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THE HIGGS BOSON: THE LAST MISSING PIECEThe Higgs boson

�3

Higgs field “holds SM together” 

Out of the 19 free parameters in the 
SM, 15 are directly connected to the 

Higgs 

Particle masses, mixing parameters, CKM 
matrix, CP violating phase…
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FIG. 1: The Higgs boson as the keystone of the Standard Model is connected to numerous fundamental questions that can be
investigated by studying it in detail.
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I. ABSTRACT

A future Higgs Factory will provide improved precision on measurements of Higgs couplings beyond those obtained
by the LHC, and will enable a broad range of investigations across the fields of fundamental physics, including
the mechanism of electroweak symmetry breaking, the origin of the masses and mixing of fundamental particles, the
predominance of matter over antimatter, and the nature of dark matter. Future colliders will measure Higgs couplings
to a few per cent, giving a window to beyond the Standard Model (BSM) physics in the 1-10 TeV range. In addition,
they will make precise measurements of the Higgs width, and characterize the Higgs self-coupling.

II. WHY THE HIGGS IS THE MOST IMPORTANT PARTICLE

Over the past decade, the LHC has fundamentally changed the landscape of high energy particle physics through
the discovery of the Higgs boson and the first measurements of many of its properties. As a result of this, and no
discovery of new particles or new interactions at the LHC, the questions surrounding the Higgs have only become
sharper and more pressing for planning the future of particle physics.

The Standard Model (SM) is an extremely successful description of nature, with a basic structure dictated by
symmetry. However, symmetry alone is not su�cient to fully describe the microscopic world we explore: even after
specifying the gauge and space-time symmetries, and number of generations, there are 19 parameters undetermined by
the SM (not including neutrino masses). Out of these parameters 4 are intrinsic to the gauge theory description, the
gauge couplings and the QCD theta angle. The other 15 parameters are intrinsic to the coupling of SM particles to the
Higgs sector, illustrating its paramount importance in the SM. In particular, the masses of all fundamental particles,
their mixing, CP violation, and the basic vacuum structure are all undetermined and derived from experimental
data. As simply a test of the validity of the SM, all these couplings must be measured experimentally. However, the
centrality of the Higgs boson goes far beyond just dictating the parameters of the SM.

The Higgs boson is connected to some of our most fundamental questions about the Universe. Its most basic
role in the SM is to provide a source of Electroweak Symmetry Breaking (EWSB). While the Higgs can describe
EWSB, it is merely put in by hand in the Higgs potential. Explaining why EWSB occurs is outside the realm of
the Higgs boson, and yet at the same time by studying it we may finally understand its origin. There are a variety
of connected questions and observables tied to the origin of EWSB for the Higgs boson. For example, is the Higgs
mechanism actually due to dynamical symmetry breaking as observed elsewhere in nature? Is the Higgs boson itself
a fundamental particle or a composite of some other strongly coupled sector? The answers to these questions have a
number of ramifications beyond the origin of EWSB.

If the Higgs boson is a fundamental particle, it represents the first fundamental scalar particle discovered in nature.

[Snowmass 2022 arXiv:2209.0751]

THE HIGGS BOSON: THE COOLEST KID IN THE ROOM
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This is what you get when you buy one 
of those famous CERN T-shirts

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

LHC has opened a window for us to peak 
at Higgs’ interactions for the first time !

Hints to answer these questions hidden in the details of Higgs interactions to SM particles

HIGGS INTERACTIONS AT THE LHC
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Figure 3: The expected and observed four-lepton invariant mass distribution for the selected Higgs boson candidates
with a constrained Z boson mass, shown for an integrated luminosity of 36.1 fb�1 and at

p
s = 13 TeV assuming the

SM Higgs boson signal with a mass mH = 125.09 GeV.

Table 6: The expected and observed numbers of signal and background events in the four-lepton decay channels
for an integrated luminosity of 36.1 fb�1 and at

p
s = 13 TeV, assuming the SM Higgs boson signal with a mass

mH = 125.09 GeV. The second column shows the expected number of signal events for the full mass range while the
subsequent columns correspond to the mass range of 118 < m4` < 129 GeV. In addition to the Z Z

⇤ background, the
contribution of other backgrounds is shown, comprising the data-driven estimate from Table 4 and the simulation-
based estimate of contributions from rare triboson and tt̄V processes. Statistical and systematic uncertainties are
added in quadrature.

Decay Signal Signal Z Z
⇤ Other Total Observed

channel (full mass range) background backgrounds expected
4µ 21.0 ± 1.7 19.7 ± 1.6 7.5 ± 0.6 1.00 ± 0.21 28.1 ± 1.7 32

2e2µ 15.0 ± 1.2 13.5 ± 1.0 5.4 ± 0.4 0.78 ± 0.17 19.7 ± 1.1 30
2µ2e 11.4 ± 1.1 10.4 ± 1.0 3.57 ± 0.35 1.09 ± 0.19 15.1 ± 1.0 18
4e 11.3 ± 1.1 9.9 ± 1.0 3.35 ± 0.32 1.01 ± 0.17 14.3 ± 1.0 15

Total 59 ± 5 54 ± 4 19.7 ± 1.5 3.9 ± 0.5 77 ± 4 95
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Higgs discovery through its couplings to gauge sector

Strongly constrained by gauge symmetry

HIGGS INTERACTIONS THE GAUGE SECTOR
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Introduction

• Since the discovery of the Higgs bosons, its 
interactions have been studied 

• In the SM Higgs field couples to fermions 
through a Yukawa interaction

• Coupling strength proportional to the mass of 
the interacting particles

• Run 2 has been very productive measuring the 
interaction of the H to fermions:
• Observation of Higgs couplings to all third-

generation charged fermions
• Evidence of H coupling to 𝜇
• Ongoing measurements to c quarks (second 

generation)
• Measurements of the CP properties of the 

Higgs Boson. In general parametrized as:
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Up quarks (mass ~ 2.2 MeV) are lighter than  
down quarks (mass ~ 4.7 MeV) 

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

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

 
Which gives us the hydrogen atom,  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Why do Yukawa couplings matter?  
(1) Because, within SM conjecture, they’re what give masses to all quarks

 MeVmp = 938.3

 MeVmn = 939.6

LHC run 2 opened a window on details of Yukawa sector

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

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

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

11

Run 2 direct observation of H coupling to third family fermions

Run 3 and HL potential: 

1. Precision measurements for third family 

2. Discovery couplings to second family!

HIGGS INTERACTIONS THE YUKAWA SECTOR

(at least  & c !)μ
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[slide from G. Salam ’23]

See also talk by J. Alison
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Such precision requires 
extremely complex calculations

[slide from M.Grazzini]

 R. Harlander, Precision Higgs Physics, LHCP 2023, Belgrade

=
?

x

LHCH(XS)WG YR4 ’16

Inclusive gluon fusion cross section:

 R. Harlander, Precision Higgs Physics, LHCP 2023, Belgrade

LHCH(XS)WG YR4 ’16

+

 R. Harlander, Precision Higgs Physics, LHCP 2023, Belgrade

LHCH(XS)WG YR4 ’16

= x
?

[Diagrams from Harlander LHCP 2023]
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FIG. 7: Left, observed and predicted Higgs boson branching fractions for di↵erent Higgs boson decay modes [16]. Right, CMS
signal strength modifiers for the various decay modes [17].

to indirect bounds on the charm Yukawa, since if c ⇠ 5, this would already be ruled out by contributions to the
Higgs width if c were the only parameter that was modified in the SM, see for example [19, 20]. CMS has reported
the first evidence of Higgs decay to µµ with 137 fb�1 at 13 TeV [21], but the measurement of the Higgs coupling to
the µ will require the additional dataset of the HL-LHC.

