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INTRODUCTION: WHY THE HIGGS?

10 years after its discovery, the Higgs remains the coolest kid in the room

Preamble
The Higgs boson discovery happens by measuring an excess of events in the 

 and 4-lepton channels: accurate theory predictions play little role hereγγ

Spin-0 quickly appears to be the most natural possibility

Significant decay fractions to ZZ and WW: very likely to have significant 
CP-even component
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Landau-Yang theorem:  decay already rules out the spin-1 possibilityγγ
Higgs is “new physics”, scalar fundamental field, main actor in SSB, origins of 
masses of all (?) standard model particles… 



INTERACTIONS!THE STANDARD MODEL AFTER THE HIGGS DISCOVERY

STANDARD MODEL — KNOWABLE UNKNOWNS
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This is what you get when you buy one 
of those famous CERN T-shirts

“understanding” = knowledge  ?
“understanding” = assumption ?

Gavin Salam

Up quarks (mass ~ 2.2 MeV) are lighter than  
down quarks (mass ~ 4.7 MeV) 

proton        (up+up+down): 2.2 + 2.2 + 4.7 + … = 938.3 MeV  
neutron (up+down+down): 2.2 + 4.7 + 4.7 + … = 939.6 MeV 

So protons are lighter than neutrons,  
→ protons are stable.  

 
Which gives us the hydrogen atom,  

& chemistry and biology as we know it
�18
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Why do Yukawa couplings matter?  
(1) Because, within SM conjecture, they’re what give masses to all quarks
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Why do Yukawa couplings matter?  
(1) Because, within SM conjecture, they’re what give masses to all quarks

 MeVmp = 938.3  MeVmn = 939.6

Yukawa interactions are the most 
mysterious… 

Masses of all particles, ultimately 
chemistry and life!

Proton Stability !

THE STANDARD MODEL AFTER THE HIGGS DISCOVERY
The Higgs boson
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This is what you get when you buy one 
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“understanding” = knowledge  ?
“understanding” = assumption ?

Interactions!
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Figure 6: Reduced coupling strength modifiers and their uncertainties per particle type with e�ective photon,
`$ and gluon couplings. The horizontal bars on each point denote the 68% confidence interval. The scenario
where ⌫inv. = ⌫u. = 0 is assumed is shown as solid lines with circle markers. The ?-value for compatibility with the
SM prediction is 61% in this case. The scenario where ⌫inv. and ⌫u. are allowed to contribute to the total Higgs
boson decay width while assuming that ^+  1 and ⌫u. � 0 is shown as dashed lines with square markers. The lower
panel shows the 95% CL upper limits on ⌫inv. and ⌫u..

of SM Higgs boson production processes into a set of regions defined by the specific kinematic properties
of the Higgs boson and, where relevant, of the associated jets, , bosons, or / bosons, as described in
Methods. The regions are defined so as to provide experimental sensitivity to deviations from the SM
predictions, to avoid large theory uncertainties in these predictions, and to minimize the model-dependence
of their extrapolations to the experimentally accessible signal regions. Signal cross sections measured
in each of the introduced kinematic regions are compared with those predicted when assuming that the
branching fractions and kinematic properties of the Higgs boson decay are described by the SM.

The results of the simultaneous measurement in 36 kinematic regions are presented in Figure 7. Compared
to previous results with a smaller dataset [22] a much larger number of regions are probed, particularly at
high Higgs boson transverse momenta where in many cases the sensitivity to new phenomena beyond the
SM is expected to be enhanced. All measurements are consistent with the SM predictions.
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INTRODUCTION: WHY THE LHC?

The LHC is the first machine able to probe this energy scale!

Run 2 direct observation of H coupling to gauge bosons and 
third family fermions!
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INTRODUCTION: WHY THE LHC?

The LHC is the first machine able to probe this energy scale!

Run 2 direct observation of H coupling to gauge bosons and 
third family fermions!

Run 3 and HL potential: 

1. Precision measurements for third family 

2. Discovery couplings to second family!



THE NEED OF PRECISION

Anastasiou et al. (2016)

ggF inclusive rate…
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[Slide from M. Grazzini, CERN, 4.07.22]
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PRECISION PHYSICS AT THE LHC: HOW FAR CAN WE GO?
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PRECISION PHYSICS AT THE LHC: HOW FAR CAN WE GO?

Parton Shower, 
Hadronisation, 

Fragmentation …

Hard scattering is only a part of 
the story, of course

Factorisation 
theorems, PDFs…?

Detector simulation 
matching, etc…
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PRECISION PHYSICS AT THE LHC: HOW FAR CAN WE GO?

Factorisation 
theorems, PDFs…?

Detector simulation 
matching, etc…

Parton Shower, 
Hadronisation, 

Fragmentation …

Theorist’s goal: push all these 
ingredients to % level precision!



HIGGS PRODUCTION AND DECAYS
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Figure 2: Observed and predicted Higgs boson production cross-sections and branching fractions. a, Cross
sections for di�erent Higgs boson production processes are measured assuming SM values for the decay branching
fractions. b, Branching fractions for di�erent Higgs boson decay modes are measured assuming SM values for the
production cross sections. The lower panels show the ratios of the measured values to their SM predictions. The
vertical bar on each point denotes the 68% confidence interval. The ?-value for compatibility of the measurement
and the SM prediction is 65% for a and 56% for b.

Branching fractions of individual Higgs boson decay modes are measured by setting the cross sections for
Higgs boson production processes to their respective SM values. The results are shown in Figure 2(b). The
branching fractions of the WW, // , ,±

,
⌥ and g

+
g
� decays, which were already observed in the Run 1

data, are measured with a precision ranging from 10% to 12%. The 11̄ decay mode is observed with a
signal significance of 7.0f (expected 7.7f), while the observed (expected) signal significances for the
� ! `

+
`
� and � ! /W decays are 2.0f (1.7f) and 2.3f (1.1f), respectively.

The assumptions about the relative contributions of di�erent decay or production processes in the above
measurements are relaxed by directly measuring the product of production cross section and branching
fraction for di�erent combinations of production and decay processes. The corresponding results are
shown in Figure 3. The measurements are in agreement with the SM prediction.

To determine the value of a particular Higgs boson coupling strength, a simultaneous fit of many individual
production times branching fraction measurements is required. The coupling fit presented here is performed
within the ^-framework [53] with a set of parameters + that a�ect the Higgs boson coupling strengths
without altering any kinematic distributions of a given process.

Within this framework, the cross section times the branching fraction for an individual measurement is
parameterized in terms of the multiplicative coupling strength modifiers ^. A coupling strength modifier
^? for a production or decay process via the coupling to a given particle ? is defined as ^

2
? = f?/fSM

?

or ^
2
? = �?/�SM

? , respectively, where �? is the partial decay width into a pair of particles ?. The
parameterization takes into account that the total decay width depends on all decay modes included in
the present measurements, as well as currently undetected or invisible, direct or indirect decays predicted
by the SM (such as those to gluons, light quarks, or neutrinos) and the hypothetical decays into non-SM
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the heavy-quark loop-mediated gluon–gluon fusion process (ggF). The second most copious process is
vector-boson fusion (VBF) where two weak bosons, either / or , bosons, fuse to produce a Higgs boson
(7%). Next in rate is production of a Higgs boson in association with a weak (+ = , , /) boson (4%).
Production of a Higgs boson in association with a pair of top quarks (CC̄�) or 1-quarks (11̄�) each account
for about 1% of the total rate. The contribution of other @@̄� processes is much smaller and experimentally
not accessible. Only about 0.05% of Higgs bosons are produced in association with a single top quark
(C�). Representative Feynman diagrams of these processes are shown in Figures 1(a)–1(e). After it is
produced, the Higgs boson is predicted to decay almost instantly, with a lifetime of 1.6 ⇥ 10�22 seconds.
More than 90% of these decays are via eight decay modes (see Figures 1(f)–1(i)): decays into gauge boson
pairs, i.e. , bosons with a probability, or branching fraction, of 22%, / bosons 3%, photons (W) 0.2%, /
boson and photon 0.2%, as well as decays into fermion pairs, i.e. 1-quarks 58%, 2-quarks 3%, g-leptons
6%, and muons (`) 0.02%. There may also be decays of the Higgs boson into invisible particles, above the
SM prediction of 0.1%, which are also searched for. Such decays are possible in theories beyond the SM,
postulating, for example, the existence of dark-matter particles which do not interact with the detector.
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Figure 1: Examples of Feynman diagrams for Higgs boson production and decays. The Higgs boson is produced
via gluon–gluon fusion (a), vector-boson fusion (VBF; b), and associated production with vector bosons (c), top- or
1-quark pairs (d), or a single top quark (e). f–i, The Higgs boson decays into a pair of vector bosons (f), a pair of
photons or a / boson and a photon (g), a pair of quarks (h), and a pair of charged leptons (i). Loop-induced Higgs
boson interactions with gluons or photons are shown in blue, processes involving couplings to , or / bosons in
green, to quarks in orange, and to leptons in red. Two di�erent shades of green (orange) are used to separate the VBF
and +� (CC� and C�) production processes.

In this Article, the mutually exclusive measurements of Higgs boson production and decays probing all
processes listed above are combined, taking into account the correlations among their uncertainties. In a
single measurement, di�erent couplings generally contribute in the production and decay. The combination
of all measurements is therefore necessary to constrain these couplings individually. This allows key tests
of the Higgs sector of the SM to be performed, including the determination of the coupling strengths of the
Higgs boson to various fundamental particles and a comprehensive study of the kinematic properties of
Higgs boson production. The latter could reveal new phenomena beyond the SM that are not observable
through measurements of the coupling strengths.
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the heavy-quark loop-mediated gluon–gluon fusion process (ggF). The second most copious process is
vector-boson fusion (VBF) where two weak bosons, either / or , bosons, fuse to produce a Higgs boson
(7%). Next in rate is production of a Higgs boson in association with a weak (+ = , , /) boson (4%).
Production of a Higgs boson in association with a pair of top quarks (CC̄�) or 1-quarks (11̄�) each account
for about 1% of the total rate. The contribution of other @@̄� processes is much smaller and experimentally
not accessible. Only about 0.05% of Higgs bosons are produced in association with a single top quark
(C�). Representative Feynman diagrams of these processes are shown in Figures 1(a)–1(e). After it is
produced, the Higgs boson is predicted to decay almost instantly, with a lifetime of 1.6 ⇥ 10�22 seconds.
More than 90% of these decays are via eight decay modes (see Figures 1(f)–1(i)): decays into gauge boson
pairs, i.e. , bosons with a probability, or branching fraction, of 22%, / bosons 3%, photons (W) 0.2%, /
boson and photon 0.2%, as well as decays into fermion pairs, i.e. 1-quarks 58%, 2-quarks 3%, g-leptons
6%, and muons (`) 0.02%. There may also be decays of the Higgs boson into invisible particles, above the
SM prediction of 0.1%, which are also searched for. Such decays are possible in theories beyond the SM,
postulating, for example, the existence of dark-matter particles which do not interact with the detector.
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Figure 1: Examples of Feynman diagrams for Higgs boson production and decays. The Higgs boson is produced
via gluon–gluon fusion (a), vector-boson fusion (VBF; b), and associated production with vector bosons (c), top- or
1-quark pairs (d), or a single top quark (e). f–i, The Higgs boson decays into a pair of vector bosons (f), a pair of
photons or a / boson and a photon (g), a pair of quarks (h), and a pair of charged leptons (i). Loop-induced Higgs
boson interactions with gluons or photons are shown in blue, processes involving couplings to , or / bosons in
green, to quarks in orange, and to leptons in red. Two di�erent shades of green (orange) are used to separate the VBF
and +� (CC� and C�) production processes.

In this Article, the mutually exclusive measurements of Higgs boson production and decays probing all
processes listed above are combined, taking into account the correlations among their uncertainties. In a
single measurement, di�erent couplings generally contribute in the production and decay. The combination
of all measurements is therefore necessary to constrain these couplings individually. This allows key tests
of the Higgs sector of the SM to be performed, including the determination of the coupling strengths of the
Higgs boson to various fundamental particles and a comprehensive study of the kinematic properties of
Higgs boson production. The latter could reveal new phenomena beyond the SM that are not observable
through measurements of the coupling strengths.
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the heavy-quark loop-mediated gluon–gluon fusion process (ggF). The second most copious process is
vector-boson fusion (VBF) where two weak bosons, either / or , bosons, fuse to produce a Higgs boson
(7%). Next in rate is production of a Higgs boson in association with a weak (+ = , , /) boson (4%).
Production of a Higgs boson in association with a pair of top quarks (CC̄�) or 1-quarks (11̄�) each account
for about 1% of the total rate. The contribution of other @@̄� processes is much smaller and experimentally
not accessible. Only about 0.05% of Higgs bosons are produced in association with a single top quark
(C�). Representative Feynman diagrams of these processes are shown in Figures 1(a)–1(e). After it is
produced, the Higgs boson is predicted to decay almost instantly, with a lifetime of 1.6 ⇥ 10�22 seconds.
More than 90% of these decays are via eight decay modes (see Figures 1(f)–1(i)): decays into gauge boson
pairs, i.e. , bosons with a probability, or branching fraction, of 22%, / bosons 3%, photons (W) 0.2%, /
boson and photon 0.2%, as well as decays into fermion pairs, i.e. 1-quarks 58%, 2-quarks 3%, g-leptons
6%, and muons (`) 0.02%. There may also be decays of the Higgs boson into invisible particles, above the
SM prediction of 0.1%, which are also searched for. Such decays are possible in theories beyond the SM,
postulating, for example, the existence of dark-matter particles which do not interact with the detector.
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Figure 1: Examples of Feynman diagrams for Higgs boson production and decays. The Higgs boson is produced
via gluon–gluon fusion (a), vector-boson fusion (VBF; b), and associated production with vector bosons (c), top- or
1-quark pairs (d), or a single top quark (e). f–i, The Higgs boson decays into a pair of vector bosons (f), a pair of
photons or a / boson and a photon (g), a pair of quarks (h), and a pair of charged leptons (i). Loop-induced Higgs
boson interactions with gluons or photons are shown in blue, processes involving couplings to , or / bosons in
green, to quarks in orange, and to leptons in red. Two di�erent shades of green (orange) are used to separate the VBF
and +� (CC� and C�) production processes.

In this Article, the mutually exclusive measurements of Higgs boson production and decays probing all
processes listed above are combined, taking into account the correlations among their uncertainties. In a
single measurement, di�erent couplings generally contribute in the production and decay. The combination
of all measurements is therefore necessary to constrain these couplings individually. This allows key tests
of the Higgs sector of the SM to be performed, including the determination of the coupling strengths of the
Higgs boson to various fundamental particles and a comprehensive study of the kinematic properties of
Higgs boson production. The latter could reveal new phenomena beyond the SM that are not observable
through measurements of the coupling strengths.
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the heavy-quark loop-mediated gluon–gluon fusion process (ggF). The second most copious process is
vector-boson fusion (VBF) where two weak bosons, either / or , bosons, fuse to produce a Higgs boson
(7%). Next in rate is production of a Higgs boson in association with a weak (+ = , , /) boson (4%).
Production of a Higgs boson in association with a pair of top quarks (CC̄�) or 1-quarks (11̄�) each account
for about 1% of the total rate. The contribution of other @@̄� processes is much smaller and experimentally
not accessible. Only about 0.05% of Higgs bosons are produced in association with a single top quark
(C�). Representative Feynman diagrams of these processes are shown in Figures 1(a)–1(e). After it is
produced, the Higgs boson is predicted to decay almost instantly, with a lifetime of 1.6 ⇥ 10�22 seconds.
More than 90% of these decays are via eight decay modes (see Figures 1(f)–1(i)): decays into gauge boson
pairs, i.e. , bosons with a probability, or branching fraction, of 22%, / bosons 3%, photons (W) 0.2%, /
boson and photon 0.2%, as well as decays into fermion pairs, i.e. 1-quarks 58%, 2-quarks 3%, g-leptons
6%, and muons (`) 0.02%. There may also be decays of the Higgs boson into invisible particles, above the
SM prediction of 0.1%, which are also searched for. Such decays are possible in theories beyond the SM,
postulating, for example, the existence of dark-matter particles which do not interact with the detector.
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Figure 1: Examples of Feynman diagrams for Higgs boson production and decays. The Higgs boson is produced
via gluon–gluon fusion (a), vector-boson fusion (VBF; b), and associated production with vector bosons (c), top- or
1-quark pairs (d), or a single top quark (e). f–i, The Higgs boson decays into a pair of vector bosons (f), a pair of
photons or a / boson and a photon (g), a pair of quarks (h), and a pair of charged leptons (i). Loop-induced Higgs
boson interactions with gluons or photons are shown in blue, processes involving couplings to , or / bosons in
green, to quarks in orange, and to leptons in red. Two di�erent shades of green (orange) are used to separate the VBF
and +� (CC� and C�) production processes.

