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                                                                                          COMETA

Goal of COMETA:

provide global understanding of electroweak symmetry breaking

precise determination of multi-boson interactions

requires precise predictions for multi-boson processes

HVV couplings determined at 10% level 

HHH coupling:  

HHVV coupling:   

VVV and VVVV couplings: e.g 

−0.4 < κλ = λhhh /λSM
hhh < 6.3

0 < κHHVV < 2.1
−0.4 ≲ C3W ≲ 0.2 [CMS 2022] in  searchW±γ

[ATLAS 2023]
[ATLAS 2022]
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                                                                                          Status

process known desired

pp æ H

N3LOHTL

NNLO(t)
QCD

N(1,1)LO(HTL)
QCD¢EW

NLOQCD

N4LOHTL (incl.)

NNLO(b,c)
QCD

pp æ H + j

NNLOHTL

NLOQCD

N(1,1)LOQCD¢EW

NNLOHTL ¢ NLOQCD + NLOEW

pp æ H + 2j

NLOHTL ¢ LOQCD

N3LO(VBFú)
QCD (incl.)

NNLO(VBFú)
QCD

NLO(VBF)
EW

NNLOHTL ¢ NLOQCD + NLOEW

N3LO(VBFú)
QCD

NNLO(VBF)
QCD

pp æ H + 3j
NLOHTL

NLO(VBF)
QCD

NLOQCD + NLOEW

pp æ V H
NNLOQCD + NLOEW

NLO(t,b)
ggæHZ

pp æ V H + j
NNLOQCD

NLOQCD + NLOEW
NNLOQCD + NLOEW

pp æ HH N3LOHTL ¢ NLOQCD NLOEW

pp æ HH + 2j

N3LO(VBFú)
QCD (incl.)

NNLO(VBFú)
QCD

NLO(VBF)
EW

pp æ HHH NNLOHTL

pp æ H + tt̄
NLOQCD + NLOEW

NNLOQCD (o�-diag.)
NNLOQCD

pp æ H + t/t̄ NLOQCD + NLOEW NNLOQCD

Table 1: Precision wish list: Higgs boson final states. NxLO(VBFú)
QCD means a calculation using

the structure function approximation. V = W, Z.
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                                                                                          Status

Les Houches wishlist 2021

process known desired

pp æ V

N3LOQCD

N(1,1)LOQCD¢EW

NLOEW

N3LOQCD + N(1,1)LOQCD¢EW

N2LOEW

pp æ V V Õ NNLOQCD + NLOEW

+ NLOQCD (gg channel)

NLOQCD

(gg channel, w/ massive loops)

N(1,1)LOQCD¢EW

pp æ V + j NNLOQCD + NLOEW hadronic decays

pp æ V + 2j
NLOQCD + NLOEW (QCD component)

NLOQCD + NLOEW (EW component)
NNLOQCD

pp æ V + bb̄ NLOQCD NNLOQCD + NLOEW

pp æ V V Õ + 1j NLOQCD + NLOEW NNLOQCD

pp æ V V Õ + 2j
NLOQCD (QCD component)

NLOQCD + NLOEW (EW component)
Full NLOQCD + NLOEW

pp æ W +W + + 2j Full NLOQCD + NLOEW

pp æ W +W ≠ + 2j NLOQCD + NLOEW (EW component)

pp æ W +Z + 2j NLOQCD + NLOEW (EW component)

pp æ ZZ + 2j Full NLOQCD + NLOEW

pp æ V V ÕV ÕÕ NLOQCD

NLOEW (w/o decays)
NLOQCD + NLOEW

pp æ W ±W +W ≠ NLOQCD + NLOEW

pp æ ““ NNLOQCD + NLOEW N3LOQCD

pp æ “ + j NNLOQCD + NLOEW N3LOQCD

pp æ ““ + j
NNLOQCD + NLOEW

+ NLOQCD (gg channel)

pp æ “““ NNLOQCD NNLOQCD + NLOEW

Table 3: Precision wish list: vector boson final states. V = W, Z and V Õ, V ÕÕ = W, Z, “. Full
leptonic decays are understood if not stated otherwise.
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                                                                                          Status