In the SM, the branching fraction to invisible final states, BR(h! inv), is only about 0.1%, from the decay of
the Higgs boson via ZZ⇤

! 4⌫. Observation of an invisible decay, would be a clear signal of new physics beyond
the Standard Model. The most stringent constraint currently is set by CMS exploiting the VBF topology and with
101 fb�1 at 13 TeV. The observed (expected) upper limit on the invisible branching fraction of the Higgs boson is
found to be 18% (10%) at the 95% CL, assuming the SM production cross section [22]. ATLAS with 139 fb�1 at
13 TeV in the same final state has set an observed (expected) limit of 14.5% (10.3%) at 95% CL [23].

In addition to the previously mentioned, channel-independent measurements, a simultaneous fit of many individual
production times branching fraction measurements is performed to determine the values of the Higgs boson coupling
strengths. The -framework defines a set of parameters that a↵ect the Higgs boson coupling strengths without
altering any kinematic distributions of a given process. SM values are assumed for the coupling strength modifiers of
first-generation fermions, the other coupling strength modifiers are treated independently. The results are shown in
Figure 9 for ATLAS and CMS. In this particular fit, the presence of non-SM particles in the loop-induced processes
is parameterized by introducing additional modifiers for the e↵ective coupling of the Higgs boson to gluons, photons
and Z�, instead of propagating modifications of the SM particle couplings through the loop calculations. In these
results, it also assumed that any potential e↵ect beyond the SM does not substantially a↵ect the kinematic properties
of the Higgs boson decay products. The coupling modifiers are probed at a level of uncertainty of 10%, except for b

and µ (⇡ 20%), and Z� (⇡ 40%).
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Figure 2: Observed and predicted Higgs boson production cross-sections and branching fractions. a, Cross
sections for di�erent Higgs boson production processes are measured assuming SM values for the decay branching
fractions. b, Branching fractions for di�erent Higgs boson decay modes are measured assuming SM values for the
production cross sections. The lower panels show the ratios of the measured values to their SM predictions. The
vertical bar on each point denotes the 68% confidence interval. The ?-value for compatibility of the measurement
and the SM prediction is 65% for a and 56% for b.

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

,
⌥ and g

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

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

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

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

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

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

2
? = f?/fSM

?

or ^
2
? = �?/�SM

? , respectively, where �? is the partial decay width into a pair of particles ?. The
parameterization takes into account that the total decay width depends on all decay modes included in
the present measurements, as well as currently undetected or invisible, direct or indirect decays predicted
by the SM (such as those to gluons, light quarks, or neutrinos) and the hypothetical decays into non-SM
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is the precision goal for these properties? This question requires an understanding of the interplay shown in Figure 2
and how to prioritize various measurements.

The rest of the report is organized as follows: Section III contains a description of current measurements of Higgs
properties, Section IV discusses future projections of measurements of Higgs properties, and Section V contains a
brief overview of the information gained from the measurements of Higgs properties. Section VI discusses detector
and accelerator requirements for the observation of new physics in Higgs measurements.

III. HIGGS STATUS

A. Experimental Status of SM Higgs

LHC Run 2 with ⇠140 fb�1 of data analyzed is providing a wealth of new measurements for the Higgs sector.
The mass is a free parameter in the SM and it is now known to per mille accuracy. The most recent Higgs boson
mass measurements, from CMS and ATLAS set its to value to be 125.38±0.14 GeV [14] and 124.92±0.21 GeV [15]
respectively, using both the �� and ZZ decay channels. With some of the Higgs boson coupling measurements
approaching O(5-10)% precision, we are entering the era of precision Higgs physics. All of the major production
mechanisms of the Higgs boson have been observed at the LHC: gluon fusion (ggF), vector-boson fusion (VBF), the
associated production with a W or Z boson (Wh, Zh), and the associated production with top quarks (tt̄h, th), as
shown in Figure 6. The most updated measurements of Higgs decay modes are shown in Figure 7. The experimental
sensitivity of some production and decay modes are nearing the precision of state-of-the-art theory predictions. The

1−10

1

10

210

C
ro

ss
 s

e
ct

io
n
 [
p
b
]

Data (Total uncertainty)

Syst. uncertainty

SM prediction

bbHggF + VBF WH ZH ttH tH

Production process

0.5

1

1.5

R
a
tio

 t
o
 S

M

10−

0

10

ATLAS Run 2

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Parameter value

tH
µ

ttH
µ

ZH
µ

WH
µ

VBF
µ

ggH
µ

 (13 TeV)-1138 fb

Observed 1 SD (stat)±

 syst)⊕1 SD (stat ± 1 SD (syst)±

 syst)⊕2 SDs (stat ±

CMS

2.42−

2.66+6.05 1.99−
2.06+ 1.38−

1.69+ 

0.19−
0.20+0.94 0.15± 0.12−

0.13+ 

0.25−
0.22+1.29 0.20± 0.14−

0.09+ 

0.25−
0.26+1.44 0.21± 0.15−

0.16+ 

0.12± 0.80 0.10−
0.09+ 0.07−

0.08+ 

0.07−
0.08+0.97 0.04± 0.06−

0.07+ 

Stat Syst

FIG. 6: Measured cross sections for ggF, VBF, Wh, Zh, tt̄h, and th normalized to their SM predictions, assuming SM values
for the decay branching fractions for ATLAS (left) and CMS (right) [16, 17].

values of the Higgs boson couplings to the elementary particles that are extracted from the measured cross sections
and branching ratios are given in Figure 8; it is seen that the strengths of the couplings increase with the masses of
the elementary particles, in good agreement with the SM predictions, within the systematic uncertainties.

The couplings to the first and second generations have not yet been measured. Probing the charm Yukawa in the
high-pile up environment at the LHC is very challenging. Novel jet reconstruction, identification tools and analysis
techniques have been developed to look for h ! cc̄ in the Vh production mode, leveraging also the expertise developed
for h ! bb̄ in the same topology. The most stringent constraint to date is set by CMS using 138 fb�1 of Run 2 data.
The observed 95% CL interval (expected upper limit) is 1.1 < |c| < 5.5 (|c| < 3.4) [18]1. This should be compared

1
The ’s are defined as the ratio of the measured Higgs couplings to the SM predictions.



HIGGS PRODUCTION



HIGGS PRODUCTION

G. Zanderighi — LHCP2018

Production and decay

4

G. Zanderighi — LHCP2018

Production and decay

4

G. Zanderighi — LHCP2018

Production and decay

4



G. Zanderighi — LHCP2018

Production and decay

4

G. Zanderighi — LHCP2018

Production and decay

4

G. Zanderighi — LHCP2018

Production and decay

4

ggF main focus~ 87%

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

In this Article, the mutually exclusive measurements of Higgs boson production and decays probing all
processes listed above are combined, taking into account the correlations among their uncertainties. In a
single measurement, di�erent couplings generally contribute in the production and decay. The combination
of all measurements is therefore necessary to constrain these couplings individually. This allows key tests
of the Higgs sector of the SM to be performed, including the determination of the coupling strengths of the
Higgs boson to various fundamental particles and a comprehensive study of the kinematic properties of
Higgs boson production. The latter could reveal new phenomena beyond the SM that are not observable
through measurements of the coupling strengths.
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In this Article, the mutually exclusive measurements of Higgs boson production and decays probing all
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• Inclusive gluon fusion cross section according to LHCH(XS)WG YR4 `16 at the LHC at 13 TeV:

• Sources of uncertainty:

Inclusive gluon fusion cross section (YR4 `16)

All sources 𝓞(1%)

LHCH(XS)WG YR4 `16
Anastasiou, Duhr, Dulat, et al. `16

Uncertainty budget

Dulat et al (2018)
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iHixs 2

Exact top mass dependence

Bottom mass contribution

QCD+EW mixed contributions

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

requires N LO PDFs3

[Dulat, Lazopoulos, Mistlberger 1802.00827]

residual scale variation on N LO results3
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FIG. 10: Gluon fusion contribution to the Higgs boson cross section at the LHC as a function of the p-p collision energy at
LO, NLO, NNLO, and N3LO [27]. The bands represent an estimate of the theoretical uncertainty.
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FIG. 11: Linear sum of relative uncertainties on gluon fusion Higgs boson production as a function of the p-p collision energy [28].