In this Article, the mutually exclusive measurements of Higgs boson production and decays probing all
processes listed above are combined, taking into account the correlations among their uncertainties. In a
single measurement, di�erent couplings generally contribute in the production and decay. The combination
of all measurements is therefore necessary to constrain these couplings individually. This allows key tests
of the Higgs sector of the SM to be performed, including the determination of the coupling strengths of the
Higgs boson to various fundamental particles and a comprehensive study of the kinematic properties of
Higgs boson production. The latter could reveal new phenomena beyond the SM that are not observable
through measurements of the coupling strengths.
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the heavy-quark loop-mediated gluon–gluon fusion process (ggF). The second most copious process is
vector-boson fusion (VBF) where two weak bosons, either / or , bosons, fuse to produce a Higgs boson
(7%). Next in rate is production of a Higgs boson in association with a weak (+ = , , /) boson (4%).
Production of a Higgs boson in association with a pair of top quarks (CC̄�) or 1-quarks (11̄�) each account
for about 1% of the total rate. The contribution of other @@̄� processes is much smaller and experimentally
not accessible. Only about 0.05% of Higgs bosons are produced in association with a single top quark
(C�). Representative Feynman diagrams of these processes are shown in Figures 1(a)–1(e). After it is
produced, the Higgs boson is predicted to decay almost instantly, with a lifetime of 1.6 ⇥ 10�22 seconds.
More than 90% of these decays are via eight decay modes (see Figures 1(f)–1(i)): decays into gauge boson
pairs, i.e. , bosons with a probability, or branching fraction, of 22%, / bosons 3%, photons (W) 0.2%, /
boson and photon 0.2%, as well as decays into fermion pairs, i.e. 1-quarks 58%, 2-quarks 3%, g-leptons
6%, and muons (`) 0.02%. There may also be decays of the Higgs boson into invisible particles, above the
SM prediction of 0.1%, which are also searched for. Such decays are possible in theories beyond the SM,
postulating, for example, the existence of dark-matter particles which do not interact with the detector.
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Figure 1: Examples of Feynman diagrams for Higgs boson production and decays. The Higgs boson is produced
via gluon–gluon fusion (a), vector-boson fusion (VBF; b), and associated production with vector bosons (c), top- or
1-quark pairs (d), or a single top quark (e). f–i, The Higgs boson decays into a pair of vector bosons (f), a pair of
photons or a / boson and a photon (g), a pair of quarks (h), and a pair of charged leptons (i). Loop-induced Higgs
boson interactions with gluons or photons are shown in blue, processes involving couplings to , or / bosons in
green, to quarks in orange, and to leptons in red. Two di�erent shades of green (orange) are used to separate the VBF
and +� (CC� and C�) production processes.

In this Article, the mutually exclusive measurements of Higgs boson production and decays probing all
processes listed above are combined, taking into account the correlations among their uncertainties. In a
single measurement, di�erent couplings generally contribute in the production and decay. The combination
of all measurements is therefore necessary to constrain these couplings individually. This allows key tests
of the Higgs sector of the SM to be performed, including the determination of the coupling strengths of the
Higgs boson to various fundamental particles and a comprehensive study of the kinematic properties of
Higgs boson production. The latter could reveal new phenomena beyond the SM that are not observable
through measurements of the coupling strengths.
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ggF known at N LO in HEFT ~ 1-2% uncertainty3

Exact top mass dependence

Bottom mass contribution

QCD+EW mixed contributions

 
uncertainty on x-section
αs = 0.118 ± 0.001 → 𝒪(2%)

requires N LO PDFs3



INGREDIENTS 

1. Fully Inclusive N LO (analytic!) [Mistlberger 2018] 

2. Results for rapidity distribution 

3. Precise numerical control on H+j

3

GLUON FUSION IN QCD
First impressive example of N LO calculation, both inclusive and fully differential…3

ggF: N3LO differential

3

Color-singlet production: in principle knowing  

a) V+J@NNLO 

b) the V N3LO rapidity distribution or its ``small-pt (universal) limit’’ 

is enough to obtain fully-differential N3LO

Figure 10. Transverse momentum distribution of the Higgs boson compared to preliminary 13
TeV ATLAS [20]. Left panel is the absolute cross section, right panel is normalized to �H .

The currently ongoing Run 2 of the LHC will produce a dataset at 13 and 14 TeV

corresponding to about 25 times the integrated luminosity of the data analysed by ATLAS

for the preliminary study [20] discussed in this section.

4 Higgs boson production at large transverse momentum

Although not yet very precise, the ATLAS and CMS measurements of the Higgs boson

transverse momentum distribution at 8 TeV [2, 3], as well as the preliminary ATLAS

results at 13 TeV [20], illustrate the potential of this observable once higher statistics

are available. The current Run 2 of the LHC at 13 TeV will allow these observables to

be studied with much higher precision, and will extend the kinematic range that can be

probed to larger values of the transverse momentum.

To quantify the impact of the top quark mass e↵ects, we use the CMS fiducial cuts

and the theory parameters described in Section 3.1 at 13 TeV. As discussed earlier, we

consider two approximate approaches to estimating the mass e↵ects defined in Eqs. (2.15)

and (2.16), the multiplicative EFT⌦M and additive EFT�M approximations respectively

in addition to the EFT in the large quark mass limit. To quantify the uncertainty on these

procedures, we compare in Figure 11 the EFT�M (green) and the EFT⌦M (red) predic-

tions obtained according to Eqs. (2.16) and (2.15). The EFT and EFT⌦M predictions (and

the corresponding scale uncertainty) are simply related by R(pT ) as shown in Fig. 1(right).

For Higgs transverse momentum p
H
T > 200 GeV, the EFT distribution is much harder than

the EFT⌦M prediction, and as a result, the EFT�M prediction lies between the two.

The inclusion of quark mass e↵ects at LO leads to a damping of the transverse momen-

tum spectrum. Consequently, in the EFT�M prediction at large transverse momenta, the

harder higher order EFT corrections dominate over the softer LO contribution with exact

mass dependence. Even if the yet unknown NLO corrections to the exact mass dependence

– 17 –

H+j

[Chen, Cruz-Martinez, Glover, 

Gehrmann, Huss, Jaquier; FC, 

Melnikov, Schulze; Boughezal, Focke, 

Liu, Petriello (2015-…)] 

dσ/dy

Kirill Melnikov                                                                                                                                State of the art in Standard Model Higgs physics
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FIG. 1: Approximate Higgs boson rapidity distribution with threshold expansion truncated at di↵erent orders. The left panel
shows the ratio of the approximate NNLO to the exact result, the right panel shows the approximate N3LO result to the best
prediction obtained in this work.
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FIG. 2: The Higgs boson rapidity distribution at di↵erent or-
ders in perturbation theory. The lower panel shows the N3LO
and NNLO predictions normalised to the N3LO prediction for
µ = mh/2.

[1] M. Aaboud et al. (ATLAS), Phys. Lett. B786, 114
(2018), 1805.10197.

[2] A. M. Sirunyan et al. (CMS) (2018), 1809.10733.
[3] G. Aad, T. Abajyan, B. Abbott, J. Abdallah, S. A.

Khalek, A. Abdelalim, O. Abdinov, R. Aben, B. Abi,
M. Abolins, et al., Physics Letters B 716, 1 (2012),

ISSN 0370-2693, URL http://www.sciencedirect.com/

science/article/pii/S037026931200857X.
[4] S. Chatrchyan, V. Khachatryan, A. Sirunyan,

A. Tumasyan, W. Adam, E. Aguilo, T. Bergauer,
M. Dragicevic, J. Er, C. Fabjan, et al., Physics
Letters B 716, 30 (2012), ISSN 0370-2693, URL
http://www.sciencedirect.com/science/article/

pii/S0370269312008581.
[5] S. Dawson, Nucl. Phys. B359, 283 (1991).
[6] D. Graudenz, M. Spira, and P. M. Zerwas, Phys. Rev.

Lett. 70, 1372 (1993).
[7] M. Spira, A. Djouadi, D. Graudenz, and P. M. Zerwas,

Nucl. Phys. B453, 17 (1995), hep-ph/9504378.
[8] A. Djouadi, M. Spira, and P. M. Zerwas, Phys. Lett.

B264, 440 (1991).
[9] C. Anastasiou and K. Melnikov, Nuclear Physics B

646, 220 (2002), ISSN 05503213, 0207004, URL http:

//arxiv.org/abs/hep-ph/0207004.
[10] R. V. Harlander and W. B. Kilgore, Phys. Rev. Lett. 88,

201801 (2002), hep-ph/0201206.
[11] V. Ravindran, J. Smith, and W. L. van Neerven, Nucl.

Phys. B665, 325 (2003), hep-ph/0302135.
[12] C. Anastasiou, C. Duhr, F. Dulat, and B. Mistlberger,

p. 78 (2013), 1302.4379, URL http://arxiv.org/abs/

1302.4379.
[13] C. Anastasiou, C. Duhr, F. Dulat, F. Herzog, and

B. Mistlberger, JHEP 12, 088 (2013), 1311.1425.
[14] C. Anastasiou, C. Duhr, F. Dulat, E. Furlan,

T. Gehrmann, F. Herzog, and B. Mistlberger, Phys. Lett.
B737, 325 (2014), 1403.4616.

[15] C. Anastasiou, C. Duhr, F. Dulat, E. Furlan,
T. Gehrmann, F. Herzog, and B. Mistlberger, JHEP 03,
091 (2015), 1411.3584.

[16] F. Dulat and B. Mistlberger (2014), 1411.3586.
[17] C. Anastasiou, C. Duhr, F. Dulat, E. Furlan, F. Herzog,

and B. Mistlberger, JHEP 08, 051 (2015), 1505.04110.
[18] C. Anastasiou, C. Duhr, F. Dulat, F. Herzog, and

B. Mistlberger, Phys. Rev. Lett. 114, 212001 (2015),
1503.06056.

[19] C. Anastasiou, C. Duhr, F. Dulat, E. Furlan,
T. Gehrmann, F. Herzog, A. Lazopoulos, and B. Mistl-
berger, JHEP 05, 058 (2016), 1602.00695.

[20] F. Dulat, A. Lazopoulos, and B. Mistlberger, Comput.

Higgs production in gluon fusion: differential predictions

Dulat,  Mistlberger, Pelloni
Chen, Cruz-Martinez, Gehrmann, Glover, Jacquire;

Caola, Melnikov, Schulze; 
Boughezal, Focke, Liu, Giele, Petriello

Fully-differential  N3LO QCD predictions for Higgs production in gluon fusion are obtained by 
combining N3LO QCD predictions for Higgs rapidity distribution  with NNLO predictions for H+jet 
production using the so-called projection-to-Born method.   

An alternative computation relies on soft-collinear effective theory and computations of required 
ingredients (beam functions etc.) through N3LO QCD.

Figure 4. Transverse momentum and rapidity distributions of the leading jet produced in associ-
ation with a Higgs boson compared to ATLAS data [2]. Upper panels are absolute cross sections,
lower panels normalized to �H .

total fiducial cross section, which is inclusive in the number of jets. Besides the absolute

distributions, we therefore also considered distributions normalized to the total fiducial

cross section. In these, uncertainties related to the overall luminosity and the reconstruc-

tion e�ciency largely cancel out, such that normalized distributions are often measured

more reliably. We observe the theory uncertainty on the distributions to increase after

normalization, which is a direct consequence of considering independent scale variations

on numerator and denominator. For this reason, they appear to be less well suited for

precision phenomenology than the absolute measurements.
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Figure 4. The K-factor of the N3LO beam function, i.e. the ratio of the N3LO beam function to
NNLO beam function. We fix bT = (10 GeV)�1 and ! = 100 GeV and choose the canonical scales
µbT = 2e��E and ⌫ = !, such that the shown beam function corresponds to the boundary term in
a resummed prediction. The di↵erent colors show the results for an u-quark, d-quark and gluon,
respectively.

In order to understand the impact of the new three-loop boundary term Ĩ(3)ij in a

resummed predictions, we present the beam function evaluated at the canonical scales

µbT = 2e��E and ⌫ = !, where all logarithms in eq. (4.2) vanish and only the boundary

term Ĩ(3)ij contributes. In figure 3, we compare the u-quark beam function (left) and gluon

beam function (right) order by order in ↵s, up to N3LO, to the corresponding PDFs,

choosing canonical scales for bT = (10 GeV)�1 and ! = 100 GeV. We see that the beam

function has a very di↵erent shape compared to the PDF, and that the beam function

converges very well at N3LO.

Finally, the K-factor of the N3LO beam function, which is defined as the ratio of the

beam function at N3LO w.r.t. its value at NNLO, is shown in figure 4. As before, we

choose the canonical scales for bT = (10 GeV)�1 and ! = 100 GeV. We find a rather

small correction of ⇠ 0.2� 0.5%, but with a notable dependence on z for all channels.

For completeness, we also present the high-energy limit z ! 0 of the kernels Ĩ(3)gg (z) and

Ĩ(3)gq (z) contributing to the gluon beam function in appendix B. The corresponding limit for

the quark kernels were already presented in ref. [51], for which we find perfect agreement.

These results are useful to study the small-x behavior of TMDPDFs, see e.g. refs. [143–146].

5 Conclusions

We have calculated the perturbative matching kernel relating transverse-momentum depen-

dent beam functions with lightcone PDFs at N3LO in QCD. This provides the first results

of these kernels for the gluon TMD beam function, and corrects the result in the dabcdabc

color structure in the recent calculation of the quark TMD beam function in ref. [51]. After

private communication, the authors of ref. [51] identified and resolved a minor mistake in

their calculation, after which perfect agreement is found. This emphasizes that having two
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FIG. 1: Approximate Higgs boson rapidity distribution with threshold expansion truncated at di↵erent orders. The left panel
shows the ratio of the approximate NNLO to the exact result, the right panel shows the approximate N3LO result to the best
prediction obtained in this work.
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Figure 4. Transverse momentum and rapidity distributions of the leading jet produced in associ-
ation with a Higgs boson compared to ATLAS data [2]. Upper panels are absolute cross sections,
lower panels normalized to �H .

total fiducial cross section, which is inclusive in the number of jets. Besides the absolute

distributions, we therefore also considered distributions normalized to the total fiducial

cross section. In these, uncertainties related to the overall luminosity and the reconstruc-

tion e�ciency largely cancel out, such that normalized distributions are often measured

more reliably. We observe the theory uncertainty on the distributions to increase after

normalization, which is a direct consequence of considering independent scale variations

on numerator and denominator. For this reason, they appear to be less well suited for

precision phenomenology than the absolute measurements.
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Figure 4. The K-factor of the N3LO beam function, i.e. the ratio of the N3LO beam function to
NNLO beam function. We fix bT = (10 GeV)�1 and ! = 100 GeV and choose the canonical scales
µbT = 2e��E and ⌫ = !, such that the shown beam function corresponds to the boundary term in
a resummed prediction. The di↵erent colors show the results for an u-quark, d-quark and gluon,
respectively.

In order to understand the impact of the new three-loop boundary term Ĩ(3)ij in a

resummed predictions, we present the beam function evaluated at the canonical scales

µbT = 2e��E and ⌫ = !, where all logarithms in eq. (4.2) vanish and only the boundary

term Ĩ(3)ij contributes. In figure 3, we compare the u-quark beam function (left) and gluon

beam function (right) order by order in ↵s, up to N3LO, to the corresponding PDFs,

choosing canonical scales for bT = (10 GeV)�1 and ! = 100 GeV. We see that the beam

function has a very di↵erent shape compared to the PDF, and that the beam function

converges very well at N3LO.

Finally, the K-factor of the N3LO beam function, which is defined as the ratio of the

beam function at N3LO w.r.t. its value at NNLO, is shown in figure 4. As before, we

choose the canonical scales for bT = (10 GeV)�1 and ! = 100 GeV. We find a rather

small correction of ⇠ 0.2� 0.5%, but with a notable dependence on z for all channels.

For completeness, we also present the high-energy limit z ! 0 of the kernels Ĩ(3)gg (z) and

Ĩ(3)gq (z) contributing to the gluon beam function in appendix B. The corresponding limit for

the quark kernels were already presented in ref. [51], for which we find perfect agreement.

These results are useful to study the small-x behavior of TMDPDFs, see e.g. refs. [143–146].

5 Conclusions

We have calculated the perturbative matching kernel relating transverse-momentum depen-

dent beam functions with lightcone PDFs at N3LO in QCD. This provides the first results

of these kernels for the gluon TMD beam function, and corrects the result in the dabcdabc

color structure in the recent calculation of the quark TMD beam function in ref. [51]. After

private communication, the authors of ref. [51] identified and resolved a minor mistake in

their calculation, after which perfect agreement is found. This emphasizes that having two

– 11 –

N3LO beam 
functions

[Ebert, Mistlberger, Vita (2020); 

Luo, Zhang, Zhu, Zhu (2019)]

dσ/dy
[Dulat, Mistlberger, Pelloni 2018]

[NNLOjet collaboration]

ggF: N3LO differential

3

Color-singlet production: in principle knowing  

a) V+J@NNLO 

b) the V N3LO rapidity distribution or its ``small-pt (universal) limit’’ 

is enough to obtain fully-differential N3LO

���
���
���
���
���

� �� ��� ��� ���

������� � �� � � � � ��� ������ ��� �� � �� ���

��
���

��
�
��

���� �����

�
�
�
�

������� � �� � � � � ��� ������ ��� �� � �� ���

��
���

��
�
�
��

����

����

���

��������� ���� ��� �����
���������������������

����������

������� � �� � � � � ��� ������ ��� �� � �� ���

���� � �� ���
���� � ���� �� ���� � ���� � ����
���� � �������� ���� � �������

��
��
� ��
�
���
��
��
�

�� �
��� �����

���� �����
����� ����

Figure 10. Transverse momentum distribution of the Higgs boson compared to preliminary 13
TeV ATLAS [20]. Left panel is the absolute cross section, right panel is normalized to �H .