Les Houches wishlist 2021

known desired

process known desired

pp æ V

N3LOQCD

N(1,1)LOQCD¢EW

NLOEW

N3LOQCD + N(1,1)LOQCD¢EW

N2LOEW

pp æ V V Õ NNLOQCD + NLOEW

+ NLOQCD (gg channel)

NLOQCD

(gg channel, w/ massive loops)

N(1,1)LOQCD¢EW

pp æ V + j NNLOQCD + NLOEW hadronic decays

pp æ V + 2j
NLOQCD + NLOEW (QCD component)

NLOQCD + NLOEW (EW component)
NNLOQCD

pp æ V + bb̄ NLOQCD NNLOQCD + NLOEW

pp æ V V Õ + 1j NLOQCD + NLOEW NNLOQCD

pp æ V V Õ + 2j
NLOQCD (QCD component)

NLOQCD + NLOEW (EW component)
Full NLOQCD + NLOEW

pp æ W +W + + 2j Full NLOQCD + NLOEW

pp æ W +W ≠ + 2j NLOQCD + NLOEW (EW component)

pp æ W +Z + 2j NLOQCD + NLOEW (EW component)

pp æ ZZ + 2j Full NLOQCD + NLOEW

pp æ V V ÕV ÕÕ NLOQCD

NLOEW (w/o decays)
NLOQCD + NLOEW

pp æ W ±W +W ≠ NLOQCD + NLOEW

pp æ ““ NNLOQCD + NLOEW N3LOQCD

pp æ “ + j NNLOQCD + NLOEW N3LOQCD

pp æ ““ + j
NNLOQCD + NLOEW

+ NLOQCD (gg channel)

pp æ “““ NNLOQCD NNLOQCD + NLOEW

Table 3: Precision wish list: vector boson final states. V = W, Z and V Õ, V ÕÕ = W, Z, “. Full
leptonic decays are understood if not stated otherwise.
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                                                                                          Gluon fusion processes

COMETA wants to advocate networking among the precision experts 

We can learn from the methods applied to the various multi-boson processes

Example: Gluon fusion processes

in Higgs production processes gluon fusion dominant

H

H

H

g

g H

Hg

g

04
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                                                                                          Gluon fusion processes

COMETA wants to advocate networking among the precision experts 

We can learn from the methods applied to the various multi-boson processes

Example: Gluon fusion processes

in Higgs production processes gluon fusion dominant

vector boson dominantly produced from quarks, but gluon fusion 
relevant at higher orders in QCD

g

g

Z

Z

t
H

(a)

g

g

Z

Z

t

(b)

Figure 1: Representative Feynman diagrams contributing to the gg ! ZZ amplitude at LO.
Only the contribution from top-quark loops is shown.

In order to simplify the evaluation of the cross section, in our work we express the ampli-
tude in terms of a set of orthonormal projectors

Â
µ⌫⇢�(p1, p2, p3) =

20X

i=1

P
µ⌫⇢�

i
Ai(ŝ, t̂, û,mt,mZ), (7)

where the tensors Pµ⌫⇢�

i
are constructed as linear combinations of the Lorentz structures in

(6), using a Gram-Schmidt procedure for the orthogonalization. In App. A we give the explicit
expressions for the projectors, while here we point out that we impose the {µ $ ⌫, p1 $ p2

(anti-)symmetry. This is necessary for the pT expansion, but it also allows to reduce the
number of relevant form factors1 from 20 to 16. We present our results in terms of the Ai

form factors of Eq.(7), while in App. A we include the relations to obtain the latter as a
combination of the fi in Eq.(6).