B. Current status of theoretical Precision

The large number of Higgs boson events at the LHC o↵ers the opportunity for precision measurements of Higgs
cross sections and the extraction of the Higgs couplings to fermions and gauge bosons, requiring correspondingly
precise theory calculations. Predictions for the inclusive cross sections at 14 TeV and 27 TeV including higher order
QCD and electroweak corrections are given in Table I. It is apparent that the uncertainties rise with the machine
energy. The total rates for all important Higgs production channels at the LHC are known to NNLO QCD, with
N3LO results available for the gluon fusion channel, as seen in Figure 10. Nevertheless, a major source of uncertainty
on the Higgs boson couplings is expected to arise from theory as shown schematically in Figure 11, with the theory
uncertainty expected to be comparable to the expected statistical and systematic uncertainties of the measurements.
The theory uncertainties arise from unknown higher order QCD and electroweak corrections, e↵ects of fermion masses,
and uncertainties in the knowledge of the PDFs. Impressive theoretical progress has been, and is continuing, to be
achieved, leaving theorists optimistic that the theory uncertainties can be reduced by a factor of two in the future [25].
Meeting this necessary theoretical accuracy will require a dedicated e↵ort with significant computational resources [26].

Comparisons of theory and data, however, involve fiducial cross sections and theoretical progress has been made
in extending these calculations to NNLO QCD and higher and thereby reducing the theory uncertainties. In gluon
fusion, for example, the decay h ! �� with fiducial cuts is known to N3LO QCD, along with N3LL’ resummation,
with a resulting theory uncertainty of O(3%)[29, 30]. Along with the need for higher order calculations including
fiducial cuts comes the requirement to match the theory to higher order parton shower calculations which contributes
to further theoretical uncertainties [31, 32].

The theoretical predictions for Higgs branching ratios given the Higgs boson mass and SM inputs give targets for

 R. Harlander, Precision Higgs Physics, LHCP 2023, Belgrade

̂σ(z) = ̂σ(z → 1) + 𝒪(1 − z)39

z = M2
H / ̂s

LHCH(XS)WG YR4 ’16

exact  dependence:z

Fully-differential Higgs @ N3LO: P2B

4

[Chen, Gehrmann, Glover, Huss, Mistlberger, Pelloni (2021)]
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channel at N3LO. The fully di↵erential prediction is as-
sembled according to Eq. (1), which requires:

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

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

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

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

p�1

T > 0.35⇥m�� , p�2

T > 0.25⇥m�� , (7)

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

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

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

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

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

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

•Combined using P2B [Cacciari, Dreyer, Karlberg, Salam, Zanderighi (2015)]
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2.2.1.1 Gluon fusion

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

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

mc(3 GeV) 0.986 GeV
↵S(mZ) 0.118

PDF PDF4LHC15_nnlo_100 [49]

(5)

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

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

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

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

yond O(↵S↵) (�(EW)).
– Effects due to finite quark masses neglected in QCD corrections beyond NLO (�(t,b,c) and �(1/mt)).
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ggF: N3LO QCD is not enough…
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Exact result at NNLO (yet) unknown, information from resummation 
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Higgs production in gluon fusion:  quark-mass effects
Accurate estimate of light-quark contributions to gg -> H cross section continues to be a challenging 
issue. Potentially large logarithms of the b-quark mass can be resummed to estimate the importance of 
higher-order effects.
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Exact three loop form factor for gg->H provides another way to estimate the quality of log(mb) resummation 
program.

LO NLO NNLO N3LO

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

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

δσpp→H+X -1.023 -2.000

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

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

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

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

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

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

perturbative properties.

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

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

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

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

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

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

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

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

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

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

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

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

in the NLL approximation is shown in Fig. 5.

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

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

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

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

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

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

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

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

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

used to detect whether the large logarithms pose any challenges for the convergence of
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Higgs production in gluon fusion:  quark-mass effects
Accurate estimate of light-quark contributions to gg -> H cross section continues to be a challenging 
issue. Potentially large logarithms of the b-quark mass can be resummed to estimate the importance of 
higher-order effects.
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Exact three loop form factor for gg->H provides another way to estimate the quality of log(mb) resummation 
program.
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section of different orders in αs given in the leading logarithmic approximation (LL), the next-
to-leading logarithmic approximation (NLL) and with full dependence on mb. All the results are
obtained with the threshold partonic cross section at center of mass energy of 13 TeV and renor-
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Ref. [6], we use the values of the top and bottom quark Yukawa couplings in the MS-scheme. Our
input values at µ = mH/2 are mb(µ) = 2.961GeV and αs(mH/2) = 0.1252. The top quark mass is
set to a very large value.
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the corresponding optimal value µ = mH (mb/mH)2/5 ≈ mH/3 is quite close to the one

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

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

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

perturbative properties.

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

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

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

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

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

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

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

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

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

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

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

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

in the NLL approximation is shown in Fig. 5.

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

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

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

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

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

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

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

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

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

used to detect whether the large logarithms pose any challenges for the convergence of
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section of different orders in αs given in the leading logarithmic approximation (LL), the next-
to-leading logarithmic approximation (NLL) and with full dependence on mb. All the results are
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input values at µ = mH/2 are mb(µ) = 2.961GeV and αs(mH/2) = 0.1252. The top quark mass is
set to a very large value.
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gg→H+X and therefore we use the same renormalization scale in both series. Note

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

MS mass mb(mb) and we use the latter as the bottom quark mass parameter for its better
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retaining full dependence on mb, which is available up to NLO, and the leading logarithmic

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

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

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

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

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

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

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

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

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

dependence of the different orders of perturbative expansion for the threshold cross section
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We should emphasize that the results in Table 1 and Fig. 5 are obtained in the threshold
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for the hadronic cross section integral. Diverse definitions lead to important numerical

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

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

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

infinite top quark mass limit constitutes ∼ 65% of the full cross section. While the threshold
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Table 1. The bottom quark loop corrections in picobarns to the Higgs boson production cross
section of different orders in αs given in the leading logarithmic approximation (LL), the next-
to-leading logarithmic approximation (NLL) and with full dependence on mb. All the results are
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input values at µ = mH/2 are mb(µ) = 2.961GeV and αs(mH/2) = 0.1252. The top quark mass is
set to a very large value.
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that in the NLL approximation there is no difference between the pole mass mb and the

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

perturbative properties.

