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• Status of the Higgs boson after LHC run-II

• Selected recent theory developments for precision Higgs physics
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The Higgs boson in the Standard Model
• Higgs boson H: prediction of Brout-Englert-Higgs mechanism (1964, Nobel 2013) of 

electroweak symmetry breaking for mass generation of Standard Model (SM) particles 
• Discovered in 2012 the H→𝛾𝛾 channel [ATLAS: 1207.7214, CMS:1207.7235]

• Present data compatible with a scalar particle with spin 0 and even parity (as predicted 
by the SM) of mass mH ~ 125.2 GeV 

• Couplings
• fermions (f): gHff ~ mf/v (largest for top-quarks) 
• EW gauge bosons (V): gHVV ~ mV

2/v2 (no direct 𝛾-coupling)
• Higgs (H): gHHH ~ mH

2/v, gHHHH ~ mH
2/v (Ultimate test of Higgs potential) 

• No deviations from SM observed so far
• Couplings probed in Higgs production or decay channels 
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cross-sections, are: production in association with a vector boson or 
‘Higgsstrahlung’ (VH) depicted in Fig. 1c, and production in association 
with top (tH and ttH) or bottom (bbH) quarks, depicted in Fig. 1d–f. 
The bbH mode has not been studied in the context of the SM Higgs 
boson because of limited sensitivity.

Events are categorized according to the signatures particular to each 
production mechanism. For example, they are categorized as 
VBF-produced if there are two high transverse momentum (pT) jets, or 
as VH-produced if there are additional charged leptons (ℓ) and/or pT

miss, 
or ttH- and tH-produced if there are jets identified as coming from b 
quarks, or otherwise ggH-produced. (The top quark predominantly 
decays into a W boson and a b-quark jet).

Decays
In the SM, particle masses arise from spontaneous breaking of the gauge 
symmetry, through gauge couplings to the Higgs field in the case of 
vector bosons, and Yukawa couplings in the case of fermions. The SM 
Higgs boson couples to vector bosons, with an amplitude proportional 
to the gauge boson mass squared mV

2, and to fermions with an amplitude 
proportional to the fermion mass mf. Hence, for example, the coupling 
is stronger for the third generation of quarks and leptons than for those 
in the second generation. The observation of many Higgs boson decays 
to SM particles and the measurement of their branching fractions are 
a crucial test of the validity of the theory. Any sizeable deviation from 
the predictions could indicate the presence of BSM physics.

The Higgs boson, once produced, rapidly decays into a pair of  
fermions or a pair of bosons. In the SM, its lifetime is τ ≈ 1.6 × 10 sH

−22 , 
and its inverse, the natural width, is Γ ħ τ= / = 4.14 ± 0.02 MeVH  (ref. 39), 
where ħ is the reduced Planck's constant. The natural width is the sum 
of all the partial widths, and the ratios of the partial widths to the total 
width are called branching fractions and represent the probabilities 
for that decay channel to occur. The Higgs boson does not couple 
directly to massless particles (for example, the gluon or the photon), 
but can do so through quantum loops (for example, Fig. 1a,i,j).

By design, the event selections do not overlap among analyses target-
ing different final states. Where the final states are similar, the overlap 
has been checked and found to be negligible.

Detailed information on the analyses included in the new combina-
tion along with improvements, and the online and offline criteria used to 
select events for the analyses can be found in Methods, Extended Data 
Tables 2 and 3, and the associated references. Online reconstruction is 
performed in real time as the data are being collected. Offline recon-
struction is performed later on stored data. The background-subtracted 
distributions of the invariant mass of final-state particles in the indi-
vidual decay channels are shown in Extended Data Figs. 3 and 4. The 
channels that are used in this combination are as follows.

Bosonic decay channels: H → γγ (Fig. 1i, j)42; H → ZZ → 4ℓ (Fig. 1g)43; 
H → WW → ℓνℓv (Fig. 1g)44, H → Zγ (Fig. 1i, j)45; fermionic decay channels: 
H → ττ, third-generation fermion (Fig. 1h)46, H → bb, third-generation 
fermion (Fig. 1h)47–51, H → µµ, second-generation fermion (Fig. 1h)52;  
ttH and tH with multileptons (Fig. 1d–f)53; Higgs boson decays beyond 
the SM35.

Higgs boson pair production
The measurement of the pair production of Higgs bosons can probe its 
self-interaction λ. The pair production modes are shown in Fig. 1k–o.

In the ggH mode, there are two leading contributions: in the first 
(Fig. 1l), two Higgs bosons emerge from a top or bottom quark loop; 
in the second (Fig. 1k), a single virtual Higgs boson, H*, emerges from 
the top or bottom quark loop and then decays to two Higgs bosons 
(gg → H* → HH).  Explicit establishment of the latter contribution, a 
direct manifestation of the Higgs boson’s self-interaction, would elu-
cidate the strikingly unusual potential of the BEH field.

In the VBF mode, there are three subprocesses that can lead to pro-
duction of a pair of Higgs bosons: (1) through a virtual Higgs boson 
(Fig. 1m); (2) through a four-point interaction: VV → HH (Fig. 1n); and 
(3) through the exchange of a vector boson (Fig. 1o).
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Fig. 3 | A portrait of the Higgs boson couplings to fermions and vector 
bosons. Left: constraints on the Higgs boson coupling modifiers to fermions 
(κf) and heavy gauge bosons (κV), in different datasets: discovery (red), the full 
LHC Run 1 (blue) and the data presented here (black). The SM prediction 
corresponds to κV = κf = 1 (diamond marker). Right: the measured coupling 
modifiers of the Higgs boson to fermions and heavy gauge bosons, as functions 

of fermion or gauge boson mass, where υ is the vacuum expectation value of 
the BEH field (‘Notes on self-interaction strength’ in Methods). For gauge 
bosons, the square root of the coupling modifier is plotted, to keep a linear 
proportionality to the mass, as predicted in the SM. The P value with respect to 
the SM prediction for the right plot is 37.5%.
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Higgs production and decay 
• Higgs production: 

• gluon-gluon fusion dominant: thoroughly studied in theory, precise predictions, mostly in heavy-top EFT

 

• Higgs Decay:  

• Rare loop-induced channels (like 𝛾𝛾) prefered over dominant modes 
(e.g. bottom quarks) due to large and irreducible QCD background

• Higgs signal: need to combine production and decay,                                                              
challenging for experiment and theory  

• Relative importance of production and decay modes at √s=13 TeV 
[Higgs Working group (2016): CMS Nature (2022) 2207.00043]  

Extended Data Table 1 | The SM Higgs production cross-sections and branching fractions

Theoretical cross-sections for each production mode and branching fractions for the decay channels, at =s 13 TeV and for mH = 125.38 GeV (ref. 39).
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boson. However, the statistical uncertainties associated with these early 
measurements allowed considerable room for possible interpretations 
of the data in terms of new phenomena beyond the standard model and 
left many predictions of the standard model untested.

The characterization of the Higgs boson continued during the Run 2 
data-taking period between 2015 and 2018. About 9 million Higgs bos-
ons are predicted to have been produced in the ATLAS detector during 
this period, of which only about 0.3% are experimentally accessible. This 
is 30 times more events than at the time of its discovery, owing to the 
higher rate of collisions and the increase of the collision energy from 
8 teraelectronvolts (TeV) to 13 TeV, which raises the production rate. In 
this Article, the full Run 2 dataset, corresponding to an integrated lumi-
nosity of 139 inverse femtobarns (fb−1), is used for the measurements of 
Higgs boson production and decay rates, which are used to study the 
couplings between the Higgs boson and the particles involved. This 
improves on the previous measurements obtained with partial Run 2 
datasets21,22. The corresponding predictions depend on the value of 
the Higgs boson mass, which has now been measured by the ATLAS 
and CMS experiments23–25 with an uncertainty of approximately 0.1%. 
The predictions employed in this article use the combined central 
value of 125.09 GeV23.

The dominant production process at the LHC, which accounts for 
about 87% of Higgs boson production, is the heavy-quark loop-mediated 
gluon–gluon fusion process (ggF). The second most copious process 
is vector boson fusion (VBF), in which two weak bosons, either Z or W 
bosons, fuse to produce a Higgs boson (7%). Next in rate is production 
of a Higgs boson in association with a weak (V = W, Z) boson (4%). Pro-
duction of a Higgs boson in association with a pair of top quarks tt H( ) 
or bottom quarks bb H( ) each account for about 1% of the total rate. 
The contribution of other qqH processes is much smaller and experi-
mentally not accessible. Only about 0.05% of Higgs bosons are pro-
duced in association with a single top quark (tH). Representative 
Feynman diagrams of these processes are shown in Fig. 1a–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 (Fig. 1f–i): decays into gauge boson pairs, 
that is, W bosons with a probability, or branching fraction, of 22%, Z 
bosons 3%, photons (γ) 0.2%, Z boson and photon 0.2%, as well as decays 
into fermion pairs, that is, b quarks 58%, c quarks 3%, τ leptons 6%, and 
muons (µ) 0.02%. There may also be decays of the Higgs boson into 
invisible particles, above the standard model prediction of 0.1%, which 
are also searched for. Such decays are possible in theories beyond the 
standard model, postulating, for example, the existence of dark matter 
particles that do not interact with the detector.

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, different couplings generally contribute in the 
production and decay. The combination of all measurements is there-
fore necessary to constrain these couplings individually. This enables 
key tests of the Higgs sector of the standard model 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 standard model that are not observ-
able through measurements of the coupling strengths.

The ATLAS detector at the LHC
The ATLAS experiment12 at the LHC is a multipurpose particle detec-
tor with a forward–backward symmetric, cylindrical geometry and a 
near 4π coverage in solid angle. The detector records digitized signals 
produced by the products of LHC’s proton bunch collisions, hereafter 
termed collision ‘events’. It is designed to identify a wide variety of 
particles and measure their momenta and energies. These particles 
include electrons, muons, τ leptons and photons, as well as gluons 
and quarks, which produce collimated jets of particles in the detector.  
Because the jets from b quarks and c quarks contain hadrons with rela-
tively long lifetimes, they can be identified by observing a decay vertex, 
which typically occurs at a measurable distance from the collision 
point. The presence of particles that do not interact with the detector, 
such as neutrinos, can be inferred by summing the vector momenta of 
the visible particles in the plane transverse to the beam and imposing 
conservation of transverse momenta.

The detector components closest to the collision point measure 
charged-particle trajectories and momenta. This inner spectrometer is 
surrounded by calorimeters that are used in the identification of parti-
cles and in the measurement of their energies. The calorimeters are in 
turn surrounded by an outer spectrometer dedicated to measuring the 
trajectories and momenta of muons, the only charged particle to travel 
through the calorimeters. A two-level trigger system was optimized 
for Run 2 data-taking26 to select events of interest at a rate of about 
1 kHz from the proton bunch collisions occurring at a rate of 40 MHz. 
An extensive software suite27 is used in the simulation, reconstruction 
and analysis of real and simulated data, in detector operations, and in 
the trigger and data-acquisition systems of the experiment.