We will consider a perturbative expansion of the form factors in the strong coupling

Ai = A
(0)
i

+
↵S

⇡
A

(1)
i

+O(↵2
S) (8)

where one- and two-loop diagrams contribute respectively to the LO (A(0)
i

) and NLO (A(1)
i

).
According to the topology of the relevant Feynman diagrams (see Fig. 1), we identify a triangle
and a box contribution to the LO form factors

A
(0)
i

= A
(0,4)
i

+A
(0,⇤)
i

. (9)

The above classification is modified at NLO, where the two-loop triangle and box topolo-
gies are supplemented with one-particle-reducible double-triangle diagrams as in Fig. 2(c).
Therefore we will define the NLO form factors as

A
(1)
i

= A
(1,4)
i

+A
(1,⇤)
i

+A
(1,./)
i

. (10)

1In fact, we observed that enforcing the additional Bose symmetry {⇢ $ �, p3 $ p4} further reduces the
relevant form factors to 12. While this may be used for improving the practical implementation of our results,
in this paper we use the 16 form factors.

4
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                                                                                          Higgs pair production

Up to NLO in full top mass dependence [Borowka et al ’16, Baglio et al ’18 ]

@ NNLO in heavy top mass limit  
(mass effects incorporated for double-real radiation 
or in asymptotic expansion in heavy top mass)

[Grazzini, Heinrich, Jones, Kallweit, 
Kerner, Lindert, Mazzitelli ’18, Grigo 
Hoff, Steinhauser ‘15 ]

[de Florian, Mazzitelli ’13, Grigo, 
Melnikov, Steinhauser ’14]

[L.B.Chen, H. T. Li, H.-S. Shao and 
J.Wang’19]

N3LO in heavy top mass limit

combination of expansion in pT and high energy
[Bellafronte, Degrassi, Giardino, RG, Vitti 
’22, Davies, Mishima, Schönwald, 
Steinhauser ‘23]

σ(13.6 TeV) = 34.436%
−23% fb

large uncertainty mainly due to top mass renormalisation scheme

[ Baglio et al ’18 ’20 ]

05
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                                                                                          Higgs pair production

0 1 2 3 4 5 6
k∏

1.6

1.7

1.8

1.9

2.0

2.1

æ
N

L
O

p
p
!

H
H
/æ

L
O

p
p
!

H
H

MS µt = mHH

MS µt = mt(mt)

MS µt = mHH/2

MS µt = mHH/4

OS

[Bagnaschi, Degrassi, RG ’23]

top renormalisation scheme dependence uncertainty depends on 
value of  trilinear Higgs self-coupling
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                                                                                          What can we learn for other processes?

gg → ZH
at NLO QCD  

top renormalisation scheme uncertainty   
of similar size  

than scale uncertainty 

+0%
−12.9%

+16.7%
−14.1%

[Degrassi, RG, Vitti, Zhao ’22]

reduction from LO to NLO in ZH though smaller 
compared to HH due to different logarithmic structure in 
high-energy limit [Chen et al. ’22]

gg → ZZ results available at NLO QCD do not allow to compute the 
uncertainty 
similar behaviour to HH though expected for top loopsgg → W+W−

07



   Ramona Gröber — Università di Padova and INFN, Sezione di Padova                                              / 14                                                                              

                                                                                          What can we learn for other processes?

gg → ZH
at NLO QCD  

top renormalisation scheme uncertainty   
of similar size  

than scale uncertainty 

+0%
−12.9%

+16.7%
−14.1%

[Degrassi, RG, Vitti, Zhao ’22]

reduction from LO to NLO in ZH though smaller 
compared to HH due to different logarithmic structure in 
high-energy limit [Chen et al. ’22]

gg → ZZ

gg → W+W−

results available at NLO QCD do not allow to compute the 
uncertainty 
similar behaviour to HH though expected

Shrinking the top renormalisation scheme dependence requires NNLO QCD corrections 
in full mass dependence beyond state of the art

can we learn more about them by making use of expansions?
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                                                                                          BSM precision

Is it sufficient to have a precise SM result?