The currently ongoing Run 2 of the LHC will produce a dataset at 13 and 14 TeV

corresponding to about 25 times the integrated luminosity of the data analysed by ATLAS

for the preliminary study [20] discussed in this section.

4 Higgs boson production at large transverse momentum

Although not yet very precise, the ATLAS and CMS measurements of the Higgs boson

transverse momentum distribution at 8 TeV [2, 3], as well as the preliminary ATLAS

results at 13 TeV [20], illustrate the potential of this observable once higher statistics

are available. The current Run 2 of the LHC at 13 TeV will allow these observables to

be studied with much higher precision, and will extend the kinematic range that can be

probed to larger values of the transverse momentum.

To quantify the impact of the top quark mass e↵ects, we use the CMS fiducial cuts

and the theory parameters described in Section 3.1 at 13 TeV. As discussed earlier, we

consider two approximate approaches to estimating the mass e↵ects defined in Eqs. (2.15)

and (2.16), the multiplicative EFT⌦M and additive EFT�M approximations respectively

in addition to the EFT in the large quark mass limit. To quantify the uncertainty on these

procedures, we compare in Figure 11 the EFT�M (green) and the EFT⌦M (red) predic-

tions obtained according to Eqs. (2.16) and (2.15). The EFT and EFT⌦M predictions (and

the corresponding scale uncertainty) are simply related by R(pT ) as shown in Fig. 1(right).

For Higgs transverse momentum p
H
T > 200 GeV, the EFT distribution is much harder than

the EFT⌦M prediction, and as a result, the EFT�M prediction lies between the two.

The inclusion of quark mass e↵ects at LO leads to a damping of the transverse momen-

tum spectrum. Consequently, in the EFT�M prediction at large transverse momenta, the

harder higher order EFT corrections dominate over the softer LO contribution with exact

mass dependence. Even if the yet unknown NLO corrections to the exact mass dependence
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FIG. 1: Approximate Higgs boson rapidity distribution with threshold expansion truncated at di↵erent orders. The left panel
shows the ratio of the approximate NNLO to the exact result, the right panel shows the approximate N3LO result to the best
prediction obtained in this work.
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Figure 4. Transverse momentum and rapidity distributions of the leading jet produced in associ-
ation with a Higgs boson compared to ATLAS data [2]. Upper panels are absolute cross sections,
lower panels normalized to �H .

total fiducial cross section, which is inclusive in the number of jets. Besides the absolute

distributions, we therefore also considered distributions normalized to the total fiducial

cross section. In these, uncertainties related to the overall luminosity and the reconstruc-

tion e�ciency largely cancel out, such that normalized distributions are often measured

more reliably. We observe the theory uncertainty on the distributions to increase after

normalization, which is a direct consequence of considering independent scale variations

on numerator and denominator. For this reason, they appear to be less well suited for

precision phenomenology than the absolute measurements.
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Figure 4. The K-factor of the N3LO beam function, i.e. the ratio of the N3LO beam function to
NNLO beam function. We fix bT = (10 GeV)�1 and ! = 100 GeV and choose the canonical scales
µbT = 2e��E and ⌫ = !, such that the shown beam function corresponds to the boundary term in
a resummed prediction. The di↵erent colors show the results for an u-quark, d-quark and gluon,
respectively.

In order to understand the impact of the new three-loop boundary term Ĩ(3)ij in a

resummed predictions, we present the beam function evaluated at the canonical scales

µbT = 2e��E and ⌫ = !, where all logarithms in eq. (4.2) vanish and only the boundary

term Ĩ(3)ij contributes. In figure 3, we compare the u-quark beam function (left) and gluon

beam function (right) order by order in ↵s, up to N3LO, to the corresponding PDFs,

choosing canonical scales for bT = (10 GeV)�1 and ! = 100 GeV. We see that the beam

function has a very di↵erent shape compared to the PDF, and that the beam function

converges very well at N3LO.

Finally, the K-factor of the N3LO beam function, which is defined as the ratio of the

beam function at N3LO w.r.t. its value at NNLO, is shown in figure 4. As before, we

choose the canonical scales for bT = (10 GeV)�1 and ! = 100 GeV. We find a rather

small correction of ⇠ 0.2� 0.5%, but with a notable dependence on z for all channels.

For completeness, we also present the high-energy limit z ! 0 of the kernels Ĩ(3)gg (z) and

Ĩ(3)gq (z) contributing to the gluon beam function in appendix B. The corresponding limit for

the quark kernels were already presented in ref. [51], for which we find perfect agreement.

These results are useful to study the small-x behavior of TMDPDFs, see e.g. refs. [143–146].

5 Conclusions

We have calculated the perturbative matching kernel relating transverse-momentum depen-

dent beam functions with lightcone PDFs at N3LO in QCD. This provides the first results

of these kernels for the gluon TMD beam function, and corrects the result in the dabcdabc

color structure in the recent calculation of the quark TMD beam function in ref. [51]. After

private communication, the authors of ref. [51] identified and resolved a minor mistake in

their calculation, after which perfect agreement is found. This emphasizes that having two
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FIG. 1: Approximate Higgs boson rapidity distribution with threshold expansion truncated at di↵erent orders. The left panel
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Higgs production in gluon fusion: differential predictions

Dulat,  Mistlberger, Pelloni
Chen, Cruz-Martinez, Gehrmann, Glover, Jacquire;

Caola, Melnikov, Schulze; 
Boughezal, Focke, Liu, Giele, Petriello

Fully-differential  N3LO QCD predictions for Higgs production in gluon fusion are obtained by 
combining N3LO QCD predictions for Higgs rapidity distribution  with NNLO predictions for H+jet 
production using the so-called projection-to-Born method.   

An alternative computation relies on soft-collinear effective theory and computations of required 
ingredients (beam functions etc.) through N3LO QCD.

Figure 4. Transverse momentum and rapidity distributions of the leading jet produced in associ-
ation with a Higgs boson compared to ATLAS data [2]. Upper panels are absolute cross sections,
lower panels normalized to �H .

total fiducial cross section, which is inclusive in the number of jets. Besides the absolute

distributions, we therefore also considered distributions normalized to the total fiducial

cross section. In these, uncertainties related to the overall luminosity and the reconstruc-

tion e�ciency largely cancel out, such that normalized distributions are often measured

more reliably. We observe the theory uncertainty on the distributions to increase after

normalization, which is a direct consequence of considering independent scale variations

on numerator and denominator. For this reason, they appear to be less well suited for

precision phenomenology than the absolute measurements.
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Figure 4. The K-factor of the N3LO beam function, i.e. the ratio of the N3LO beam function to
NNLO beam function. We fix bT = (10 GeV)�1 and ! = 100 GeV and choose the canonical scales
µbT = 2e��E and ⌫ = !, such that the shown beam function corresponds to the boundary term in
a resummed prediction. The di↵erent colors show the results for an u-quark, d-quark and gluon,
respectively.

In order to understand the impact of the new three-loop boundary term Ĩ(3)ij in a

resummed predictions, we present the beam function evaluated at the canonical scales

µbT = 2e��E and ⌫ = !, where all logarithms in eq. (4.2) vanish and only the boundary

term Ĩ(3)ij contributes. In figure 3, we compare the u-quark beam function (left) and gluon

beam function (right) order by order in ↵s, up to N3LO, to the corresponding PDFs,

choosing canonical scales for bT = (10 GeV)�1 and ! = 100 GeV. We see that the beam

function has a very di↵erent shape compared to the PDF, and that the beam function

converges very well at N3LO.

Finally, the K-factor of the N3LO beam function, which is defined as the ratio of the

beam function at N3LO w.r.t. its value at NNLO, is shown in figure 4. As before, we

choose the canonical scales for bT = (10 GeV)�1 and ! = 100 GeV. We find a rather

small correction of ⇠ 0.2� 0.5%, but with a notable dependence on z for all channels.

For completeness, we also present the high-energy limit z ! 0 of the kernels Ĩ(3)gg (z) and

Ĩ(3)gq (z) contributing to the gluon beam function in appendix B. The corresponding limit for

the quark kernels were already presented in ref. [51], for which we find perfect agreement.

These results are useful to study the small-x behavior of TMDPDFs, see e.g. refs. [143–146].

5 Conclusions

We have calculated the perturbative matching kernel relating transverse-momentum depen-

dent beam functions with lightcone PDFs at N3LO in QCD. This provides the first results

of these kernels for the gluon TMD beam function, and corrects the result in the dabcdabc

color structure in the recent calculation of the quark TMD beam function in ref. [51]. After

private communication, the authors of ref. [51] identified and resolved a minor mistake in

their calculation, after which perfect agreement is found. This emphasizes that having two
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GLUON FUSION IN QCD FULLY DIFFERENTIAL N3LO

Fully-differential Higgs @ N3LO: P2B

4

[Chen, Gehrmann, Glover, Huss, Mistlberger, Pelloni (2021)]
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FIG. 2. Comparison between inclusive (left) and fiducial (right) predictions for the rapidity distribution of the Higgs boson up
to N3LO. Predictions are shown at LO (grey), NLO (green), NNLO (blue), N3LO (red), and for the NNLO prediction re-scaled
by the inclusive KN3LO-factor (orange).

channel at N3LO. The fully di↵erential prediction is as-
sembled according to Eq. (1), which requires:

1. The inclusive calculation at N3LO for the Higgs ra-
pidity distribution yH as computed in Ref. [20] and
implemented in the RapidiX library. This result is
based on techniques developed in Refs. [38, 39] and
is given by analytic formulae for the partonic rapid-
ity distribution computed by means of a threshold
expansion. We supplement this result by exploiting
the fact that the Higgs boson decays isotropically
in its rest frame to generate the inclusive N3LO cal-
culation di↵erential in the Higgs boson decay prod-
ucts.

2. The fully di↵erential NNLO calculation for the
H+jet process. This has been computed in Ref. [29]
using the antenna subtraction method [22, 39] and
is available within the parton-level Monte Carlo
generator NNLOJET.

We have implemented the P2B method for color-neutral
final states within the NNLOJET framework together
with an interface to the RapidiX library to access the
inclusive part of the calculation.

For our phenomenological results, we restrict ourselves
to the decay of the Higgs boson into a pair of photons
and closely follow the corresponding 13 TeV ATLAS
measurement [40] with the following fiducial cuts

p�1

T > 0.35⇥m�� , p�2

T > 0.25⇥m�� , (7)

|⌘� | < 2.37 excluding 1.37 < |⌘� | < 1.52,

where �1 and �2 respectively denote the leading and sub-
leading photon with m�� ⌘ MH = 125 GeV the invari-
ant mass of the photon-pair system. For each photon,
an additional isolation requirement is imposed where the
scalar sum of partons with pT > 1 GeV within a cone of
�R = 0.2 around the photon has to be less than 5% of the
pT of the photon. Note that this setup induces a highly
non-trivial interplay between the final-state photons and
QCD emissions, requiring a fully di↵erential description
of the process. Throughout this letter, we work in the
narrow width approximation to combine the production
and decay of the Higgs boson. To derive numerical pre-
dictions we use PDF4LHC15_nnlo_100 [41] parton distri-
bution functions and choose the value of the top quark
mass in the modified minimal subtraction scheme to be
mt(mt) = 162.7 GeV.

Figure 1 compares predictions for the fiducial rapidity
distribution of the Higgs boson yH based on two di↵er-
ent methods. This comparison serves as the validation
of the P2B implementation up to NNLO against an in-
dependent calculation based on the antenna subtraction
method. The lower panels in Fig. 1 show the ratio of the
two calculations, where the filled band and the error bars
correspond to the uncertainty estimates of the Monte
Carlo integration of the antenna- and P2B-prediction,
respectively. The ratios shown in the bottom two panels
reveal agreement within numerical uncertainties between
the two calculations at the per-mille and sub-per-cent
level for the coe�cients at NLO and NNLO, respectively.

Figure 2 compares the inclusive rapidity distribution of
the Higgs boson to the fiducial rapidity distribution of the
di-photon pair. It was already noted in Refs. [20, 21] that

•Higgs rapidity distribution [Dulat, Mistlberger, Pelloni (2018)] 

•Exquisite numerical control of H+j@NNLO [NNLOjet, 2015-2021] 

•Combined using P2B [Cacciari, Dreyer, Karlberg, Salam, Zanderighi (2015)]
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FIG. 2. Comparison between inclusive (left) and fiducial (right) predictions for the rapidity distribution of the Higgs boson up
to N3LO. Predictions are shown at LO (grey), NLO (green), NNLO (blue), N3LO (red), and for the NNLO prediction re-scaled
by the inclusive KN3LO-factor (orange).

channel at N3LO. The fully di↵erential prediction is as-
sembled according to Eq. (1), which requires:

1. The inclusive calculation at N3LO for the Higgs ra-
pidity distribution yH as computed in Ref. [20] and
implemented in the RapidiX library. This result is
based on techniques developed in Refs. [38, 39] and
is given by analytic formulae for the partonic rapid-
ity distribution computed by means of a threshold
expansion. We supplement this result by exploiting
the fact that the Higgs boson decays isotropically
in its rest frame to generate the inclusive N3LO cal-
culation di↵erential in the Higgs boson decay prod-
ucts.

2. The fully di↵erential NNLO calculation for the
H+jet process. This has been computed in Ref. [29]
using the antenna subtraction method [22, 39] and
is available within the parton-level Monte Carlo
generator NNLOJET.

We have implemented the P2B method for color-neutral
final states within the NNLOJET framework together
with an interface to the RapidiX library to access the
inclusive part of the calculation.

For our phenomenological results, we restrict ourselves
to the decay of the Higgs boson into a pair of photons
and closely follow the corresponding 13 TeV ATLAS
measurement [40] with the following fiducial cuts

p�1

T > 0.35⇥m�� , p�2

T > 0.25⇥m�� , (7)

|⌘� | < 2.37 excluding 1.37 < |⌘� | < 1.52,

where �1 and �2 respectively denote the leading and sub-
leading photon with m�� ⌘ MH = 125 GeV the invari-
ant mass of the photon-pair system. For each photon,
an additional isolation requirement is imposed where the
scalar sum of partons with pT > 1 GeV within a cone of
�R = 0.2 around the photon has to be less than 5% of the
pT of the photon. Note that this setup induces a highly
non-trivial interplay between the final-state photons and
QCD emissions, requiring a fully di↵erential description
of the process. Throughout this letter, we work in the
narrow width approximation to combine the production
and decay of the Higgs boson. To derive numerical pre-
dictions we use PDF4LHC15_nnlo_100 [41] parton distri-
bution functions and choose the value of the top quark
mass in the modified minimal subtraction scheme to be
mt(mt) = 162.7 GeV.

Figure 1 compares predictions for the fiducial rapidity
distribution of the Higgs boson yH based on two di↵er-
ent methods. This comparison serves as the validation
of the P2B implementation up to NNLO against an in-
dependent calculation based on the antenna subtraction
method. The lower panels in Fig. 1 show the ratio of the
two calculations, where the filled band and the error bars
correspond to the uncertainty estimates of the Monte
Carlo integration of the antenna- and P2B-prediction,
respectively. The ratios shown in the bottom two panels
reveal agreement within numerical uncertainties between
the two calculations at the per-mille and sub-per-cent
level for the coe�cients at NLO and NNLO, respectively.

Figure 2 compares the inclusive rapidity distribution of
the Higgs boson to the fiducial rapidity distribution of the
di-photon pair. It was already noted in Refs. [20, 21] that

Inclusive
Fiducial

[Chen, Gehrmann, Glover, Huss, Mistlberger, Pelloni 2021]

Put everything together with Projection to Born method [Cacciari, Dreyer, Karlberg, Salam, Zanderighi 2015]



GLUON FUSION IN QCD PT SPECTRUM

Differentially, one of the most interesting observables is the pT spectrum:  

info on QCD radiation, Higgs couplings…

[Bozzi, Catani, de Florian 2005]

The  spectrumpT

Pave the way to the deployment of NNLO 
accurate Monte Carlo event generators which 
are nowadays routinely used in the analyses

NNLL+NNLO

NLL+NLO

The availability of accurate 
predictions for differential 
distributions and for the spectrum 
played a twofold important role

HqT

Help shaping analysis strategies

14

The  spectrum gives us information on the hardness of the QCD radiation 
accompanying the Higgs boson but its precise shape cannot be computed by 
using fixed order perturbation theory

pT

When  multiparton emission 
needs to be accounted for through 
all order resummation

pT ≪ mH

Hamilton, Nason, Oleari, Zanderighi (2012)
Hamilton, Nason, Re, Zanderighi (2013)

Bozzi, Catani, de Florian, MG (2005)

In low pT regime, multiparton emission accounted for by 
resummation (and Parton Showers, see new developments 
by PanScale project)

Fiducial results at N3LO+N3LL

5

4

III. THE TOTAL FIDUCIAL CROSS SECTION

If (and only if) the singular distributional structure of
d�(0)

/dqT is known, the qT spectrum can be integrated
to obtain the total cross section. This is the basis of qT
subtractions [44],

� = �
sub(qo↵

T
)+

Z
dqT


d�

dqT
�

d�sub

dqT
✓(qT  q

o↵

T
)

�
. (14)

Here, d�sub = d�(0)[1+O(qT /mH)] contains the singular
terms, with �

sub(qo↵
T

) its distributional integral over qT 

q
o↵

T
, while the term in brackets is numerically integrable.

