the
LO and NLO distributions at each scale to the LO distribution
at the central scale.

implies that the gg ! W+W� ! 2`2⌫ cross section
used in Ref. [26] is O(21) fb which compares well with
our result in Eq.(1). We now substitute the NLO QCD
result for the gluon fusion cross section instead of the
LO one and obtain1

�NNLO+gg,NLO ⇡ 710 fb. (3)

Therefore, inclusion of the NLO corrections to the gluon-
initiated partonic channel increases the total NNLO
QCD cross section by about 2% percent. This shift
is comparable to the residual theoretical uncertainty on
the NNLO QCD prediction for pp ! W+W�, which is
quoted as O(2%) in Ref. [26]. We also note that the
shift is much larger than the o↵-shell cross section for
Higgs boson production gg ! H⇤ ! W+W� ! 2`2⌫
which we estimate to be O(1) fb using the MCFM pro-
gram [61].

We note that gluon fusion contributions both at
leading and next-to-leading order are less important for
pp ! W+W� compared to pp ! ZZ. Indeed, in the
latter case the corrections to the gluon fusion process
were found to increase the NNLO corrections by ap-
proximately 50% [36] and move it beyond the estimated
uncertainty of the NNLO result. The reason gluon fu-
sion is more important for ZZ than for the W+W�

1We note that including contributions of the third generation
would increase this cross section by approximately 2 fb.
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TeV LHC. LO results are shown in yellow, NLO results are shown
in blue. The central scale is µ = mW ; the scale variation bands
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rection. The lower panes show the ratios of the LO and NLO
distributions at each scale to the LO distribution at the central
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W bosons are produced on the mass shell. At
p
s = 8

TeV, we find the inclusive cross sections at LO and NLO
to be

�W+W�

gg,LO = 20.9+6.8
�4.8 fb, �W+W�

gg,NLO = 32.2+2.3
�3.1 fb, (1)

where the superscript (subscript) refers to the value at
µ = µ0/2 (µ = 2µ0). We note that the NLO QCD
corrections increase the gluon fusion cross section by a
factor of 1.24�1.80, with an increase by a factor of 1.54
for the central scale choice. This is similar to what was
found in Ref. [36] for gg ! ZZ production, when one
takes into account the di↵erent choice made there for
the central scale.

In order to put these results into context, we would
like to estimate their impact on the NNLO QCD pre-
diction for the pp ! W+W� process at

p
s = 8 TeV

presented recently in Ref. [26]. The results reported in
Ref. [26] were obtained for stable W -bosons; to com-
pare them with our results, we have to multiply them
by the branching fractions for W decays into leptons.
With the input parameters described above we find
Br(W ! `⌫l) = 0.108, in good agreement with experi-
mental measurements. Then, taking the cross sections
from Ref. [26] at µ = µ0, we obtain

�NLO = 638.84 fb; �NNLO+gg,LO = 697.97 fb. (2)

It is stated in Ref. [26] that about 35% of the NNLO
QCD corrections is due to the gluon fusion channel; this
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implies that the gg ! W+W� ! 2`2⌫ cross section
used in Ref. [26] is O(21) fb which compares well with
our result in Eq.(1). We now substitute the NLO QCD
result for the gluon fusion cross section instead of the
LO one and obtain1

�NNLO+gg,NLO ⇡ 710 fb. (3)

Therefore, inclusion of the NLO corrections to the gluon-
initiated partonic channel increases the total NNLO
QCD cross section by about 2% percent. This shift
is comparable to the residual theoretical uncertainty on
the NNLO QCD prediction for pp ! W+W�, which is
quoted as O(2%) in Ref. [26]. We also note that the
shift is much larger than the o↵-shell cross section for
Higgs boson production gg ! H⇤ ! W+W� ! 2`2⌫
which we estimate to be O(1) fb using the MCFM pro-
gram [61].