Input measurements and combination procedure
Physics analyses typically focus on particular production and decay pro-
cesses and measure the number of Higgs boson candidates observed 
after accounting for non-Higgs background processes. To determine 
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Fig. 1 | Examples of Feynman diagrams for Higgs boson production and 
decay. a–e, The Higgs boson is produced via gluon–gluon fusion (a), vector 
boson fusion (VBF; b) and associated production with vector bosons (c), top or 
b 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 Z 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, and processes involving 
couplings to W or Z bosons in green, to quarks in orange, and to leptons in red. 
Two different shades of green (orange) are used to separate the VBF and VH  
(tt H and tH) production processes.
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boson. However, the statistical uncertainties associated with these early 
measurements allowed considerable room for possible interpretations 
of the data in terms of new phenomena beyond the standard model and 
left many predictions of the standard model untested.

The characterization of the Higgs boson continued during the Run 2 
data-taking period between 2015 and 2018. About 9 million Higgs bos-
ons are predicted to have been produced in the ATLAS detector during 
this period, of which only about 0.3% are experimentally accessible. This 
is 30 times more events than at the time of its discovery, owing to the 
higher rate of collisions and the increase of the collision energy from 
8 teraelectronvolts (TeV) to 13 TeV, which raises the production rate. In 
this Article, the full Run 2 dataset, corresponding to an integrated lumi-
nosity of 139 inverse femtobarns (fb−1), is used for the measurements of 
Higgs boson production and decay rates, which are used to study the 
couplings between the Higgs boson and the particles involved. This 
improves on the previous measurements obtained with partial Run 2 
datasets21,22. The corresponding predictions depend on the value of 
the Higgs boson mass, which has now been measured by the ATLAS 
and CMS experiments23–25 with an uncertainty of approximately 0.1%. 
The predictions employed in this article use the combined central 
value of 125.09 GeV23.

The dominant production process at the LHC, which accounts for 
about 87% of Higgs boson production, is the heavy-quark loop-mediated 
gluon–gluon fusion process (ggF). The second most copious process 
is vector boson fusion (VBF), in which two weak bosons, either Z or W 
bosons, fuse to produce a Higgs boson (7%). Next in rate is production 
of a Higgs boson in association with a weak (V = W, Z) boson (4%). Pro-
duction of a Higgs boson in association with a pair of top quarks tt H( ) 
or bottom quarks bb H( ) each account for about 1% of the total rate. 
The contribution of other qqH processes is much smaller and experi-
mentally not accessible. Only about 0.05% of Higgs bosons are pro-
duced in association with a single top quark (tH). Representative 
Feynman diagrams of these processes are shown in Fig. 1a–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 (Fig. 1f–i): decays into gauge boson pairs, 
that is, W bosons with a probability, or branching fraction, of 22%, Z 
bosons 3%, photons (γ) 0.2%, Z boson and photon 0.2%, as well as decays 
into fermion pairs, that is, b quarks 58%, c quarks 3%, τ leptons 6%, and 
muons (µ) 0.02%. There may also be decays of the Higgs boson into 
invisible particles, above the standard model prediction of 0.1%, which 
are also searched for. Such decays are possible in theories beyond the 
standard model, postulating, for example, the existence of dark matter 
particles that do not interact with the detector.

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, different couplings generally contribute in the 
production and decay. The combination of all measurements is there-
fore necessary to constrain these couplings individually. This enables 
key tests of the Higgs sector of the standard model 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 standard model that are not observ-
able through measurements of the coupling strengths.

The ATLAS detector at the LHC
The ATLAS experiment12 at the LHC is a multipurpose particle detec-
tor with a forward–backward symmetric, cylindrical geometry and a 
near 4π coverage in solid angle. The detector records digitized signals 
produced by the products of LHC’s proton bunch collisions, hereafter 
termed collision ‘events’. It is designed to identify a wide variety of 
particles and measure their momenta and energies. These particles 
include electrons, muons, τ leptons and photons, as well as gluons 
and quarks, which produce collimated jets of particles in the detector.  
Because the jets from b quarks and c quarks contain hadrons with rela-
tively long lifetimes, they can be identified by observing a decay vertex, 
which typically occurs at a measurable distance from the collision 
point. The presence of particles that do not interact with the detector, 
such as neutrinos, can be inferred by summing the vector momenta of 
the visible particles in the plane transverse to the beam and imposing 
conservation of transverse momenta.

The detector components closest to the collision point measure 
charged-particle trajectories and momenta. This inner spectrometer is 
surrounded by calorimeters that are used in the identification of parti-
cles and in the measurement of their energies. The calorimeters are in 
turn surrounded by an outer spectrometer dedicated to measuring the 
trajectories and momenta of muons, the only charged particle to travel 
through the calorimeters. A two-level trigger system was optimized 
for Run 2 data-taking26 to select events of interest at a rate of about 
1 kHz from the proton bunch collisions occurring at a rate of 40 MHz. 
An extensive software suite27 is used in the simulation, reconstruction 
and analysis of real and simulated data, in detector operations, and in 
the trigger and data-acquisition systems of the experiment.

Input measurements and combination procedure
Physics analyses typically focus on particular production and decay pro-
cesses and measure the number of Higgs boson candidates observed 
after accounting for non-Higgs background processes. To determine 
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Fig. 1 | Examples of Feynman diagrams for Higgs boson production and 
decay. a–e, The Higgs boson is produced via gluon–gluon fusion (a), vector 
boson fusion (VBF; b) and associated production with vector bosons (c), top or 
b 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 Z 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, and processes involving 
couplings to W or Z bosons in green, to quarks in orange, and to leptons in red. 
Two different shades of green (orange) are used to separate the VBF and VH  
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● ttH production              ‘direct’ measurement of the top Yukawa coupling

● Observed 5 years ago by LHC collaborations

● Current experimental uncertainties at O(20%) level

● Experimental precision expected to go down to O(2%) at HL-LHC

● Precise theoretical predictions are needed to match it!
[Cepeda et al.; 1902.00134]

Introduction

[CMS 1804.02610, ATLAS 1806.00425]

In ggF other contributions
and NP effects can conspire

1

• Present: Good agreement between theory and experiment
      [ATLAS (Nature (2022): 2207.0009; theory: Higgs Working Group 1610.07922]

• Future: HL-LHC experimental precision on production channels                                                     
expected to go down to O(2%)  [HL-LHC report 1902.00134]

• Precise theoretical predictions required to match experimental results
Higgs Hunting 2023, 11-13 September 2023, Paris
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a factor of two lower than in the Run 1 result20. The presented meas-
urement supersedes the previous ATLAS combination with a partial 
Run 2 dataset22, decreasing the latest total measurement uncertainty 
by about 30%.

Higgs boson production is also studied per individual process.  
As opposed to the top quark decay products from tt H production, the 
identification efficiency of b jets from the bb H production is low, mak-
ing the bb H  process experimentally indistinguishable from ggF pro-
duction. The bb H and ggF processes are therefore grouped together, 
with bb H contributing a relatively small amount: of the order of 1% to 
the total bbHggF + ¯  production. In cases where several processes are 
combined, the combination assumes the relative fractions of the com-
ponents to be those from the standard model within corresponding 
theory uncertainties. Results are obtained from the fit to the data, 
where the cross-section of each production process is a free parameter 
of the fit. Higgs boson decay branching fractions are set to their stand-
ard model values, within the uncertainties specified previously44. The 
results are shown in Fig. 2a.

All measurement results are compatible with the standard model 
predictions. For the ggF and VBF production processes, which were 
previously observed in Run 1 data, the cross-sections are measured 
with a precision of 7% and 12%, respectively. The following production 
processes are now also observed: WH with an observed (expected) 
signal significance of 5.8 (5.1) standard deviations (σ), ZH with 5.0σ 
(5.5σ) and the combined tt H  and tH production processes with 6.4σ 

(6.6σ), where the expected signal significances are obtained under the 
standard model hypothesis. The separate tt H  and tH measurements 
lead to an observed (expected) upper limit on tH production of 15 (7) 
times the standard model prediction at the 95% confidence level (CL), 
with a relatively large negative correlation coefficient of 56% between 
the two measurements. This is due to cross-contamination between 
the tt H and tH processes in the set of reconstructed events that provide 
the highest sensitivity to these production processes.

Branching fractions of individual Higgs boson decay modes are 
measured by setting the cross-sections for Higgs boson production 
processes to their respective standard model values. The results are 
shown in Fig. 2b. The branching fractions of the γγ, ZZ, W W± ∓ and τ+τ− 
decays, which were already observed in the Run 1 data, are measured 
with a precision ranging from 10% to 12%. The bb  decay mode is 
observed with a signal significance of 7.0σ (expected 7.7σ), and the 
observed (expected) signal significances for the H → µ+µ− and H → Zγ 
decays are 2.0σ (1.7σ) and 2.3σ (1.1σ), respectively.

The assumptions about the relative contributions of different decay 
or production processes in the above measurements are relaxed by 
directly measuring the product of production cross-section and 
branching fraction for different combinations of production and 
decay processes. The corresponding results are shown in Fig. 3. The 
measurements are in agreement with the standard model prediction.

To determine the value of a particular Higgs boson coupling strength, 
a simultaneous fit of many individual production times branching 
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a factor of two lower than in the Run 1 result20. The presented meas-
urement supersedes the previous ATLAS combination with a partial 
Run 2 dataset22, decreasing the latest total measurement uncertainty 
by about 30%.

Higgs boson production is also studied per individual process.  
As opposed to the top quark decay products from tt H production, the 
identification efficiency of b jets from the bb H production is low, mak-
ing the bb H  process experimentally indistinguishable from ggF pro-
duction. The bb H and ggF processes are therefore grouped together, 
with bb H contributing a relatively small amount: of the order of 1% to 
the total bbHggF + ¯  production. In cases where several processes are 
combined, the combination assumes the relative fractions of the com-
ponents to be those from the standard model within corresponding 
theory uncertainties. Results are obtained from the fit to the data, 
where the cross-section of each production process is a free parameter 
of the fit. Higgs boson decay branching fractions are set to their stand-
ard model values, within the uncertainties specified previously44. The 
results are shown in Fig. 2a.

All measurement results are compatible with the standard model 
predictions. For the ggF and VBF production processes, which were 
previously observed in Run 1 data, the cross-sections are measured 
with a precision of 7% and 12%, respectively. The following production 
processes are now also observed: WH with an observed (expected) 
signal significance of 5.8 (5.1) standard deviations (σ), ZH with 5.0σ 
(5.5σ) and the combined tt H  and tH production processes with 6.4σ 

(6.6σ), where the expected signal significances are obtained under the 
standard model hypothesis. The separate tt H  and tH measurements 
lead to an observed (expected) upper limit on tH production of 15 (7) 
times the standard model prediction at the 95% confidence level (CL), 
with a relatively large negative correlation coefficient of 56% between 
the two measurements. This is due to cross-contamination between 
the tt H and tH processes in the set of reconstructed events that provide 
the highest sensitivity to these production processes.

