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Introduction

• Loop-induced processes feature first non-trivial 
contribution at loop-level only

  process:gg → ZH

Formally NNLO
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Introduction

• Loop-induced processes feature first non-trivial 
contribution at loop-level only

  process:gg → ZH

• Bosonic external configuration, e.g. gluon initiated. In 
particular gluon-initiated processes are of great 
relevance for LHC precision studies due to the large 
initial state gluon flux

Formally NNLO
Peculiarities: 
• Ren/fac uncertainty rather big
• NLO very challenging due to the presence of massive 

multi-scale double box integrals
• Sensitive to theory parameters variation
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Introduction

• Loop-induced processes feature first non-trivial 
contribution at loop-level only

  process:gg → ZH

• Bosonic external configuration, e.g. gluon initiated. In 
particular gluon-initiated processes are of great 
relevance for LHC precision studies due to the large 
initial state gluon flux

Formally NNLO
Peculiarities: 
• Ren/fac uncertainty rather big
• NLO very challenging due to the presence of massive 

multi-scale double box integrals
• Sensitive to theory parameters variation

~30% in ggHZ
[de Florian, D. et al.: 1610.07922] 
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Introduction

• Loop-induced processes feature first non-trivial 
contribution at loop-level only

  process:gg → ZH

• Bosonic external configuration, e.g. gluon initiated. In 
particular gluon-initiated processes are of great 
relevance for LHC precision studies due to the large 
initial state gluon flux

Formally NNLO
Peculiarities: 
• Ren/fac uncertainty rather big
• NLO very challenging due to the presence of massive 

multi-scale double box integrals
• Sensitive to theory parameters variation

Particularly suitable for BSM studies and SM precision studies

~30% in ggHZ
[de Florian, D. et al.: 1610.07922] 
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Introduction: impact on a full simulation
 case:gg → ZZ

J
H
E
P
0
3
(
2
0
1
9
)
0
7
0

√
s 8TeV 13TeV 8TeV 13TeV

σ [fb] σ/σNLO − 1

LO 8.1881(8)+2.4%
−3.2% 13.933(1)+5.5%

−6.4% −27.5% −29.8%

NLO 11.2958(4)+2.5%
−2.0% 19.8454(7)+2.5%

−2.1% 0% 0%

qq̄NNLO 12.09(2)+1.1%
−1.1% 21.54(2)+1.1%

−1.2% +7.0% +8.6%

σ [fb] σ/σggLO − 1

ggLO 0.79355(6)+28.2%
−20.9% 2.0052(1)+23.5%

−17.9% 0% 0%

ggNLOgg 1.4787(4)+15.9%
−13.1% 3.626(1)+15.2%

−12.7% +86.3% +80.8%

ggNLO 1.3892(4)+15.4%
−13.6% 3.425(1)+13.9%

−12.0% +75.1% +70.8%

σ [fb] σ/σNLO − 1

NNLO 12.88(2)+2.8%
−2.2% 23.55(2)+3.0%

−2.6% +14.0% +18.7%

nNNLO 13.48(2)+2.6%
−2.3% 24.97(2)+2.9%

−2.7% +19.3% +25.8%

Table 3. Fiducial cross sections at different perturbative orders and relative impact on NLO and
ggLO predictions, respectively. The quoted uncertainties correspond to scale variations as described
in the text, and the numerical integration errors on the previous digit are stated in parentheses; for
all (n)NNLO results, the latter include the uncertainty due the rcut extrapolation [52].

NNLO result by about 5% (6%) at
√
s = 8 (13)TeV. Corresponding to the above-mentioned

numbers, excluding the qg channels would increase the nNNLO prediction by about 1%.

The NNLO and nNNLO predictions are marginally compatible within scale uncertainties.

We add a comment on the contribution of diagrams with a Higgs boson: the cuts we

are applying essentially select on-shell Z bosons, thereby forcing the Higgs boson to be

off-shell. Nonetheless, our calculation consistently includes also the Higgs diagrams. The

signal-background interference in the gg → ZZ → 4l channel is known to provide a non-

negligible contribution [34]. Indeed, we find that with our selection cuts the impact of the

Higgs contribution is about −5% both in the ggLO and ggNLO results.

We now turn to presenting kinematical distributions. Throughout this section, the

plots are organized according to the following pattern: there is an upper panel where

absolute cross sections at LO (black, dotted), NLO (red, dashed), NNLO (blue, dash-

dotted) and nNNLO (magenta, solid) are shown. In the central panel the nNNLO result

with its scale uncertainty is normalised to the central NNLO result. In the lower panel the

NLO/LO K-factors of the loop-induced gluon fusion contribution are shown, with (ggNLO;

pink, solid) and without (ggNLOgg; brown, dash-double-dotted) the qg contribution. The

figures on the left show the 8TeV results, and the ones on the right the 13TeV results.

We first consider the invariant-mass distribution of the four-lepton system in figure 4.

The impact of the NLO corrections to the loop-induced gluon fusion contribution is largest
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[Grazzini, M. et al: JHEP03(2019)070]

[Astill, W. et al.: 1804.08141] 

Fiducial cross section HZJ-MiNLO MCFM-8.0 HZ-NNLOPS(LHEF) HZNNLOPS
no gg!HZ 6.59

+7.2%

�6.2%
fb 7.14

+0.5%

�0.9%
fb 7.14

+0.3%

�0.4%
fb 6.49

+0.8%

�0.6%
fb

with gg!HZ – 7.92
+2.0%

�1.5%
fb 7.90

+2.8%

�2.0%
fb 7.16

+3.1%

�2.1%
fb

no gg!HZ, high-pt,Z 1.13
+5.9%

�5.3%
fb 1.21

+0.1%

�0.2%
fb 1.21

+0.2%

�0.3%
fb 1.13

+1.5%

�1.2%
fb

with gg!HZ, high-pt,Z – 1.49
+5.3%

�4.1%
fb 1.48

+5.3%

�4.0%
fb 1.42

+6.9%

�5.1%
fb

Table 1. Fiducial cross section of pp ! HZ !
�
bb̄
�
(e

+
e
�

) at 13 TeV with leptonic and b-jet cuts.
The uncertainty band refers to the scale variation described in the text. Numerical errors for each
prediction are beyond the quoted digits.

defined using the flavour-kt algorithm [48] with R = 0.4. In the flavour-kt algorithm we
only consider b-quarks to be flavoured, and all other light quarks to be flavourless. Using b-
tagging, such an algorithm can be implemented in experimental analyses. The fiducial cross
sections in this phase-space volume at different levels of our simulations, are reported in
Tab. 1. We also present results with an additional cut on the Z boson transverse momentum,
pt,Z > 150 GeV, which we refer to as high-pt,Z region.