Taking �
sub

⌘ �
sing, we get

� = �
sing(qo↵

T
) +

Z
q
off
T

0

dqT
d�nons

dqT
+

Z

q
off
T

dqT
d�

dqT
, (15)

which is exactly the integral of Eq. (13). The subtrac-
tions here are di↵erential in qT , where qo↵T ⇠ 10�100GeV
determines the range over which they act and exactly
cancels between all terms.

To integrate d�nons
/dqT in Eq. (15) down to qT = 0,

we parametrize the fixed-order coe�cients in Eq. (12) by
their leading behavior,

qT
d�nons

FO

dqT

����
↵n

s

=
q
2

T

m
2

H

2n�1X

k=0

ak ln
k q

2

T

m
2

H

+ · · · , (16)

and perform a fit to this parameterization, which we then
integrate analytically. To obtain reliable, unbiased fit re-
sults, we must account for the uncertainties in the pa-
rameterization from yet higher-power corrections. We
do so by including additional higher-power coe�cients
as nuisance parameters. In the fiducial case, we include
all O(q3

T
/m

3

H
) coe�cients. The fit procedure is an ex-

tension of the one described in Refs. [103, 104]. It has
been validated extensively, and more details will be given
elsewhere. As a benchmark, we correctly reproduce the
↵s (↵2

s
) coe�cients of the total inclusive cross section to

better than 10�5 (10�4) relative precision.
At N3LO, we use existing NNLOjet results [41, 42] to

get nonsingular data for 0.74GeV (4GeV)  qT  q
o↵

T

for inclusive log bins (for inclusive and fiducial linear
bins). While these data are not yet precise enough to-
wards small qT to give a stable fit on their own, we ex-
ploit that in the inclusive case, the known ↵

3
s
coe�cient

of the total inclusive cross section [25, 105] provides a
su�ciently strong additional constraint to obtain a reli-
able fit. In the fiducial case, we exploit that the inclusive
and fiducial ak arise from the same Y -dependent coef-
ficient functions integrated either inclusively or against
A(0, Y ;⇥). At NLO and NNLO, their ratios are between
0.4 to 0.55. At N3LO, we thus perform a simultaneous
fit to inclusive and fiducial data, using this range as a
1� constraint on the ratio of fiducial and inclusive ak.

FIG. 2. Fiducial and nonsingular power corrections integrated
up to qT  q

cut
T . The yellow band shows �nons from the fit.

FIG. 3. Total fiducial gg ! H ! �� cross section at fixed or-
der and including resummation, where �resum ⌘ �qT ��' �
�match, compared to preliminary ATLAS measurements [26].

This yields a stable fit, with an acceptable ⇠ 0.1 pb un-
certainty for the fiducial nonsingular integral (�nons).

The often-used qT slicing approach amounts to taking
q
o↵

T
! q

cut

T
⇠ 1GeV and simply dropping the power cor-

rections below q
cut

T
. The nonsingular and fiducial power

corrections are shown in Fig. 2. The latter are huge at
↵
3
s
, and even at ↵

2
s
only become really negligible below

q
cut

T
<
⇠ 10�2 GeV. This is why it is critical for us to

include them in the subtractions (and to resum them).
The remaining nonsingular corrections at ↵

3
s
are about

ten times larger than at ↵
2
s
, and at q

cut

T
= 1 � 5GeV

still contribute 5 � 10% of the total ↵3
s
coe�cient. To-

gether with the current precision of the nonsingular data,
this makes the above di↵erential subtraction procedure
essential to our results.

Evaluating Eq. (15) either at fixed order or including
resummation, we obtain our final results for the total
fiducial cross section presented in Fig. 3. The poor con-
vergence at fixed order is largely due to the fiducial power

[V+jet@NNLO: NNLOjet, extremely stable down to pt ~ 0.5 GeV]

[Billis, Dehnadi, Ebert, Michel, Tackmann (2021)]

[Re, Rottoli, Torrielli (2021)]

Figure 6. Resummed pHt spectrum for inclusive Higgs production at NNLL, NNLL0, N3LL. Left panel:
central scales R = F = 1, Q = 1/2. Right panel: central scales R = F = Q = 1/2.
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Figure 7. Left: resummed predictions at N3LL (red) and N3LL0 (blue) for p��
t

in the fiducial ATLAS
setup. Right: matched prediction at N3LL +NNLO (red) and N3LL0+NNLO (blue). In the right plot, the
x axis is linear up to p��

t
= 50 GeV and logarithmic above.

curves is significantly affected, with ‘primed’ predictions correctly capturing the large K-factor,
at the level of 15% at this perturbative order, which is known to arise in Higgs production. We
note the the two different NNLL0 predictions are fairly similar, and remarkably closer (in shape
and normalisation) to the N3LL one than the bare NNLL is, both in terms of central value, and
of uncertainty-band estimate. The central NNLL0 prediction without running coupling tends to be
slightly closer to the central N3LL one, while NNLL0 with running coupling is slightly more similar
to N3LL in terms of uncertainty band. In all cases does the central N3LL prediction lie well within
the NNLL0 running-coupling band, which we use as our default for the fiducial study.

Fig. 7 displays a comparison, relevant to the fiducial di-photon p
��

t
spectrum, of N3LL0 curves

(blue) agains N3LL predictions (red), both without (left panel) and with (right panel) additive
matching to NNLO. All predictions include recoil effects, so that this figure represents the Higgs-
production analogue of Fig. 3, but referred to central scales R = F = Q = 1/2. The shape
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corrections. To see this,

�
FO

incl
= 13.80 [1 + 1.291 + 0.783 + 0.299] pb ,

�
FO

fid
/B�� = 6.928 [1 + (1.300 + 0.129fpc)

+ (0.784� 0.061fpc)

+ (0.331 + 0.150fpc)] pb . (17)

The successive terms are the contributions from each or-
der in ↵s. The numbers with “fpc” subscript are the
contributions of the fiducial power corrections in Eq. (7).
The corrections without them are almost identical to the
inclusive case. The fiducial power corrections break this
would-be universal acceptance e↵ect, causing a 10% cor-
rection at NLO and NNLO and a 50% correction at N3LO
and showing no perturbative convergence.

Integrating W
(0) over qT , all qT logarithms and re-

summation e↵ects formally have to cancel. (Numerically,
this strongly depends on the specific implementation of
resummation and matching. We have verified explicitly
that it is well-satisfied in our approach.) For the fiducial
power corrections, the nontrivial qT -dependence of the
acceptance spoils this cancellation and induces residual
logarithmic dependence on pL/mH in the integral. This
causes the large corrections in Eq. (17), which get re-
summed using the resummed �

sing in Eq. (15). Together
with timelike resummation, this leads to the excellent
convergence of the resummed results in Fig. 3, very sim-
ilar to the inclusive case [72],

�incl = 24.16 [1 + 0.756 + 0.207 + 0.024] pb ,

�fid/B�� = 12.89 [1 + 0.749 + 0.171 + 0.053] pb . (18)

To conclude, our best result for the fiducial Higgs cross
section at N3LL0+N3LO for the cuts in Eq. (1) reads

�fid/B�� = (25.41± 0.59FO ± 0.21qT ± 0.17'

± 0.06match ± 0.20nons) pb

= (25.41± 0.68pert) pb . (19)

Multiplying by B�� = (2.270± 0.047)⇥ 10�3 [106–108],

�fid = 57.69 (1± 2.7%pert ± 2.1%B (20)

± 3.2%PDF+↵s ± 2%EW ± 2%t,b,c) fb ,

where we also included approximations of additional un-
certainties. The PDF+↵s uncertainty is taken from the
inclusive case [24, 108]. For the inclusive cross section,
NLO electroweak e↵ects give a +5% correction [109],
while the net e↵ect of finite top-mass, bottom, and charm
contributions is�5% (in the pole scheme we use). We can
expect roughly similar acceptance corrections for both,
and therefore keep the central result unchanged but in-
clude a conservative 2% uncertainty (40% of the expected
correction) for each e↵ect. Their proper treatment re-
quires incorporating them into the resummation frame-
work, which we leave for future work.
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Fixed-order: large spurious 

fiducial correction effects 

  

At N3LO: as large as correction 

itself

[Re, Rottoli, Torrielli 2021]

Under control to N LL3

[Talk by S. Ferrario Ravasio earlier today]



GLUON FUSION IN QCD SPURIOUS FIDUCIAL EFFECTS

Fixed order calculation has large spurious effects when looking at fiducial cuts! 

 ATLAS/CMS cuts induce IR sensitivity→

Spurious fiducial-correction effects

6

The issue: ATLAS / CMS fiducial cuts induce sensitivity to IR physics in 

f.o. calculations [Catani, Cieri, de Florian, Ferrera, Grazzini (2018); Ebert, Michel, Tackmann + Billis, 

Dehnadi (2017-2021); Salam + Slade (2015, 2021)]

Two options:  

•abandon fixed-order calculation (resummation is well under-control) 

•design sets of cuts that do not induce such sensitivity, while still being practical 

and retaining good S/B ratio[Salam, Slade (2021)]

Figure 4: Comparison of the pt,h-dependent acceptances for the sum, product and stag-

gered cuts. For the staggered cuts, pt,y+ corresponds to the transverse momentum of the

photon at higher rapidity. As in Fig. 2, the points corresponds to Monte Carlo evaluations

of the acceptances. Lines use series expansions to fourth order and bands (where visible)

show the size of the fourth order term.

Figure 5: The N3LL resummed result and its N3LO truncation, for sum cuts (left) and

product cuts (right), as a function of ✏, the minimum pt,h in Eq. (2.22). Note the di↵erent

scale relative to Fig. 3.

clearly sees the transition to linear pt,h dependence for pt,h & 2� in the case of the sum

and product cuts and for pt,h > � for the staggered cuts.

The perturbative convergence of the acceptance with sum and product cuts is illus-
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Figure 3: The N3LL resummed result and its truncation at N3LO for the fiducial cor-

rections to the Higgs cross section, as defined in Eq. (2.22), for asymmetric pt,� cuts,

pt,+ > 0.35mh and pt,� > 0.25mh. The results are shown as a function of ✏, the mini-

mum Higgs pt used in the integration (conceptually analogous to a technical cuto↵ in a

projection-to-Born fixed-order calculation). The bands are the result of varying renormali-

sation and factorisation scales by a factor of two around mh/2. The N3LL distribution and

expansion used to obtain these results were kindly supplied by the authors of the RadISH

framework [44].

a consequence of the fact that the NNLL and N3LL results includes a substantial part of

the K factor for inclusive Higgs production. The NNLL and N3LL results are themselves

close. Examining the fixed-order results, the main feature to note is that up to N3LO there

is no truncation of the series that agrees with the resummed result.

Fig. 3 illustrates the N3LO truncation compared to the resummation, as a function

of the cuto↵ ✏ in Eq. (2.22). First considering the small-✏ limit, the di↵erence of 0.22

between the central N3LO result and the resummation corresponds to a roughly 7% rel-

ative e↵ect on the full cross section (after accounting for an overall K-factor of about 3).

This is significantly larger than the perturbative scale uncertainty on the inclusive N3LO

cross section [6]. The scale variation bands demonstrate a large scale sensitivity for the

fixed-order result, which does not overlap with the resummed result (though contributions

beyond the resummation could modify this aspect). The pattern of ✏-dependence in Fig. 3

confirms the expectation from Eq. (2.20) that the fixed-order result is highly sensitive to

unphysically low pt,h values.7

One may ask whether a badly divergent perturbative series for a fiducial cross section

is a problem: after all, there are various ways of evaluating the fiducial cross section via

the matching of resummations and fixed order, including the pt,h dependence acceptance

7One intriguing feature is that setting ✏ in the range of a few hundred MeV to one GeV gives an N3LO

truncated result that is much closer to the full N3LL result, and with a reduced scale uncertainty.
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[Salam, Slade 2021]New cuts with low IR sensitivity

Spurious fiducial-correction effects
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f.o. calculations [Catani, Cieri, de Florian, Ferrera, Grazzini (2018); Ebert, Michel, Tackmann + Billis, 

Dehnadi (2017-2021); Salam + Slade (2015, 2021)]

Two options:  

•abandon fixed-order calculation (resummation is well under-control) 

•design sets of cuts that do not induce such sensitivity, while still being practical 

and retaining good S/B ratio[Salam, Slade (2021)]

Figure 4: Comparison of the pt,h-dependent acceptances for the sum, product and stag-

gered cuts. For the staggered cuts, pt,y+ corresponds to the transverse momentum of the

photon at higher rapidity. As in Fig. 2, the points corresponds to Monte Carlo evaluations

of the acceptances. Lines use series expansions to fourth order and bands (where visible)

show the size of the fourth order term.

Figure 5: The N3LL resummed result and its N3LO truncation, for sum cuts (left) and

product cuts (right), as a function of ✏, the minimum pt,h in Eq. (2.22). Note the di↵erent

scale relative to Fig. 3.

clearly sees the transition to linear pt,h dependence for pt,h & 2� in the case of the sum

and product cuts and for pt,h > � for the staggered cuts.

The perturbative convergence of the acceptance with sum and product cuts is illus-
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the K factor for inclusive Higgs production. The NNLL and N3LL results are themselves

close. Examining the fixed-order results, the main feature to note is that up to N3LO there

is no truncation of the series that agrees with the resummed result.
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ative e↵ect on the full cross section (after accounting for an overall K-factor of about 3).
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beyond the resummation could modify this aspect). The pattern of ✏-dependence in Fig. 3

confirms the expectation from Eq. (2.20) that the fixed-order result is highly sensitive to

unphysically low pt,h values.7

One may ask whether a badly divergent perturbative series for a fiducial cross section

is a problem: after all, there are various ways of evaluating the fiducial cross section via

the matching of resummations and fixed order, including the pt,h dependence acceptance

7One intriguing feature is that setting ✏ in the range of a few hundred MeV to one GeV gives an N3LO

truncated result that is much closer to the full N3LL result, and with a reduced scale uncertainty.
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MASS AND EW EFFECTS



Uncertainty budget

Dulat et al (2018)

9
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TOP MASS EFFECTS INCLUSIVE CROSS SECTION

Exact mass effects at NNLO 
remained important source of 
uncertainty

Loop initiated: 

WHAT ABOUT THE OTHER LOGS?

Conceptually these new logarithms are troublesome!

Bottom loop in gg → H

Leading contribution

∝ ln2(m2
H/m2

b)
m2

b
m2

H

effective expansion parameter αs ln2(m2
H/m2

b) ∼ 40αs

➥ resummation is mandatory (main source of uncertainty)
factorization structure similar to G

A. Penin, U of A & ETH CERN 2018 – p. 18/26

Means that, effectively, the expansion parameter becomes

Bottom loop in gg → H

Leading contribution

∝ ln2(m2
H/m2

b)
m2

b
m2

H

effective expansion parameter αs ln2(m2
H/m2

b) ∼ 40αs

➥ resummation is mandatory (main source of uncertainty)
factorization structure similar to G

A. Penin, U of A & ETH CERN 2018 – p. 18/26

Requires LL resummation beyond leading power in QCD
[Penin, ’14; Liu, Penin ’17, ’18]Double logs induced by soft quark exchange!

Used to estimate contribution from bottom quarks at NNLO -> 3 loops ~ -0.6 %!
[Liu, Penin ’18]

till recently known up to NLO (2 loop calculation!)



[Czakon, Harlander, Klappert, Niggetiedt ’21]

Recently full NNLO inclusive calculation 
completed! It requires complicated 3 loop graphs

a b

c d

e f

g h

Figure 1: Sample three-loop Feynman diagrams for the decay of a Higgs-boson into

two photons. Diagrams c–h visualise all non-vanishing contributions involving two closed

fermion loops.

This publication is structured as follows: In the following section, we clarify the nota-

tion and conventions used in this paper. Subsequently, we briefly discuss our findings and

draw conclusions. Explicit results for the expansions of the missing piece of the three-loop

form factor and information on the contents of the ancillary file are given in the appendices.

An entire chapter dedicated for a thorough discussion on the technical details is given in

Ref. [1].
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Table I: E↵ects of a finite top-quark mass on the total hadronic Higgs-boson production cross section for the LHC @ 13 TeV and
8 TeV, separately for the partonic channels and including Monte Carlo integration error estimates. Results obtained with the
PDF set NNPDF31 nnlo as 0118 [46], renormalization and factorization scales µR = µF = MH/2, Higgs-boson mass MH = 125
GeV, and top-quark mass Mt =

p
23/12 ⇥ MH ⇡ 173.055 GeV. The NNLO cross section within HEFT (�NNLO

HEFT ) has been
obtained with SusHi [47, 48] and is split into contributions from the individual orders in ↵s.

channel
�
NNLO
HEFT [pb] (�NNLO

exact � �
NNLO
HEFT ) [pb]

(�NNLO
exact /�

NNLO
HEFT � 1) [%]

O(↵2
s) +O(↵3

s) +O(↵4
s) O(↵3

s) O(↵4
s)

p
s = 8TeV

gg 7.39 + 8.58 + 3.88 +0.0353 +0.0879± 0.0005 +0.62
qg 0.55 + 0.26 �0.1397 �0.0021± 0.0005 �18
qq 0.01 + 0.04 +0.0171 �0.0191± 0.0002 �4

total 7.39 + 9.15 + 4.18 �0.0873 +0.0667± 0.0007 �0.10
p
s = 13TeV

gg 16.30 + 19.64 + 8.76 +0.0345 +0.2431± 0.0020 +0.62
qg 1.49 + 0.84 �0.3696 �0.0115± 0.0010 �16
qq 0.02 + 0.10 +0.0322 �0.0501± 0.0006 �15

total 16.30 + 21.15 + 9.79 �0.3029 +0.1815± 0.0023 �0.26

at the 1-2% level. In fact, we find that the absolute val-
ues of all finite-mass e↵ects add up to about 1.5-1.6% at
NNLO. However, the cancellations among the individual
channels and perturbative orders decrease this number
to �0.1% at 8TeV, and �0.26% at 13TeV.