Branching fractions of individual Higgs boson decay modes are 
measured by setting the cross-sections for Higgs boson production 
processes to their respective standard model values. The results are 
shown in Fig. 2b. The branching fractions of the γγ, ZZ, W W± ∓ and τ+τ− 
decays, which were already observed in the Run 1 data, are measured 
with a precision ranging from 10% to 12%. The bb  decay mode is 
observed with a signal significance of 7.0σ (expected 7.7σ), and the 
observed (expected) signal significances for the H → µ+µ− and H → Zγ 
decays are 2.0σ (1.7σ) and 2.3σ (1.1σ), respectively.

The assumptions about the relative contributions of different decay 
or production processes in the above measurements are relaxed by 
directly measuring the product of production cross-section and 
branching fraction for different combinations of production and 
decay processes. The corresponding results are shown in Fig. 3. The 
measurements are in agreement with the standard model prediction.

To determine the value of a particular Higgs boson coupling strength, 
a simultaneous fit of many individual production times branching 
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Fig. 2 | Observed and predicted Higgs boson production cross-sections and 
branching fractions. a, Cross-sections for different Higgs boson production 
processes are measured assuming standard model (SM) values for the decay 
branching fractions. b, Branching fractions for different 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 p value 
for compatibility of the measurement and the SM prediction is 65% for a and 56% 
for b. Data are from ATLAS Run 2.
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different combinations of Higgs boson production and decay processes. 
The horizontal bar on each point denotes the 68% confidence interval. The 
narrow grey bands indicate the theory uncertainties in the standard model 

(SM) cross-section multiplied by the branching fraction predictions.  
The p value for compatibility of the measurement and the SM prediction is 72%.   
σi Bf is normalized to the SM prediction. Data are from ATLAS Run 2.
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Associated top-antitop-Higgs production   

• ttH production gives direct access to top quark Yukawa coupling (yt~mt/v) 

• Experimental status 
• Higgs boson observed in ttH channel in 2018 by 

LHC experiments in various decay channels
[CMS 1804.02610; ATLAS 1806.00425]
• Compatible with SM so far 
• But: Present experimental uncertainty of (20 %) expected

to reach O(2%) at HL-LHC 

• Precise theoretical predictions needed
[HL-LHC report 1902.00134] 

  

● ttH production              ‘direct’ measurement of the top Yukawa coupling

● Observed 5 years ago by LHC collaborations

● Current experimental uncertainties at O(20%) level

● Experimental precision expected to go down to O(2%) at HL-LHC

● Precise theoretical predictions are needed to match it!
[Cepeda et al.; 1902.00134]

Introduction

[CMS 1804.02610, ATLAS 1806.00425]

In ggF other contributions
and NP effects can conspire

1

the study of the Higgs boson is one of the priorities in the LHC experimental program, after its discovery in 2012 

the Higgs boson couplings to SM particles are proportional to their masses: special role played by the top quark! 

only about of the Higgs bosons are produced in association with a top-quark pair (first observation in 2018) but… 

the production mode   allows for a direct measurement of the top-quark Yukawa coupling  

1 %
pp → tt̄H

Introduction:  productiontt̄H
Motivations :

1

[ AT
LAS (2018)]

[ C
epeda et al. (2019)]

Higgs Hunting 2023, 11-13 September 2023, Paris 6



ttH production: Theoretical status 

• Previous NLO results
• NLO QCD + EW corrections (on-shell top quarks) including NNLL soft gluon resummation

[Broggio et al. 1907:04343, Kulesza et al. 2001:03031]

• Full off-shell calculations at NLO QCD  and NLO QCD +EW corrections
[Denner et al : 1612.07922]

• NLO predictions are affected by an uncertainty of (10%) [Higgs WG (2016) 1610:07922] 

• At NNLO level : Final states with up to two more partons contribute to the cross section: 

Higgs Hunting 2023, 11-13 September 2023, Paris 7

• Bottleneck: Genuinly 2-loop contribution unknown 
• 2-loop Amplitude for (2→3) with 3 external masses: 

Beyond present calculational technology 

RR: Real-Real RV: Real-Virtual VV: Virtual-Virtual



ttH production @NNLO QCD

• ttH production computed up to NNLO QCD (with all partonic channels included)
[Catani, Devoto, Grazzini,Kallweit, Mazzitelli, Savoini, 2210.07846]

• Using parton-level event generator MATRIX adapted to ttH final states
[MATRIX: Grazzini, Kallweit, Wiesemann, 1711.006631] 

• extended NNLO qT subtraction method originally formulated for colour-neutral final states
• extended to heavy quark pair production, account for soft radiation off heavy quarks                

[Catani, Devoto, Mazzitelli, 2301.11786]

Higgs Hunting 2023, 11-13 September 2023, Paris 8



ttH production @NNLO QCD

• Unknown virtual 2-loop amplitude approximated using the soft Higgs limit 
• In the soft Higgs limit (momentum k → 0), the scattering amplitude can be rewritten

• F: soft limit of scalar heavy quark form factor, M: known tt-production amplitudes

• In qT subtraction framework 
• contribution from 2-loop finite remainder function: computed using soft Higgs approximation
• require momentum mapping to account for physical Higgs momentum
• 2-loop contribution to cross section at NNLO numerically small compared to real radiation parts

Higgs Hunting 2023, 11-13 September 2023, Paris 9

2

tributions. The results of this computation at NLO and,
partly, at NNLO were presented in Ref. [43], and the eval-
uation of the NNLO soft terms has been subsequently
completed [44, 45]. Following the NNLO computation
of the o↵-diagonal partonic channels [43], in this Letter
we present the NNLO result for tt̄H production includ-
ing all the partonic channels. The two-loop amplitudes
are not yet known, and we evaluate them by developing
and using a soft Higgs boson approximation. As we will
show, this approximation allows us to obtain the NNLO
corrections with very small residual uncertainties.

The calculation. We consider the process

c(p1)+ c̄(p2) ! t(p3)+ t̄(p4)+H(k) , c = q, q̄, g, (1)

where the collision of the massless partons of flavours c

and c̄ and momenta p1 and p2 produces a top-antitop
quark pair of momenta p3 and p4, and a Higgs boson
with momentum k. We denote the pole masses of the top
quark and the Higgs boson by mt and mH , respectively.

The renormalised all-order scattering amplitude for the
process in Eq. (1) is denoted as M({pi}, k). In the
limit in which the Higgs boson becomes soft (k ! 0),
M({pi}, k) fulfils the following factorisation formula:

M({pi}, k) ' F (↵S(µR);
mt
µR

)
mt

v

X

i=3,4

mt

pi · k
M({pi}) ,

(2)
where v = (

p
2GF )�1/2 = 246.22GeV and M({pi}) is

the amplitude in which the Higgs boson has been re-
moved. Details on the derivation of Eq. (2) and
the explicit expression of the perturbative function
F (↵S(µR);mt/µR) at the second order in the QCD cou-
pling ↵S(µR) can be found in the Supplemental Material.
Since the virtual amplitudes M({pi}) for the production
of a tt̄ pair are available up to two-loop order [46], the
factorisation formula in Eq. (2) can be used to provide
an approximation of the virtual tt̄H amplitudes up to the
same order.

The cross section for tt̄H production can be written as
� = �LO + ��NLO + ��NNLO + . . . , where �LO is the
LO cross section, ��NLO is the NLO QCD correction,
��NNLO is the NNLO QCD contribution, and so forth.

According to the qT subtraction formalism [34] the dif-
ferential cross section d� can be evaluated as

d� = H⌦ d�LO + [d�R � d�CT] . (3)

The first term on the r.h.s. of Eq. (3) corresponds to the
qT = 0 contribution. It is obtained through a convolu-
tion, with respect to the longitudinal-momentum frac-
tions z1 and z2 of the colliding partons, of the pertur-
bative function H with the LO cross section d�LO. The
real contribution d�R is obtained by evaluating the cross
section to produce the tt̄H system accompanied by addi-
tional QCD radiation. When d� is computed at NNLO,

d�R contains NLO-type singularities and can be eval-
uated for example by using the dipole subtraction for-
malism [47–49]. The role of the counterterm d�CT is to
cancel the singular behaviour of d�R in the limit qT ! 0,
making the square-bracket term in Eq. (3) finite. The ex-
plicit form of d�CT is known up to NNLO and obtained
from the perturbative expansion of the qT resummation
formula for tt̄H production [38, 43].
Our computation is implemented within the Matrix

framework [50], suitably extended to tt̄H production,
along the lines of what has been done for heavy-quark
production [40–42]. The required tree-level and one-
loop amplitudes are obtained with OpenLoops [51–53].
To numerically evaluate the contribution in the square
bracket of Eq. (3), a technical cut-o↵ rcut is introduced
on the 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 and performing the rcut ! 0
extrapolation. More details can be found in Refs. [43, 50].
We come back to the first term on the r.h.s. of Eq. (3).

The function H can be decomposed as

H = H�(1� z1)�(1� z2) + �H , (4)

where the hard coe�cient H contains purely virtual con-
tributions and flavour indices are understood. More pre-
cisely, we define

H(↵S(µR);
M

µIR
) = 1 +

1X

n=1

⇣
↵S(µR)

2⇡

⌘n

H
(n)( M

µIR
) (5)

with

H
(n) =

2Re
⇣
M(n)

fin (µIR, µR)M(0)⇤
⌘

|M(0)|2

������
µR=M

. (6)

Here M(0) is the Born level amplitude for the cc̄ ! tt̄H

process, while M(n)
fin are the perturbative coe�cients of

the finite part Mfin(µIR) of the renormalised virtual
amplitude after subtraction of IR singularities at the
scale µIR. The IR-finite amplitude Mfin is obtained
from the all-order renormalised virtual amplitude M as
|Mfin(µIR)i = Z�1(µIR)|Mi, where Z(µIR) is the multi-
plicative factor that removes the IR ✏ poles of the multi-
loop amplitude [54]. In the case of n = 2 the definition of
H

(n) in Eq. (6) allows us to isolate the only unknown con-
tribution to the NNLO cross section in Eq. (3). Indeed
at NNLO the square bracket in Eq. (3) is computable for
all the partonic channels, and the other contributions,
embodied in the function �H(n) on the r.h.s. of Eq. (4),
are completely known. In particular, at NNLO �H also
includes the one-loop squared contribution and the soft-
parton contributions [45]. We point out that, if all the
perturbative ingredients are available, the dependence on
µIR exactly cancels out between H and �H in Eq. (4).