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

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

result obtained with the same σn coefficients but all the subleading terms in Eqs. (4.2,4.9)
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convergence. In LO and NLO, where the full mass dependence is known, we find that the
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bottom quark mass, Yukawa coupling and the strong coupling constant in the LL result.
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and the coefficient Cb in NNLO is decreased by about 17% with the scale variation from

mH/3 to 2mH in the LL approximation and only by about 5% in the NLL one. The scale
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contribution only, with the same flux choice, the threshold N3LO cross section in the

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

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

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

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

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

mc(3 GeV) 0.986 GeV
↵S(mZ) 0.118

PDF PDF4LHC15_nnlo_100 [49]

(5)

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

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

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

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

yond O(↵S↵) (�(EW)).
– Effects due to finite quark masses neglected in QCD corrections beyond NLO (�(t,b,c) and �(1/mt)).
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Higgs production in gluon fusion:  quark-mass effects
Accurate estimate of light-quark contributions to gg -> H cross section continues to be a challenging 
issue. Potentially large logarithms of the b-quark mass can be resummed to estimate the importance of 
higher-order effects.
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Exact three loop form factor for gg->H provides another way to estimate the quality of log(mb) resummation 
program.
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Table 1. The bottom quark loop corrections in picobarns to the Higgs boson production cross
section of different orders in αs given in the leading logarithmic approximation (LL), the next-
to-leading logarithmic approximation (NLL) and with full dependence on mb. All the results are
obtained with the threshold partonic cross section at center of mass energy of 13 TeV and renor-
malization/factorization scales set equal to half the Higgs boson mass. Following the conventions of
Ref. [6], we use the values of the top and bottom quark Yukawa couplings in the MS-scheme. Our
input values at µ = mH/2 are mb(µ) = 2.961GeV and αs(mH/2) = 0.1252. The top quark mass is
set to a very large value.

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

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

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

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

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

perturbative properties.

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

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

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

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

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

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

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

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

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

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

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

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

in the NLL approximation is shown in Fig. 5.

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

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

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

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

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

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

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

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

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

used to detect whether the large logarithms pose any challenges for the convergence of
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section of different orders in αs given in the leading logarithmic approximation (LL), the next-
to-leading logarithmic approximation (NLL) and with full dependence on mb. All the results are
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malization/factorization scales set equal to half the Higgs boson mass. Following the conventions of
Ref. [6], we use the values of the top and bottom quark Yukawa couplings in the MS-scheme. Our
input values at µ = mH/2 are mb(µ) = 2.961GeV and αs(mH/2) = 0.1252. The top quark mass is
set to a very large value.

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

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

for σeff
gg→H+X and therefore we use the same renormalization scale in both series. Note
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MS mass mb(mb) and we use the latter as the bottom quark mass parameter for its better

perturbative properties.

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

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

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

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

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

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

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

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

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

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

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

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

in the NLL approximation is shown in Fig. 5.

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

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

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

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

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

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

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

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

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

used to detect whether the large logarithms pose any challenges for the convergence of
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Exact three loop form factor for gg->H provides another way to estimate the quality of log(mb) resummation 
program.
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δσLL
pp→H+X -1.420 -1.640 -1.667 -1.670

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

δσpp→H+X -1.023 -2.000

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

Exact calculation by [Czakon, Eschment, Niggetiedt, Poncelet, Schellenberger 2312.09896]
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a b

c d

e f

g h

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

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

fermion loops.

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

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

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

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

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

Ref. [1].
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See also talk by M. Niggetiedt

effect of (NL) logarithms at threshold estimated by [Penin, Melnikov ’16; Liu Penin ’17,’18; Anastasiou, Penin ’20]
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than 20GeV; in the second bin, the contribution of the
top-bottom interference is negative, and fades away from
the third on. In the right panel, the NLO contribution of
the top-bottom interference is negative in the first bin,
positive in the second, negative again, but smaller, in
the third, and dies out from the fourth on. Note that
the seven-point scale variation (not shown) provides a
much larger uncertainty than the di↵erence among the
bars that are shown in the figure. Also note that at LO,
the impact of the change of top-quark mass renormali-
sation scheme is almost indiscernible in the second bin
of the left panel. However, at NLO this impact is far
greater, and overall 15 times larger than at LO in our
semi-inclusive cross-section of tab. I. We leave further in-
vestigation of this enhanced sensitivity to the mass and
Yukawa renormalisation scheme at NLO to future work.

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

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

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

distribution, with top- and bottom-quarks circulating in
the heavy-quark loops, over the distribution with the top-
quark only, both in MS (upper panel); the ratio of the
distribution with the top-quark in OS over the one with
top- and bottom-quarks in MS (middle panel); the ratio
of the distribution with the top-quark in OS over the
one with the top-quark in MS (lower panel). The scale
uncertainty bands as reported in the y-labels are given
by the ratio of the bands of the distributions over their
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Figure 4. Ratio of Higgs pT distributions at LO.

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

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

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

CONCLUSIONS

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

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

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

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

0

50

100

150

200

250

300

350

0 20 40 60 80 100 120 140

LO-HJ at LHC13

H t

pHt [GeV]

tb-ms
t-ms
t-os

0

50

100

150

200

250

300

350

0 20 40 60 80 100 120 140

NLO-HJ at LHC13

H t

pHt [GeV]

tb-ms
t-ms
t-os

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

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

distribution, with top- and bottom-quarks circulating in
the heavy-quark loops, over the distribution with the top-
quark only, both in MS (upper panel); the ratio of the
distribution with the top-quark in OS over the one with
top- and bottom-quarks in MS (middle panel); the ratio
of the distribution with the top-quark in OS over the
one with the top-quark in MS (lower panel). The scale
uncertainty bands as reported in the y-labels are given
by the ratio of the bands of the distributions over their
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•abandon fixed-order calculation (resummation is well under-control) 

•design sets of cuts that do not induce such sensitivity, while still being practical 
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Figure 4: Comparison of the pt,h-dependent acceptances for the sum, product and stag-

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

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

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

show the size of the fourth order term.

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

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

scale relative to Fig. 3.

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

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

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

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

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

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

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

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

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

framework [44].

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

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

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

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

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

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

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

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

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

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

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

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

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

unphysically low pt,h values.7

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

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

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

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

truncated result that is much closer to the full N3LL result, and with a reduced scale uncertainty.
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III. THE TOTAL FIDUCIAL CROSS SECTION

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

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

� = �
sub(qo↵

T
)+

Z
dqT


d�

dqT
�

d�sub

dqT
✓(qT  q

o↵

T
)

�
. (14)

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

sub(qo↵
T

) its distributional integral over qT 

q
o↵

T
, while the term in brackets is numerically integrable.

Taking �
sub

⌘ �
sing, we get

� = �
sing(qo↵

T
) +

Z
q
off
T

0

dqT
d�nons

dqT
+

Z

q
off
T

dqT
d�

dqT
, (15)

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

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

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

qT
d�nons

FO

dqT

����
↵n

s

=
q
2

T

m
2

H

2n�1X

k=0

ak ln
k q

2

T

m
2

H

+ · · · , (16)

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

T
/m

3

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

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

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

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

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

T

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

3
s
coe�cient

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

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

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

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

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

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

T
! q

cut

T
⇠ 1GeV and simply dropping the power cor-

rections below q
cut

T
. The nonsingular and fiducial power

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

2
s
only become really negligible below

q
cut

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

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

3
s
are about

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

cut

T
= 1 � 5GeV

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

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

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

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

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

[Re, Rottoli, Torrielli (2021)]

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

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

t
= 50 GeV and logarithmic above.