CONCLUSIONS AND OUTLOOK

A calculation of the hadronic Higgs production cross
section including the full top-mass dependence at NNLO

was reported. It results in a slight decrease relative to the
result in the HEFT approximation of �0.26% at 13TeV,
and �0.1% at 8TeV collider energy. This result confirms
and at the same time eliminates the commonly accepted
uncertainty estimate arising from the lack of knowledge
of these e↵ects.

Our calculational techniques are also applicable to the
bottom- and charm-loop induced terms and the associ-
ated interference with the top-loop terms. This is de-
ferred to future work.
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Recently full NNLO inclusive calculation 
completed! It requires complicated 3 loop graphs

a b

c d

e f

g h

Figure 1: Sample three-loop Feynman diagrams for the decay of a Higgs-boson into

two photons. Diagrams c–h visualise all non-vanishing contributions involving two closed

fermion loops.

This publication is structured as follows: In the following section, we clarify the nota-

tion and conventions used in this paper. Subsequently, we briefly discuss our findings and

draw conclusions. Explicit results for the expansions of the missing piece of the three-loop

form factor and information on the contents of the ancillary file are given in the appendices.

An entire chapter dedicated for a thorough discussion on the technical details is given in

Ref. [1].
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Nevertheless, cancellations bring differences down to ~ at 13 TeV 

Confirms “expectations” from HEFT and removes this source of uncertainty!

0.26 %

TOP MASS EFFECTS INCLUSIVE CROSS SECTION
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Table I: E↵ects of a finite top-quark mass on the total hadronic Higgs-boson production cross section for the LHC @ 13 TeV and
8 TeV, separately for the partonic channels and including Monte Carlo integration error estimates. Results obtained with the
PDF set NNPDF31 nnlo as 0118 [46], renormalization and factorization scales µR = µF = MH/2, Higgs-boson mass MH = 125
GeV, and top-quark mass Mt =

p
23/12 ⇥ MH ⇡ 173.055 GeV. The NNLO cross section within HEFT (�NNLO

HEFT ) has been
obtained with SusHi [47, 48] and is split into contributions from the individual orders in ↵s.

channel
�
NNLO
HEFT [pb] (�NNLO

exact � �
NNLO
HEFT ) [pb]

(�NNLO
exact /�

NNLO
HEFT � 1) [%]

O(↵2
s) +O(↵3

s) +O(↵4
s) O(↵3

s) O(↵4
s)

p
s = 8TeV

gg 7.39 + 8.58 + 3.88 +0.0353 +0.0879± 0.0005 +0.62
qg 0.55 + 0.26 �0.1397 �0.0021± 0.0005 �18
qq 0.01 + 0.04 +0.0171 �0.0191± 0.0002 �4

total 7.39 + 9.15 + 4.18 �0.0873 +0.0667± 0.0007 �0.10
p
s = 13TeV

gg 16.30 + 19.64 + 8.76 +0.0345 +0.2431± 0.0020 +0.62
qg 1.49 + 0.84 �0.3696 �0.0115± 0.0010 �16
qq 0.02 + 0.10 +0.0322 �0.0501± 0.0006 �15

total 16.30 + 21.15 + 9.79 �0.3029 +0.1815± 0.0023 �0.26

at the 1-2% level. In fact, we find that the absolute val-
ues of all finite-mass e↵ects add up to about 1.5-1.6% at
NNLO. However, the cancellations among the individual
channels and perturbative orders decrease this number
to �0.1% at 8TeV, and �0.26% at 13TeV.

CONCLUSIONS AND OUTLOOK

A calculation of the hadronic Higgs production cross
section including the full top-mass dependence at NNLO

was reported. It results in a slight decrease relative to the
result in the HEFT approximation of �0.26% at 13TeV,
and �0.1% at 8TeV collider energy. This result confirms
and at the same time eliminates the commonly accepted
uncertainty estimate arising from the lack of knowledge
of these e↵ects.

Our calculational techniques are also applicable to the
bottom- and charm-loop induced terms and the associ-
ated interference with the top-loop terms. This is de-
ferred to future work.
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Exact dependence on the top-mass is very relevant at high pT!
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2.2.1.1 Gluon fusion

In this section we document cross section predictions for a standard model Higgs boson produced through
gluon fusion in 27 TeV pp collisions. To derive predictions we include contributions based on pertur-
bative computations of scattering cross sections as studied in Ref. [47]. We include perturbative QCD
corrections through next-to-next-to-next-to-leading order (N3LO), electroweak (EW) and approximated
mixed QCD-electroweak corrections as well as effects of finite quark masses. The only modification
with respect to YR4 [45] is that we now include the exact N3LO heavy top effective theory cross section
of Ref. [48] instead of its previous approximation. The result of this modification is only a small change
in the central values and uncertainties. To derive theoretical uncertainties we follow the prescriptions
outlined in Ref. [47]. We use the following inputs:

ECM 27 TeV
mt(mt) 162.7 GeV
mb(mb) 4.18 GeV

mc(3 GeV) 0.986 GeV
↵S(mZ) 0.118

PDF PDF4LHC15_nnlo_100 [49]

(5)

All quark masses are treated in the MS scheme. To derive numerical predictions we use the program
iHixs [50].

Sources of uncertainty for the inclusive Higgs boson production cross section have been assessed
recently in refs. [47, 51, 52, 45]. Several sources of theoretical uncertainties were identified.

Fig. 1: The figure shows the linear sum of the different sources of relative uncertainties as a function
of the collider energy. Each coloured band represents the size of one particular source of uncertainty as
described in the text. The component �(PDF+↵S) corresponds to the uncertainties due to our imprecise
knowledge of the strong coupling constant and of parton distribution functions combined in quadrature.

– Missing higher-order effects of QCD corrections beyond N3LO (�(scale)).
– Missing higher-order effects of electroweak and mixed QCD-electroweak corrections at and be-

yond O(↵S↵) (�(EW)).
– Effects due to finite quark masses neglected in QCD corrections beyond NLO (�(t,b,c) and �(1/mt)).
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ggF: N3LO QCD is not enough…
Bottom contribution

Exact result at NNLO (yet) unknown, information from resummation 
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Higgs production in gluon fusion:  quark-mass effects
Accurate estimate of light-quark contributions to gg -> H cross section continues to be a challenging 
issue. Potentially large logarithms of the b-quark mass can be resummed to estimate the importance of 
higher-order effects.
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Exact three loop form factor for gg->H provides another way to estimate the quality of log(mb) resummation 
program.

LO NLO NNLO N3LO

δσLL
pp→H+X -1.420 -1.640 -1.667 -1.670

δσNLL
pp→H+X -1.420 -2.048 -2.183 -2.204

δσpp→H+X -1.023 -2.000

Table 1. The bottom quark loop corrections in picobarns to the Higgs boson production cross
section of different orders in αs given in the leading logarithmic approximation (LL), the next-
to-leading logarithmic approximation (NLL) and with full dependence on mb. All the results are
obtained with the threshold partonic cross section at center of mass energy of 13 TeV and renor-
malization/factorization scales set equal to half the Higgs boson mass. Following the conventions of
Ref. [6], we use the values of the top and bottom quark Yukawa couplings in the MS-scheme. Our
input values at µ = mH/2 are mb(µ) = 2.961GeV and αs(mH/2) = 0.1252. The top quark mass is
set to a very large value.

and in general one can use a different value of µ in the series for Cb, Eq. (4.2). However,

the corresponding optimal value µ = mH (mb/mH)2/5 ≈ mH/3 is quite close to the one

for σeff
gg→H+X and therefore we use the same renormalization scale in both series. Note

that in the NLL approximation there is no difference between the pole mass mb and the

MS mass mb(mb) and we use the latter as the bottom quark mass parameter for its better

perturbative properties.

In Table 1 we also present the result obtained with the threshold partonic cross section

retaining full dependence on mb, which is available up to NLO, and the leading logarithmic

result obtained with the same σn coefficients but all the subleading terms in Eqs. (4.2,4.9)

being neglected. As we see, both perturbative and logarithmic expansions have a reasonable

convergence. In LO and NLO, where the full mass dependence is known, we find that the

NLL cross section is within 42% and 3% of the exact result, respectively. The inclusion of

the NLL terms is crucial for reducing the scale dependence as it determines the scales of the

bottom quark mass, Yukawa coupling and the strong coupling constant in the LL result.

For example, the renormalization group invariant product of the Yukawa factor Eq. (4.9)

and the coefficient Cb in NNLO is decreased by about 17% with the scale variation from

mH/3 to 2mH in the LL approximation and only by about 5% in the NLL one. The scale

dependence of the different orders of perturbative expansion for the threshold cross section

in the NLL approximation is shown in Fig. 5.

We should emphasize that the results in Table 1 and Fig. 5 are obtained in the threshold

limit. As discussed, for example, in Ref. [57], threshold corrections are not uniquely defined

for the hadronic cross section integral. Diverse definitions lead to important numerical

differences in the estimate of the cross section. In this paper we have adopted the simplest

choice of a flux for the partonic cross section which is given by Eq. (4.10). For top quark

contribution only, with the same flux choice, the threshold N3LO cross section in the

infinite top quark mass limit constitutes ∼ 65% of the full cross section. While the threshold

contribution may not be adequate for precise estimate of the cross section, it does constitute

a physical quantity (in contrast to infrared divergent amplitudes) and can therefore be

used to detect whether the large logarithms pose any challenges for the convergence of
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Accurate estimate of light-quark contributions to gg -> H cross section continues to be a challenging 
issue. Potentially large logarithms of the b-quark mass can be resummed to estimate the importance of 
higher-order effects.
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section of different orders in αs given in the leading logarithmic approximation (LL), the next-
to-leading logarithmic approximation (NLL) and with full dependence on mb. All the results are
obtained with the threshold partonic cross section at center of mass energy of 13 TeV and renor-
malization/factorization scales set equal to half the Higgs boson mass. Following the conventions of
Ref. [6], we use the values of the top and bottom quark Yukawa couplings in the MS-scheme. Our
input values at µ = mH/2 are mb(µ) = 2.961GeV and αs(mH/2) = 0.1252. The top quark mass is
set to a very large value.
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Czakon and Niggetiedt

?

GGF

GLUON FUSION - INCLUSIVE CROSS SECTION

~88.2%

▸ Many residual uncertainties of comparable importance 

▸ Todo List:  - Full mass dependent NNLO  
- Mixed                  corrections 
- N3LO PDFs 
….

O(↵↵S)

Ze Long Liu, Mecaj, Neubert, Wang
Anastasiou and Penin

[Anastasiou and Penin (2020); Liu, Mecaj, Neubert, Wang (2020)]

[Anastasiou, Penin (2020)]

Exact top result [Czakon, Harlander, 

Klappert, Niggetiedt (2021)] could be 

extended to this case as well

9

[Estimate of the logs by Penin, Melnikov ’16; Liu Penin ’17,’18; Anastasiou, Penin ’20]

BOTTOM MASS EFFECTS: INCLUSIVE CROSS SECTION

LO NLO NNLO N3LO

δσLL
pp→H+X -1.420 -1.640 -1.667 -1.670

δσNLL
pp→H+X -1.420 -2.048 -2.183 -2.204

δσpp→H+X -1.023 -2.000

Table 1. The bottom quark loop corrections in picobarns to the Higgs boson production cross
section of different orders in αs given in the leading logarithmic approximation (LL), the next-
to-leading logarithmic approximation (NLL) and with full dependence on mb. All the results are
obtained with the threshold partonic cross section at center of mass energy of 13 TeV and renor-
malization/factorization scales set equal to half the Higgs boson mass. Following the conventions of
Ref. [6], we use the values of the top and bottom quark Yukawa couplings in the MS-scheme. Our
input values at µ = mH/2 are mb(µ) = 2.961GeV and αs(mH/2) = 0.1252. The top quark mass is
set to a very large value.

and in general one can use a different value of µ in the series for Cb, Eq. (4.2). However,

the corresponding optimal value µ = mH (mb/mH)2/5 ≈ mH/3 is quite close to the one

for σeff
gg→H+X and therefore we use the same renormalization scale in both series. Note

that in the NLL approximation there is no difference between the pole mass mb and the

MS mass mb(mb) and we use the latter as the bottom quark mass parameter for its better

perturbative properties.

In Table 1 we also present the result obtained with the threshold partonic cross section

retaining full dependence on mb, which is available up to NLO, and the leading logarithmic

result obtained with the same σn coefficients but all the subleading terms in Eqs. (4.2,4.9)

being neglected. As we see, both perturbative and logarithmic expansions have a reasonable

convergence. In LO and NLO, where the full mass dependence is known, we find that the

NLL cross section is within 42% and 3% of the exact result, respectively. The inclusion of

the NLL terms is crucial for reducing the scale dependence as it determines the scales of the

bottom quark mass, Yukawa coupling and the strong coupling constant in the LL result.

For example, the renormalization group invariant product of the Yukawa factor Eq. (4.9)

and the coefficient Cb in NNLO is decreased by about 17% with the scale variation from

mH/3 to 2mH in the LL approximation and only by about 5% in the NLL one. The scale

dependence of the different orders of perturbative expansion for the threshold cross section

in the NLL approximation is shown in Fig. 5.

We should emphasize that the results in Table 1 and Fig. 5 are obtained in the threshold

limit. As discussed, for example, in Ref. [57], threshold corrections are not uniquely defined

for the hadronic cross section integral. Diverse definitions lead to important numerical

differences in the estimate of the cross section. In this paper we have adopted the simplest

choice of a flux for the partonic cross section which is given by Eq. (4.10). For top quark

contribution only, with the same flux choice, the threshold N3LO cross section in the

infinite top quark mass limit constitutes ∼ 65% of the full cross section. While the threshold

contribution may not be adequate for precise estimate of the cross section, it does constitute

a physical quantity (in contrast to infrared divergent amplitudes) and can therefore be

used to detect whether the large logarithms pose any challenges for the convergence of
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2

work2 [14] and they significantly enhance the contribu-
tion of bottom loops to the Higgs production cross sec-
tion in gluon fusion, compared to naive expectations. In
fact, the bottom loop contribution to Higgs production
in the Standard Model is estimated to be close to minus
five percent [15] and, therefore, significant on the scale of
O(1%) precision goal discussed earlier.

It is interesting to remark that the “substructure”
of the ggH coupling is precisely what makes the Higgs
transverse momentum distribution an interesting observ-
able from the point of view of physics beyond the Stan-
dard Model. For example, current constraints on the
charm Yukawa coupling are weak but, if the charm
Yukawa coupling deviates significantly from its Stan-
dard Model value, the charm contribution to gg ! H

increases, and the relevance of the cc̄ ! H annihila-
tion channel for Higgs production grows. These mod-
ifications may result in observable e↵ects in the Higgs
transverse momentum distribution. It was pointed out
in Ref. [5] that studies of the Higgs boson transverse
momentum distribution lead to very competitive con-
straints on the charm Yukawa coupling; for example, it
is expected [5] that at high-luminosity LHC, the charm
Yukawa coupling can be constrained to lie in the interval
yc/y

SM
c

2 [�2.9, 4.2] at the 95% confidence level. Al-
though not quite relevant for this paper, we also note
that at very high values of the transverse momentum
p? � mt, the contribution of top quark loops can be
resolved; this allows to probe for a point-like component
of the ggH coupling that may originate from physics be-
yond the Standard Model.

This discussion suggests that the shape of the Higgs
boson transverse momentum distribution, from moder-
ate to high p?-values, is important for a proper descrip-
tion of the kinematic features of Higgs bosons produced
at the LHC and, also, may provide important informa-
tion about physics beyond the Standard Model. Accu-
rate Standard Model predictions for this observable are
key for achieving these goals. As we already mentioned,
the pQCD description of the Higgs boson transverse mo-
mentum distribution, in the approximation of the point-
like ggH coupling, is rather advanced, see Refs. [6, 7], but
there is very little understanding of how its not-point-like
component is a↵ected by QCD radiative corrections. To
clarify this issue, we report on the computation of QCD
radiative corrections to top-bottom interference contri-
bution to Higgs boson production at the LHC in this
Letter.