Total cross section for ttH@NNLO
• NNLO calculation versus data at 13 TeV

[ATLAS: 2207.00092, CMS: 2207.00043]
[Catani, Devoto, Grazzini,Kallweit, Mazzitelli, Savoini, 2210.07846]

• Error includes scale variation and uncertainty from 
soft Higgs approximation estimated on 
exact result at NLO level

• NNLO corrections moderate (2-4 %) with significant 
reduction of theoretical uncertainty to per-cent level

4

� [pb]
p
s = 13TeV

p
s = 100TeV

�LO 0.3910+31.3%
�22.2% 25.38+21.1%

�16.0%

�NLO 0.4875+5.6%
�9.1% 36.43+9.4%

�8.7%

�NNLO 0.5070 (31)+0.9%
�3.0% 37.20(25)+0.1%

�2.2%

TABLE II: LO, NLO and NNLO cross sections at
p
s = 13TeV andp

s = 100TeV. The errors stated in brackets at NNLO combine
numerical errors with the uncertainty due to the soft Higgs boson

approximation.

expected to be smaller than these values. We multiply
this uncertainty by a tolerance factor that is chosen to
be 3 for both the gg and the qq̄ channels, taking into
account the overall quality of the approximation and the
e↵ect of the µIR variations discussed above. To obtain
the final uncertainty on the full NNLO cross section, we
linearly combine the ensuing uncertainties from the gg

and qq̄ channels. As we will see, the overall uncertainty
on the NNLO cross section estimated in this way is still
significantly smaller than the residual perturbative un-
certainties.

Results. We are now ready to present our results for
the inclusive tt̄H cross section. In Table II we report
LO, NLO and NNLO cross sections. The scale uncer-
tainties are obtained through the customary procedure of
independently varying the renormalisation (µR) and fac-
torisation (µF) scales by a factor of 2 around their cen-
tral value with the constraint 0.5  µR/µF  2. Since,
as can be seen from Table II, such scale uncertainties
are highly asymmetric, especially at NNLO, in the fol-
lowing we will conservatively consider their symmetrised
version as our estimate of perturbative uncertainty. More
precisely, we take the maximum among the upward and
downward variations, assign it symmetrically and leave
the nominal prediction unchanged.

The errors stated in brackets at NNLO are obtained
by combining the uncertainty from the soft Higgs bo-
son approximation, estimated as discussed above, with
the (much smaller) systematic uncertainty from the sub-
traction procedure. Comparing NLO and LO results
we see that NLO corrections increase the LO result by
25% at

p
s = 13TeV and by 44% at

p
s = 100TeV. The

impact of NNLO corrections is much smaller: they in-
crease the NLO result by 4% at

p
s = 13TeV and by

2% at
p
s = 100TeV. The NNLO contribution of the

o↵-diagonal channels [43] is below the permille level atp
s = 13TeV, while it amounts to about half of the com-

puted correction at
p
s = 100TeV. Perturbative uncer-

tainties are reduced down to the few-percent level. The
uncertainty from the soft Higgs boson approximation
amounts to about ±0.6% at both values of

p
s. We point

out that this uncertainty, although not negligible, is still
significantly smaller than the remaining perturbative un-
certainties.

FIG. 1: LO, NLO and NNLO cross sections with their perturbative
uncertainties as functions of the centre-of-mass energy. The

experimental results from ATLAS [3] and CMS [4] at
p
s = 13TeV are

also shown. The lower panel illustrates the impact of NNLO
corrections with respect to the NLO result. The inner NNLO band
denotes the uncertainty from the soft approximation combined with

the systematic uncertainty from the subtraction procedure.

In Fig. 1 we show the LO, NLO and NNLO cross sec-
tions and their perturbative uncertainties as functions
of the centre-of-mass energy

p
s. The lower panel illus-

trates the relative impact of the NNLO corrections with
respect to the NLO result. The inner NNLO band de-
notes the combination of the uncertainty from the soft
approximation with the systematic uncertainty from the
subtraction procedure. We see that NNLO corrections
range from about +4% at low

p
s to about +2% atp

s = 100TeV. The perturbative uncertainty is reduced
from ±9% at NLO in the entire range of

p
s to ±3%

(±2%) at
p
s = 8TeV (

p
s = 100TeV). We observe that

the NNLO band is fully contained within the NLO band.
The experimental results by ATLAS (Fig. 04a in the aux-
iliary material of Ref. [3]) and CMS [4] at

p
s = 13TeV

are also shown for reference in Fig. 1. We point out
that for a sensible comparison with experimental data
NLO EW corrections should be considered as well. Atp
s = 13TeV, NLO EW corrections increase the cross

section by 1.7% with respect to the NLO result [28].

Summary. The associated production of a Higgs bo-
son with a top–antitop quark pair is a crucial process
at hadron colliders since it allows for a direct measure-
ment of the top-quark Yukawa coupling. In this Letter
we have presented first NNLO QCD results for the tt̄H

cross section in proton collisions. The calculation is com-
plete except for the finite part of the two-loop virtual
amplitude that is computed by using a soft Higgs bo-

Higgs Hunting 2023, 11-13 September 2023, Paris 10



• VH+Jet observables computed to NNLO for 
with V=(Z,W+,W-) and stable Higgs [Gauld, Glover, Huss, Majer, AG, 2110.12992]

• Experimental status of VH (+jet) 
• Clear leptonic signature from V decay: H identification easier 
• VH channel: First evidence for H → bb decay

[ATLAS: 1808.08238, CMS: 1808:08242] 

• Measurement as function of pT
V

• Using a simplified cross section template
• Factorization of Higgs boson production and decay

• Higgs candidate: two b-jets (anti-kT) 
• Need: exclusive and inclusive VH+J contributions in                                                                          

experimental VH signal extraction (multivariate methods)
• first step towards more differential measurements

Table 13: Best-fit values and uncertainties for the VH, V ! leptons cross-section times the H ! bb̄ branching
fraction, in the reduced STXS scheme. The SM predictions for each region, computed using the inclusive cross-section
calculations and the simulated event samples are also shown. The contributions to the total uncertainty in the
measurements from statistical (Stat. unc.) or systematic uncertainties (Syst. unc.) in the signal prediction (Th. sig.),
background prediction (Th. bkg.), and in experimental performance (Exp.) are given separately. The total systematic
uncertainty, equal to the di�erence in quadrature between the total uncertainty and the statistical uncertainty, di�ers
from the sum in quadrature of the Th. sig., Th. bkg., and Exp. systematic uncertainties due to correlations. All
leptonic decays of the V bosons (including those to ⌧-leptons, ` = e, µ, ⌧) are considered. These results along with
the corresponding correlation matrix are available in the HEPData repository [123].

STXS region SM prediction Result Stat. unc. Syst. unc. [fb]
Process pV , t

T interval [fb] [fb] [fb] Th. sig. Th. bkg. Exp.

W(`⌫)H 150–250 GeV 24.0 ± 1.1 19.0 ± 12.1 ± 7.7 ± 0.9 ± 5.5 ± 6.0
W(`⌫)H > 250 GeV 7.1 ± 0.3 7.2 ± 2.2 ± 1.9 ± 0.4 ± 0.8 ± 0.7

Z(``/⌫⌫)H 75–150 GeV 50.6 ± 4.1 42.5 ± 35.9 ± 25.3 ± 5.6 ± 17.2 ± 19.7
Z(``/⌫⌫)H 150–250 GeV 18.8 ± 2.4 20.5 ± 6.2 ± 5.0 ± 2.3 ± 2.4 ± 2.3
Z(``/⌫⌫)H >250 GeV 4.9 ± 0.5 5.4 ± 1.7 ± 1.5 ± 0.5 ± 0.5 ± 0.3
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Figure 7: Measured VH, V ! leptons cross-sections times the H ! bb̄ branching fraction in the reduced STXS
scheme.
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VH production
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[ATLAS: 2008.02508]

� = �V H ⇥BrH
bb

⇥BrV
ll
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VH+Jet production: ingredients up to O(𝛼s
3)

• Previous NLO results: NLO QCD(+PS) and NLO QCD+EW                                                        
[Astill, Bizon, Re, Zanderighi, 1804.08141; Granata, Lindert, Oleari, Pozzorini, 1706.03522]

• For VH+ Jet production: different process categories contributing at higher orders

Higgs Hunting 2023, 11-13 September 2023, Paris
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(c) ggF type: loop induced gluon fusion with top or light-quarks

Figure 1. Representative diagrams for the Drell-Yan and heavy-quark loop induced contributions
to VH + jet production that enter the cross section at specific order in αs: (a) at order αs for the
Drell-Yan process, denoted as DY-type; (b) at order α2

s for the top-loop induced processes, denoted
as RI -type; and (c) at order α3

s for the one-loop gluon-gluon initiated process gg → HZg, denoted
as ggF-type. Details on the individual contributions given in the main text.

is emitted from a massive gauge boson of an underlying Drell-Yan type V + jet process.
An example of Born-level diagram is depicted in figure 1a. In the present calculation,
full NNLO QCD corrections to the Drell-Yan type contributions (denoted as DY) are
considered, i.e. up to order α3

s for all three Higgs production modes.
Starting from order α2

s , an additional class of subprocesses contributes in which the
Higgs boson couples to a virtual heavy quark loop. In our calculation, we consider leading-
order contributions from such heavy quark loop induced contributions up to order α3

s : For
both charged- and neutral-current processes this includes the top-quark loop corrections
at order α2

syt, denoted as the RI -type contributions and depicted in figure 1b. In the case
of the neutral-current process, additional loop-induced contributions related to the gluon-
fusion process gg → HZg must be considered. Those are proportional to α3

s and illustrated
in figure 1c. In the following those are denoted as ggF-type.

The various ingredients necessary for the computation of the W+H + jet mode have
been briefly outlined in ref. [30]. Similar ingredients are included in the computation of
observables associated to the W−H + jet and ZH + jet production modes and presented
here for the first time.

In the following, the relevant details for the calculation of the DY-type and heavy quark
loop induced contributions are provided in sections 2.1 and 2.2 respectively while section 2.3

– 4 –
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s for the one-loop gluon-gluon initiated process gg → HZg, denoted
as ggF-type. Details on the individual contributions given in the main text.

is emitted from a massive gauge boson of an underlying Drell-Yan type V + jet process.
An example of Born-level diagram is depicted in figure 1a. In the present calculation,
full NNLO QCD corrections to the Drell-Yan type contributions (denoted as DY) are
considered, i.e. up to order α3

s for all three Higgs production modes.
Starting from order α2

s , an additional class of subprocesses contributes in which the
Higgs boson couples to a virtual heavy quark loop. In our calculation, we consider leading-
order contributions from such heavy quark loop induced contributions up to order α3

s : For
both charged- and neutral-current processes this includes the top-quark loop corrections
at order α2

syt, denoted as the RI -type contributions and depicted in figure 1b. In the case
of the neutral-current process, additional loop-induced contributions related to the gluon-
fusion process gg → HZg must be considered. Those are proportional to α3

s and illustrated
in figure 1c. In the following those are denoted as ggF-type.

The various ingredients necessary for the computation of the W+H + jet mode have
been briefly outlined in ref. [30]. Similar ingredients are included in the computation of
observables associated to the W−H + jet and ZH + jet production modes and presented
here for the first time.