We note that gluon fusion contributions both at
leading and next-to-leading order are less important for
pp ! W+W� compared to pp ! ZZ. Indeed, in the
latter case the corrections to the gluon fusion process
were found to increase the NNLO corrections by ap-
proximately 50% [36] and move it beyond the estimated
uncertainty of the NNLO result. The reason gluon fu-
sion is more important for ZZ than for the W+W�

1We note that including contributions of the third generation
would increase this cross section by approximately 2 fb.
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[FC, Melnikov, Röntsch, Tancredi (2015)] 

• similar corrections to ZZ, K-factor typically stable

• smaller impact on NNLO (~2%)

• massive loop contribution ~ 10%



gg->WW@NLO: massless quarks
[FC, Melnikov, Röntsch, Tancredi (2015)] 

final state is a consequence of the fact that the quark
initiated production cross section for pp ! W+W� and
the uncertainties of the final result are about a factor
of seven larger than the quark initiated cross section
for pp ! ZZ, while the gluon fusion contribution to
W+W� process is only three times larger.

We repeat the calculation for proton-proton colli-
sions at 13 TeV. For the gg ! W+W� ! ⌫ee

+µ�⌫̄µ
process, we find the LO and the NLO cross sections,

�W+W�

gg,LO = 56.5+15.4
�11.5 fb, �W+W�

gg,NLO = 79.5+4.2
�5.9 fb. (4)

The NLO corrections increase the cross section by a
factor of 1.2�1.6, with an increase of 1.4 at the central
scale. The relative size of QCD radiative corrections is,
therefore, similar to that at 8 TeV. The consequences
of this increase for the NNLO QCD prediction of pp !
W+W� cross sections are again similar to what was
described earlier for the 8 TeV case; the NLO QCD
corrections to gg ! W+W� increase the full NNLO
cross section by about 2% which, roughly, corresponds
to the scale uncertainty of the NNLO QCD computation
[26].

Next, we discuss kinematic distributions. We present
results for the 8 TeV LHC. We have also studied kine-
matic distributions at 13 TeV and found a qualitatively
similar behavior. A representative sample for the 8 TeV
LHC is shown in Figs. 2 and 3. In Fig. 2 we display the
positron transverse momentum distribution p?,`+ and
the distribution of the invariant mass of the dilepton
system m`+`� . In Fig. 3 we present the distribution of
the azimuthal opening angle between the charged lep-
tons ��`+`� and the transverse mass of the W+W�

system defined as

mT,WW =
q

2p?,`+`�E?,miss(1� cos �̃). (5)

In the definition of the transverse mass, we introduced
the following notation: p?,`+`� is the transverse mo-
mentum of the `+`� system, E?,miss is the missing en-
ergy, and �̃ is the azimuthal angle between the direc-
tion of the `+`� system and the missing momentum.
We observe that for all kinematic distributions shown
in Figs. 2 and 3, with the exception of the mT,WW one,
the NLO results can be obtained from the LO results
by re-scaling the latter by the constant factor deter-
mined by the NLO QCD e↵ects in the total cross sec-
tion. The situation is di↵erent for the mT,WW distribu-
tion, where the LO distribution vanishes at low values
of mT,WW , leading to an infinite relative correction in
this kinematic regime. This behavior is easily under-
stood. Indeed, vanishing of mT,WW requires all leptons
in the final state to be collinear. This is not possible at
LO but may occur at NLO when the W+W� system
as a whole recoils against an additional jet in the final
state.2 We also note that, with the exception of the last

2 This interpretation is of course independent of the initial

�µµ,8 TeV �ee,8 TeV �eµ,8 TeV

�gg,LO [fb] 5.94+1.89
�1.35 5.40+1.71

�1.23 9.79+3.13
�2.24

�gg,NLO [fb] 7.01�0.36
�0.17 6.40�0.32

�0.16 11.78�0.46
�0.34

Table 1: LO and NLO gluon-initiated fiducial cross sections for
in the ee, µµ, and eµ decay channels. The kinematic cuts are
defined in Ref. [62]. The central value corresponds to µ = µ0; the
upper (lower) value to µ = 0.5µ0 (2µ0), respectively. We remind
the reader that these numbers do not include contributions from
the third generation, see text for details.

bin, the ��`+`� distribution is remarkably uniform at
LO, and this uniformity is maintained at NLO. This is
an interesting feature since the Higgs-mediated process
gg ! H⇤ ! W+W� ! 2l2⌫ produces a larger number
of charged lepton pairs with a small relative opening
angle ��`+`� .