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

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

t
spectrum, of N3LL0 curves

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

�
FO

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

�
FO

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

+ (0.784� 0.061fpc)

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

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

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

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

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

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

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

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

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

± 0.06match ± 0.20nons) pb

= (25.41± 0.68pert) pb . (19)

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

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

± 3.2%PDF+↵s ± 2%EW ± 2%t,b,c) fb ,

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

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

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

Two options:  

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

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

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

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

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

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

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

show the size of the fourth order term.

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

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

scale relative to Fig. 3.

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

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

The perturbative convergence of the acceptance with sum and product cuts is illus-

– 18 –

Figure 3: The N3LL resummed result and its truncation at N3LO for the fiducial cor-

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

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

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

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

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

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

framework [44].

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

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

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

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

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

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

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

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

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

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

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

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

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

unphysically low pt,h values.7

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

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

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

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

truncated result that is much closer to the full N3LL result, and with a reduced scale uncertainty.
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channel

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

In this Article, the mutually exclusive measurements of Higgs boson production and decays probing all
processes listed above are combined, taking into account the correlations among their uncertainties. In a
single measurement, di�erent couplings generally contribute in the production and decay. The combination
of all measurements is therefore necessary to constrain these couplings individually. This allows key tests
of the Higgs sector of the SM to be performed, including the determination of the coupling strengths of the
Higgs boson to various fundamental particles and a comprehensive study of the kinematic properties of
Higgs boson production. The latter could reveal new phenomena beyond the SM that are not observable
through measurements of the coupling strengths.
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Factorisable corrections known to N LO through projection to Born method3



 R. Harlander, Precision Higgs Physics, LHCP 2023, Belgrade

 R. Harlander, Precision Higgs Physics, LHCP 2023, Belgrade

 at NLO≈ 0 DIS

Enhancement estimated in eikonal approximation
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Up to NNLO gluons have to be 
color singlet  color-suppressed 

Complicated radiative corrections 

Enhanced by Coulomb phase

→

[Liu et al. 1906.10899]

VECTOR BOSON FUSION: NON-FACTORISABLE VS FACTORISABLE

 @ NLO due to color ∼ 0

Inclusive , but up to few % in high  regions𝒪(0.5%) pT
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Sizable corrections O(20%) of leading eikonal 

Since NF VBF small, overall correction unchanged

Next-to-eikonal recently computed
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Figure 5: Eikonal and next-to-eikonal contributions to the transverse momentum and

rapidity distributions of the Higgs boson. In the upper pane, leading eikonal contribution

is plotted with a red, dashed line and the next-to-eikonal one with a green, solid line. In

the lower pane, we show the ratio of next-to-eikonal to eikonal contributions.

The non-factorizable contributions to Higgs boson transverse momentum and rapidity

distributions are shown in Fig. 5. The relation between eikonal and next-to-eikonal con-

tributions are similar to what was observed for the fiducial cross section as well as p? and

rapidity distributions of the leading jet.

7 Conclusion

We computed the two-loop virtual non-factorizable QCD corrections to Higgs boson pro-

duction in weak boson fusion through next-to-leading order in the eikonal expansion. We

found that such an expansion proceeds in powers of p?,H/
p

s ⇠ mH/
p

s and explained

how to simplify the integrand of the two-loop amplitude to calculate both the leading and

the next-to-leading terms in such an expansion.

We observed that combining individual diagrams before integrating over loop momenta

leads to significant simplifications in the calculation. This happens because contributions

of some of the virtual-momenta regions, that are relevant for computing next-to-eikonal

corrections in individual Feynman diagrams, receive additional suppression in the full am-

plitude and start contributing only at next-to-next-to-leading power.

We have derived compact integral representations for the double-virtual non-factorizable

amplitude at both leading and next-to-leading power in the eikonal expansion. We have also

explained how to compute the two-loop amplitude analytically and provided the analytic

results in the ancillary file.

The numerical impact of next-to-eikonal corrections is significant although, given the

overal smallness of non-factorizable contributions, they do not change the original conclu-

sions of Refs. [1, 21]. Nevertheless, we find that, typically, the next-to-eikonal corrections

change the estimate of the non-factorizable contributions based on the leading term in the

eikonal expansion by O(20) percent.
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the heavy-quark loop-mediated gluon–gluon fusion process (ggF). The second most copious process is
vector-boson fusion (VBF) where two weak bosons, either / or , bosons, fuse to produce a Higgs boson
(7%). Next in rate is production of a Higgs boson in association with a weak (+ = , , /) boson (4%).
Production of a Higgs boson in association with a pair of top quarks (CC̄�) or 1-quarks (11̄�) each account
for about 1% of the total rate. The contribution of other @@̄� processes is much smaller and experimentally
not accessible. Only about 0.05% of Higgs bosons are produced in association with a single top quark
(C�). Representative Feynman diagrams of these processes are shown in Figures 1(a)–1(e). After it is
produced, the Higgs boson is predicted to decay almost instantly, with a lifetime of 1.6 ⇥ 10�22 seconds.
More than 90% of these decays are via eight decay modes (see Figures 1(f)–1(i)): decays into gauge boson
pairs, i.e. , bosons with a probability, or branching fraction, of 22%, / bosons 3%, photons (W) 0.2%, /
boson and photon 0.2%, as well as decays into fermion pairs, i.e. 1-quarks 58%, 2-quarks 3%, g-leptons
6%, and muons (`) 0.02%. There may also be decays of the Higgs boson into invisible particles, above the
SM prediction of 0.1%, which are also searched for. Such decays are possible in theories beyond the SM,
postulating, for example, the existence of dark-matter particles which do not interact with the detector.
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Figure 1: Examples of Feynman diagrams for Higgs boson production and decays. The Higgs boson is produced
via gluon–gluon fusion (a), vector-boson fusion (VBF; b), and associated production with vector bosons (c), top- or
1-quark pairs (d), or a single top quark (e). f–i, The Higgs boson decays into a pair of vector bosons (f), a pair of
photons or a / boson and a photon (g), a pair of quarks (h), and a pair of charged leptons (i). Loop-induced Higgs
boson interactions with gluons or photons are shown in blue, processes involving couplings to , or / bosons in
green, to quarks in orange, and to leptons in red. Two di�erent shades of green (orange) are used to separate the VBF
and +� (CC� and C�) production processes.

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

In this Article, the mutually exclusive measurements of Higgs boson production and decays probing all
processes listed above are combined, taking into account the correlations among their uncertainties. In a
single measurement, di�erent couplings generally contribute in the production and decay. The combination
of all measurements is therefore necessary to constrain these couplings individually. This allows key tests
of the Higgs sector of the SM to be performed, including the determination of the coupling strengths of the
Higgs boson to various fundamental particles and a comprehensive study of the kinematic properties of
Higgs boson production. The latter could reveal new phenomena beyond the SM that are not observable
through measurements of the coupling strengths.
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Residual uncertainty ∼ 3 %
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CHOICE OF THE APPROXIMATION
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[S. Catani, SD, M. Grazzini, S. Kallweit,  
J. Mazzitelli, C. Savoini: 2210.07846]

➤ The perturbative function  is an effective coupling which also 
takes into account the renormalisation of the mass and of the wave function; 

➤ To map the  kinematics into a  kinematics ( ), we use the qT recoil 
prescription: 
• We reabsorb the Higgs momentum equally in the initial-state parton momenta; 
• We leave unchanged the top and anti-top momenta.