The calculation of the NLO QCD corrections to the
top-bottom interference is non-trivial and we briefly sum-
marize its salient details. The leading order production

2
See Refs.[13] for recent attempts to understand the origin of these

logarithms and the possibility to resum them.

of the Higgs boson with non-vanishing transverse mo-
mentum occurs in di↵erent partonic channels, namely
gg ! Hg, qg ! Hq, q̄g ! Hq̄ and qq̄ ! Hg. At lead-
ing order these processes are mediated by top or bottom
loops (the charm contribution in the SM is negligible).
The one-loop amplitudes are known exactly as functions
of external kinematic variables and the quark masses [10].
At NLO, the production cross section receives contri-

butions from real and virtual corrections. Since the lead-
ing order process only occurs at one-loop, the virtual cor-
rections require two-loop computations that include pla-
nar and non-planar box diagrams with internal masses.
The computation of such Feynman diagrams is a mat-
ter of active current research that includes attempts to
develop e�cient numerical methods that can be used in
physical kinematics [17] and to extend existing analytic
methods to make them applicable to two-loop Feynman
diagrams with internal masses [18].
However, if we focus on the top-bottom interference

and its impact on Higgs production at the LHC, we can
simplify the calculation by using the fact that the mass of
the b-quark, mb ⇠ 4.7 GeV, is numerically small. Indeed,
since mb ⌧ mH , p

typ

? , where p
typ

? ⇠ 30 GeV is a typical
Higgs boson transverse momentum, Feynman diagrams
that describe Higgs production can be expanded in se-
ries in mb for the purposes of LHC phenomenology. We
have checked at leading order that the use of scattering
amplitudes either exact or expanded in mb leads to at
most few percent di↵erences in the interference contribu-
tion to the Higgs p? distribution, down to p? ⇠ 10 GeV.
Since the interference contribution changes the Higgs bo-
son transverse momentum spectrum by O(5%) at leading
order, the percent di↵erence between expanded and not
expanded results is irrelevant for phenomenology.
Unfortunately, the expansion in mb is non-trivial since

the Higgs boson production cross section depends log-
arithmically on the b-quark mass. Therefore, we need
to devise a procedure to expand scattering amplitudes
in mb and extract the non-analytic terms. This can be
done by deriving di↵erential equations for master inte-
grals that are needed to describe the two-loop correc-
tions to pp ! H + j and then solving them in the limit
mb ! 0 [19]. Indeed, since we can derive di↵erential
equations to describe the dependence of the master in-
tegrals on the mass parameter mb and on the Mandel-
stam kinematic variables, and since all the information
about singular points of a particular Feynman integral is
contained in the di↵erential equations that this Feynman
integral satisfies, we can systematically solve the di↵eren-
tial equation in series of mb and extract the non-analytic
behavior. We note that a similar method was used to
compute the top-bottom interference contribution to the
inclusive Higgs production cross section in Ref. [20].
We have used this method to calculate all the relevant

two-loop scattering amplitudes to describe the produc-
tion of a Higgs boson in association with a jet [19, 21]. In

ptyp? ⇠ 30GeV
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Possible important effect from top-bottom interference on Higgs  distributionp⊥

BOTTOM MASS EFFECTS HIGGS PT DISTRIBUTION

Effect of logs (and finite piece) on Higgs pT by  [Lindert, Melnikov, Tancredi, Wever ‘17]

 [Caola, Lindert, Melnikov, Monni, Tancredi, Wever ’18]



Top-Bottom interference up to NLO [Bonciani, Del Duca, et al 2022]
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Figure 4. Ratio of Higgs pT distributions at LO.

central values. In fig. 4 the distributions display 25GeV-
wide bins and have LO accuracy; in fig. 5 they display
50GeV-wide bins and have NLO accuracy. Except for
the very first bins, the ratio of the Higgs pT distribution,
with top- and bottom-quarks, over the distribution with
top-quark only is flat and equals 1 (upper panels of figs. 4
and 5). This emphasises that within the scale uncertainty
the contribution of the bottom quark, and thus of the
top-bottom interference, to the Higgs pT distribution is
negligible, except at the low end of the pT range.

Since the central values of the ratios of the upper pan-
els of figs. 4 and 5 equal 1 over almost the whole pT

range, the ratios of the middle and lower panels are ba-
sically equal. Focusing on e.g. the lower panels of figs. 4
and 5, we note that the Higgs pT distribution with the
top-quark only in MS falls o↵ faster than the same dis-
tribution in OS, as pT increases, the more so at LO than
at NLO accuracy. This can be understood by the fact
that the top-quark mass has an OS fixed value, while the
running top-quark mass decreases as the pT values, and
thus the renormalisation and factorisation scales, eq. (1),
increase. This is at the origin of the di↵erence between
the upper/middle and the lower panels of fig. 3 at high
pT values.

CONCLUSIONS

Building on two-loop amplitudes for Higgs + three par-
tons [44], which are valid for arbitrary quark masses cir-
culating in the heavy-quark loops, we have computed for
the first time the NLO QCD corrections to the Higgs pT
distribution in Higgs + jet production via gluon fusion,
with top and bottom quarks circulating in the heavy-
quark loops. The exact mass dependence on the top and
bottom quarks has been included using, for the first time
in this context, a running mass renormalisation scheme,
the MS scheme. We have also provided predictions for
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Figure 5. Ratio of Higgs pT distributions at NLO.

the Higgs pT distribution with only the top quark, in MS
and OS schemes.

We find that within the scale uncertainty the LO con-
tribution of the bottom quark, and thus of the top-
bottom interference, to the Higgs boson production is
almost erased at inclusive level by the NLO corrections.
On the other hand, at the low end of the pT distribution,
the interference induces a non trivial change of shape.
However, for precision studies on the high energy tail
and with the current attainable accuracy, the use of the
Higgs pT distribution with only the top quark circulating
in the heavy-quark loops is fully justified. Finally, we find
that the Higgs pT distribution with the top-quark only
in MS falls o↵ faster than the same distribution in the
OS scheme as pT increases. This would have an obvi-
ous impact on any numerical study, requiring then that
the choice of mass renormalisation scheme be done with
great care.
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than 20GeV; in the second bin, the contribution of the
top-bottom interference is negative, and fades away from
the third on. In the right panel, the NLO contribution of
the top-bottom interference is negative in the first bin,
positive in the second, negative again, but smaller, in
the third, and dies out from the fourth on. Note that
the seven-point scale variation (not shown) provides a
much larger uncertainty than the di↵erence among the
bars that are shown in the figure. Also note that at LO,
the impact of the change of top-quark mass renormali-
sation scheme is almost indiscernible in the second bin
of the left panel. However, at NLO this impact is far
greater, and overall 15 times larger than at LO in our
semi-inclusive cross-section of tab. I. We leave further in-
vestigation of this enhanced sensitivity to the mass and
Yukawa renormalisation scheme at NLO to future work.

While the scale uncertainty is expected to be reduced
in a resummed calculation of the Higgs pT , we anticipate
that the di↵erence among the di↵erent predictions will
persist. Further investigation of the Higgs pT distribution
in the low-energy limit is beyond the aim of the present
work and will be presented elsewhere.
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Figure 1. Higgs pT distribution in the intermediate pT range.

In fig. 2, we plot the Higgs pT distribution in 25GeV-
wide bins, with top- and bottom-quarks circulating in
the heavy-quark loops in MS, at LO (green curve) and
NLO (red curve) accuracy. The scale uncertainty bands
at LO (yellow band) and NLO (purple band) accuracy
are obtained by taking the envelope of seven-point scale
variations. Not to clutter the plot, we refrain from show-
ing the same distribution with the top-quark only, either
in MS or in OS, opting for highlighting their behaviour
in the next figures. In fig. 3, we plot the ratio of the
Higgs pT distribution at NLO over the same at LO in
50GeV-wide bins, with top- and bottom-quarks circulat-
ing in the heavy-quark loops, in MS (upper panel); with
top-quark only, in MS (middle panel) and in OS (lower
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Figure 3. NLO/LO ratio of the Higgs pT distribution.

panel). The scale uncertainty bands are given by the ra-
tio of the bands at NLO accuracy over the central value
of the Higgs pT distribution at LO. The upper panel cor-
responds to the ratio of the red and green curves of fig. 2.
We note that except for the first bin all ratios have a nu-
merical value greater than or equal 2. In particular, the
curves of the upper and middle panels have a similar,
rather flat, shape with a numerical value which is larger
than 2 on most of the pT range, while the curve of the
lower panel wiggles about the value 2.
In figs. 4 and 5, we plot the ratio of the Higgs pT

distribution, with top- and bottom-quarks circulating in
the heavy-quark loops, over the distribution with the top-
quark only, both in MS (upper panel); the ratio of the
distribution with the top-quark in OS over the one with
top- and bottom-quarks in MS (middle panel); the ratio
of the distribution with the top-quark in OS over the
one with the top-quark in MS (lower panel). The scale
uncertainty bands as reported in the y-labels are given
by the ratio of the bands of the distributions over their
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than 20GeV; in the second bin, the contribution of the
top-bottom interference is negative, and fades away from
the third on. In the right panel, the NLO contribution of
the top-bottom interference is negative in the first bin,
positive in the second, negative again, but smaller, in
the third, and dies out from the fourth on. Note that
the seven-point scale variation (not shown) provides a
much larger uncertainty than the di↵erence among the
bars that are shown in the figure. Also note that at LO,
the impact of the change of top-quark mass renormali-
sation scheme is almost indiscernible in the second bin
of the left panel. However, at NLO this impact is far
greater, and overall 15 times larger than at LO in our
semi-inclusive cross-section of tab. I. We leave further in-
vestigation of this enhanced sensitivity to the mass and
Yukawa renormalisation scheme at NLO to future work.

While the scale uncertainty is expected to be reduced
in a resummed calculation of the Higgs pT , we anticipate
that the di↵erence among the di↵erent predictions will
persist. Further investigation of the Higgs pT distribution
in the low-energy limit is beyond the aim of the present
work and will be presented elsewhere.
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In fig. 2, we plot the Higgs pT distribution in 25GeV-
wide bins, with top- and bottom-quarks circulating in
the heavy-quark loops in MS, at LO (green curve) and
NLO (red curve) accuracy. The scale uncertainty bands
at LO (yellow band) and NLO (purple band) accuracy
are obtained by taking the envelope of seven-point scale
variations. Not to clutter the plot, we refrain from show-
ing the same distribution with the top-quark only, either
in MS or in OS, opting for highlighting their behaviour
in the next figures. In fig. 3, we plot the ratio of the
Higgs pT distribution at NLO over the same at LO in
50GeV-wide bins, with top- and bottom-quarks circulat-
ing in the heavy-quark loops, in MS (upper panel); with
top-quark only, in MS (middle panel) and in OS (lower
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panel). The scale uncertainty bands are given by the ra-
tio of the bands at NLO accuracy over the central value
of the Higgs pT distribution at LO. The upper panel cor-
responds to the ratio of the red and green curves of fig. 2.
We note that except for the first bin all ratios have a nu-
merical value greater than or equal 2. In particular, the
curves of the upper and middle panels have a similar,
rather flat, shape with a numerical value which is larger
than 2 on most of the pT range, while the curve of the
lower panel wiggles about the value 2.
In figs. 4 and 5, we plot the ratio of the Higgs pT

distribution, with top- and bottom-quarks circulating in
the heavy-quark loops, over the distribution with the top-
quark only, both in MS (upper panel); the ratio of the
distribution with the top-quark in OS over the one with
top- and bottom-quarks in MS (middle panel); the ratio
of the distribution with the top-quark in OS over the
one with the top-quark in MS (lower panel). The scale
uncertainty bands as reported in the y-labels are given
by the ratio of the bands of the distributions over their
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central values. In fig. 4 the distributions display 25GeV-
wide bins and have LO accuracy; in fig. 5 they display
50GeV-wide bins and have NLO accuracy. Except for
the very first bins, the ratio of the Higgs pT distribution,
with top- and bottom-quarks, over the distribution with
top-quark only is flat and equals 1 (upper panels of figs. 4
and 5). This emphasises that within the scale uncertainty
the contribution of the bottom quark, and thus of the
top-bottom interference, to the Higgs pT distribution is
negligible, except at the low end of the pT range.

Since the central values of the ratios of the upper pan-
els of figs. 4 and 5 equal 1 over almost the whole pT

range, the ratios of the middle and lower panels are ba-
sically equal. Focusing on e.g. the lower panels of figs. 4
and 5, we note that the Higgs pT distribution with the
top-quark only in MS falls o↵ faster than the same dis-
tribution in OS, as pT increases, the more so at LO than
at NLO accuracy. This can be understood by the fact
that the top-quark mass has an OS fixed value, while the
running top-quark mass decreases as the pT values, and
thus the renormalisation and factorisation scales, eq. (1),
increase. This is at the origin of the di↵erence between
the upper/middle and the lower panels of fig. 3 at high
pT values.

CONCLUSIONS

Building on two-loop amplitudes for Higgs + three par-
tons [44], which are valid for arbitrary quark masses cir-
culating in the heavy-quark loops, we have computed for
the first time the NLO QCD corrections to the Higgs pT
distribution in Higgs + jet production via gluon fusion,
with top and bottom quarks circulating in the heavy-
quark loops. The exact mass dependence on the top and
bottom quarks has been included using, for the first time
in this context, a running mass renormalisation scheme,
the MS scheme. We have also provided predictions for
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the Higgs pT distribution with only the top quark, in MS
and OS schemes.

We find that within the scale uncertainty the LO con-
tribution of the bottom quark, and thus of the top-
bottom interference, to the Higgs boson production is
almost erased at inclusive level by the NLO corrections.
On the other hand, at the low end of the pT distribution,
the interference induces a non trivial change of shape.
However, for precision studies on the high energy tail
and with the current attainable accuracy, the use of the
Higgs pT distribution with only the top quark circulating
in the heavy-quark loops is fully justified. Finally, we find
that the Higgs pT distribution with the top-quark only
in MS falls o↵ faster than the same distribution in the
OS scheme as pT increases. This would have an obvi-
ous impact on any numerical study, requiring then that
the choice of mass renormalisation scheme be done with
great care.
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central values. In fig. 4 the distributions display 25GeV-
wide bins and have LO accuracy; in fig. 5 they display
50GeV-wide bins and have NLO accuracy. Except for
the very first bins, the ratio of the Higgs pT distribution,
with top- and bottom-quarks, over the distribution with
top-quark only is flat and equals 1 (upper panels of figs. 4
and 5). This emphasises that within the scale uncertainty
the contribution of the bottom quark, and thus of the
top-bottom interference, to the Higgs pT distribution is
negligible, except at the low end of the pT range.

Since the central values of the ratios of the upper pan-
els of figs. 4 and 5 equal 1 over almost the whole pT

range, the ratios of the middle and lower panels are ba-
sically equal. Focusing on e.g. the lower panels of figs. 4
and 5, we note that the Higgs pT distribution with the
top-quark only in MS falls o↵ faster than the same dis-
tribution in OS, as pT increases, the more so at LO than
at NLO accuracy. This can be understood by the fact
that the top-quark mass has an OS fixed value, while the
running top-quark mass decreases as the pT values, and
thus the renormalisation and factorisation scales, eq. (1),
increase. This is at the origin of the di↵erence between
the upper/middle and the lower panels of fig. 3 at high
pT values.

CONCLUSIONS

Building on two-loop amplitudes for Higgs + three par-
tons [44], which are valid for arbitrary quark masses cir-
culating in the heavy-quark loops, we have computed for
the first time the NLO QCD corrections to the Higgs pT
distribution in Higgs + jet production via gluon fusion,
with top and bottom quarks circulating in the heavy-
quark loops. The exact mass dependence on the top and
bottom quarks has been included using, for the first time
in this context, a running mass renormalisation scheme,
the MS scheme. We have also provided predictions for

0.5

1

1.5

0.5

1

1.5

0.5

1

1.5

0 100 200 300 400 500 600 700 800 900 1000

to
p
(M

S
)

sc
al
e
va
r.

top+bottom(MS)/top(MS)

to
p
+
b
ot
to
m
(M

S
)

sc
al
e
va
r.

top(OS)/top+bottom(MS)

to
p
(O

S
)

sc
al
e
va
r.

p
H
t [GeV]

top(OS)/top(MS)

Figure 5. Ratio of Higgs pT distributions at NLO.

the Higgs pT distribution with only the top quark, in MS
and OS schemes.

We find that within the scale uncertainty the LO con-
tribution of the bottom quark, and thus of the top-
bottom interference, to the Higgs boson production is
almost erased at inclusive level by the NLO corrections.
On the other hand, at the low end of the pT distribution,
the interference induces a non trivial change of shape.
However, for precision studies on the high energy tail
and with the current attainable accuracy, the use of the
Higgs pT distribution with only the top quark circulating
in the heavy-quark loops is fully justified. Finally, we find
that the Higgs pT distribution with the top-quark only
in MS falls o↵ faster than the same distribution in the
OS scheme as pT increases. This would have an obvi-
ous impact on any numerical study, requiring then that
the choice of mass renormalisation scheme be done with
great care.
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than 20GeV; in the second bin, the contribution of the
top-bottom interference is negative, and fades away from
the third on. In the right panel, the NLO contribution of
the top-bottom interference is negative in the first bin,
positive in the second, negative again, but smaller, in
the third, and dies out from the fourth on. Note that
the seven-point scale variation (not shown) provides a
much larger uncertainty than the di↵erence among the
bars that are shown in the figure. Also note that at LO,
the impact of the change of top-quark mass renormali-
sation scheme is almost indiscernible in the second bin
of the left panel. However, at NLO this impact is far
greater, and overall 15 times larger than at LO in our
semi-inclusive cross-section of tab. I. We leave further in-
vestigation of this enhanced sensitivity to the mass and
Yukawa renormalisation scheme at NLO to future work.

While the scale uncertainty is expected to be reduced
in a resummed calculation of the Higgs pT , we anticipate
that the di↵erence among the di↵erent predictions will
persist. Further investigation of the Higgs pT distribution
in the low-energy limit is beyond the aim of the present
work and will be presented elsewhere.
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Figure 1. Higgs pT distribution in the intermediate pT range.