We now turn to the discussion of the fiducial cross
sections defined by a set of cuts used by the ATLAS
collaboration [62] for measurements with ee, µµ, and
eµ+ µe final states. These cuts are displayed in a con-
cise way in Table 1 of Ref. [46] and we do not repeat
them here. However, we note that these cuts include a
veto on events with jets with the transverse momentum
that exceeds 25 GeV. This is an important cut since
it reduces the amount of real radiation at NLO and,
therefore, is expected to reduce the magnitude of radia-
tive corrections compared to the inclusive cross section
case.

In Table 1, we present the fiducial volume cross sec-
tions for the gluon-initiated process at LO and NLO
QCD in these three channels. In order to accurately ac-
count for the cuts, these results are computed allowing
the W -bosons to be o↵ the mass shell. The NLO QCD
values for fiducial cross sections appear to be maximal
at the central scale. For our choice of the central scale,
the NLO corrections increase the fiducial cross sections
by 18%� 20%, independent of the decay channel. This
is substantially smaller than the relative size of radia-
tive corrections found for the inclusive cross section. As
already mentioned, this large di↵erence between correc-
tions to inclusive and fiducial volume cross sections is
explained by the presence of a jet veto in the ATLAS
cuts which removes real-emission contributions with a
hard gluon. Since the hard gluon radiative cross sec-
tion is positive, the NLO cross section with a jet veto
is smaller than the cross section without it. A similar
e↵ect is known in Higgs production in gluon fusion [63].

Our observation of smaller radiative corrections in
the fiducial volume cross section is important since it
points towards potential problems with extrapolating
fiducial volume cross sections to their inclusive values.

state; therefore, this e↵ect should be seen in qq̄ ! W+W� at
NLO, if no cuts are placed on the leptons. We have checked that
this is indeed the case using the program MFCM [61].

4

• fiducial predictions, ATLAS 8TeV

In the case of gg ! V V such extrapolations completely
ignore all the subtleties related to the gluon fusion chan-
nel since NLO QCD corrections to this mechanism of
vector boson production are not included in Monte Carlo
event generators. Matching our computation to existing
NLO parton shower event generators is then desirable.
While this may be challenging technically since the LO
process is loop-induced, it does not require any con-
ceptual modification of existing techniques to combine
fixed order computations and parton showers.

We would like to examine the e↵ects of the NLO
corrections to the gg channel shown in Table 1 on the
existing theoretical calculations of the fiducial cross sec-
tions. We compute these fiducial cross sections using
MCFM [61] and the cuts from Ref. [46]. Included in
this calculation are the qq̄ contributions3 at NLO QCD,
the Higgs production pp ! H ! W+W� at NLO QCD
and the LO gg contributions through quark loops of all
flavors, with the top mass taken as mt = 172.5 GeV and
the Higgs signal/background interference at LO QCD.
We then replace the LO massless gg cross sections in
the fiducial volume with the corresponding NLO val-
ues. The 8 TeV cross sections (in fb) for the µµ, ee and
eµ+ µe decay channels become4

�qq̄+H+gg,NLO
µµ,ee,eµ+µe = (72.0+1.3

�2.1, 66.3
+1.2
�1.7, 337.3

+6.3
�4.5). (6)

Theoretical results in Eq.(6) should be compared
with results of the ATLAS 8 TeV measurement

�µµ,ee,eµ+µe = (74.4+8.1
�7.1, 68.5

+9.0
�8.0, 377.8

+28.4
�25.6), (7)

where we combined statistical, systematic and luminos-
ity uncertainties in quadratures. We see that the elec-
tron and muon channels agree perfectly whereas the
central value of the eµ+µe channel di↵ers by about 1.5
standard deviations. However, this picture is somewhat
misleading, since we have not included the NNLO QCD
corrections to the qq̄ channel in the theory predictions
in Eq.(6). While these corrections are unknown in the
fiducial region, it is perhaps interesting to see what hap-
pens if one estimates them by re-scaling NNLO QCD
corrections to the inclusive cross section by the ratio of
fiducial and inclusive cross sections. In this case we find
that the missing NNLO QCD corrections can increase
the cross sections in Eq.(6) by O(4� 20) fb for ee(µµ)
and eµ + µe channels, respectively. Such an increase
would make the theory prediction and experimental re-
sults agree to within one standard deviation for each of
the three channels.