F(αS(μR); mt /μR)

tt̄H tt̄ Qtt̄H → Qtt̄

= ×

➤ Amplitudes for the process  available [Czakon (2008); Barnreuther et al.(2013)]: we 
can use the soft approximation.

cc̄ → tt̄

ℳcc̄→tt̄H({pi}, k) ≃ F(αS(μR); mt /μR) mt

v ∑
i=3,4

mt

pi ⋅ k
ℳcc̄→tt̄({pi})

ASSOCIATED PRODUCTION: TTH PRODUCTION NNLO IN SOFT APPROX

Ringberg 2024, 10.05.24 - Simone Devoto

➤ The discovery of the Higgs boson in 2012 confirmed 
one of the most glaring predictions of the Standard Model. 

➤ The study of the Higgs boson proprieties is one of the priorities of LHC. 
➤ Special role played by the top quark: strong coupling because of the top mass! 
➤  production allows direct measurement of the top-quark Yukawa 

coupling! (possible window on new physics scenarios…)
tt̄H

MOTIVATIONS 

[M
.Cepeda et al.: arXiv 1902.00134]

5

( )tt̄H
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pp ! tt̄H µR = µF = mt + mH/2

➤ NNLO corrections: +4% (13 
TeV), +2% (100 TeV); 

➤ Reduction of scale uncertainties; 

➤ Soft approximation uncertainty 
significantly smaller than 
remaining perturbative 
uncertainties.

20

𝞂 [pb] 13 TEV 100 TEV𝞂LO𝞂NLO𝞂NNLO

0.3910+31.3%
−22.2% 25.38 +21.1%

−16.0%

0.4875+5.6%
−9.1% 36.43+9.4%

−8.7%

0.5070(31)+0.9%
−3.0% 37.20(25)+0.1%

−2.2%

Scale uncertaintiesNumerical + soft Higgs 
uncertainties

[S. Catani, SD, M. Grazzini, S. Kallweit,  
J. Mazzitelli, C. Savoini: 2210.07846]

PDF set: NNLO NNPDF31   mH=125 GeV, mt=173.3 GeV

Ringberg 2024, 10.05.24 - Simone Devoto

UNCERTAINTIES ESTIMATION

19

How to estimate the NNLO uncertainties? 
➤ We use the deviation from the exact results at NLO as a lower bound on the 

NNLO uncertainty; 
➤ We multiply by a tolerance factor of 3; 
➤ We combined linearly the uncertainty for the  and  channel;gg qq̄

Final uncertainty: • on ∆𝞂NNLO±15 % • on 𝞂NNLO±0.6 %

How to test the NNLO uncertainties? 

➤ Check the effect of using different recoil prescription; 
➤ Check the effect of using a different subtraction scales  , 

. 
μIR → 2 μIR

μIR → 1/2 μIR

Effect on the total cross section modulated by the (small) contribution of the hard factor: about 
1% of the LO cross section in the  and 2-3% in the  channel.gg qq̄

[S. Catani, SD, M. Grazzini, S. Kallweit,  
J. Mazzitelli, C. Savoini: 2210.07846]

[Catani, Devoto, Grazzini, Kallweit, Mazzitelli, Savoini 2210.07846]

more precise assessment of virtual contributions missing



ASSOCIATED PRODUCTION: TTH PRODUCTION GLUON CHANNEL

Here, r is the absolute magnitude of the ‘ values, R is the convergence radius of the
expansion [60] and n is the number of di�erent ‘ evaluations. Based on explicit tests, we
found that if a number of correct digits p is desired, the optimal settings are

n = 8, r = 10≠(p/4+2) and p0 = 2p + 20 . (7.7)

Since we avoid any symbolic manipulations on the analytic expressions, this signifi-
cantly improves the overall computational e�ciency. Furthermore, all substantial cancel-
lations take place at the level of the numerical samples, rather than at the level of the
‘-expansions. Reaching the desired accuracy for the former is much more cost-e�ective
than for the latter.

We have implemented the aforementioned methods in the Mathematica package TTH.
Using this package, we are able to compute the tree one-loop interference up to ‘

2 for any
phase-space point within a few minutes.

8 Results and checks

Our main result is the Mathematica package TTH which can be downloaded from git

git clone https://github.com/p-a-kreer/TTH.git .

The package provides three functions: TTHAmplitudeTreeTree, TTHAmplitudeLoopTree,
and TTHUVCounter. These functions take as input a rationalized phase space point and re-
turn numerical results where the one-loop outputs are expanded to order ‘

2. More precisely,
they return the interference of the tree-level amplitude with itself, N Re

Ëq
(A(0))†

A
(0)

È
,

with the bare one-loop amplitude, 2N Re
Ëq

(A(0))†
A

(1)
È
, and with the counter-term am-

plitude, 2N Re
Ëq

(A(0))†
Act.

È
. The overall normalization is given by N = 4fi–

3
sy

2
t and

q

refers to sum and average over color and helicity states.
Furthermore, the package provides the function NHelicityFormFactors which returns

the color-decomposed helicity form factors, see Eq. (3.26) and (3.28). For a detailed de-
scription of the interface, we refer the interested reader to the git repository.

For a benchmark evaluation, we fix mt = 175 GeV, yt = 0.6914, –s = 0.118, the
regularization scale µ = mt

2 and we choose the kinematic point

s12 = 1000000, s13 = ≠
15393705013

47152 , s14 = ≠
39849685741

932940 ,

s23 = ≠
21485226445

77264 , s24 = ≠
48342263815

112029 , s34 = 83218910153
383674 .

(8.1)

The tree-loop interference evaluates to

2N Re
5ÿ

(A(0))†
A

(1)
r

6
= 2N Re

5ÿ
(A(0))†

A
(1)

6
+ 2N Re

5ÿ
(A(0))†

A
(1)
ct

6
=

=
3

≠
0.75348873

‘2 + 1.3691456
‘

+ 0.82613668 ≠ 4.9282871‘ + 1.5817369‘
2
4

◊ 10≠7
.

(8.2)
2The value of µ is kept fixed to mt.
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define the corresponding crossed families

Yx12 © Y{p1¡p2}, Yx34 © Y{p3¡p4}, Yx12x34 © Y{p1¡p2,p3¡p4}. (5.3)

(a) Topology A (b) Topology B

(c) Topology C (d) Topology D

Figure 1: Integral families for gg æ ttH. Red lines denote massive propagators and external legs
of mass mt, green lines denote massive propagators of mass mh, and dotted lines are massless.

We reduce all the ensuing integrals using the IBP reduction programs Reduze [57]
and KIRA [58, 59]. We find 87 apparently independent master integrals. However, both
reduction codes miss five extra identities, reducing the number of independent integrals to
82. We group these relations into two box-symmetry relations,

I
B
11110(D) = I

Bx12
11110(D) , I

Bx34
11110(D) = I

Bx12x34
11110 (D) , (5.4)

and three triangle-symmetry relations

0 = (1 ≠ s12 ≠ s24)IB
11010(D) ≠ (1 ≠ s24)IB

11100(D)
≠ (1 ≠ s12 ≠ s14)IBx12

11010(D) + (1 ≠ s14)IBx12
11100(D),

– 15 –

integrals contributing to five-particle processes involving an external massive top-quark

pair and one massive propagator [14].