In fig. 2, we plot the Higgs pT distribution in 25GeV-
wide bins, with top- and bottom-quarks circulating in
the heavy-quark loops in MS, at LO (green curve) and
NLO (red curve) accuracy. The scale uncertainty bands
at LO (yellow band) and NLO (purple band) accuracy
are obtained by taking the envelope of seven-point scale
variations. Not to clutter the plot, we refrain from show-
ing the same distribution with the top-quark only, either
in MS or in OS, opting for highlighting their behaviour
in the next figures. In fig. 3, we plot the ratio of the
Higgs pT distribution at NLO over the same at LO in
50GeV-wide bins, with top- and bottom-quarks circulat-
ing in the heavy-quark loops, in MS (upper panel); with
top-quark only, in MS (middle panel) and in OS (lower
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panel). The scale uncertainty bands are given by the ra-
tio of the bands at NLO accuracy over the central value
of the Higgs pT distribution at LO. The upper panel cor-
responds to the ratio of the red and green curves of fig. 2.
We note that except for the first bin all ratios have a nu-
merical value greater than or equal 2. In particular, the
curves of the upper and middle panels have a similar,
rather flat, shape with a numerical value which is larger
than 2 on most of the pT range, while the curve of the
lower panel wiggles about the value 2.
In figs. 4 and 5, we plot the ratio of the Higgs pT

distribution, with top- and bottom-quarks circulating in
the heavy-quark loops, over the distribution with the top-
quark only, both in MS (upper panel); the ratio of the
distribution with the top-quark in OS over the one with
top- and bottom-quarks in MS (middle panel); the ratio
of the distribution with the top-quark in OS over the
one with the top-quark in MS (lower panel). The scale
uncertainty bands as reported in the y-labels are given
by the ratio of the bands of the distributions over their
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than 20GeV; in the second bin, the contribution of the
top-bottom interference is negative, and fades away from
the third on. In the right panel, the NLO contribution of
the top-bottom interference is negative in the first bin,
positive in the second, negative again, but smaller, in
the third, and dies out from the fourth on. Note that
the seven-point scale variation (not shown) provides a
much larger uncertainty than the di↵erence among the
bars that are shown in the figure. Also note that at LO,
the impact of the change of top-quark mass renormali-
sation scheme is almost indiscernible in the second bin
of the left panel. However, at NLO this impact is far
greater, and overall 15 times larger than at LO in our
semi-inclusive cross-section of tab. I. We leave further in-
vestigation of this enhanced sensitivity to the mass and
Yukawa renormalisation scheme at NLO to future work.

While the scale uncertainty is expected to be reduced
in a resummed calculation of the Higgs pT , we anticipate
that the di↵erence among the di↵erent predictions will
persist. Further investigation of the Higgs pT distribution
in the low-energy limit is beyond the aim of the present
work and will be presented elsewhere.

0

50

100

150

200

250

300

350

0 20 40 60 80 100 120 140

LO-HJ at LHC13

H t

pHt [GeV]

tb-ms
t-ms
t-os

0

50

100

150

200

250

300

350

0 20 40 60 80 100 120 140

NLO-HJ at LHC13

H t

pHt [GeV]

tb-ms
t-ms
t-os

Figure 1. Higgs pT distribution in the intermediate pT range.

In fig. 2, we plot the Higgs pT distribution in 25GeV-
wide bins, with top- and bottom-quarks circulating in
the heavy-quark loops in MS, at LO (green curve) and
NLO (red curve) accuracy. The scale uncertainty bands
at LO (yellow band) and NLO (purple band) accuracy
are obtained by taking the envelope of seven-point scale
variations. Not to clutter the plot, we refrain from show-
ing the same distribution with the top-quark only, either
in MS or in OS, opting for highlighting their behaviour
in the next figures. In fig. 3, we plot the ratio of the
Higgs pT distribution at NLO over the same at LO in
50GeV-wide bins, with top- and bottom-quarks circulat-
ing in the heavy-quark loops, in MS (upper panel); with
top-quark only, in MS (middle panel) and in OS (lower
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panel). The scale uncertainty bands are given by the ra-
tio of the bands at NLO accuracy over the central value
of the Higgs pT distribution at LO. The upper panel cor-
responds to the ratio of the red and green curves of fig. 2.
We note that except for the first bin all ratios have a nu-
merical value greater than or equal 2. In particular, the
curves of the upper and middle panels have a similar,
rather flat, shape with a numerical value which is larger
than 2 on most of the pT range, while the curve of the
lower panel wiggles about the value 2.
In figs. 4 and 5, we plot the ratio of the Higgs pT

distribution, with top- and bottom-quarks circulating in
the heavy-quark loops, over the distribution with the top-
quark only, both in MS (upper panel); the ratio of the
distribution with the top-quark in OS over the one with
top- and bottom-quarks in MS (middle panel); the ratio
of the distribution with the top-quark in OS over the
one with the top-quark in MS (lower panel). The scale
uncertainty bands as reported in the y-labels are given
by the ratio of the bands of the distributions over their
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central values. In fig. 4 the distributions display 25GeV-
wide bins and have LO accuracy; in fig. 5 they display
50GeV-wide bins and have NLO accuracy. Except for
the very first bins, the ratio of the Higgs pT distribution,
with top- and bottom-quarks, over the distribution with
top-quark only is flat and equals 1 (upper panels of figs. 4
and 5). This emphasises that within the scale uncertainty
the contribution of the bottom quark, and thus of the
top-bottom interference, to the Higgs pT distribution is
negligible, except at the low end of the pT range.

Since the central values of the ratios of the upper pan-
els of figs. 4 and 5 equal 1 over almost the whole pT

range, the ratios of the middle and lower panels are ba-
sically equal. Focusing on e.g. the lower panels of figs. 4
and 5, we note that the Higgs pT distribution with the
top-quark only in MS falls o↵ faster than the same dis-
tribution in OS, as pT increases, the more so at LO than
at NLO accuracy. This can be understood by the fact
that the top-quark mass has an OS fixed value, while the
running top-quark mass decreases as the pT values, and
thus the renormalisation and factorisation scales, eq. (1),
increase. This is at the origin of the di↵erence between
the upper/middle and the lower panels of fig. 3 at high
pT values.

CONCLUSIONS

Building on two-loop amplitudes for Higgs + three par-
tons [44], which are valid for arbitrary quark masses cir-
culating in the heavy-quark loops, we have computed for
the first time the NLO QCD corrections to the Higgs pT
distribution in Higgs + jet production via gluon fusion,
with top and bottom quarks circulating in the heavy-
quark loops. The exact mass dependence on the top and
bottom quarks has been included using, for the first time
in this context, a running mass renormalisation scheme,
the MS scheme. We have also provided predictions for
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the Higgs pT distribution with only the top quark, in MS
and OS schemes.

We find that within the scale uncertainty the LO con-
tribution of the bottom quark, and thus of the top-
bottom interference, to the Higgs boson production is
almost erased at inclusive level by the NLO corrections.
On the other hand, at the low end of the pT distribution,
the interference induces a non trivial change of shape.
However, for precision studies on the high energy tail
and with the current attainable accuracy, the use of the
Higgs pT distribution with only the top quark circulating
in the heavy-quark loops is fully justified. Finally, we find
that the Higgs pT distribution with the top-quark only
in MS falls o↵ faster than the same distribution in the
OS scheme as pT increases. This would have an obvi-
ous impact on any numerical study, requiring then that
the choice of mass renormalisation scheme be done with
great care.
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central values. In fig. 4 the distributions display 25GeV-
wide bins and have LO accuracy; in fig. 5 they display
50GeV-wide bins and have NLO accuracy. Except for
the very first bins, the ratio of the Higgs pT distribution,
with top- and bottom-quarks, over the distribution with
top-quark only is flat and equals 1 (upper panels of figs. 4
and 5). This emphasises that within the scale uncertainty
the contribution of the bottom quark, and thus of the
top-bottom interference, to the Higgs pT distribution is
negligible, except at the low end of the pT range.

Since the central values of the ratios of the upper pan-
els of figs. 4 and 5 equal 1 over almost the whole pT

range, the ratios of the middle and lower panels are ba-
sically equal. Focusing on e.g. the lower panels of figs. 4
and 5, we note that the Higgs pT distribution with the
top-quark only in MS falls o↵ faster than the same dis-
tribution in OS, as pT increases, the more so at LO than
at NLO accuracy. This can be understood by the fact
that the top-quark mass has an OS fixed value, while the
running top-quark mass decreases as the pT values, and
thus the renormalisation and factorisation scales, eq. (1),
increase. This is at the origin of the di↵erence between
the upper/middle and the lower panels of fig. 3 at high
pT values.

CONCLUSIONS

Building on two-loop amplitudes for Higgs + three par-
tons [44], which are valid for arbitrary quark masses cir-
culating in the heavy-quark loops, we have computed for
the first time the NLO QCD corrections to the Higgs pT
distribution in Higgs + jet production via gluon fusion,
with top and bottom quarks circulating in the heavy-
quark loops. The exact mass dependence on the top and
bottom quarks has been included using, for the first time
in this context, a running mass renormalisation scheme,
the MS scheme. We have also provided predictions for
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the Higgs pT distribution with only the top quark, in MS
and OS schemes.

We find that within the scale uncertainty the LO con-
tribution of the bottom quark, and thus of the top-
bottom interference, to the Higgs boson production is
almost erased at inclusive level by the NLO corrections.
On the other hand, at the low end of the pT distribution,
the interference induces a non trivial change of shape.
However, for precision studies on the high energy tail
and with the current attainable accuracy, the use of the
Higgs pT distribution with only the top quark circulating
in the heavy-quark loops is fully justified. Finally, we find
that the Higgs pT distribution with the top-quark only
in MS falls o↵ faster than the same distribution in the
OS scheme as pT increases. This would have an obvi-
ous impact on any numerical study, requiring then that
the choice of mass renormalisation scheme be done with
great care.
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(MIUR) under grant PRIN 20172LNEEZ.

Top-Bottom interference up to NLO

BOTTOM MASS EFFECTS HIGGS PT DISTRIBUTION



THE QCD-EW CORRECTIONS: VIRTUAL
Amplitude

gg ! H NLO QCD-EW amplitude

gg ! H: virtual NLO

g1

g2

H

p1,�1, c1

p2,�2, c2

p1 + p2

QCD ↵
2
S

EW ↵
2
v

M3
c1c2
�1�2

= �c1c2✏�1(p1) · ✏�2(p2)F3(s,mW ,mZ )

H couples to EW vector bosons: t suppressed (large mass)
Light quarks taken to be massless (W : {u, d , s, c}; Z : {u, d , s, c , b})
W and Z never in the same diagram: two-scale problem (s & m2)

Bonetti Marco (KIT, TTP) gg ! H NLO QCD-EW May 15, 2018 6 / 28

Amplitude

Evaluation of Master Integrals

1 Change of variables to only one dimensionful parameter

y :=

p
1 � 4m2/s � 1p
1 � 4m2/s + 1

& s

By dimensional analysis

I(s, y , ✏) = (�s)a�3✏J(y , ✏)

2 Evaluation of J(y , ✏)
Direct integral evaluation prohibitive (analytically and numerically)
MIs functions of scalar kinematic variables and masses

Solving Differential Equations w.r.t. dynamical variables of the MIs

Bonetti Marco (KIT, TTP) gg ! H NLO QCD-EW May 15, 2018 9 / 28

47 3-loop Feynman Integrals, with 
two internal massive propagators, 
functions of one ratio:

MIXED QCD-EW EFFECTS

1. Mixed QCD-EW effects amount 
to 5% of the ggF cross section 

2. LO is 2 loop! gluon initiated, 
large corrections expected 

3. 1% precision requires at least 
NLO calculation 

Very complex calculation, up to three loop integrals with masses 

First estimates in unphysical limit  [Anastasiou et al 2009] 

Consistent with soft gluon approximation [Bonetti, Melnikov, Tancredi 2017]

mW ≫ mH

THE QCD-EW CORRECTIONS

NLO cross-section

Numerical values for the cross-section

QCD vs. QCD-EW

�QCD
LO = 20.6 pb �QCD-EW

LO = 21.7 pb ) +5.3% at LO

�QCD
NLO = 32.7 pb �QCD-EW

NLO = 34.4 pb ) +5.2% at NLO

NNPDF30 for PDFs and running of ↵S(µ)

Robust result
PDFs suppress large energy for the extra gluon
Internal consistency check: standard and improved D1 give the same
increase between �LO and �NLO

Bonetti Marco (KIT, TTP) gg ! H NLO QCD-EW May 15, 2018 26 / 28

NLO cross-section

Cross-Section at NLO [de Florian. . . ,2012][Forte. . . ,2013]

Soft-gluon approximation

� =

Z 1

0

Z 1

0
f (x1, µ) f (x2, µ)�LO z G (z , µ,↵S) dx2dx1

z := m2
H
/(Shx1x2), gg ! H energy

G = �(1 � z) + ↵S

2⇡

h
8CA

⇣
D1 +

D0

2 log m
2

H

µ2

⌘
+

⇣
2⇡2

3 CA + �fin

NLO

�LO

⌘
�(1 � z)

i

D0 =
h

1
1�z

i

+

D1 =
h

log(1�z)
1�z

i

+
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Supports complete factorization of QCD-EW corrections!

Residual 1% uncertainty 
on Higgs cross sections



MIXED QCD-EW EFFECTS

2.2.1.1 Gluon fusion

In this section we document cross section predictions for a standard model Higgs boson produced through
gluon fusion in 27 TeV pp collisions. To derive predictions we include contributions based on pertur-
bative computations of scattering cross sections as studied in Ref. [47]. We include perturbative QCD
corrections through next-to-next-to-next-to-leading order (N3LO), electroweak (EW) and approximated
mixed QCD-electroweak corrections as well as effects of finite quark masses. The only modification
with respect to YR4 [45] is that we now include the exact N3LO heavy top effective theory cross section
of Ref. [48] instead of its previous approximation. The result of this modification is only a small change
in the central values and uncertainties. To derive theoretical uncertainties we follow the prescriptions
outlined in Ref. [47]. We use the following inputs:

ECM 27 TeV
mt(mt) 162.7 GeV
mb(mb) 4.18 GeV

mc(3 GeV) 0.986 GeV
↵S(mZ) 0.118

PDF PDF4LHC15_nnlo_100 [49]

(5)

All quark masses are treated in the MS scheme. To derive numerical predictions we use the program
iHixs [50].

Sources of uncertainty for the inclusive Higgs boson production cross section have been assessed
recently in refs. [47, 51, 52, 45]. Several sources of theoretical uncertainties were identified.

Fig. 1: The figure shows the linear sum of the different sources of relative uncertainties as a function
of the collider energy. Each coloured band represents the size of one particular source of uncertainty as
described in the text. The component �(PDF+↵S) corresponds to the uncertainties due to our imprecise
knowledge of the strong coupling constant and of parton distribution functions combined in quadrature.

– Missing higher-order effects of QCD corrections beyond N3LO (�(scale)).
– Missing higher-order effects of electroweak and mixed QCD-electroweak corrections at and be-

yond O(↵S↵) (�(EW)).
– Effects due to finite quark masses neglected in QCD corrections beyond NLO (�(t,b,c) and �(1/mt)).
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ggF: N3LO QCD is not enough…
EW contributions

10

5

ggF: Mixed QCD-EW Corrections

Increases  by , reduces residual uncertainty  
Favouring factorisation of EW corrections:  
Compatible with previous estimates 

Future: 
Corrections at large ? Without heavy top-quark approximation? 
LO and NLO quark-induced EW contribution

σtot +5.1 % δ(EW) ∼ 0.6 %
σ = σLO (1 + δQCD) × (1 + δEWK)
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Expectations largely confirmed, 

still 1% residual uncertainty on 

Higgs cross-section

Recently last missing building block computed analytically, real amplitudes for  and gggH qq̄gH
[Bonetti, Panzer, Smirnov, Tancredi 2020]
[Bonetti, Panzer, Tancredi 2022]

Effects on main channel gggH by [Becchetti, Bonciani, del Duca, Hirschi, Moriello, Schweizer 2020]

Expectations from previous 
approximations largely 
confirmed 

1% residual uncertainty on 
Higgs cross-section

See talk by M. Bonetti



BEYOND gg → H + X



ZH PRODUCTION @ NLO

 @ NLO is formally NNLO, but it’s gluon induced: expect very large corrections!gg → ZH

ZH: towards gg→ZH@NLO

16

A serious problem for ZH: gg→ZH. Formally: NNLO, but new channel and 

gluon induced → expect very large corrections

Table 5: Cross-section for the process pp ! WH . Both W+ and W� contributions are included. The
photon contribution is not included. Results are given for a Higgs boson mass mH = 125.09 GeV.

p
s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s

[%]

13 1.358
+0.51
�0.51 1.35

14 1.498
+0.51
�0.51 1.35

27 3.397
+0.29
�0.72 1.37

Table 6: Cross-section for the process pp ! W+H . The photon contribution is not included. Results
are given for a Higgs boson mass mH = 125.09 GeV.

p
s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s

[%]

13 0.831
+0.74
�0.73 1.79

14 0.913
+0.64
�0.76 1.78

27 1.995
+0.43
�1.04 1.84

Table 7: Cross-section for the process pp ! W�H . The photon contribution is not included. Results
are given for a Higgs boson mass mH = 125.09 GeV.

p
s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s

[%]

13 0.527
+0.59
�0.63 2.03

14 0.585
+0.55
�0.68 1.98

27 1.402
+0.36
�0.93 2.03

Table 8: Cross-section for the process pp ! l+⌫H . The photon contribution is included, and also
reported separately in the last column. Results are given for a Higgs boson mass mH = 125.09 GeV.