In the following, the relevant details for the calculation of the DY-type and heavy quark
loop induced contributions are provided in sections 2.1 and 2.2 respectively while section 2.3
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(a) Drell-Yan type: Born O(𝛼s) 
Higgs couples to off-shell V 

(b) O(yt) top-loop qq-induced:  
starts at O(𝛼s

2), 
present for ZH and WH 

(c) O(yt) top-loop gluon-induced: 
starts at O(𝛼s

3),
present for ZH only,
sizeable effects on observables
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WH+Jet production: inclusive vs. exclusive

• W+H+J: Fiducial cross sections in inclusive (≥ 1j) and exclusive (=1j) cases
[Gauld, Glover, Huss, Majer, AG, 2110.12992]

• Jets selected with anti-kT algorithm with pt> 20 GeV 
• Include Drell-Yan at 𝛼s

3 and top-loop (qq-induced) at 𝛼s
2yt 

• both contributions of comparable size

• Exclusive (=1j) case computed as 
• Theory uncertainty computed with central scale MHW

• corrections larger in exclusive case, reduction of error bands only @NNLO
• overlapping uncertainty bands only for uncorrelated scale variation in exclusive cross section 

Higgs Hunting 2023, 11-13 September 2023, Paris
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W+H+� 1jet W+H+1jet

�LO [fb] 20.99+2.09
�1.83 20.99 ± 1.96

�
+2.09
�1.83

�

�NLO [fb] 26.12+0.94
�0.99 17.42 ± 2.10

�
+0.73
�1.35

�

�NNLO [fb] 26.36+0.04
�0.24 15.59 ± 0.59

�
+0.48
�0.44

�

Table I: The fiducial cross sections for the experimental set-
up at 13TeV detailed in the main text. The lower and upper
error estimates are obtained from the envelope of the cross
section values evaluated at the seven di↵erent scales. For
the exclusive 1-jet predictions, the (symmetric) errors are ob-
tained from the uncertainties of the inclusive 1-jet and 2-jet
predictions, added in quadrature.

where ��1(2)j denote the uncertainties for inclusive

W+H+1(2)-jet production obtained from their respect-
ive 7-point scale variation.

Fiducial Cross Sections

The fiducial cross sections for inclusive (“� 1 jet”) and
exclusive (“1 jet”) W+H+jet production are summarised
in Table I at the various orders in ↵s. Note that in the
case of the exclusive process, we employ Eq. (2) to es-
timate theory uncertainties but also provide the variant
based on the correlated scale variation in parenthesis.
In the case of the inclusive production, we observe
a drastic stabilization of the fiducial cross section
at NNLO: the correction to the NLO central value
is of O(1%) and the theoretical uncertainty reduces
from O(4%) at NLO to less than O(1%) at NNLO. Fur-
thermore, the NNLO value is fully contained within the
scale uncertainty of the NLO prediction, indicating a
stable perturbative convergence.
In contrast, for exclusive production, the higher-order
corrections systematically suppress the cross section and
the scale uncertainties are larger. The uncertainty estim-
ate at NLO is similar to that at LO, with a significant
reduction only observed when going to NNLO for both
the conservative uncorrelated scale variation (Eq. (2) )
and the correlated scale variation given in parenthesis.
We note that only the more conservative variant is able
to reliably estimate uncertainties with subsequent orders
overlapping in their uncertainty intervals.
To study the numerical impact of the top-loop induced
parts, we compare the coe�cient of the fiducial cross
section obtained at O(↵2

syt) with the inclusive/exclusive
NNLO Drell–Yan-like coe�cients at O(↵3

s ) computed at
the central scale µF = µR = MWH :

��(↵2

syt) = 0.32+0.07
�0.06 fb,

���1j(↵
3

s ) = 0.24 fb, ��1j(↵
3

s ) = �1.83 fb.

We observe that the O(↵2

syt) top Yukawa-induced piece
is of the same order of magnitude as the inclusive Drell–
Yan-like O(↵3

s ) correction and much smaller than the
exclusive one. The size of this top loop-induced piece
is comparable to the uncertainty on both the inclus-
ive and exclusive NNLO Drell–Yan-like cross sections
(cf. Table I), which necessarily prompts its inclusion for
precision phenomenology. However, the theoretical error
estimate on these top-loop contributions is small, and as
such, we do not expect their—mostly unknown—higher-
order O(↵3

syt) corrections to be phenomenologically rel-
evant for this process.

Distributions

Moving on to kinematic distributions, we will present
the results in figures that are divided into four panels.
The top panel shows the absolute predictions; the two
centre panels show the K-factors for the inclusive and
exclusive process, respectively. For the latter we further
include the error bands based on a correlated scale vari-
ation shown as shaded bands. Finally, the bottom panel
shows the veto e�ciency defined as

✏veto(O) =
d�1j/dO

d��1j/dO
,

for an observable O.
Fig. 1 shows the W+ boson transverse momentum dis-
tribution. In both the inclusive and the exclusive case,
the NNLO K-factors are found to be rather flat, and in
the inclusive case very close to unity. Similar to the ob-
servations made for the fiducial cross sections, the uncor-
related error estimates are important in obtaining over-
lapping uncertainty estimates going from NLO to NNLO
in the exclusive production process. The veto-e�ciency
decreases towards larger transverse momenta, as harder
interactions are probed that are more likely to be accom-
panied by additional resolved QCD emissions. The shape
of ✏veto is already well captured with one additional emis-
sion (NLO), while the NNLO corrections give an overall
shift accompanied by a reduction of the residual uncer-
tainties. The results for the transverse momentum of the
Higgs boson (not shown here) follow a qualitatively very
similar pattern.
Fig. 2 shows the rapidity (left) and the transverse mo-
mentum (right) of the leading jet. The rapidity distribu-
tion, due to its inclusive nature in transverse momentum,
follows a similar pattern to the fiducial cross section
and the pT,W distribution discussed above: NNLO K-
factors that are rather flat (with the exception of high
rapidities in the inclusive case). The veto e�ciency
increases slightly towards forward rapidities, indicating
that a leading jet produced in the very forward region is
less likely to be accompanied by additional hard resolved

3

W+H+� 1jet W+H+1jet

�LO [fb] 20.99+2.09
�1.83 20.99 ± 1.96

�
+2.09
�1.83

�

�NLO [fb] 26.12+0.94
�0.99 17.42 ± 2.10

�
+0.73
�1.35

�

�NNLO [fb] 26.36+0.04
�0.24 15.59 ± 0.59

�
+0.48
�0.44

�

Table I: The fiducial cross sections for the experimental set-
up at 13TeV detailed in the main text. The lower and upper
error estimates are obtained from the envelope of the cross
section values evaluated at the seven di↵erent scales. For
the exclusive 1-jet predictions, the (symmetric) errors are ob-
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where ��1(2)j denote the uncertainties for inclusive

W+H+1(2)-jet production obtained from their respect-
ive 7-point scale variation.

Fiducial Cross Sections

The fiducial cross sections for inclusive (“� 1 jet”) and
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in Table I at the various orders in ↵s. Note that in the
case of the exclusive process, we employ Eq. (2) to es-
timate theory uncertainties but also provide the variant
based on the correlated scale variation in parenthesis.
In the case of the inclusive production, we observe
a drastic stabilization of the fiducial cross section
at NNLO: the correction to the NLO central value
is of O(1%) and the theoretical uncertainty reduces
from O(4%) at NLO to less than O(1%) at NNLO. Fur-
thermore, the NNLO value is fully contained within the
scale uncertainty of the NLO prediction, indicating a
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reduction only observed when going to NNLO for both
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and the correlated scale variation given in parenthesis.
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s ) correction and much smaller than the
exclusive one. The size of this top loop-induced piece
is comparable to the uncertainty on both the inclus-
ive and exclusive NNLO Drell–Yan-like cross sections
(cf. Table I), which necessarily prompts its inclusion for
precision phenomenology. However, the theoretical error
estimate on these top-loop contributions is small, and as
such, we do not expect their—mostly unknown—higher-
order O(↵3

syt) corrections to be phenomenologically rel-
evant for this process.
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the results in figures that are divided into four panels.
The top panel shows the absolute predictions; the two
centre panels show the K-factors for the inclusive and
exclusive process, respectively. For the latter we further
include the error bands based on a correlated scale vari-
ation shown as shaded bands. Finally, the bottom panel
shows the veto e�ciency defined as
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,

for an observable O.
Fig. 1 shows the W+ boson transverse momentum dis-
tribution. In both the inclusive and the exclusive case,
the NNLO K-factors are found to be rather flat, and in
the inclusive case very close to unity. Similar to the ob-
servations made for the fiducial cross sections, the uncor-
related error estimates are important in obtaining over-
lapping uncertainty estimates going from NLO to NNLO
in the exclusive production process. The veto-e�ciency
decreases towards larger transverse momenta, as harder
interactions are probed that are more likely to be accom-
panied by additional resolved QCD emissions. The shape
of ✏veto is already well captured with one additional emis-
sion (NLO), while the NNLO corrections give an overall
shift accompanied by a reduction of the residual uncer-
tainties. The results for the transverse momentum of the
Higgs boson (not shown here) follow a qualitatively very
similar pattern.
Fig. 2 shows the rapidity (left) and the transverse mo-
mentum (right) of the leading jet. The rapidity distribu-
tion, due to its inclusive nature in transverse momentum,
follows a similar pattern to the fiducial cross section
and the pT,W distribution discussed above: NNLO K-
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the exclusive 1-jet predictions, the (symmetric) errors are ob-
tained from the uncertainties of the inclusive 1-jet and 2-jet
predictions, added in quadrature.
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W+H+1(2)-jet production obtained from their respect-
ive 7-point scale variation.