A particularly important five-point process is that of tt̄H production at hadron col-

liders, which gives a direct constraint on the top-quark Yukawa coupling. First observed

at the LHC in 2018 [15, 16], this process has by now allowed to constrain deviations from

a Standard-Model-like Yukawa coupling at the 10% level—an impressive achievement that

already challenges the precision of existing theoretical predictions. It is expected that by

the end of the high-luminosity run at the LHC, measurements will be able to constrain such

coupling at the 3-5% level and will be dominated by theory uncertainties [17, 18]. This

creates a pressing need for next-to-next-to-leading-order (NNLO) QCD corrections [19–21].

The tt̄H production process been studied extensively, with the leading-order (LO)

predictions known since the mid-eighties [22, 23]. Next-to-leading order (NLO) QCD cor-

rections were first computed in Refs. [24–29], and subsequently further improved by the

resummation of soft-gluon e↵ects [30–36], the inclusion of first-order electroweak correc-

tions [37–39], the study of NLO o↵-shell e↵ects [40–42], and the NLO QCD matching to

parton-shower event generators [43–46]. Recently, the first NNLO QCD calculation has

appeared [47], where the two-loop amplitudes were approximated by a soft expansion in

the momentum of the Higgs boson (pH ! 0). Obtaining the exact two-loop scattering

amplitudes is thus of great importance for the completion of the NNLO QCD corrections

to tt̄H production at hadron colliders.

As a first step towards this goal, in this work we compute a set of two-loop master

integrals contributing to the production of a top-quark pair in association with a Higgs

boson at hadron colliders. We focus on the Feynman integrals arising in the calculation

of the leading-color two-loop QCD scattering amplitudes for the parton-level processes

gg, qq̄ ! tt̄H including a closed light-quark loop. Examples of related Feynman diagrams

are given in figure 1 (see [48, 49] for a discussion about the color decomposition of related

scattering amplitudes). The corresponding amplitudes and Feynman integrals depend on

t̄

H

t

t̄

H

t

t̄

H

t

Figure 1: Examples of two-loop Feynman diagrams proportional to the number of light

flavors nf contributing to leading-color two-loop scattering amplitudes for the process

gg ! tt̄H. The red double lines represent top quarks and the external cyan dashed line the

Higgs boson. Light quarks are represented by black solid lines and gluons by black wavy

lines.

seven di↵erent kinematic scales, including the mass of the top quark (which also enters

– 2 –

O(✏0) O(✏1) O(✏2) O(✏3) O(✏4)

(~I1)88 0 0 �1.697405869 8.990085874

+2.959793778 i

�23.70912261

+12.35416236 i

(~I1)89 0 0 0 �3.703380133

+5.885655074 i

�15.40231055

�6.37555295 i

(~I1)90 0 0 0 3.703380133

�5.885655074 i

13.15415510

+20.45624479 i

(~I1)91 0 0 5.811380795

�2.687806077 i

�14.63593742

+31.14397715 i

�66.82494671

�70.56864014 i

(~I1)92 0 �1.461994703 i �4.592991817

+4.774264642 i

�2.99771383

�17.32856509 i

31.78963784

�7.30297630 i

(~I1)93 0 0.4534743273 �2.546669141

�1.424631615 i

10.954658459

+0.602688704 i

�12.24416802

+16.57486204 i

Table 3: Numerical results up to O(✏4) for the integrals (~I1)88 through (~I1)93 evaluated at

the phase space point ~s1 of equation (6.2). See equations (A.99)–(A.104) for the definition

of the integrals.

O(✏0) O(✏1) O(✏2) O(✏3) O(✏4)

(~I1)109 0 0 0 �3.703380133

+5.885655074 i

2.149576969

�10.432322830 i

(~I1)110 0 0 0 0 0

(~I1)111 0 0 �1.306045093

�12.647039669 i

2.05552771

+25.35139955 i

�85.55528965

�75.93834102 i

Table 4: Numerical results up toO(✏4) for the integrals (~I1)109 through (~I1)111 evaluated at

the phase space point ~s1 of equation (6.2). See equations (A.120)–(A.122) for the definition

of the integrals. Consistent with the fact that it is an evanescent integral (see e.g. [95]) we

find that the value of (~I1)110 is 0 through O(✏4).

O(✏0) O(✏1) O(✏2) O(✏3) O(✏4)

(~I2)18 0.5 �4.931720031

+4.712388980 i

6.90383844

�36.51486280 i

63.72515614

+86.40251641 i

�188.2874920

�14.5546057 i

(~I2)19 0 0 0 3.703380133

�5.885655074 i

11.33274441

+26.71395384 i

Table 5: Numerical results up to O(✏4) for the integrals (~I2)18 and (~I2)19 evaluated at the

phase space point ~s1 of equation (6.2). See equations (B.8) and (B.9) for the definition of

the integrals.
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 @ 1loop to gg → tt̄H 𝒪(ϵ2) Planar master integrals for  correctionsnf

[Buccioni, Kreer, Liu, Tancredi 2312.10015]

[Cordero, Figueiredo, Kraus, Page, Reina 2312.08131]
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C
IR
hCF

=

0

@�2�(1)cusp

4"2
+

�(1)
11, CF

2"

1

ABh ,

C
IR
hCA

=
�(1)
11, CA

2"
Bh , C

IR
hd33

=
�(1)
11, d33

2"
Bh . (2.35)

The parts not shown here have no IR poles.

2.6 Workflow of the calculation

The leading order (LO) amplitude A
b

0 can be represented by two Feynman diagrams:

q

q̄ t

t̄

H and

q

q̄ t

t̄

H . (2.36)

The LO amplitude has no Nf -part itself, but it contributes to the renormalisation of the

NNLO Nf -part, because the ↵s beta-function contains Nf . The LO amplitude in the quark

channel has both "0 and "1 parts (but no higher parts). We derive the corresponding expres-

sion using Alibrary [53], which is a Mathematica library interfacing with Qgraf [54],

Feynson [55, Chapter 4], Form [56], and Color.h [48] to generate amplitudes, sum

over tensor structures, construct integral families, and export the results to integration-by-

parts (IBP) relation solvers and/or pySecDec [57–60].

We can use the LO result to estimate the distribution of the events over the phase

space at the LHC, as done in Figure 2. These plots tell us that most of the events are

expected to come from the region of moderately high �2 and medium fracstt̄ . In particular,

the region of �2
2 [0.10, 0.95] (that is,

p
ŝ 2 [500 GeV, 2.1 TeV]) is expected to contain

99% of all events.

2.6.1 Amplitude generation

To generate the one-loop and two-loop amplitudes (Ab

1 and A
b

2 respectively) we use the fol-

lowing procedure: first we generate the corresponding Feynman diagrams (using Qgraf),

then we insert Feynman rules, apply the projectors, and sum over the spinor and colour

tensors (using Form and Color.h); all of this is done through Alibrary. This way, for

each diagram, we obtain a corresponding sum of many scalar integrals.

In total we find 31 non-zero one-loop diagrams and 249 two-loop diagrams. Examples

for one-loop diagrams with di↵erent colour factors are depicted in Figure 3; examples for

two-loop diagrams can be found in Figure 4.2

2.6.2 IBP reduction

The next step is to reduce the calculation of the approximately 20000 scalar integrals

that appear in the amplitudes to a much smaller number of master integrals using IBP

relations [65]. To this end we first calculate the symmetries between the diagrams (using

2
These diagrams were prepared using FeynGame [63, 64].

– 10 –

q t
t̄

H
q̄

(a) nhCACFNcT 2
F

q

q̄

t

t̄

H

(b) nlC2
FNcT 2

F

t
t̄

H

q

q̄

(c) nhC2
FNcT 2

F

t

t̄

H
q

q̄

(d) nhCFNcT 2
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q̄ t̄
H
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H
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H
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q
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t̄
H
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t

q

q̄
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H

(m) n2
lCFNcT 3

F

Figure 4: Example diagrams for qq̄ ! tt̄H at two-loop level proportional to nl or nh.