We first discuss the results without gg!HZ contribution, over the full range of Z boson
transverse momentum reported in the first line of the Tab. 1. The HZJ-MiNLO cross section is
about 8% smaller than the full NNLO calculation from MCFM-8.0. The difference is properly
accounted for by reweighting the event sample and the cross section of HZ-NNLOPS(LHEF)
and MCFM-8.0 are equal to each other within the numerical accuracy (which is at the level
of the last quoted digit). The scale uncertainty from the NLO result is reduced from about
7% to below 1% at the NNLO level. The inclusion of the O(↵

2
s
) gg!HZ channel, reported

in the second line of the table, results in further increase of the total cross section by about
10%. In this case, the scale uncertainty is dominated by the new contribution, which is
described only at leading order, and increases the scale uncertainty to the level of 2-3%.
This larger scale uncertainty is somehow welcome, as a scale uncertainty below the percent
level is unlikely to reflect the true perturbative uncertainty. This uncertainty will be reduced
by an NLO treatment of the gg!HZ contribution.2

We now discuss the impact of the parton shower on these cross sections. As is well
known, in the presence of fiducial cuts that constrain the jet activity, as is in the case at
hand, there can be a sizeable difference between a pure fixed-order computation and results
after applying a parton shower. This is illustrated in the last two columns of the table.
The parton shower allows for extra QCD radiation off coloured partons which can move the
b-jets outside the fiducial phase-space volume, thereby reducing the recorded cross section.
The impact of parton shower is similar in both instances, with and without the gg ! HZ

contribution, and amounts to about 10% reduction of the cross section in the fiducial region,
while the impact is milder, 5 � 7%, in the high-pt,Z region.

If we now examine the results with an additional pt,Z cut, reported in the last two lines
of the table, we observe a reduction of the cross section by a factor of about 5 and in general

2Note that the small difference in the gg !HZ contribution in MCFM-8.0 and HZ-NNLOPS(LHEF) is due
to using LHAPDF or POWHEG routines to perform the running of the coupling from MZ to the central scale
choice MH + MZ.

– 14 –
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by an NLO treatment of the gg!HZ contribution.2
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after applying a parton shower. This is illustrated in the last two columns of the table.
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described only at leading order, and increases the scale uncertainty to the level of 2-3%.
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level is unlikely to reflect the true perturbative uncertainty. This uncertainty will be reduced
by an NLO treatment of the gg!HZ contribution.2
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known, in the presence of fiducial cuts that constrain the jet activity, as is in the case at
hand, there can be a sizeable difference between a pure fixed-order computation and results
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The parton shower allows for extra QCD radiation off coloured partons which can move the
b-jets outside the fiducial phase-space volume, thereby reducing the recorded cross section.
The impact of parton shower is similar in both instances, with and without the gg ! HZ

contribution, and amounts to about 10% reduction of the cross section in the fiducial region,
while the impact is milder, 5 � 7%, in the high-pt,Z region.

If we now examine the results with an additional pt,Z cut, reported in the last two lines
of the table, we observe a reduction of the cross section by a factor of about 5 and in general

2Note that the small difference in the gg !HZ contribution in MCFM-8.0 and HZ-NNLOPS(LHEF) is due
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9
)
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Table 3. Fiducial cross sections at different perturbative orders and relative impact on NLO and
ggLO predictions, respectively. The quoted uncertainties correspond to scale variations as described
in the text, and the numerical integration errors on the previous digit are stated in parentheses; for
all (n)NNLO results, the latter include the uncertainty due the rcut extrapolation [52].

NNLO result by about 5% (6%) at
√
s = 8 (13)TeV. Corresponding to the above-mentioned

numbers, excluding the qg channels would increase the nNNLO prediction by about 1%.

The NNLO and nNNLO predictions are marginally compatible within scale uncertainties.

We add a comment on the contribution of diagrams with a Higgs boson: the cuts we

are applying essentially select on-shell Z bosons, thereby forcing the Higgs boson to be

off-shell. Nonetheless, our calculation consistently includes also the Higgs diagrams. The

signal-background interference in the gg → ZZ → 4l channel is known to provide a non-

negligible contribution [34]. Indeed, we find that with our selection cuts the impact of the

Higgs contribution is about −5% both in the ggLO and ggNLO results.

We now turn to presenting kinematical distributions. Throughout this section, the

plots are organized according to the following pattern: there is an upper panel where

absolute cross sections at LO (black, dotted), NLO (red, dashed), NNLO (blue, dash-

dotted) and nNNLO (magenta, solid) are shown. In the central panel the nNNLO result

with its scale uncertainty is normalised to the central NNLO result. In the lower panel the

NLO/LO K-factors of the loop-induced gluon fusion contribution are shown, with (ggNLO;

pink, solid) and without (ggNLOgg; brown, dash-double-dotted) the qg contribution. The

figures on the left show the 8TeV results, and the ones on the right the 13TeV results.

We first consider the invariant-mass distribution of the four-lepton system in figure 4.

The impact of the NLO corrections to the loop-induced gluon fusion contribution is largest
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Tab. 1. We also present results with an additional cut on the Z boson transverse momentum,
pt,Z > 150 GeV, which we refer to as high-pt,Z region.

We first discuss the results without gg!HZ contribution, over the full range of Z boson
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about 8% smaller than the full NNLO calculation from MCFM-8.0. The difference is properly
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of the last quoted digit). The scale uncertainty from the NLO result is reduced from about
7% to below 1% at the NNLO level. The inclusion of the O(↵

2
s
) gg!HZ channel, reported

in the second line of the table, results in further increase of the total cross section by about
10%. In this case, the scale uncertainty is dominated by the new contribution, which is
described only at leading order, and increases the scale uncertainty to the level of 2-3%.
This larger scale uncertainty is somehow welcome, as a scale uncertainty below the percent
level is unlikely to reflect the true perturbative uncertainty. This uncertainty will be reduced
by an NLO treatment of the gg!HZ contribution.2

We now discuss the impact of the parton shower on these cross sections. As is well
known, in the presence of fiducial cuts that constrain the jet activity, as is in the case at
hand, there can be a sizeable difference between a pure fixed-order computation and results
after applying a parton shower. This is illustrated in the last two columns of the table.
The parton shower allows for extra QCD radiation off coloured partons which can move the
b-jets outside the fiducial phase-space volume, thereby reducing the recorded cross section.
The impact of parton shower is similar in both instances, with and without the gg ! HZ

contribution, and amounts to about 10% reduction of the cross section in the fiducial region,
while the impact is milder, 5 � 7%, in the high-pt,Z region.