Fiducial Cross Sections

The fiducial cross sections for inclusive (“� 1 jet”) and
exclusive (“1 jet”) W+H+jet production are summarised
in Table I at the various orders in ↵s. Note that in the
case of the exclusive process, we employ Eq. (2) to es-
timate theory uncertainties but also provide the variant
based on the correlated scale variation in parenthesis.
In the case of the inclusive production, we observe
a drastic stabilization of the fiducial cross section
at NNLO: the correction to the NLO central value
is of O(1%) and the theoretical uncertainty reduces
from O(4%) at NLO to less than O(1%) at NNLO. Fur-
thermore, the NNLO value is fully contained within the
scale uncertainty of the NLO prediction, indicating a
stable perturbative convergence.
In contrast, for exclusive production, the higher-order
corrections systematically suppress the cross section and
the scale uncertainties are larger. The uncertainty estim-
ate at NLO is similar to that at LO, with a significant
reduction only observed when going to NNLO for both
the conservative uncorrelated scale variation (Eq. (2) )
and the correlated scale variation given in parenthesis.
We note that only the more conservative variant is able
to reliably estimate uncertainties with subsequent orders
overlapping in their uncertainty intervals.
To study the numerical impact of the top-loop induced
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syt) top Yukawa-induced piece
is of the same order of magnitude as the inclusive Drell–
Yan-like O(↵3

s ) correction and much smaller than the
exclusive one. The size of this top loop-induced piece
is comparable to the uncertainty on both the inclus-
ive and exclusive NNLO Drell–Yan-like cross sections
(cf. Table I), which necessarily prompts its inclusion for
precision phenomenology. However, the theoretical error
estimate on these top-loop contributions is small, and as
such, we do not expect their—mostly unknown—higher-
order O(↵3

syt) corrections to be phenomenologically rel-
evant for this process.
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Moving on to kinematic distributions, we will present
the results in figures that are divided into four panels.
The top panel shows the absolute predictions; the two
centre panels show the K-factors for the inclusive and
exclusive process, respectively. For the latter we further
include the error bands based on a correlated scale vari-
ation shown as shaded bands. Finally, the bottom panel
shows the veto e�ciency defined as

✏veto(O) =
d�1j/dO
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,

for an observable O.
Fig. 1 shows the W+ boson transverse momentum dis-
tribution. In both the inclusive and the exclusive case,
the NNLO K-factors are found to be rather flat, and in
the inclusive case very close to unity. Similar to the ob-
servations made for the fiducial cross sections, the uncor-
related error estimates are important in obtaining over-
lapping uncertainty estimates going from NLO to NNLO
in the exclusive production process. The veto-e�ciency
decreases towards larger transverse momenta, as harder
interactions are probed that are more likely to be accom-
panied by additional resolved QCD emissions. The shape
of ✏veto is already well captured with one additional emis-
sion (NLO), while the NNLO corrections give an overall
shift accompanied by a reduction of the residual uncer-
tainties. The results for the transverse momentum of the
Higgs boson (not shown here) follow a qualitatively very
similar pattern.
Fig. 2 shows the rapidity (left) and the transverse mo-
mentum (right) of the leading jet. The rapidity distribu-
tion, due to its inclusive nature in transverse momentum,
follows a similar pattern to the fiducial cross section
and the pT,W distribution discussed above: NNLO K-
factors that are rather flat (with the exception of high
rapidities in the inclusive case). The veto e�ciency
increases slightly towards forward rapidities, indicating
that a leading jet produced in the very forward region is
less likely to be accompanied by additional hard resolved
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• Transverse momentum spectrum of the leading jet pT,j1

• Sizeable differences in NNLO versus NLO
• Inclusive (≥ 1j) case: Small (positive) NNLO corrections 
                                         and uncertainties (at % level) 
• Exclusive (=1j) case: Large (negative) NNLO corrections 
                                         and uncertainties,  specially as pT,j1 increases

• At large pT,j1: dominated by WH+2-jet production 
• Exclusive process is strongly suppressed

• Best seen for veto efficiency decreasing with increasing pT

• Consequence: NNLO prediction only NLO-accurate
• Large NNLO scale uncertainties at 10% level 

Higgs Hunting 2023, 11-13 September 2023, Paris

WH+Jet production: inclusive vs. exclusive
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ZH + Jet production
• Two types of top-loop contributions

• qq-induced: at order 𝛼s
2yt from interference with Drell-Yan amplitudes (as for W+, W-)

• gg-induced: at order 𝛼s
3yt

2 from (1-loop-amplitude)2 (Z only) 

• Fiducial inclusive cross sections: effects of top-loop 

• @ NLO: slight increase of cross section, but no sizeable effect on uncertainty
• @ NNLO: size of corrections and uncertainties enlarged

• Transverse momentum spectrum of Z boson
• @ NNLO: Sizeable impact of gg-loop induced contributions

• 15% in inclusive case and even larger in exclusive mode
• Large remaining uncertainty band

Higgs Hunting 2023, 11-13 September 2023, Paris

ZH+�1 jet ZH+1 jet

�LO [fb] 5.58+0.55
�0.48 5.58+0.55

�0.48

�NLO [fb] 6.81+0.22
�0.24 4.49+0.22

�0.39

�NNLO [fb] 6.92+0.02
�0.04 3.94+0.20

�0.20

Table 3: The fiducial cross sections for ZH+jet processes according to the setup of sec-

tion ?? when omitting the closed fermion-loop contributions discussed in section ??. The

error on the values represents the theoretical uncertainty which was obtained by taking the

minimum and maximum values of the 7-point scale variation.

(a) (b)

Figure 1: Transverse momentum distribution of the W-boson for the W+H +jet (left)

and for the W�H +jet (right) production processes.The panels are described in the main

text.

– 7 –

W+H+�1 jet W�H+�1 jet ZH+�1 jet

�LO [fb] 20.99+2.09
�2.41 12.30+1.24

�1.09 5.58+0.54
�0.48

�NLO [fb] 26.12+0.94
�0.99 15.40+0.57

�0.59 6.89+0.24
�0.25

�NNLO [fb] 26.38+0.04
�0.23 15.59+0.05

�0.15 8.04+0.42
�0.32

Table 1: The fiducial cross sections for inclusive (� 1 jet) VH+jet processes according to

the setup of section ??. Closed fermion-loop contributions are included. The error on the

values represents the theoretical uncertainty which was obtained by taking the minimum

and maximum values of the 7-point scale variation.

W+H+1 jet W�H+1 jet ZH+1 jet

�LO [fb] 20.99+2.09
�2.41 12.30+1.24

�1.09 5.58+0.54
�0.48

�NLO [fb] 17.42+0.73
�1.35 10.35+0.41

�0.78 4.57+0.21
�0.38

�NNLO [fb] 15.59+0.48
�0.44 8.82+0.40

�0.43 5.07+0.26
�0.10

Table 2: The fiducial cross sections for 1-jet exclusive VH+jet processes according to the

setup of section ??. Closed fermion-loop contributions are included. The error on the

values represents the theoretical uncertainty which was obtained by taking the minimum

and maximum values of the 7-point scale variation.

3 Numerical results

3.1 Numerical set-up

3.2 Fiducial cross sections

3.3 Distributions

4 Conclusions and Outlook
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VH production at N3LO

• VH inclusive cross section computed to N3LO 
[Baglio, Duhr, Mistlberger, Szafron; 2209.06138]

• Contributions up to N3LO: Drell-Yan type (only) (H couples to off-shell V)

• Scale uncertainty not decreasing when going from NNLO to N3LO  
• N3LO results outside NNLO uncertainty band

• same pattern as for DY process at N3LO [Duhr, Dulat, Mistlberger, 2001.07717]

• N3LO residual theoretical uncertainty
• dominated by PDF uncertainties (of various sources) (~1.5%)
• scale uncertainties at 1 % 

• Mismatch between perturbative orders
• NNLO PDF and N3LO coefficient functions combined

• Strong motivation for N3LO PDF 

Higgs Hunting 2023, 11-13 September 2023, Paris 16



Higgs production in weak boson fusion 

• Weak vector boson fusion (WBF) 
• Higgs production mode with the second-largest cross section at the LHC 
• essential for precise determination of HVV coupling: gHVV

• Experimental status: Studied by ATLAS and CMS using a number of Higgs decay modes
• observed event rate (μ-value) compatible with SM expectations  

                                               [ATLAS: 1909.02845] [CMS: 1809.10733]
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Figure 4. Born diagram T for single Higgs VBF production.

By using the known DIS coefficient functions up to order α3
s [16–20], this can be used to

evaluate the inclusive VBF cross section to single Higgs production up to N3LO in the

factorised approximation. By combining an inclusive NNLO calculation with the corre-

sponding fully differential NLO prediction for electroweak Higgs production in association

with three jets [6], one can obtain fully differential results at NNLO through the projection-

to-Born method [7] or the antenna subtraction method [8].

The factorisable QCD corrections to the di-Higgs process can be calculated in the same

way as for its single Higgs analog, expressing the cross section in the form of eq. (2.1), but

with M now referring to the di-Higgs matrix element. The Higgs pair production process

differs from the single Higgs case only at the interaction between the vector and Higgs

bosons, where an additional Higgs can arise from an intermediate vector or Higgs boson, or

from the hhV V quartic coupling. The V V → hh sub-process at LO can be expressed as [21]

MV,µν =

[(
1 +

4m2
V

∆V
+

6νλ

∆H

)
gµν +

m2
V

∆V

(2kµ1 + qµ1 )(k
ν
2 − kν1 − qν1 )

m2
V − iΓV mV

]
+ (k1 ↔ k2) , (2.4)

where we have defined the propagators

∆V = (q1 + k1)
2 −m2

V + iΓV mV ,

∆H = (k1 + k2)
2 −m2

H + iΓHmH

(2.5)

and k1, k2 are the momenta of the final state Higgs bosons and λ and ν are the trilinear Higgs

self-coupling and the vacuum expectation value of the Higgs field respectively. The matrix

element arises from the four Feynman diagrams shown in figure 5, which we label T1, T2, B1

and B2. We stress here that, while we are including the bosons’ widths for completeness,

they play no role for the estimation of QCD corrections to Higgs production in VBF.

2.2 Non-factorisable corrections

The factorisable approach described above, which includes diagrams such as the one rep-

resented in figure 3b, is exact up to NLO due to colour conservation. At NNLO this is no

longer true, as in particular two gluons in a colour singlet state can be emitted between

the two quark lines, as shown in figure 6. As the gluons have to be in a colour singlet state,
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1 Introduction

Precision studies of Higgs boson properties are central to the physics program of the Run
III and high-luminosity phases of the LHC. Currently, all major Higgs production cross
sections and decay rates are known experimentally to a precision of about twenty percent
or better [1, 2]. These measurements are used to determine Higgs couplings to a variety of
elementary particles, confirming that the Higgs boson profile emerging from the LHC data
is very consistent with expectations based on the Standard Model.

Further exploration of the Higgs boson will lead to an even better understanding of
its properties. Central to this endeavor is the overarching goal of the LHC experiments to
determine Higgs couplings with a few percent precision, allowing for a detailed exploration
of the structure of the Standard Model. To facilitate this progress, precise theoretical
predictions for all the major Higgs boson production and decay processes are required. Such
predictions must, on the one hand, account for higher order radiative corrections and, on
the other hand, describe observable final states in as much detail as possible. The recent
past has seen impressive progress in the development of high-quality theoretical predictions
for Higgs production and decay processes at colliders, see e.g. ref. [3] for a review.

In this paper, we focus on Higgs boson production in weak boson fusion (WBF). Being
the channel with the next-to-largest cross section at the LHC, it allows for detailed studies
of the structure of the Higgs sector. Indeed, phenomenologically, this channel is important
for a direct determination of the Higgs couplings to the electroweak bosons, for investigating
the CP-structure of the Higgs boson [4–6] and for studies of Higgs decays into invisible
particles [7, 8].

Higgs production in WBF has been investigated by both ATLAS and CMS using
a number of Higgs decay modes. One finds µVBF = 1.21 ± 0.18 (stat.) ± 0.15 (syst.)
(ATLAS) [1] and µVBF = 0.73± 0.23 (stat.)± 0.16 (syst.) (CMS) [2] for the signal strength
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Higgs production in WBF

• Double DIS Picture: space-like Z and W fusing into a Higgs boson 
• independent QCD corrections to upper and lower quark line 

• exact at LO and NLO, well-established

• Factorisable (double DIS) corrections well-known
• Total cross section and Higgs distributions: known to N3LO QCD [Dreyer, Karlberg, 1606.00840]

• Differential results: known to NNLO QCD [Cacciari et al., 1506.02660; Cruz-Martinez et al., 1802.02445]

  
• From NNLO onwards: non-factorizable corrections (percent level) 

• a priori suppressed by colour and kinematics

• approximated using soft eikonal approximation

• Numerical impact on kinematical distributions studied                                                                        
[Asteriadis et al., 2305.08016, Dreyer et al., 2005.11334] J
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Figure 4. Born diagram T for single Higgs VBF production.