3Although we consistently talk about qq̄ contributions, the qg
initiated processes are, of course, included, following the standard
routine of perturbative QCD computations.

4 The NLO qq̄ and LO gg results have opposite scale depen-
dence, so their naive combination would lead to an accidentally
small scale variation uncertainty. If the gg channel is included at
NLO, the total uncertainty is dominated by the qq̄ channel so a
precise procedure of how to combine the qq̄ and gg uncertainties
is not important.

In summary We have calculated the NLO QCD
corrections to the gg ! W+W� ! l+1 ⌫1l

�
2 ⌫̄2 process

at the LHC. These corrections increase the gluon fusion
cross section by 20%�80%, depending on the center-of-
mass energy and the scale choice. The impact of these
corrections on the pp ! W+W� production cross sec-
tion is moderate; they increase the NNLO QCD theory
prediction by about two percent, which is comparable
to the current estimate of the theoretical uncertainty
at NNLO. We have also calculated the gg ! W+W�

cross section through NLO in perturbative QCD sub-
ject to kinematic cuts used by the ATLAS collabora-
tion to measure the pp ! W+W� cross section. For
the fiducial cross section, we found a smaller increase of
around 20% for our central scale choice. Nevertheless,
this contribution further increases the fiducial volume
cross section, moving the theoretical result closer to the
experimental one.
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• (rough) combination with NNLO
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+6.3
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+28.4
�25.6), (7)
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would make the theory prediction and experimental re-
sults agree to within one standard deviation for each of
the three channels.
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is not important.
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2 ⌫̄2 process

at the LHC. These corrections increase the gluon fusion
cross section by 20%�80%, depending on the center-of-
mass energy and the scale choice. The impact of these
corrections on the pp ! W+W� production cross sec-
tion is moderate; they increase the NNLO QCD theory
prediction by about two percent, which is comparable
to the current estimate of the theoretical uncertainty
at NNLO. We have also calculated the gg ! W+W�

cross section through NLO in perturbative QCD sub-
ject to kinematic cuts used by the ATLAS collabora-
tion to measure the pp ! W+W� cross section. For
the fiducial cross section, we found a smaller increase of
around 20% for our central scale choice. Nevertheless,
this contribution further increases the fiducial volume
cross section, moving the theoretical result closer to the
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• ATLAS result

It would be very interesting to properly combine 
NNLO and gg->VV@NLO in the fiducial region



gg->VV: massive loops
[FC, Dowling, Melnikov, Röntsch, Tancredi, in progress] 

T

• Compute exact two-loop amplitudes mediated by 
heavy quarks beyond current technology

• Intermediate solution: expand in 1/mt 

• Should give reliable results below the two-top 
threshold

• Validation: real emission, can be done exactly



gg->VV: massive loops
[FC, Dowling, Melnikov, Röntsch, Tancredi, in progress] 
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Figure 3: Comparisons of m
4` distributions against MCFM, for massive loops loops only with top

mass mt = 173 GeV and using an upper cut pmax

T,j = {80, 120, 150, 200, 300, 400} GeV. The di↵erent
orders of the expansion are also shown.
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Figure 4: Comparison of pT,j against MCFM, for massive loops with mt = 173 GeV.
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• Validation example: gg->H+j->4l+j vs gg->4l+j 
signal/background interference

• Exact result: [Campbell, Ellis, Furlan, Röntsch (2014)]

• If enough terms in the 
expansion are kept: 
very good agreement

• Promising results

• Will allow for 
accurate description 
up to m4l ~ 340 GeVPre

lim
ina

ry



Conclusions
• Precision physics in the di-boson sector will be 

possible

• Sophisticated NNLO predictions for almost all 
processes, almost all in the fiducial region as well

• Comparison data / theory should be compared in the 
fiducial region (minimize extrapolation errors, simplify 
theoretical definitions)

• Several small effects on top of NNLO can play a 
relevant role at the few-percent level. One example: 
gg->VV@NLO. Other example: electroweak 
corrections (especially at high pT)

• Looking forward to compare against precise results 
from Run-2!



Thank you for  
your attention!