If we now examine the results with an additional pt,Z cut, reported in the last two lines
of the table, we observe a reduction of the cross section by a factor of about 5 and in general

2Note that the small difference in the gg !HZ contribution in MCFM-8.0 and HZ-NNLOPS(LHEF) is due
to using LHAPDF or POWHEG routines to perform the running of the coupling from MZ to the central scale
choice MH + MZ.
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in the second line of the table, results in further increase of the total cross section by about
10%. In this case, the scale uncertainty is dominated by the new contribution, which is
described only at leading order, and increases the scale uncertainty to the level of 2-3%.
This larger scale uncertainty is somehow welcome, as a scale uncertainty below the percent
level is unlikely to reflect the true perturbative uncertainty. This uncertainty will be reduced
by an NLO treatment of the gg!HZ contribution.2

We now discuss the impact of the parton shower on these cross sections. As is well
known, in the presence of fiducial cuts that constrain the jet activity, as is in the case at
hand, there can be a sizeable difference between a pure fixed-order computation and results
after applying a parton shower. This is illustrated in the last two columns of the table.
The parton shower allows for extra QCD radiation off coloured partons which can move the
b-jets outside the fiducial phase-space volume, thereby reducing the recorded cross section.
The impact of parton shower is similar in both instances, with and without the gg ! HZ

contribution, and amounts to about 10% reduction of the cross section in the fiducial region,
while the impact is milder, 5 � 7%, in the high-pt,Z region.

If we now examine the results with an additional pt,Z cut, reported in the last two lines
of the table, we observe a reduction of the cross section by a factor of about 5 and in general

2Note that the small difference in the gg !HZ contribution in MCFM-8.0 and HZ-NNLOPS(LHEF) is due
to using LHAPDF or POWHEG routines to perform the running of the coupling from MZ to the central scale
choice MH + MZ.
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in the second line of the table, results in further increase of the total cross section by about
10%. In this case, the scale uncertainty is dominated by the new contribution, which is
described only at leading order, and increases the scale uncertainty to the level of 2-3%.
This larger scale uncertainty is somehow welcome, as a scale uncertainty below the percent
level is unlikely to reflect the true perturbative uncertainty. This uncertainty will be reduced
by an NLO treatment of the gg!HZ contribution.2

We now discuss the impact of the parton shower on these cross sections. As is well
known, in the presence of fiducial cuts that constrain the jet activity, as is in the case at
hand, there can be a sizeable difference between a pure fixed-order computation and results
after applying a parton shower. This is illustrated in the last two columns of the table.
The parton shower allows for extra QCD radiation off coloured partons which can move the
b-jets outside the fiducial phase-space volume, thereby reducing the recorded cross section.
The impact of parton shower is similar in both instances, with and without the gg ! HZ

contribution, and amounts to about 10% reduction of the cross section in the fiducial region,
while the impact is milder, 5 � 7%, in the high-pt,Z region.

If we now examine the results with an additional pt,Z cut, reported in the last two lines
of the table, we observe a reduction of the cross section by a factor of about 5 and in general

2Note that the small difference in the gg !HZ contribution in MCFM-8.0 and HZ-NNLOPS(LHEF) is due
to using LHAPDF or POWHEG routines to perform the running of the coupling from MZ to the central scale
choice MH + MZ.
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Introduction: impact on a full simulation
 case:gg → ZZ

J
H
E
P
0
3
(
2
0
1
9
)
0
7
0

√
s 8TeV 13TeV 8TeV 13TeV

σ [fb] σ/σNLO − 1

LO 8.1881(8)+2.4%
−3.2% 13.933(1)+5.5%

−6.4% −27.5% −29.8%

NLO 11.2958(4)+2.5%
−2.0% 19.8454(7)+2.5%

−2.1% 0% 0%

qq̄NNLO 12.09(2)+1.1%
−1.1% 21.54(2)+1.1%

−1.2% +7.0% +8.6%

σ [fb] σ/σggLO − 1

ggLO 0.79355(6)+28.2%
−20.9% 2.0052(1)+23.5%

−17.9% 0% 0%

ggNLOgg 1.4787(4)+15.9%
−13.1% 3.626(1)+15.2%

−12.7% +86.3% +80.8%

ggNLO 1.3892(4)+15.4%
−13.6% 3.425(1)+13.9%

−12.0% +75.1% +70.8%

σ [fb] σ/σNLO − 1

NNLO 12.88(2)+2.8%
−2.2% 23.55(2)+3.0%

−2.6% +14.0% +18.7%

nNNLO 13.48(2)+2.6%
−2.3% 24.97(2)+2.9%

−2.7% +19.3% +25.8%

Table 3. Fiducial cross sections at different perturbative orders and relative impact on NLO and
ggLO predictions, respectively. The quoted uncertainties correspond to scale variations as described
in the text, and the numerical integration errors on the previous digit are stated in parentheses; for
all (n)NNLO results, the latter include the uncertainty due the rcut extrapolation [52].

NNLO result by about 5% (6%) at
√
s = 8 (13)TeV. Corresponding to the above-mentioned

numbers, excluding the qg channels would increase the nNNLO prediction by about 1%.

The NNLO and nNNLO predictions are marginally compatible within scale uncertainties.

We add a comment on the contribution of diagrams with a Higgs boson: the cuts we

are applying essentially select on-shell Z bosons, thereby forcing the Higgs boson to be

off-shell. Nonetheless, our calculation consistently includes also the Higgs diagrams. The

signal-background interference in the gg → ZZ → 4l channel is known to provide a non-

negligible contribution [34]. Indeed, we find that with our selection cuts the impact of the

Higgs contribution is about −5% both in the ggLO and ggNLO results.

We now turn to presenting kinematical distributions. Throughout this section, the

plots are organized according to the following pattern: there is an upper panel where

absolute cross sections at LO (black, dotted), NLO (red, dashed), NNLO (blue, dash-

dotted) and nNNLO (magenta, solid) are shown. In the central panel the nNNLO result

with its scale uncertainty is normalised to the central NNLO result. In the lower panel the

NLO/LO K-factors of the loop-induced gluon fusion contribution are shown, with (ggNLO;

pink, solid) and without (ggNLOgg; brown, dash-double-dotted) the qg contribution. The

figures on the left show the 8TeV results, and the ones on the right the 13TeV results.

We first consider the invariant-mass distribution of the four-lepton system in figure 4.