08



   Ramona Gröber — Università di Padova and INFN, Sezione di Padova                                              / 14                                                                              

                                                                                          BSM precision

Is it sufficient to have a precise SM result?

J
H
E
P
1
0
(
2
0
2
3
)
0
8
6

benchmark σNLO[fb] K-factor ratio to SM σNLO[fb] σNLO[fb]
option (b) option (b) option (b) option (a) HEFT

SM 27.94+13.7%
−12.8% 1.67 1 - -

1! 71.95+20.1%
−15.7% 2.06 2.58 -57.64 91.62

3! 68.69+9.4%
−9.5% 1.80 2.46 30.15 70.20

6! 70.18+18.8%
−15.5% 1.83 2.51 50.82 87.9

Table 1. Total cross sections for Higgs-boson pair production at full NLO QCD for three benchmark
points and truncation option (b) for Λ = 1TeV. The total cross sections for truncation option (a)
are also given, in order to highlight the difference to the linearised case, as well as the values for
HEFT. The uncertainties are scale uncertainties based on 3-point scale variations.

– 3 –

J
H
E
P
1
0
(
2
0
2
3
)
0
8
6
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SMEFT σ(SM+dim6+dim62)×(SM+dim6+dim62)

HEFT

300 400 500 600 700 800 900
mhh [GeV]

−1

0

1

2

d
σ

d
m

h
h
/
d
σ
S
M

d
m

h
h

−0.4

−0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

d
σ

d
m

h
h
[

fb
G
eV

]

benchmark point 1∗ at NLO

SM
SMEFT σSM×SM + σSM×dim6

SMEFT σ(SM+dim6)×(SM+dim6)

SMEFT σ(SM+dim6)×(SM+dim6) + σSM×dim62

SMEFT σ(SM+dim6+dim62)×(SM+dim6+dim62)

HEFT

300 400 500 600 700 800 900
mhh [GeV]

−1

0

1

2

d
σ

d
m

h
h
/
d
σ
S
M

d
m

h
h

Figure 3. Differential cross sections for the invariant mass mhh of the Higgs-boson pair for bench-
mark point 1! of table 2 in ref. [2]. Top row: Λ = 1TeV, middle row: Λ = 2TeV, bottom row:
Λ = 4TeV. Left: LO, right: NLO.

– 4 –

[Heinrich, Lang Scyboz ’22]

HH production

no, SMEFT operators change shape 
at NLO,  

multiplication with SM K-factor 
not sufficient

(see [Haisch, Scott, Wiesemann, Zanderighi, 
Zanoli ’22] for ZH)
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                                                                                          BSM precision

For other processes urgently needed!

i.e. VBF HH known to N3LO QCD and N2LO QCD +NLO EW 
[Dreyer, Karlberg, Lang, Pellen ’22]

[Dreyer, Karlberg, Tancredi ’20]

[Dreyer, Karlberg, Tancredi ’18]

at NLO QCD the LO factorises 
at NNLO QCD this no longer holds true

4 Frédéric A. Dreyer et al.: On the impact of non-factorisable corrections in VBF single and double Higgs production

H1

H2

V
⇤
1

V
⇤

2

p2

p1

(a)

H1

H2

V
⇤
1

V
⇤

2

p2

p1

(b)

H1

H2

V
⇤

1

V
⇤
2

p2

p1

(c)

H2

H1

V
⇤

1

V
⇤
2

p2

p1

(d)

Fig. 5: Diagrams for Higgs pair production. (a) The T1 topology. (b) The T2 topology. (c) The B1 topology. (d) The
B2 topology.

factorisable counterparts. For this reason it has long been
argued that they can be neglected when considering NNLO
corrections to VBF [5].