By using the known DIS coefficient functions up to order α3
s [16–20], this can be used to

evaluate the inclusive VBF cross section to single Higgs production up to N3LO in the

factorised approximation. By combining an inclusive NNLO calculation with the corre-

sponding fully differential NLO prediction for electroweak Higgs production in association

with three jets [6], one can obtain fully differential results at NNLO through the projection-

to-Born method [7] or the antenna subtraction method [8].

The factorisable QCD corrections to the di-Higgs process can be calculated in the same

way as for its single Higgs analog, expressing the cross section in the form of eq. (2.1), but

with M now referring to the di-Higgs matrix element. The Higgs pair production process

differs from the single Higgs case only at the interaction between the vector and Higgs

bosons, where an additional Higgs can arise from an intermediate vector or Higgs boson, or

from the hhV V quartic coupling. The V V → hh sub-process at LO can be expressed as [21]
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H + iΓHmH

(2.5)

and k1, k2 are the momenta of the final state Higgs bosons and λ and ν are the trilinear Higgs

self-coupling and the vacuum expectation value of the Higgs field respectively. The matrix

element arises from the four Feynman diagrams shown in figure 5, which we label T1, T2, B1

and B2. We stress here that, while we are including the bosons’ widths for completeness,

they play no role for the estimation of QCD corrections to Higgs production in VBF.

2.2 Non-factorisable corrections

The factorisable approach described above, which includes diagrams such as the one rep-

resented in figure 3b, is exact up to NLO due to colour conservation. At NNLO this is no

longer true, as in particular two gluons in a colour singlet state can be emitted between

the two quark lines, as shown in figure 6. As the gluons have to be in a colour singlet state,
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WBF including decays at NNLO

• Differential NNLO results so-far: computed for a stable Higgs boson 
• Kinematical cuts on Higgs decay products can potentially impact the NNLO corrections

• Aim: directly compare predictions for fiducial cross sections and distributions
• realistic final states
• WBF including Higgs decays, with production and decay at NNLO 

• First steps [Asteriadis et al., 2110.02818]

• H production at NNLO in factorisable double-DIS 
• H decays : H→ bb at LO and H → lνlν, independent of H production part

Higgs Hunting 2023, 11-13 September 2023, Paris 19



WBF including decays at NNLO
• Setup and Characteristics 

• For H→ bb: 
• standard anti-kt jet algorithm 
• WBF cuts for non-b-jets applied
• restrictive cut pT(b-jet) > 65 GeV 

• For H → lνlν : 
• higher-multiplicity final state from Higgs decay
• decay products not clustered with QCD partons 

• Fiducial cross sections in H→ bb
• K-factors at NLO and NNLO modified:                                                                                            

-11% (stable Higgs) versus -8% (bb final state)
• shift of +3% comparable to size of NNLO corrections

Higgs Hunting 2023, 11-13 September 2023, Paris 20
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It is interesting to compare the size of fiducial NLO and NNLO QCD corrections for
stable and decaying Higgs boson. Using eqs. (3.2), (3.3) we find (for µ = µ0)

σH
NLO

σH
LO

= 0.917(1) , σbb̄
NLO

σbb̄
LO

= 0.934(1) ,

σH
NNLO
σH
LO

= 0.885(1) , σbb̄
NNLO
σbb̄
LO

= 0.914(2) ,
(3.4)

where the Monte Carlo integration error is shown in parentheses. Eq. (3.4) shows that for
stable Higgs boson the NNLO QCD cross section is smaller than the leading order cross
section by about −11.5 percent whereas for bb̄ final state the NNLO QCD cross section is
smaller than the leading order cross section by about −8.5 percent. This 3 percent difference
is clearly not a large one; however, it is of the same order as the NNLO QCD corrections
themselves. It is also interesting that the difference between the two scenarios is slightly
more pronounced at NNLO than at NLO, where the corrections decrease the LO fiducial
cross section by about −8 percent for a stable Higgs and by about −6.5 percent when we
allow for Higgs decays.

It is also interesting to consider the perturbative behaviour of the acceptance. From
the results eqs. (3.2), (3.3) we obtain

σbb̄
LO

σLO
= 7.82(1) · 10−2 ,

σbb̄
NLO

σNLO
= 7.97(1) · 10−2 ,

σbb̄
NNLO

σNNLO
= 8.07(2) · 10−2 . (3.5)

We note that the acceptance is reasonably stable: it changes by about 2% going from
LO to NLO and by 1.5% going from NLO to NNLO. We find that the NLO and NNLO
acceptances are compatible were we to use uncorrelated scale uncertainties for the numerator
and denominator, while this would not be the case were one to consider a correlated variation.

As we now explain, this difference is largely caused by the cuts on the transverse
momenta of the b-tagged jets, which make the Higgs p⊥ spectrum harder. This is illustrated
in figure 4, where we show the transverse momentum and rapidity distributions of the
bb̄-dijet system that should be identified with the Higgs boson. By comparing with the
analogous plots in figure 2, we see that the differential K-factors are rather similar, but now
the reconstructed Higgs transverse momentum peaks around 150GeV instead of 100GeV
which is the case if no cuts on the b-jets are imposed, see figure 2. This observation explains
the difference in K-factors. Indeed, if we impose the requirement p⊥,H ≥ 150GeV on our
results for the stable Higgs, we find that the ratio of NNLO to LO fiducial cross sections
becomes about 0.91, quite similar to what we find by considering H → bb̄ decays and
imposing cuts on b-jets. Hence, our results show that a decent estimate of the fiducial
K-factor in this case can be obtained by considering stable Higgs boson and computing the
K-factor with the cut p⊥,H ≥ 150GeV.5

Compared to the results that do not include decays of the Higgs boson presented in
the previous section, it is interesting to note that in the H → bb̄ fiducial region the NNLO
QCD cross section overlaps with the scale-uncertainty band of the NLO QCD cross section.

5We note that it is customary to impose a p⊥,bb̄ ≥ 150 GeV cut in this channel [23].
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WBF @NNLO with H→ bb decay
• Transverse momentum distribution: H→ bb case 

• Significant shape distorsion at NLO, less at NNLO
• NNLO result outside NLO scale uncertainty band

• Application of H→ bb fiducial cuts: crucial impact
• about 90% reduction of cross section

• With H→ bb: pT spectrum harder than for stable Higgs
• mainly caused by cuts imposed on pT(b-jet) > 65 GeV 
• Peak of pT distribution shifted: 100 GeV (stable H) to 150 GeV (bb) 
• Perturbative convergence and scale uncertainty better than for stable Higgs 



WBF @NNLO with H→ lνlν decay
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Figure 6. Fraction of unweighted events Σ for which the reconstructed Higgs mass is larger than
the true Higgs mass. See text for details.

rest frame and boosting the decay products into the lab frame. Compared to the H → bb̄

case considered earlier, the decay phase space is now much larger. To properly sample it,
we then consider O(100) randomly selected decay events per production point, instead of
O(10) events that we used for H → bb̄. In general, we note that, compared to H → bb̄, it is
much harder to efficiently sample the phase space in the four-lepton case.

We now define the fiducial region for this decay channel. In addition to the cuts described
in section 3.1, we impose cuts on the particles arising from the Higgs decay following ref. [29].
We require that the leading charged lepton has transverse momentum p⊥,l1 ≥ 25GeV while
the subleading charged lepton should have transverse momentum p⊥,l2 ≥ 13GeV. The
invariant mass of the charged-leptons system should satisfy ml1l2 ≥ 12GeV, its transverse
momentum pl1l2⊥ should exceed 30GeV, the missing transverse momentum should be larger
than 20GeV and the rapidities of the charged leptons should be between the rapidities of
the two hardest jets. We note that this cut correlates the production and decay stages and,
given the forward nature of leading jets, it selects Higgs bosons produced in the central
rapidity region. Finally, we require the transverse mass, defined as

mT =
√
2pl1l2⊥ pmiss

⊥

(
1 − cos∆φl1l2,!pmiss

⊥

)
, (3.7)

to satisfy 60 GeV ≤ mT ≤ 125GeV. In eq. (3.7), pl1l2T and pmiss
T are the transverse momenta

of the charged-leptons system and the missing transverse momentum, respectively, while
∆φl1l2,!pmiss

T
is the azimuthal angle between the transverse momenta of the charged-leptons

and two-neutrinos systems.
Computing fiducial cross sections, we obtain

σ
eν̄eµ̄νµ
LO = 0.719−0.045

+0.051 fb, σ
eν̄eµ̄νµ
NLO = 0.662+0.005

−0.012 fb, σ
eν̄eµ̄νµ
NNLO = 0.632+0.008

−0.008 fb. (3.8)

The pattern of the corrections is very similar to what we observed in section 3.1 for the stable
Higgs case: the NLO corrections reduce the cross section by −8 percent and the NNLO
corrections reduce it by additional −4.5 percent. The relative scale variation uncertainty is

– 19 –

• Fiducial cross sections for H→ lνlν 

• Pattern of corrections similar to stable Higgs case  
• similar kinematics, interplay of fiducial cuts with QCD radiation minimal

• transverse momentum spectrum of charged lepton
• flat K-factors at NLO and NNLO
• could use inclusive K-factors for H→ lνlν decay channel



Signal–background interference
• Higgs width can not be directly measured, not even in clean H→ɣɣ or H → 4l modes

• Higgs resonance too narrow for kinematical reconstruction of line-shape 
• Best constraints from indirect analyses (on-shell versus off-shell in H → 4l)                             

[CMS: 1706.09936,ATLAS:2207.00348]

• Alternative strategy for indirect determination of the Higgs decay width in H→ɣɣ 
• Higgs production in gluon fusion and H→ɣɣ interferes with continuum background from 

loop-induced gg→ɣɣ (signal-background interference)
• Di-photon invariant mass distribution is affected by this interference (shift of mass peak)
• Mass shift is sensitive to Higgs width in the Higgs propagator

Higgs Hunting 2023, 11-13 September 2023, Paris 23
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Fig. 2 Representative diagrams contributing to the interference up to order α4
s . The red dot denotes the effective vertex described through the

Lagrangian in Eq. (12), while the blue dot denotes the Higgs decay via heavy quark loops and W boson, described in Eq. (A.1)

where we neglected power corrections in (1− z). In Eq. (15),
dσBorn({ ˆθi },αs)δ(1 − z) is the Born cross section and G is
the inclusive coefficient function in the soft limit, normalised
such thatG = δ(1−z)+O(αs). In the soft limit, the diphoton
kinematics is identical to the LO one, except that the partonic
center-of-mass energy is rescaled by z. Such a rescaling fac-
tor can be absorbed by boosting an individual leg, i.e. by using
the partonic momenta ξ1,Born → z ξ1,Born, ξ2,Born → ξ2,Born
(and vice versa). Alternatively, one can boost both legs at the
same time, i.e. ξi,Born → √

z ξi,Born, i = 1, 2. In the soft-
limit, the two are formally equivalent and, in principle, one
can consider both and treat their difference as an uncertainty.
In practice, we expect this difference to be small [47], so for
simplicity we always boost only one leg in this work.