The impact of the NLO corrections to the loop-induced gluon fusion contribution is largest
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Table 1. Fiducial cross section of pp ! HZ !
�
bb̄
�
(e

+
e
�

) at 13 TeV with leptonic and b-jet cuts.
The uncertainty band refers to the scale variation described in the text. Numerical errors for each
prediction are beyond the quoted digits.

defined using the flavour-kt algorithm [48] with R = 0.4. In the flavour-kt algorithm we
only consider b-quarks to be flavoured, and all other light quarks to be flavourless. Using b-
tagging, such an algorithm can be implemented in experimental analyses. The fiducial cross
sections in this phase-space volume at different levels of our simulations, are reported in
Tab. 1. We also present results with an additional cut on the Z boson transverse momentum,
pt,Z > 150 GeV, which we refer to as high-pt,Z region.

We first discuss the results without gg!HZ contribution, over the full range of Z boson
transverse momentum reported in the first line of the Tab. 1. The HZJ-MiNLO cross section is
about 8% smaller than the full NNLO calculation from MCFM-8.0. The difference is properly
accounted for by reweighting the event sample and the cross section of HZ-NNLOPS(LHEF)
and MCFM-8.0 are equal to each other within the numerical accuracy (which is at the level
of the last quoted digit). The scale uncertainty from the NLO result is reduced from about
7% to below 1% at the NNLO level. The inclusion of the O(↵

2
s
) gg!HZ channel, reported

in the second line of the table, results in further increase of the total cross section by about
10%. In this case, the scale uncertainty is dominated by the new contribution, which is
described only at leading order, and increases the scale uncertainty to the level of 2-3%.
This larger scale uncertainty is somehow welcome, as a scale uncertainty below the percent
level is unlikely to reflect the true perturbative uncertainty. This uncertainty will be reduced
by an NLO treatment of the gg!HZ contribution.2

We now discuss the impact of the parton shower on these cross sections. As is well
known, in the presence of fiducial cuts that constrain the jet activity, as is in the case at
hand, there can be a sizeable difference between a pure fixed-order computation and results
after applying a parton shower. This is illustrated in the last two columns of the table.
The parton shower allows for extra QCD radiation off coloured partons which can move the
b-jets outside the fiducial phase-space volume, thereby reducing the recorded cross section.
The impact of parton shower is similar in both instances, with and without the gg ! HZ

contribution, and amounts to about 10% reduction of the cross section in the fiducial region,
while the impact is milder, 5 � 7%, in the high-pt,Z region.

If we now examine the results with an additional pt,Z cut, reported in the last two lines
of the table, we observe a reduction of the cross section by a factor of about 5 and in general

2Note that the small difference in the gg !HZ contribution in MCFM-8.0 and HZ-NNLOPS(LHEF) is due
to using LHAPDF or POWHEG routines to perform the running of the coupling from MZ to the central scale
choice MH + MZ.
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prediction are beyond the quoted digits.

defined using the flavour-kt algorithm [48] with R = 0.4. In the flavour-kt algorithm we
only consider b-quarks to be flavoured, and all other light quarks to be flavourless. Using b-
tagging, such an algorithm can be implemented in experimental analyses. The fiducial cross
sections in this phase-space volume at different levels of our simulations, are reported in
Tab. 1. We also present results with an additional cut on the Z boson transverse momentum,
pt,Z > 150 GeV, which we refer to as high-pt,Z region.

We first discuss the results without gg!HZ contribution, over the full range of Z boson
transverse momentum reported in the first line of the Tab. 1. The HZJ-MiNLO cross section is
about 8% smaller than the full NNLO calculation from MCFM-8.0. The difference is properly
accounted for by reweighting the event sample and the cross section of HZ-NNLOPS(LHEF)
and MCFM-8.0 are equal to each other within the numerical accuracy (which is at the level
of the last quoted digit). The scale uncertainty from the NLO result is reduced from about
7% to below 1% at the NNLO level. The inclusion of the O(↵

2
s
) gg!HZ channel, reported

in the second line of the table, results in further increase of the total cross section by about
10%. In this case, the scale uncertainty is dominated by the new contribution, which is
described only at leading order, and increases the scale uncertainty to the level of 2-3%.
This larger scale uncertainty is somehow welcome, as a scale uncertainty below the percent
level is unlikely to reflect the true perturbative uncertainty. This uncertainty will be reduced
by an NLO treatment of the gg!HZ contribution.2

We now discuss the impact of the parton shower on these cross sections. As is well
known, in the presence of fiducial cuts that constrain the jet activity, as is in the case at
hand, there can be a sizeable difference between a pure fixed-order computation and results
after applying a parton shower. This is illustrated in the last two columns of the table.
The parton shower allows for extra QCD radiation off coloured partons which can move the
b-jets outside the fiducial phase-space volume, thereby reducing the recorded cross section.
The impact of parton shower is similar in both instances, with and without the gg ! HZ

contribution, and amounts to about 10% reduction of the cross section in the fiducial region,
while the impact is milder, 5 � 7%, in the high-pt,Z region.

If we now examine the results with an additional pt,Z cut, reported in the last two lines
of the table, we observe a reduction of the cross section by a factor of about 5 and in general

2Note that the small difference in the gg !HZ contribution in MCFM-8.0 and HZ-NNLOPS(LHEF) is due
to using LHAPDF or POWHEG routines to perform the running of the coupling from MZ to the central scale
choice MH + MZ.
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defined using the flavour-kt algorithm [48] with R = 0.4. In the flavour-kt algorithm we
only consider b-quarks to be flavoured, and all other light quarks to be flavourless. Using b-
tagging, such an algorithm can be implemented in experimental analyses. The fiducial cross
sections in this phase-space volume at different levels of our simulations, are reported in
Tab. 1. We also present results with an additional cut on the Z boson transverse momentum,
pt,Z > 150 GeV, which we refer to as high-pt,Z region.

We first discuss the results without gg!HZ contribution, over the full range of Z boson
transverse momentum reported in the first line of the Tab. 1. The HZJ-MiNLO cross section is
about 8% smaller than the full NNLO calculation from MCFM-8.0. The difference is properly
accounted for by reweighting the event sample and the cross section of HZ-NNLOPS(LHEF)
and MCFM-8.0 are equal to each other within the numerical accuracy (which is at the level
of the last quoted digit). The scale uncertainty from the NLO result is reduced from about
7% to below 1% at the NNLO level. The inclusion of the O(↵

2
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) gg!HZ channel, reported

in the second line of the table, results in further increase of the total cross section by about
10%. In this case, the scale uncertainty is dominated by the new contribution, which is
described only at leading order, and increases the scale uncertainty to the level of 2-3%.
This larger scale uncertainty is somehow welcome, as a scale uncertainty below the percent
level is unlikely to reflect the true perturbative uncertainty. This uncertainty will be reduced
by an NLO treatment of the gg!HZ contribution.2

We now discuss the impact of the parton shower on these cross sections. As is well
known, in the presence of fiducial cuts that constrain the jet activity, as is in the case at
hand, there can be a sizeable difference between a pure fixed-order computation and results
after applying a parton shower. This is illustrated in the last two columns of the table.
The parton shower allows for extra QCD radiation off coloured partons which can move the
b-jets outside the fiducial phase-space volume, thereby reducing the recorded cross section.
The impact of parton shower is similar in both instances, with and without the gg ! HZ

contribution, and amounts to about 10% reduction of the cross section in the fiducial region,
while the impact is milder, 5 � 7%, in the high-pt,Z region.