Due to the complexity involved in computing the
two-loop non-factorisable corrections, very little has been
known about them beyond the fact that they are colour
suppressed. However, very recently [12] significant progress
was made, when it was shown that the corrections can be
estimated within the eikonal approximation [22–25]. This
calculation exploits the fact that when typical VBF cuts
are applied, the VBF cross section can be expanded in
the ratio of the leading jet transverse momentum over the
total partonic centre-of-mass energy

⇠ =
pt,j1
p
s
. (6)

In this kinematical configuration, the authors of Ref. [12]
conclude that the non-factorisable corrections receive a ⇡2-
enhancement connected to the presence of a Glauber phase,
which can partially compensate their colour suppression.
Indeed, it turns out that for VBF single Higgs production,
the non-factorisable corrections can contribute up to 1%
in certain regions of phase space, making them larger than
the factorisable N3LO corrections. In what follows we will
use the same approximation to estimate the impact of
non-factorisable corrections for the case of double Higgs
production as well.

In order to see how the NNLO non-factorisable cor-
rections can be estimated in the eikonal approximation
both for single and double Higgs production, let us con-
sider a generic VBF Born diagram, which we will call D,
for the production of an in principle arbitrary number of
Higgs bosons, see Fig. 3a. In what follows this diagram will
represent either the Born diagram for VBF single Higgs
production T of Fig. 4, or any of the Born diagrams for
double Higgs production T1, T2, B1 or B2 in Fig. 5.

It is important to stress here that, somewhat coun-
terintuitively, we will be considering QCD corrections on
each single diagram separately, and not on the full Born
matrix element. Since we are interested in computing the
NNLO QCD corrections to this class of processes, we imag-
ine dressing the diagram D with 1-loop or 2-loop QCD

corrections, as depicted in Fig. 6, where we provide two
representative diagrams for illustration only.

(a) (b)

Fig. 6: Generic form of non-factorisable 1-loop (a) and
2-loop (b) corrections to the production of n Higgs boson.

It turns out that, at least up to two loops in QCD, we
can limit ourselves to diagrams where the gluons are in
a colour-singlet configuration, i.e. exchanged between the
two quark lines. All other configurations do not contribute
to the cross-section due to colour conservation. Therefore,
the calculation of the one- and two-loop QCD corrections
in the eikonal approximation reduces e↵ectively to the cor-
responding calculation in QED, with the colour-averaged
e↵ective coupling

e↵s =

✓
N2

c
� 1

4N2
c

◆1/2

↵s . (7)

Following Ref. [12], let us consider the process

q(p1) + q(p2) ! q(p3) + q(p4) +X(P ) (8)

where X(P ) can represent one or multiple Higgs bosons
produced in vector-boson fusion. At leading order, we call
the momenta flowing in the two vector bosons respectively

q1 = p1 � p3 , q2 = p2 � p4 . (9)

The leading term in the eikonal approximation can
then easily be obtained by employing light-cone coordi-
nates, which make transparent the separation between the

color singlet possible

dependence on 
HEFT 

coefficients 
beyond LO 

needed

Used to constrain  κVVHH

09
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                                                                                          Rare Multi-Boson Production

Allow to measure HHHH, VVVV, VHHH, VVVH, VVVVV, … couplings

COMETA advocates the study of rare multi-boson processes

such as triboson production, triple Higgs production, VHH, VVH, VBF 
VH  or VVV production

10
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                                                                                          Rare Multi-Boson Production

Allow to measure HHHH, VVVV, VHHH, VVVH, VVVVV, … couplings

COMETA advocates the study of rare multi-boson processes

such as triboson production, triple Higgs production, VHH, VVH, VBF 
VH  or VVV production

Precision needed?

tri-boson studies started at LHC Run 2, e.g. NLO QCD + EW 
corrections in WWZ of 𝒪(30%) [Yong-Bai, Ren-You, Wen-Gan, Xiao-Zhu, 