p
s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s

[%] ��

13 0.094
+0.71
�0.70 1.72 4.1 10

�3

14 0.104
+0.61
�0.73 1.70 4.7 10

�3

27 0.232
+0.40
�0.97 1.72 1.5 10

�2

Table 9: Cross-section for the process pp ! l�⌫̄H . The photon contribution is included, and also
reported separately in the last column. Results are given for a Higgs boson mass mH = 125.09 GeV.

p
s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s

[%] ��

13 0.0598
+0.57
�0.60 1.94 2.6 10

�3

14 0.0666
+0.52
�0.64 1.89 3.1 10

�3

27 0.1628
+0.34
�0.87 1.90 1.1 10

�2
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Table 10: Cross-section for the process pp ! ZH . The predictions for the gg ! ZH channel are
computed at LO, rescaled by the NLO K-factor in the mt ! 1 limit, and supplemented by the NLLsoft

resummation. The photon contribution is omitted. Results are given for a Higgs boson mass mH =

125.09 GeV.
p

s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s
[%]

13 0.880
+3.50
�2.68 1.65

14 0.981
+3.61
�2.94 1.90

27 2.463
+5.42
�4.00 2.24

Table 11: Cross-section for the process pp ! ZH . The photon and gg ! ZH contributions are omitted.
Results are given for a Higgs boson mass mH = 125.09 GeV.

p
s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s

[%]

13 0.758
+0.49
�0.61 1.78

14 0.836
+0.51
�0.62 1.82

27 1.937
+0.56
�0.74 2.37

Table 12: Cross-section for the process gg ! ZH . Predictions are computed at LO, rescaled by the
NLO K-factor in the mt ! 1 limit, and supplemented by the NLLsoft resummation. Results are given
for a Higgs boson mass mH = 125.09 GeV.

p
s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s

[%]

13 0.123
+24.9
�18.8 4.37

14 0.145
+24.3
�19.6 7.47

27 0.526
+25.3
�18.5 5.85

Table 13: Cross-section for the process pp ! ll̄H . The photon contribution is included, and reported
separately in the last column. Results are given for a Higgs boson mass mH = 125.09 GeV.

p
s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s

[%] ��

13 2.97 10
�2 +3.49

�2.67 1.64 1.4 10
�4

14 3.31 10
�2 +3.59

�2.92 1.89 1.6 10
�4

27 8.32 10
�2 +5.39

�3.97 1.85 5.4 10
�4

Table 14: Cross-section for the process pp ! ⌫⌫̄H . Results are given for a Higgs boson mass mH =

125.09 GeV.
p

s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s
[%]

13 0.177
+3.50
�2.68 1.65

14 0.197
+3.59
�2.92 1.89

27 0.496
+5.41
�3.99 2.24
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Table 10: Cross-section for the process pp ! ZH . The predictions for the gg ! ZH channel are
computed at LO, rescaled by the NLO K-factor in the mt ! 1 limit, and supplemented by the NLLsoft

resummation. The photon contribution is omitted. Results are given for a Higgs boson mass mH =

125.09 GeV.
p

s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s
[%]

13 0.880
+3.50
�2.68 1.65

14 0.981
+3.61
�2.94 1.90

27 2.463
+5.42
�4.00 2.24

Table 11: Cross-section for the process pp ! ZH . The photon and gg ! ZH contributions are omitted.
Results are given for a Higgs boson mass mH = 125.09 GeV.

p
s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s

[%]

13 0.758
+0.49
�0.61 1.78

14 0.836
+0.51
�0.62 1.82

27 1.937
+0.56
�0.74 2.37

Table 12: Cross-section for the process gg ! ZH . Predictions are computed at LO, rescaled by the
NLO K-factor in the mt ! 1 limit, and supplemented by the NLLsoft resummation. Results are given
for a Higgs boson mass mH = 125.09 GeV.

p
s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s

[%]

13 0.123
+24.9
�18.8 4.37

14 0.145
+24.3
�19.6 7.47

27 0.526
+25.3
�18.5 5.85

Table 13: Cross-section for the process pp ! ll̄H . The photon contribution is included, and reported
separately in the last column. Results are given for a Higgs boson mass mH = 125.09 GeV.

p
s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s

[%] ��

13 2.97 10
�2 +3.49

�2.67 1.64 1.4 10
�4

14 3.31 10
�2 +3.59

�2.92 1.89 1.6 10
�4

27 8.32 10
�2 +5.39

�3.97 1.85 5.4 10
�4

Table 14: Cross-section for the process pp ! ⌫⌫̄H . Results are given for a Higgs boson mass mH =

125.09 GeV.
p

s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s
[%]

13 0.177
+3.50
�2.68 1.65

14 0.197
+3.59
�2.92 1.89

27 0.496
+5.41
�3.99 2.24

22

Table 10: Cross-section for the process pp ! ZH . The predictions for the gg ! ZH channel are
computed at LO, rescaled by the NLO K-factor in the mt ! 1 limit, and supplemented by the NLLsoft

resummation. The photon contribution is omitted. Results are given for a Higgs boson mass mH =

125.09 GeV.
p

s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s
[%]

13 0.880
+3.50
�2.68 1.65

14 0.981
+3.61
�2.94 1.90

27 2.463
+5.42
�4.00 2.24

Table 11: Cross-section for the process pp ! ZH . The photon and gg ! ZH contributions are omitted.
Results are given for a Higgs boson mass mH = 125.09 GeV.

p
s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s

[%]

13 0.758
+0.49
�0.61 1.78

14 0.836
+0.51
�0.62 1.82

27 1.937
+0.56
�0.74 2.37

Table 12: Cross-section for the process gg ! ZH . Predictions are computed at LO, rescaled by the
NLO K-factor in the mt ! 1 limit, and supplemented by the NLLsoft resummation. Results are given
for a Higgs boson mass mH = 125.09 GeV.

p
s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s

[%]

13 0.123
+24.9
�18.8 4.37

14 0.145
+24.3
�19.6 7.47

27 0.526
+25.3
�18.5 5.85

Table 13: Cross-section for the process pp ! ll̄H . The photon contribution is included, and reported
separately in the last column. Results are given for a Higgs boson mass mH = 125.09 GeV.

p
s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s

[%] ��

13 2.97 10
�2 +3.49

�2.67 1.64 1.4 10
�4

14 3.31 10
�2 +3.59

�2.92 1.89 1.6 10
�4

27 8.32 10
�2 +5.39

�3.97 1.85 5.4 10
�4

Table 14: Cross-section for the process pp ! ⌫⌫̄H . Results are given for a Higgs boson mass mH =

125.09 GeV.
p

s [TeV ] �NNLO QCD⌦NLO EW [pb] �scale [%] �PDF�↵s
[%]

13 0.177
+3.50
�2.68 1.65

14 0.197
+3.59
�2.92 1.89

27 0.496
+5.41
�3.99 2.24

22

W+H

ZH, full

ZH, no gg

ZH, gg only

ZH@NLO: desirable…

[From F. Caola, PANIC 2021]

 very desirable to control uncertainty % levelgg → ZH

ZH: towards gg→ZH@NLO

17

ZH@NLO: complicated 2L scattering amplitudes involving virtual top loops

Computation recently done, either numerically or using suitable 

approximation [Davies, Mishima, Steinhauser (2020); Chen, Heinrich, Jones, Kerner, 

Klappert, Schlenk (2020); Alasfar, Degrassi, Giardino,  Gröber, Vitti (2021)]

After a long time: all ingredients for gg→ZH@NLO available!

Similar situation for gg→VV at high-mass 
Brønnum-Hansen, Chen (2020-2021); Davies, Mishima, Steinhauser, 

Weller (2020); Agarwal, von Manteuffel, Jones (2020)]

Stay tuned for results!
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ZH PRODUCTION @ NLO

Very complicated 2 loop amplitudes, much work done recently: 

[Degrassi, Gröber, Vitti, Zhao, ’22]

All ingredients put recently together at NLO 

1. As expected, NLO same size as LO up to 1 TeV (K~1) 

2. For higher  they become larger (Z emission from 
open quark line)  K  6 at 2.5 TeV (OS)!

MZH
→ ∼

[Davies, Mishima, Steinhauser, 2020]

[Chen, Heinrich et al 2020]

[Alasfar, Degrassi et al 2021]
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Figure 4: Invariant-mass distribution at LO (magenta) and NLO (green) for the OS scheme
(a) and the MS scheme (b) for a wide MZH range. The NLO results in which the Z-radiated
diagrams are excluded are shown in blue. The lower panels show the K-factor.

diagrams are dominating the respective initial state at high MZH . This suppression can
be mainly attributed to the reduced partonic luminosity with respect to the qg channel.
For comparison, in Fig. 5(a) we also report the size of the Drell-Yan type contribution at
NNLO (black line), which we obtained using vh@nnlo [18, 25] with MCFM [50–52]. In the
lower panel of Fig. 5(a) we plot the ratio of the O(↵3

s) corrections computed by us with
respect to the NNLO Drell-Yan contribution. We can see that despite being O(↵3

s), the
relative importance of the Z-radiated contribution can reach 2% when MZH ⇠ 2TeV.

In Fig. 5(b) we compare our results for gg ! ZH at LO (green line) and NLO (blue
line) with the Drell-Yan type contribution (black line). In the upper panel we show the
size of the di↵erential cross section for the various channels, while in the lower panel the
ratio of the gluon-fusion with respect to the NNLO Drell-Yan contribution is displayed.
We can see that the gluon-fusion contribution peaks around the top-pair threshold, which
increases its relative size over the Drell-Yan contribution by about 25% at LO, and about
45% at NLO. The relative size of the gluon-fusion contribution decreases above the top-pair
threshold as MZH increases, and at NLO becomes dominated by the Z-radiated terms for
very large values of MZH . In particular, at 2 TeV the latter constitute more than half of
the gluon-fusion contribution.
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Due to large  in qg channel (qq suppressed by PDFs)log
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Figure 1: Representative Feynman diagrams for the gg ! ZHg process.

in the MS top-mass renormalization scheme, see the next section). As a result, the average
time to compute one phase-space point increases from 0.2 s to 1.0 s.

For qg ! ZHq, and qq̄ ! ZHg, the one-loop matrix elements are computed by
MadGraph5 aMC@NLO, where we implement a filter to exclude diagrams without a closed
fermion loop. In other words, we include two classes of Feynman diagrams: in the first
class, examples of which are shown in Figs. 2a 2c, both the Z boson and Higgs boson are
attached directly or indirectly (i.e. by connecting to an intermediate virtual boson, sim-
ilarly to Fig. 1c) to a closed quark loop, while in the second class (as shown in Fig. 2b
2d) the Higgs boson is attached to a closed quark loop, but the Z boson is radiated from
an open fermion line. We note that both types of diagrams can interfere with tree-level
diagrams, hence produce O(↵2

s) contributions. Such contributions were studied in detail7

in Ref. [11] and they were considered as part of the NNLO corrections to pp ! ZH. On
the other hand, in this paper we compute the square of those diagrams, corresponding to
O(↵3

s) contributions that we consider as NLO corrections to gg ! ZH.
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Figure 2: Representative Feynman diagrams for the qg and qq̄ channels. In (b) and (d)
examples of Z-radiated diagrams (see Sec. 3) are depicted.

3 Results

In this section, we present our numerical results for a center-of-mass energy
p
s = 13 TeV.

We adopt the following input parameters: m
OS

t = 172.5GeV, mW = 80.385GeV, mZ =
91.1876GeV, mH = 125GeV, Gµ = 1.1663787⇥ 10�5 GeV�2. We adopt the
NNPDF31 nnlo as 0118 [48] parton distribution functions in a five flavour scheme.

7They belong to the classes RI and RII for the top-mediated terms considered in Ref. [11].
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 PRODUCTION (THE HOLY GRAIL…)tt̄H

In the meantime: getting ready for it. ttH@NNLO in the off-diagonal 

channels (qg,qq,qq’)

Towards ttH@NNLO

18

Bottleneck: 2L virtual amplitude (non-trivial, but progress….)

[Catani, Fabre, Grazzini, Kallweit (2021)]
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: NNLO QCD Off-Diagonal Contributionstt̄H

, off-diagonal contributions 
( ) obtained @ NNLO 

Fully differential results obtained using the 
 subtraction method, can be applied 

generally to  (where  is a colourless 
final state system)

ab → tt̄H + X
qg, qq, qq′ �, qq̄′� (q ≠ q′�)

qT
QQ̄F F

� [fb] 13 TeV 100 TeV

LO 394.987(3) 28228.2(2)

NLO (Madgraph5 aMC@NLO) 499.76(4) 36948(3)

NLO (Matrix) 499.73(1) 36947(1)

NLO (qT ) 499.79(4) 36947(3)

O(↵4

S
)qg �0.796(27) 214.7(2.9)

O(↵4

S
)q(q̄)q0 0.62694(82) 95.307(56)

Table 1: The ttH total cross section at LO and NLO, and its NNLO corrections in the
flavour o↵-diagonal partonic channels. The numerical uncertainties at LO and NLO (Mad-

graph5 aMC@NLO, Matrix) are due to numerical integration, while at NLO (qT subtrac-
tion) and NNLO they also include the systematics uncertainty from the rcut ! 0 extrapolation.

Matrix framework [65], suitably extended to tt̄H production. In both implementations all the

required tree-level and one-loop amplitudes are obtained with OpenLoops [54–56], including

the tree-level spin- and colour-correlated amplitudes required to evaluate the contributions in

Eq. (12).

In order to numerically evaluate the contribution in the square bracket of Eq. (5), a technical

cut-o↵ rcut is introduced on the dimensionless variable qT/M , where M is the invariant mass

of the tt̄H system. The final result, which corresponds to the limit rcut ! 0, is extracted by

computing the cross section at fixed values of rcut in the range [0.01%, rmax]. Quadratic least

�
2 fits are performed for di↵erent values of rmax 2 [0.5%, 1%]. The extrapolated value is then

extracted from the fit with lowest �
2
/degrees-of-freedom, and the uncertainty is estimated by

comparing the results obtained by the di↵erent fits. This procedure is the same as implemented

in matrix [65] and it has been shown to provide a conservative estimate of the systematic

uncertainty in the qT subtraction procedure for various processes (see Sec. 7 in Ref. [65]).

We consider pp collisions at the centre-of-mass energies
p

s = 13 TeV and
p

s = 100 TeV.

We use the NNPDF31 [66] parton distribution functions (PDFs) with the QCD running coupling

↵S evaluated at each corresponding order (i.e., we use (n+1)-loop ↵S at NnLO, with n = 1, 2).

The pole mass of the top quark is mt = 173.3 GeV, the Higgs boson mass mH = 125 GeV,

and the Fermi constant GF = 1.16639 ⇥ 10�5 GeV�2. The renormalisation and factorization

scales, µR and µF , are fixed at µR = µF = (2mt + mH)/2. Our predictions for the LO and

NLO cross sections and for the NNLO corrections in the flavour o↵-diagonal channels are

presented in Table 1 together with their uncertainties due to the numerical integration and

the extrapolation to rcut ! 0, computed as explained above. The NLO cross section computed

with qT subtraction is compared with the result obtained with Madgraph5 aMC@NLO [67],

which uses FKS subtraction [68, 69] and with the corresponding result obtained with Matrix,

which implements dipole subtraction [62–64].

We start our discussion from the NLO results. The NLO corrections increase the LO result

by 27% (31%) at
p

s = 13 TeV (
p

s = 100 TeV). The flavour o↵-diagonal qg + q̄g channel con-

tributes about 15% (23%) of the total NLO correction. As expected, from Table 1 we observe ex-

8

No big surprises,  contribution 
of off-diagonal channels found to 
contribute at few per mille level 

Future: 
Clearly, interesting to see the impact 
of diagonal channels @ NNLO

$(α4
s )

Catani, Fabre, Grazzini, Kallweit 21

New paper today: Higgs-boson production in top-quark fragmentation, can obtain top-
quark/Higgs boson mass dependence from massless calculations
Brancaccio, Czakon, Generet, Krämer 21

Difficult calculation, but no major obstacle if 2L amplitude is known

Backgrounds (ttbb) remain a major problem

Current theory prediction based on NLO QCD + EW + resummation, uncertainty ~ 8% 

Run 3 and HL due to bring down uncertainty to few % (~ 2%?). 

NNLO QCD required: bottleneck here are 2 loop virtual amplitudes: very non trivial, but there is 
progress, at least hope to get them “brute force” with numerical approach. 

Everything else ready: 

first proof of concept by 
evaluation of non-diagonal 
partonic channels

[Catani, Fabre, Kallweit, Grazzini ’20]

Notice also: very difficult 
background modelling tt̄bb̄

See S. Pozzorini @ HXSWG 2020



CONCLUSIONS

➤ Higgs remains the most fascinating discovery of the past few decades 

➤ To understand its properties, sophisticated interplay of exquisite 
experimental studies and complex theoretical calculations:  

➤ Fixed order: N3LO, QCD-EW, massive amplitudes, new mathematical 
methods 

➤ In addition, all order resummation to N3LL, good definition of fiducial 
regions etc 

➤ Beyond perturbation theory:  from lattice, PDFs at N3LO etc… 

Impressive progress in the past decade, still a lot to be done  towards  

Very interesting times ahead, both for experiment and theory!

αS

→ 𝒪(1%)