If we now examine the results with an additional pt,Z cut, reported in the last two lines
of the table, we observe a reduction of the cross section by a factor of about 5 and in general

2Note that the small difference in the gg !HZ contribution in MCFM-8.0 and HZ-NNLOPS(LHEF) is due
to using LHAPDF or POWHEG routines to perform the running of the coupling from MZ to the central scale
choice MH + MZ.
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Introduction: impact on a full simulation
 case:gg → ZZ

J
H
E
P
0
3
(
2
0
1
9
)
0
7
0

√
s 8TeV 13TeV 8TeV 13TeV

σ [fb] σ/σNLO − 1

LO 8.1881(8)+2.4%
−3.2% 13.933(1)+5.5%

−6.4% −27.5% −29.8%

NLO 11.2958(4)+2.5%
−2.0% 19.8454(7)+2.5%

−2.1% 0% 0%

qq̄NNLO 12.09(2)+1.1%
−1.1% 21.54(2)+1.1%

−1.2% +7.0% +8.6%

σ [fb] σ/σggLO − 1

ggLO 0.79355(6)+28.2%
−20.9% 2.0052(1)+23.5%

−17.9% 0% 0%

ggNLOgg 1.4787(4)+15.9%
−13.1% 3.626(1)+15.2%

−12.7% +86.3% +80.8%

ggNLO 1.3892(4)+15.4%
−13.6% 3.425(1)+13.9%

−12.0% +75.1% +70.8%

σ [fb] σ/σNLO − 1

NNLO 12.88(2)+2.8%
−2.2% 23.55(2)+3.0%

−2.6% +14.0% +18.7%

nNNLO 13.48(2)+2.6%
−2.3% 24.97(2)+2.9%

−2.7% +19.3% +25.8%

Table 3. Fiducial cross sections at different perturbative orders and relative impact on NLO and
ggLO predictions, respectively. The quoted uncertainties correspond to scale variations as described
in the text, and the numerical integration errors on the previous digit are stated in parentheses; for
all (n)NNLO results, the latter include the uncertainty due the rcut extrapolation [52].

NNLO result by about 5% (6%) at
√
s = 8 (13)TeV. Corresponding to the above-mentioned

numbers, excluding the qg channels would increase the nNNLO prediction by about 1%.

The NNLO and nNNLO predictions are marginally compatible within scale uncertainties.

We add a comment on the contribution of diagrams with a Higgs boson: the cuts we

are applying essentially select on-shell Z bosons, thereby forcing the Higgs boson to be

off-shell. Nonetheless, our calculation consistently includes also the Higgs diagrams. The

signal-background interference in the gg → ZZ → 4l channel is known to provide a non-

negligible contribution [34]. Indeed, we find that with our selection cuts the impact of the

Higgs contribution is about −5% both in the ggLO and ggNLO results.

We now turn to presenting kinematical distributions. Throughout this section, the

plots are organized according to the following pattern: there is an upper panel where

absolute cross sections at LO (black, dotted), NLO (red, dashed), NNLO (blue, dash-

dotted) and nNNLO (magenta, solid) are shown. In the central panel the nNNLO result

with its scale uncertainty is normalised to the central NNLO result. In the lower panel the

NLO/LO K-factors of the loop-induced gluon fusion contribution are shown, with (ggNLO;

pink, solid) and without (ggNLOgg; brown, dash-double-dotted) the qg contribution. The

figures on the left show the 8TeV results, and the ones on the right the 13TeV results.

We first consider the invariant-mass distribution of the four-lepton system in figure 4.

The impact of the NLO corrections to the loop-induced gluon fusion contribution is largest

– 8 –

[Grazzini, M. et al: JHEP03(2019)070]

ggLO
NNLO

= ∼ 6 % ∼ 8.5 %

8TeV             13 TeV

• It even doubles the total 
uncertainty 

• ggLO largely underestimates 
the NLO

}
}

~11%

~23%

[Astill, W. et al.: 1804.08141] 

Fiducial cross section HZJ-MiNLO MCFM-8.0 HZ-NNLOPS(LHEF) HZNNLOPS
no gg!HZ 6.59

+7.2%

�6.2%
fb 7.14

+0.5%

�0.9%
fb 7.14

+0.3%

�0.4%
fb 6.49

+0.8%

�0.6%
fb

with gg!HZ – 7.92
+2.0%

�1.5%
fb 7.90

+2.8%

�2.0%
fb 7.16

+3.1%

�2.1%
fb

no gg!HZ, high-pt,Z 1.13
+5.9%

�5.3%
fb 1.21

+0.1%

�0.2%
fb 1.21

+0.2%

�0.3%
fb 1.13

+1.5%

�1.2%
fb

with gg!HZ, high-pt,Z – 1.49
+5.3%

�4.1%
fb 1.48

+5.3%

�4.0%
fb 1.42

+6.9%

�5.1%
fb

Table 1. Fiducial cross section of pp ! HZ !
�
bb̄
�
(e

+
e
�

) at 13 TeV with leptonic and b-jet cuts.
The uncertainty band refers to the scale variation described in the text. Numerical errors for each
prediction are beyond the quoted digits.

defined using the flavour-kt algorithm [48] with R = 0.4. In the flavour-kt algorithm we
only consider b-quarks to be flavoured, and all other light quarks to be flavourless. Using b-
tagging, such an algorithm can be implemented in experimental analyses. The fiducial cross
sections in this phase-space volume at different levels of our simulations, are reported in
Tab. 1. We also present results with an additional cut on the Z boson transverse momentum,
pt,Z > 150 GeV, which we refer to as high-pt,Z region.