Yu, Lei ’15]

feasibility studies of HHH production started, NLO QCD corrections 
in top mass dependence not available,  

NLO QCD corrections expected to be 𝒪(100%)
[HHH workshop @ Dubrovnik ’23]

10
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                                                                                          Matching to Parton Shower
Needed to allow experimentalists to use the precise predictions provided 
by the theory community

500 550 600 650 700
Integrated fiducial cross-section [fb]

This measurement
 20 (syst) fb± 7 (stat) ±707 

Powheg MiNNLO + Pythia8, NNPDF3.0 (*)
 15 (scale) fb± 10 (PDF) ±654 

Sherpa 2.2.12 (0-1j@NLO, 2-3j@LO), NNPDF3.0 (*) 
 48 (scale) fb± 10 (PDF) ±660 

MATRIX 2.0 nNNLO, NNPDF3.1
 16 (scale) fb± 7 (PDF) ±711 

 NLO EW, NNPDF3.1⊗MATRIX 2.0 nNNLO 
 15 (scale) fb± 7 (PDF) ±688 

 1.7×WW →(*) + Sherpa 2.2.2 gg
WWjj →     + Sherpa 2.2.12 EW qq

 PreliminaryATLAS
-1 = 13 TeV, 140 fbs

ν

±

µν± e→pp 

Data
Statistical Uncertainty
Total Uncertainty
Predictions

Figure 8: Measured fiducial cross-sections, compared to theoretical predictions from P����� M�NNLO, S�����2.2.12,
and MATRIX 2.0.1. The nNNLO prediction includes photon-induced contributions and NLO QCD corrections to the
gluon-induced initial state. The P����� M�NNLO and S�����2.2.12 predictions are combined with S�����2.2.2
and S�����2.2.12 to model gluon-induced ,, production and the electroweak production of ,, 9 9 , respectively.
An inclusive NLO :-factor of 1.7 is applied to the S�����2.2.2 prediction. Inner (outer) error bars on theory
prediction correspond to PDF (the combination of scale and PDF) uncertainties.

The measurement is extrapolated to the full phase space of ,, production based on the acceptance
of 23.7% ± 0.3% for ,+

,
�
! 4

±
a`

⌥
a events, calculated at nNNLO with MATRIX, including NLO

electroweak corrections and by accounting for a leptonic , branching ratio of 10.86%. The uncertainty
on the acceptance is 1.1%, estimated by varying the renormalization and factorization scales by factors
of two, avoiding variations in opposite directions, by evaluating the PDF uncertainty, and by comparing
the multiplicative with the additive scheme for electroweak corrections, with the last being the dominant
uncertainty. After this extrapolation, the measured total production cross-section of ,-boson pairs is found
to be

ftotal = 127 ± 1 (stat.) ± 4 (syst.) pb.

In Figure 9 the total cross-section is compared to measurements of ATLAS [10] and CMS [9] that are based
on datasets of 36 fb�1. The improved precision of this measurement with respect to its predecessor [8] is due
to more precise data-driven top quark and fake lepton estimates, the improved luminosity determination [16],
and the measurement in a jet-inclusive phase space, which reduces jet-related uncertainties as well as
theoretical uncertainties on the extrapolation to the full phase space.

Differential fiducial cross-sections are presented in Figure 10 and 11. Excellent agreement with the
fixed-order MATRIX prediction is observed. Electroweak corrections, applied with the multiplicative
combination scheme, improve the modelling of high-mass events for some distributions (e.g. <4`) but
over-correct for other distributions (e.g. ?lead. lep.