If we write the perturbative expansion of the coefficient
function as

G (z,αs) = δ(1 − z)+
∞∑

n=1

( αs

2π

)n
G(n)(z), (16)

then in the soft-virtual approximation the individual coeffi-
cients G(n) have the form

G(n)

(

z,
Q2

µ2
R

,
Q2

µ2
F

)

= c(n)0 δ(1 − z)+
2n−1∑

k=1

c(n)k Dk(z), (17)

where c(n)k = c(n)k (Q2/µ2
R, Q

2/µ2
F ) and Dk are the standard

plus distributions

Dk(z) =
[

lnk(1 − z)
1 − z

]

+
. (18)

We present explicit formulas for the NLO and NNLO coeffi-
cients, retaining full scale dependence, in Appendix B. The
coefficients c(n)k in Eq. (17) in principle depend on the pro-
cess under consideration. However, it turns out that the only
process dependence arises from finite remainders of purely
virtual contributions.

For the analysis in the next section, we also require the
signal process at NNLO accuracy. In principle, computing
this exactly does not pose significant challenges. Neverthe-
less, we expect the exact result to be very well described
by a (refined) version of the soft-virtual approximation [38–
41]. While the pure soft-virtual prediction provides a good
approximation to the interference, this is not the case for the
signal. We therefore employ a modified soft-virtual approx-
imation to describe the latter. Specifically, we follow the
approach of Ref. [40] which is known to reproduce the
exact NNLO prediction to within few-percent accuracy. In
practice, this amounts to modifying the plus distributions in
Eqs. (B.11, B.15) according to [40]

Di (z) → Di (z)+ (2 − 3z + 2z2)
lni 1−z√

z

1 − z
− lni (1 − z)

1 − z
.

(19)

This modification captures soft emission at next-to-leading
power, as well as part of the hard collinear emission. Such
an approximation was already used for estimating signal-
background interference effects for the gg → VV process
[47]. In our case, we have specifically checked that for on-
shell Higgs, within the fiducial volume used in our anal-
ysis, the soft-virtual approximation improved according to

123

[Bargiela et al., 2212.06287]

Eur. Phys. J. C           (2023) 83:174 Page 3 of 15   174 

cally, we write the scattering amplitude for this process as

Mgg→γ γ = Msig

m2
γ γ − m2

H + iΓHmH
+Mbkg, (1)

wheremγ γ is the diphoton invariant mass and where we have
explicitly factored out the Higgs-boson propagator. In order
to improve readability, we dropped helicity labels, which are
understood. It is helpful to further separate the real and imag-
inary parts of Msig,bkg, i.e.

Msig,bkg = ReMsig,bkg + i ImMsig,bkg. (2)

Since we will be ultimately interested in the diphoton
invariant-mass distribution, we need to consider the square
of the amplitude in Eq. (1), which reads

|Mgg→γ γ |2 = |Msig|2
(
m2

γ γ − m2
H

)2
+ Γ 2

Hm
2
H

+ |Mbkg|2

+ 2 Re

(
Msig

m2
γ γ − m2

H + iΓHmH
M†

bkg

)

.

(3)

The invariant-mass distribution can then be schematically
organised as follows

dσ

dmγ γ
∼ |S|2 + |B|2 + I, (4)

where the three terms S, B and I are in one-to-one cor-
respondence with those on the right-hand side of Eq. (3).
The signal-background interference part is the last one in
the equation above. One can get insight on the structure of
the interference contribution by further separating it into a
so-called “real part” IRe and an “imaginary part” IIm [32],
i.e. I = IRe + IIm. These two components can be expressed
through the actual real and imaginary parts of the amplitudes
in Eq. (2) and are given by

IRe ∝ 2

(m2
γ γ − m2

H )
2 + Γ 2

Hm
2
H

(
m2

γ γ − m2
H

)

×
[
ReMbkgReMsig + ImMbkgImMsig

]
,

IIm ∝ 2

(m2
γ γ − m2

H )
2 + Γ 2

Hm
2
H

ΓHmH (5)

×
[
ReMbkgImMsig − ImMbkgReMsig

]
. (6)

It is clear from these equations that the real part of the
interference is an antisymmetric function of the diphoton
invariant mass m2

γ γ around the Higgs resonance, and there-
fore does not contribute to the total cross-section. This is not
the case for the imaginary part, which is instead symmet-
ric around the resonance. This is illustrated in Fig. 1, where
we plot IRe and IIm in the gg channel up to NLO, to better
visualise their independent effects.
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Fig. 1 Real and imaginary parts of the signal-background interference
terms, see text for details. This figure is just for illustration purposes.
Our best prediction for these curves will be described in details in Sect. 4

Naively, one may think that the relative impact of the inter-
ference on the Higgs total cross section could be quite size-
able, since the signal is a two-loop process while the back-
ground starts at one loop. Because of this, one may expect
a loop-enhancement factor of the interference with respect
to the signal. However, a close inspection of Eq. (6) shows
that the contribution to IIm from the imaginary part of the
background is strongly suppressed at leading order. This fol-
lows from the fact that the Higgs boson, being a scalar, only
decays into a pair of photons with identical helicity. In turn,
if the photons have equal helicities the imaginary part of the
background at leading order vanishes, unless the process is
mediated by a massive quark. In our calculation we keep
full dependence on the bottom quark at leading order but,
since its contribution is mass-suppressed, the net effect is
small and can be safely neglected at higher orders. Starting
from two loops, the relevant background helicity amplitudes
develop an imaginary part. This leads to IIm having a destruc-
tive impact of around 1–2% [26,33]. As far as the real part
is concerned, there is no mass suppression at LO. Although
such effect does not contribute to the total cross section, c.f.
Eq. (6), it leads to a non-negligible shift of events around the
diphoton invariant-mass peak, as it was first noted in Ref.
[20].

Moreover, it was observed in Ref. [21] that the integrated
interference I has a different dependence on the Higgs boson
production and decay couplings compared to the integrated
signal. Specifically, if we schematically denote with λg and
λγ the Higgs couplings to gluons and photons, we find that
the signal is proportional to λ2

gλ
2
γ /ΓH , while the interference

is only proportional to λgλγ . The main idea of Ref. [21] is to
exploit this intertwined dependence on the Higgs boson cou-
plings and its decay rate to extract information on ΓH and to
look for possible deviations from its SM value. Current exper-
imental measurements constrain the Higgs-diphoton rate to

123



Signal–background interference
• Require precise theory predictions for signal-background interference to extract the 

width from mass shift
• for SM Higgs width, expect shift of up to 150 MeV at LO, with large uncertainty [Martin, 1208.1533]

• previous NLO calculations found sizable effects O(40%) [Dixon, Li, 1305.3854, de Florian et al., 1303.1397]

• NNLO corrections to signal-background interference computed recently                                                  
[Bargiela, Buccioni, Caola, Devoto, von Manteuffel, Tancredi, 2212.06287 and talk of F.Devoto]

• contains three-loop gg→ɣɣ amplitudes
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Fig. 2 Representative diagrams contributing to the interference up to order –4
s. The red dot denotes the e�ective vertex described

through the Lagrangian in Eq. (12), while the blue dot denotes the Higgs decay via heavy quark loops and W boson, described in
Eq. (A.1).

This is justified by the fact that, at least at lower orders,
interference e�ects are stronger in the region where
the diphoton transverse momentum is small [21, 28].
The soft-virtual approximation and various refinements
of it have been extensively adopted for Higgs predic-
tions [38–42]. The main advantage of working in this
limit is that the only process-dependent part is encoded
in purely virtual contributions, see e.g. Ref. [43] for an
explicit derivation.

Here we only sketch the structure of the soft-virtual
approximation, and refer the reader to Ref. [43] for more
details. We write the fully-di�erential hadronic cross
section for diphoton production in the gg channel as

d‡(·, y, {◊i}) =
⁄

d›1d›2dzfg(›1, µF )fg(›2, µF )

◊ ”(· ≠ ›1›2z)d‡̂

3
z, ŷ, {◊̂i}, –s,

Q2

µ2

R

,
Q2

µ2

F

4
. (14)

In this equation, · = Q2/shad with Q being the invari-
ant mass of the diphoton system and shad the square of
the collider energy, y is the rapidity of the diphoton sys-
tem in the laboratory frame and ◊i are a set of variable
that fully describe the diphoton system (e.g. scattering
angles). Variables with hats represent the correspond-
ing partonic quantities. Eq. (14) is fully di�erential in
the kinematics of the diphoton system, but retain no
information on extra QCD radiation. We note that the

partonic variables {◊̂i} depend on their hadronic coun-
terparts {◊i} and also on z, ›1, ›2. Finally, –s = –s(µR)
is the renormalised QCD coupling constant evaluated
at scale µR.

Major simplifications occur in the soft z æ 1 limit.
First, in this case the rapidity dependence of Eq. (14)
is entirely fixed by the inclusive cross section, up to
power corrections [44–46]. The partonic cross section in
Eq. (14) simplifies to

d‡̂

3
z, ŷ, {◊̂i}, –s,

Q2

µ2

R

,
Q2

µ2

F

4
¥

d‡̂Born({◊̂i}, –s) z G

3
z, –s,

Q2

µ2

R

,
Q2

µ2

F

4
, (15)

where we neglected power corrections in (1 ≠ z). In
Eq. (15), d‡Born({◊̂i}, –s)”(1 ≠ z) is the Born cross sec-
tion and G is the inclusive coe�cient function in the
soft limit, normalised such that G = ”(1 ≠ z) + O(–s).
In the soft limit, the diphoton kinematics is identical
to the LO one, except that the partonic center-of-mass
energy is rescaled by z. Such a rescaling factor can be
absorbed by boosting an individual leg, i.e. by using the
partonic momenta ›1,Born æ z ›1,Born, ›2,Born æ ›2,Born

(and vice versa). Alternatively, one can boost both legs
at the same time, i.e. ›i,Born æ

Ô
z ›i,Born, i = 1, 2.

In the soft-limit, the two are formally equivalent and,
in principle, one can consider both and treat their dif-
ference as an uncertainty. In practice, we expect this
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Conclusions and Outlook 

• Important theory progress on precision predictions for various Higgs 
production modes and decay channels
• Higher order QCD corrections can have crucial impact on fiducial cross 

sections and distributions
• predictions for realistic final states
• case-by-case assessment needed

• Theory uncertainties approach per-cent level
• keep in mind the full uncertainty budget from approximations made, PDFs, etc.

• Looking forward to an exciting Higgs Hunting 2023
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