We first discuss the results without gg!HZ contribution, over the full range of Z boson
transverse momentum reported in the first line of the Tab. 1. The HZJ-MiNLO cross section is
about 8% smaller than the full NNLO calculation from MCFM-8.0. The difference is properly
accounted for by reweighting the event sample and the cross section of HZ-NNLOPS(LHEF)
and MCFM-8.0 are equal to each other within the numerical accuracy (which is at the level
of the last quoted digit). The scale uncertainty from the NLO result is reduced from about
7% to below 1% at the NNLO level. The inclusion of the O(↵

2
s
) gg!HZ channel, reported

in the second line of the table, results in further increase of the total cross section by about
10%. In this case, the scale uncertainty is dominated by the new contribution, which is
described only at leading order, and increases the scale uncertainty to the level of 2-3%.
This larger scale uncertainty is somehow welcome, as a scale uncertainty below the percent
level is unlikely to reflect the true perturbative uncertainty. This uncertainty will be reduced
by an NLO treatment of the gg!HZ contribution.2

We now discuss the impact of the parton shower on these cross sections. As is well
known, in the presence of fiducial cuts that constrain the jet activity, as is in the case at
hand, there can be a sizeable difference between a pure fixed-order computation and results
after applying a parton shower. This is illustrated in the last two columns of the table.
The parton shower allows for extra QCD radiation off coloured partons which can move the
b-jets outside the fiducial phase-space volume, thereby reducing the recorded cross section.
The impact of parton shower is similar in both instances, with and without the gg ! HZ

contribution, and amounts to about 10% reduction of the cross section in the fiducial region,
while the impact is milder, 5 � 7%, in the high-pt,Z region.

If we now examine the results with an additional pt,Z cut, reported in the last two lines
of the table, we observe a reduction of the cross section by a factor of about 5 and in general

2Note that the small difference in the gg !HZ contribution in MCFM-8.0 and HZ-NNLOPS(LHEF) is due
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Figure 9: Transverse momentum of the ZH system and hardest jet pT distributions for ZH
production at

√
s = 14 TeV. The setup is the same as in Fig. 8.

hard process. We note here that despite the fact that the factorisation and renormalisation

scale uncertainty is large, as evident from the yellow bands, it seems to mainly affect the

normalisation of the curves.

The advantage of the ME+PS procedure is then made obvious by noticing that the

shower scale uncertainty is almost completely eliminated in the merged predictions. For

all observables, the shower scale uncertainty bands remain well within the corresponding

renormalisation and factorisation scale uncertainty ones, even at high transverse momen-

tum. ME+PS predictions are therefore more accurate/precise and predictive than the

parton shower alone as they include the exact 2 → 3 matrix elements. These play an

important role in the phase space regions populated by highly boosted objects which is

often the case for LHC searches.

3. Zφ production in the 2HDM

In the previous section we discussed gluon induced ZH production in the SM, employing

the ME+PS merging method to improve the accuracy of the predictions for the differential

distributions at the LHC. In this section, we will follow a similar approach for a beyond

the SM scenario. The case we consider in this work is the 2HDM, as a minimal extension
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NLO matched to parton shower

In Sherpa 3.0.0  is available at full Standard Model only for on-shell final states and can thus 
be used as test case

gg → HH

Run card configuration 
example:

From interpolation

3.1 Comparison with previous NLO results

A very strong consistency check of the new implementation, which allows to test at the same
time the real amplitudes and their stability, the implementation of the grid for the virtual
two-loop amplitude and all the various parts of the code relevant for the NLO fixed order
computation is a comparison with the previous NLO results computed in Refs. [20, 22]. A
comparison at the level of individual phase space points shows that the grid interpolation
slightly increases the numerical uncertainty associated to the virtual amplitude results, which
were calculated with percent level precision in the previous publications. At the level of
differential distributions we found excellent agreement, not only for the full NLO results, but
also for the various other approximations available and for uncertainties related to scales
variation.

In Fig. 2 we show a comparison between the NLO predictions obtained with the
POWHEG-BOX generator and the original ones from Ref. [22]. In the MG5_aMC@NLO case, where
only showered results are available, we made a similar validation plot for the mhh distribution,
as it is insensitive to shower effects.

We should mention at this point that beyond p
h
T
⇠ 650 GeV, a systematic bias stemming

from lack of statistics in the grid starts to develop. As a consequence, the results obtained
with the grid will be systematically below the “true” results. The difference is within the
statistical uncertainty up to about ph

T
⇠ 750 GeV, and increases to about 20% at ph

T
⇠ 1 TeV

(and mhh ⇠ 2 TeV).
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Figure 2: The mhh and p
h
T distributions calculated from the grid versus the full calculation.

3.2 Comparisons at the level of Les Houches event files

Before presenting results for NLO predictions matched to the parton shower, we show
comparisons of NLO curves with results at the Les Houches event (LHE) level, after the first
hard emission is weighted with the Sudakov factor according to the POWHEG method. Even
though the LHE level predictions still need to be showered, such a comparison allows to
test the implementation and, once the results are fully showered, to disentangle the impact
of the shower from the one due to the POWHEG exponentiation. For observables which are
inclusive in the extra radiation, the fixed order NLO and LHE level predictions should be
in perfect agreement. We show the level of agreement between the NLO and LHE curves

– 7 –
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In Sherpa 3.0.0  is available at full Standard Model only for on-shell final states and can thus 
be used as test case
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Run card configuration 
example:

From interpolation

Figure 2: Parton shower predictions for the pHH

? spectrum in a LO+PS type simulation compared
to a fixed-order calculation in the HEFT approximation. The uncertainty band around
the fixed-order result is obtained by varying µF and µR. Uncertainties on the LO+PS
results are obtained by varying µPS.
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Figure 3: Parton shower predictions for the pHH

? spectrum in a LO+PS type simulation compared
to a fixed-order calculation in the full SM. The uncertainty band around the fixed-order
result is obtained through variations of µF and µR. Uncertainties on the LO+PS results
are obtained by varying µPS.
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3.2 Comparisons at the level of Les Houches event files

Before presenting results for NLO predictions matched to the parton shower, we show
comparisons of NLO curves with results at the Les Houches event (LHE) level, after the first
hard emission is weighted with the Sudakov factor according to the POWHEG method. Even
though the LHE level predictions still need to be showered, such a comparison allows to
test the implementation and, once the results are fully showered, to disentangle the impact
of the shower from the one due to the POWHEG exponentiation. For observables which are
inclusive in the extra radiation, the fixed order NLO and LHE level predictions should be
in perfect agreement. We show the level of agreement between the NLO and LHE curves
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NLO matched to parton shower

In Sherpa 3.0.0  is available at full Standard Model only for on-shell final states and can thus 
be used as test case

gg → HH

Figure 2: Parton shower predictions for the pHH

? spectrum in a LO+PS type simulation compared
to a fixed-order calculation in the HEFT approximation. The uncertainty band around
the fixed-order result is obtained by varying µF and µR. Uncertainties on the LO+PS
results are obtained by varying µPS.
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Figure 3: Parton shower predictions for the pHH

? spectrum in a LO+PS type simulation compared
to a fixed-order calculation in the full SM. The uncertainty band around the fixed-order
result is obtained through variations of µF and µR. Uncertainties on the LO+PS results
are obtained by varying µPS.
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[Jones, S. et al: JHEP 1802 (2018)]

LO suffers by the same large PS starting scale 
uncertainty shown before for other processes

Figure 10: Transverse momentum distribution of the leading (ph1
T ) and subleading (ph2

T ) Higgs
boson, comparing fixed order and showered results. The first bin in p

h1
T in the fixed order NLO

calculation is negative and therefore does not appear in the upper part of the plot.