T ). The over-correction is expected as the multiplicative
combination scheme does not always yield an appropriate estimate of mixed QCD-EW effects, in particular
in regions of phase space that are dominated by events with hard QCD radiation, as is the case for high
?

lead. lep.
T [108]. The parton-shower matched predictions based on the M�NNLO and S����� 2.2.12 samples
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Figure 12: Fiducial differential cross-sections as a function of (a) �lep.+MET
T , (b) <T,4`, (c) the jet multiplicity of

the event, and (d) (T. The measured cross-section values are shown as points with error bars giving the statistical
uncertainty and solid bands indicating the size of the total uncertainty. For distributions in which the rightmost
bin is inclusive, the right-hand-side axis indicates the integrated cross-section of the rightmost bin. The results are
compared to fixed-order nNNLO QCD + NLO EW predictions of MATRIX 2.0.1, with the NNLO + PS predictions
from P����� M�NNLO + P�����8, and S�����2.2.12 NLO + PS predictions. The last two predictions are combined
with S�����2.2.2 for the 66 initial state and S�����2.2.12 for electroweak ,, 9 9 production. These contributions
are modelled at LO but a NLO QCD :-factor of 1.7 is applied for gluon induced production. Theoretical predictions
are indicated as markers with vertical lines denoting PDF, scale and parton shower uncertainties. Markers are
staggered for better visibility.
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                                                                                          Matching to Parton Shower
Needed to allow experimentalists to use the precise predictions provided 
by the theory community

500 550 600 650 700
Integrated fiducial cross-section [fb]

This measurement
 20 (syst) fb± 7 (stat) ±707 

Powheg MiNNLO + Pythia8, NNPDF3.0 (*)
 15 (scale) fb± 10 (PDF) ±654 

Sherpa 2.2.12 (0-1j@NLO, 2-3j@LO), NNPDF3.0 (*) 
 48 (scale) fb± 10 (PDF) ±660 

MATRIX 2.0 nNNLO, NNPDF3.1
 16 (scale) fb± 7 (PDF) ±711 

 NLO EW, NNPDF3.1⊗MATRIX 2.0 nNNLO 
 15 (scale) fb± 7 (PDF) ±688 
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WWjj →     + Sherpa 2.2.12 EW qq

 PreliminaryATLAS
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Predictions

Figure 8: Measured fiducial cross-sections, compared to theoretical predictions from P����� M�NNLO, S�����2.2.12,
and MATRIX 2.0.1. The nNNLO prediction includes photon-induced contributions and NLO QCD corrections to the
gluon-induced initial state. The P����� M�NNLO and S�����2.2.12 predictions are combined with S�����2.2.2
and S�����2.2.12 to model gluon-induced ,, production and the electroweak production of ,, 9 9 , respectively.
An inclusive NLO :-factor of 1.7 is applied to the S�����2.2.2 prediction. Inner (outer) error bars on theory
prediction correspond to PDF (the combination of scale and PDF) uncertainties.

The measurement is extrapolated to the full phase space of ,, production based on the acceptance
of 23.7% ± 0.3% for ,+

,
�
! 4

±
a`

⌥
a events, calculated at nNNLO with MATRIX, including NLO

electroweak corrections and by accounting for a leptonic , branching ratio of 10.86%. The uncertainty
on the acceptance is 1.1%, estimated by varying the renormalization and factorization scales by factors
of two, avoiding variations in opposite directions, by evaluating the PDF uncertainty, and by comparing
the multiplicative with the additive scheme for electroweak corrections, with the last being the dominant
uncertainty. After this extrapolation, the measured total production cross-section of ,-boson pairs is found
to be

ftotal = 127 ± 1 (stat.) ± 4 (syst.) pb.

In Figure 9 the total cross-section is compared to measurements of ATLAS [10] and CMS [9] that are based
on datasets of 36 fb�1. The improved precision of this measurement with respect to its predecessor [8] is due
to more precise data-driven top quark and fake lepton estimates, the improved luminosity determination [16],
and the measurement in a jet-inclusive phase space, which reduces jet-related uncertainties as well as
theoretical uncertainties on the extrapolation to the full phase space.