Figure 11: Total cross section as a function of the difference � between the pT,min cut placed on
the harder and the softer Higgs boson transverse momenta.
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Figure 12: Higgs boson pair transverse momentum distribution p
hh
T (left) and leading jet transverse

momentum distribution p
j1
T (right), comparing fixed order and showered results.

tail of the distribution is predicted at the first non-trivial order. In the �R
hh distribution,

we observe that the shower populates the region �R
hh

< ⇡, which at fixed order is given by
the 2 ! 3 component only.

– 13 –

 [Heinrich et al.: JHEP 1708 (2017)]

Showered result doesn’t 
match NLO in the tail
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Figure 5: Parton shower NLO matching e↵ects on the p
HH

? spectrum in a full SM calculation.
The left panel shows results obtained with the CS shower, while the results on the right
were generated with the Dire shower. The uncertainty band around the fixed-order
result is obtained through variations of µF and µR. Uncertainties on the MC@NLO
predictions are obtained by varying µPS.

of these e↵ects is limited by the phase space available to the parton shower, as determined by
the choice of µPS and the functional form of the evolution variable. We observe that results
generated using the Dire shower, particularly for larger values of µPS, have a di↵erent shape
than those generated with the CS shower.

For the MC@NLO algorithm, by construction, the large parton shower e↵ects in the tail
should be cancelled to first order in ↵S . As outlined in Section 1.4, any mis-cancellation is
due to a numerically large discrepancy between B and B̄. We demonstrate this explicitly in
Figure 6, where we show modified Dire MC@NLO with B substituted for B̄, leading to a complete
cancellation of the first integral in (13). This procedure eliminates large parts of the excess in
the tail independently of µPS, as anticipated. Variations in S- and H-event contributions remain
large, as shown in the lower panels of Figure 6, but they cancel in the sum. The procedure of
replacing B̄ with B would, of course, spoil the NLO accuracy of any inclusive observable but
allows us here to demonstrate the origin of the discrepancy between the showered and fixed-order
results in the tail of the p

HH

? distribution.
In the HEFT approximation one may naively expect e↵ects of similar size in the tail of the

distributions. As demonstrated using a LO+PS simulation and as shown in Figure 2, however,
the fixed-order real emission contributions completely dominate in this region. The bulk of the
contributions in the tail are hence generated by the second integral of (13). As a result, the
relative impact of parton shower e↵ects in the tail remains small as shown in Figure 4.

2.3 Comparison to the Literature

In Figure 7 we compare our results for the p
HH

? spectrum to the NLO parton shower matched
results presented in reference [27]. These results were obtained with the Pythia 8 shower [41, 40]
interfaced to MadGraph5 aMC@NLO [3, 28] and POWHEG BOX [2] for matching according to
the MC@NLO method and the POWHEG method [34], respectively. In MadGraph5 aMC@NLO
the nominal value of µPS is set randomly in the interval [0.1HT /2, HT /2], where HT is the sum of
the transverse masses of the Higgs bosons. For the simulations based on MadGraph5 aMC@NLO
and Pythia we show uncertainty bands that were obtained by varying the nominal parton shower
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NLO matched to parton shower

In Sherpa 3.0.0  is available at full Standard Model only for on-shell final states and can thus 
be used as test case

gg → HH

[Jones, S. et al: JHEP 1802 (2018)]

Figure 10: Transverse momentum distribution of the leading (ph1
T ) and subleading (ph2

T ) Higgs
boson, comparing fixed order and showered results. The first bin in p

h1
T in the fixed order NLO

calculation is negative and therefore does not appear in the upper part of the plot.

Figure 11: Total cross section as a function of the difference � between the pT,min cut placed on
the harder and the softer Higgs boson transverse momenta.
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Figure 12: Higgs boson pair transverse momentum distribution p
hh
T (left) and leading jet transverse

momentum distribution p
j1
T (right), comparing fixed order and showered results.

tail of the distribution is predicted at the first non-trivial order. In the �R
hh distribution,

we observe that the shower populates the region �R
hh

< ⇡, which at fixed order is given by
the 2 ! 3 component only.

– 13 –

 [Heinrich et al.: JHEP 1708 (2017)]

Showered result doesn’t 
match NLO in the tail

Large uncertainties from S events
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NLO matched to parton shower

What causes this mismatch?

⟨O⟩ = ∫ dϕB (B(ϕB) + V(ϕB) + I(ϕB)) O(ϕB) ×

× [Δ(t0, μ2
PS) + ∫ dϕ1Δ(t, μ2

PS)
D(ϕB, ϕ1)

B(ϕB)
Θ(μ2

PS − t)Θ(t − t0)]+

+∫ dϕRH(ϕR)O(ϕR)

MC@NLO general expression:

S events

H events

[Jones, S. et al: JHEP 1802 (2018)]
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NLO matched to parton shower

What causes this mismatch?

⟨O⟩ = ∫ dϕB (B(ϕB) + V(ϕB) + I(ϕB)) O(ϕB) ×

× [Δ(t0, μ2
PS) + ∫ dϕ1Δ(t, μ2

PS)
D(ϕB, ϕ1)

B(ϕB)
Θ(μ2

PS − t)Θ(t − t0)]+

+∫ dϕRH(ϕR)O(ϕR)

MC@NLO general expression:

S events

H events

For observables insensitive to Born kinematical configuration

[Jones, S. et al: JHEP 1802 (2018)]

⟨O⟩ = ∫ dϕB (B(ϕB) + V(ϕB) + I(ϕB)) O(ϕB) ×

× [Δ(t0, μ2
PS) + ∫ dϕ1Δ(t, μ2

PS)
D(ϕB, ϕ1)

B(ϕB)
Θ(μ2

PS − t)Θ(t − t0)]+

+∫ dϕRH(ϕR)O(ϕR)
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NLO matched to parton shower

What causes this mismatch?

⟨O⟩ = ∫ dϕB (B(ϕB) + V(ϕB) + I(ϕB)) O(ϕB) ×

× [Δ(t0, μ2
PS) + ∫ dϕ1Δ(t, μ2

PS)
D(ϕB, ϕ1)

B(ϕB)
Θ(μ2

PS − t)Θ(t − t0)]+

+∫ dϕRH(ϕR)O(ϕR)

MC@NLO general expression:

S events

H events

For observables insensitive to Born kinematical configuration and focussing on the high energy tail

[Jones, S. et al: JHEP 1802 (2018)]

⟨O⟩ = ∫ dϕB (B(ϕB) + V(ϕB) + I(ϕB)) O(ϕB) ×

× [Δ(t0, μ2
PS) + ∫ dϕ1Δ(t, μ2

PS)
D(ϕB, ϕ1)

B(ϕB)
Θ(μ2

PS − t)Θ(t − t0)]+

+∫ dϕRH(ϕR)O(ϕR) It goes to 1
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NLO matched to parton shower

⟨O⟩ = ∫ dϕB (B(ϕB) + V(ϕB) + I(ϕB)) O(ϕB) ×

× [Δ(t0, μ2
PS) + ∫ dϕ1Δ(t, μ2

PS)
D(ϕB, ϕ1)

B(ϕB)
Θ(μ2

PS − t)Θ(t − t0)]+

+∫ dϕRH(ϕR)O(ϕR)

MC@NLO general expression:

S events

H events

[Jones, S. et al: JHEP 1802 (2018)]

⟨O⟩ = ∫ dϕB (B(ϕB) + V(ϕB) + I(ϕB)) O(ϕB) ×

× ∫ dϕ1
D(ϕB, ϕ1)

B(ϕB)
Θ(μ2

PS − t)+

+∫ dϕRH(ϕR)O(ϕR)

⟨O⟩ = ∫ dϕB (V(ϕB) + I(ϕB)) O(ϕB) ×

× ∫ dϕ1
D(ϕB, ϕ1)

B(ϕB)
Θ(μ2

PS − t)+

+∫ dϕRR(ϕR)O(ϕR)

What causes this mismatch?

For observables insensitive to Born kinematical configuration and focussing on the high energy tail
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NLO matched to parton shower

⟨O⟩ = ∫ dϕB (B(ϕB) + V(ϕB) + I(ϕB)) O(ϕB) ×

× [Δ(t0, μ2
PS) + ∫ dϕ1Δ(t, μ2

PS)
D(ϕB, ϕ1)

B(ϕB)
Θ(μ2

PS − t)Θ(t − t0)]+

+∫ dϕRH(ϕR)O(ϕR)

MC@NLO general expression:

S events

H events

[Jones, S. et al: JHEP 1802 (2018)]

⟨O⟩ = ∫ dϕB (V(ϕB) + I(ϕB)) O(ϕB) ×

× ∫ dϕ1
D(ϕB, ϕ1)

B(ϕB)
Θ(μ2

PS − t)+

+∫ dϕRR(ϕR)O(ϕR)

• Large K factor
• Non-negligible splitting function in that energy 

region
• Energy region accessible to the parton shower

To recover the real emission result the first term in the r.h.s. must 
be negligible. This requirement is spoiled if the following 
conditions are met:

What causes this mismatch?

For observables insensitive to Born kinematical configuration and focussing on the high energy tail
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What comes next?
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FIG. 15. Same as Figure 10 but for the transverse momentum
of the Z boson whose invariant mass is closer to the mass
peak.

spectrum. This is observed in Figure 14, which only dis-
plays a mild softening of the leading jet pT with respect
to the LHE results, due to radiation o↵ the jet.

In our analysis the two Z-bosons are reconstructed ac-
cording to their invariant mass. Event by event we dis-
tinguish two Z-bosons: the one whose invariant mass is
closer to mZ, labeled Z1, and the one further away, la-
beled Z2. Since we consider the e+e�µ+

µ
� final state, Z1

and Z2 are always reconstructed by opposite sign leptons
from the same family. However, this procedure allows to
uniquely define the two Z bosons also for final states with
equal pairs of leptons.

The transverse momentum of the Z1 boson, displayed
in Figure 15, is almost una↵ected by parton shower cor-
rections for values of the transverse momentum smaller
than 150 GeV. For harder values of pTZ1

the shower in-
creases the cross section. This e↵ect is related to the
crossing of the kinematic threshold already observed in
the comparison of LO and NLO predictions for the elec-
tron transverse momentum in Figure 6.

ATLAS fiducial cuts

Before concluding we present results obtained apply-
ing fiducial cuts similar to the ones used by the ATLAS
collaboration in [54], namely:

80 GeV < m4` < 350 GeV,

66 GeV < m`` < 160 GeV,

�R`` > 0.2, (7)

p
T
` > 7 GeV,

|⌘`| > 2.7.

Within these fiducial cuts, the resulting NLO cross sec-
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FIG. 16. Invariant mass distribution of the four-lepton system
at NLO and after shower and hadronization with PYTHIA 8
when ATLAS fiducial cuts are applied.
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FIG. 17. Transverse momentum distribution of the four-
lepton system at NLO and after shower and hadronization
with PYTHIA 8 when ATLAS fiducial cuts are applied.

tion at 13 TeV is

�
fid. = 4.57+0.71

�0.59 fb. (8)

In Figures 16-20 we compare the corresponding
POWHEG+PYTHIA 8 predictions with pure NLO ones for
the four-lepton invariant mass and transverse momen-
tum, for the transverse momentum of the Z1 boson and
for the pseudorapidity and transverse momentum of the
electron, respectively. In the lower inset of each plot we
show the scale uncertainty band obtained with a 7-point
variation of renormalization and factorization scales, as
explained in the previous section. The same features ob-
served for the more inclusive analysis are present in this
fiducial region, as expected for such inclusive cuts.

[Alioli, S. et al.: 1609.09719]
 shows a similar discrepancy in the tail as gg → ZZ gg → HH

• Study parton shower matching uncertainty for other processes, e.g. :gg → VV Using VVamp c++ code
[von Manteuffel,  A. et al.: 1503.08835]
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What comes next?

• Study parton shower matching uncertainty for other processes, e.g. :gg → VV

• Including Top quark effect in the loop using high and low energy approximation [Davies, J. et al.: 2002.05558]
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What comes next?

• Study parton shower matching uncertainty for other processes, e.g. :gg → VV

• Including Top quark effect in the loop using high and low energy approximation [Davies, J. et al.: 2002.05558]

• Resummation effects and relative uncertainties using dedicated Sherpa module
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Conclusions

• Moving towards LHC@HL makes the good modeling of these processes an important step 
for future high precision studies and BSM analyses

• These processes suffer from theoretical uncertainties more than others. In particular for 
what concern the parton shower matching uncertainties

• A more detailed study of these uncertainties is needed to have a reliable MC@NLO and 
solutions to improve the showered sample are required
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