Differential fiducial cross-sections are presented in Figure 10 and 11. Excellent agreement with the
fixed-order MATRIX prediction is observed. Electroweak corrections, applied with the multiplicative
combination scheme, improve the modelling of high-mass events for some distributions (e.g. <4`) but
over-correct for other distributions (e.g. ?lead. lep.

T ). The over-correction is expected as the multiplicative
combination scheme does not always yield an appropriate estimate of mixed QCD-EW effects, in particular
in regions of phase space that are dominated by events with hard QCD radiation, as is the case for high
?

lead. lep.
T [108]. The parton-shower matched predictions based on the M�NNLO and S����� 2.2.12 samples
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Figure 12: Fiducial differential cross-sections as a function of (a) �lep.+MET
T , (b) <T,4`, (c) the jet multiplicity of

the event, and (d) (T. The measured cross-section values are shown as points with error bars giving the statistical
uncertainty and solid bands indicating the size of the total uncertainty. For distributions in which the rightmost
bin is inclusive, the right-hand-side axis indicates the integrated cross-section of the rightmost bin. The results are
compared to fixed-order nNNLO QCD + NLO EW predictions of MATRIX 2.0.1, with the NNLO + PS predictions
from P����� M�NNLO + P�����8, and S�����2.2.12 NLO + PS predictions. The last two predictions are combined
with S�����2.2.2 for the 66 initial state and S�����2.2.12 for electroweak ,, 9 9 production. These contributions
are modelled at LO but a NLO QCD :-factor of 1.7 is applied for gluon induced production. Theoretical predictions
are indicated as markers with vertical lines denoting PDF, scale and parton shower uncertainties. Markers are
staggered for better visibility.
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                                                                                          Parton Shower for HH
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Figure 4: The transverse momentum of the leading Higgs for di↵erent choices of the top-
mass renormalization scheme: (A) absolute distributions at NLO+PS; (B) ratio between
the MS predictions and the OS one; (C) ratio between the distributions computed at
NLO+PS and their LO counterpart (K-factors); ( D) same as bottom left, but with the
LO distributions computed with NLO PDFs.

consider two observable which are sensitive to the recoil against jet activity, namely the
transverse momentum of the two Higgs system, p?HH , and the transverse momentum of the
leading Higgs, p?H1

, that is identified as the final state boson with the largest transverse
momentum.

In fig. 3 we show the transverse momentum distribution of the two Higgs system for
di↵erent top mass renormalization schemes. This observable is sensitive to soft gluon radia-
tion. In the left figure the absolute distributions at NLO+PS are presented which show the
suppression in the region p?HH ! 0 where the fixed order NLO results become unreliable.
The right plot shows the ratio between the MS predictions for the p?HH distribution and the
OS one. We notice that the MS results are always smaller than the OS one. However, in
the small p?HH region they are all quite close to the OS result while, as the p?HH increases
the MS results tend to be more spread among themselves and with respect to the OS one.
The small scheme dependence as p?HH ! 0 is likely related to the shower, that in this region
has a relevant e↵ect.

Fig. 4 shows the same plots of fig. 2 for the transverse momentum of the leading Higgs
instead of MHH . Figs. 4 B and 4 C convey the same information with respect to the
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                                                                                          Matching to Parton Shower

COMETA intends to bring together experts in precision computations, 
Monte Carlo simulations and Parton showers as well as experimentalists 

together 

• integrating the precision predictions (NLO and 
NNLO) in MC codes including BSM

• spin-correlations, EW effects at high energies

see also talk by Giovanni

• uncertainty estimates with PS effects
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                                                                                          Conclusion

still lots to do what regards precision in multi-boson production 

• understanding of top mass renormalisation scheme uncertainty

• inclusion of BSM in VBF precision predictions

• networking among precision experts, MC+PS experts, 
experimentalists to include all of these in tools used by the 
experimentalists

• which precision will be needed for the rare multi-boson 
processes?
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