Massive quarks are depicted using solid (blue) bold lines, while massless quarks are repre-

sented by lighter (grey/red) solid lines. The colour factors correspond to applying the first

colour projector from eq. (2.24).

solved by Ratracer through replaying the trace in a parallelized manner and using finite

field methods. Note that finite field methods used for function reconstruction as a way of

solving IBP equations is by now an established practice, pioneered in Refs. [75, 76]; our

usage however does not require function reconstruction, only rational number reconstruc-

tion and the Chinese remainder theorem. Our setup allows us to compute reductions in

around two CPU minutes for the two-loop amplitude, and under a second for the one-loop

amplitude on a desktop CPU for most points. Overall this reduction method is fast enough,

in the sense that we are more constrained by the evaluation of the master integrals.

– 13 –

Figure 9: Slice of the normalised one-loop (left) and two-loop (right) virtual amplitudes

around the centre point of eq. (3.1) in ✓H and ✓t. The centre point is marked with a star.

Figure 10: Slices of the normalised one-loop (left) and two-loop (right) virtual amplitudes

around the centre point of eq. (3.1) in ✓t and 't. The centre point is marked with a star.

Finally, we illustrate the di↵erence in behaviour between di↵erent components of B

and C in Figure 11, with a slice in �2 and fracstt̄ for each of the individual components,

aside from Bl, Cll, which are not plotted because their ratio to A is constant.

– 19 –

Numerical evaluation of the amplitude using sector decompositon

proof of concept:  contribution to nf qq̄ → tt̄H
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Figure 3: (a) <J distribution in data after subtraction of all backgrounds except for the ,/ and // diboson processes.
The contributions from all lepton channels and signal regions are summed and weighted by their respective values
of the ratio of fitted Higgs boson signal and background yields. The expected contribution of the associated ,�

and /� production of a SM Higgs boson with <� = 125 GeV is shown scaled by the measured combined signal
strength (`11

+ �
= 0.72). The diboson contribution is normalised to its best-fit value of `11

+ /
= 0.91. The size of the

combined statistical and systematic uncertainty is indicated by the hatched band. This error band is computed from a
full signal-plus-background fit including all the systematic uncertainties defined in Section 7, except for the +�/+/

experimental and theory uncertainties. (b) Fitted values of the Higgs boson signal strength parameter, `11
+ �

, for
<� = 125 GeV for the 0-, 1- and 2-lepton channels in di�erent ?+T regions separately and for various combinations.

11%. The statistical uncertainties amount to approximately 60% of the total uncertainty. The dominant
source of systematic uncertainty is the background modelling, which has an impact of approximately 0.16
on the result. The source of systematic uncertainty related to the large-' jet reconstruction follows closely,
with an impact of approximately 0.09 on `

11

+ /
.

The cross-sections in the STXS framework are measured separately for /� and ,� production in two ?
+

T
regions, 250 GeV < ?

+

T < 400 GeV and ?
+

T � 400 GeV. The analysis closely follows the strategy used in
Ref. [11]. The expected signal distributions and acceptance times e�ciencies for each STXS region are
estimated from the simulated signal samples by selecting events using the generator’s ‘truth’ information,
in particular the ‘truth’ ?+T , denoted by ?

+ ,C

T . The likelihood function used is di�erent from the one used to
extract the `

11

+ �
and `

11

+ /
results presented before. It has multiple POIs corresponding to the cross-sections

in the four regions used in the analysis, multiplied by the � ! 11̄ and + ! leptons branching fractions.
These four regions, i.e. /� and ,� production and the two ?

+ ,C

T bins, are known as reduced stage-1.2
regions in the STXS framework [111]. The sources of systematic uncertainty are identical to those defined
in Section 7, except for the theoretical cross-section and branching fraction uncertainties, which are not
included in the likelihood function because they a�ect the signal strength measurements but not the STXS
measurements.

The cross-sections are not constrained to be positive in the fit. The measured reduced stage-1.2 +�

cross-section times branching fraction f ⇥ ⌫ in each STXS bin, together with the SM predictions are
summarised in Figure 4 where the red error bands correspond to the theoretical uncertainty of the fiducial
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VH probe of Higgs at high pT: mass effects important 

Important for , bkq can be more easily suppressed 

Also indirect probe of Higgs self-coupling (many talks here!)

H → bb̄

 R. Harlander, Precision Higgs Physics, LHCP 2023, Belgrade

+

7

Table 2: Expected and observed significances, in s, and observed signal strengths for the VH
production process with H ! bb. Results are shown separately for 2017 data, combined Run
2 (2016 and 2017) data, and for the combination of the Run 1 and Run 2 data sets. For the
2017 analysis, results are shown separately for the individual signal strengths for each channel
from a combined simultaneous fit to all channels. All results are obtained for mH = 125.09 GeV
combining statistical and systematic uncertainties.

Significance (s)
Data set Expected Observed Signal strength
2017

0-lepton 1.9 1.3 0.73 ± 0.65
1-lepton 1.8 2.6 1.32 ± 0.55
2-lepton 1.9 1.9 1.05 ± 0.59
Combined 3.1 3.3 1.08 ± 0.34

Run 2 4.2 4.4 1.06 ± 0.26

Run 1 + Run 2 4.9 4.8 1.01 ± 0.22

visible.
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Figure 2: Dijet invariant mass distribution for events weighted by S/(S + B) in all channels
combined in the 2016 and 2017 data sets. Weights are derived from a fit to the m(jj) distribu-
tion, as described in the text. Shown are data (points) and the fitted VH signal (red) and VZ
background (grey) distributions, with all other fitted background processes subtracted. The er-
ror bar for each bin represents the pre-subtraction 1s statistical uncertainty on the data, while
the grey hatching indicates the 1s total uncertainty on the signal and all background compo-
nents.

A combination of CMS measurements of the H ! bb decay is performed, including dedicated
analyses for the following production processes: VH (reported above), gluon fusion [38], vec-
tor boson fusion [44], and associated production with top quarks [30, 41, 42]. These analyses
use data collected at 7, 8 and 13 TeV, depending on the process. In this fit, most sources of
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Figure 4: Invariant-mass distribution at LO (magenta) and NLO (green) for the OS scheme
(a) and the MS scheme (b) for a wide MZH range. The NLO results in which the Z-radiated
diagrams are excluded are shown in blue. The lower panels show the K-factor.

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

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

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

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

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

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

s) contributions. Such contributions were studied in detail7

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

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

3 Results

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

We adopt the following input parameters: m
OS

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

7They belong to the classes RI and RII for the top-mediated terms considered in Ref. [11].
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Figure 7: Higgs-boson transverse momentum distribution at LO and NLO, including

scale uncertainties resulting from a 7-point scale variation around the central scale

µR = µF = mZH . Left: fully inclusive, right: results based on pT,H � 140 GeV,

pT,Z � 150 GeV.

the soft Eikonal factor p
µ
/(p·pZ), where p

µ generically denotes the radiator momentum.

The probability to radiate a “soft” Higgs boson on the other hand is proportional to

mt/(p ·pH). The ratio of these Eikonal factors is ' pT /mt � 1, thus at large transverse

momentum pT of the radiator it is more likely that the Z boson is soft and the Higgs

boson is hard.

3.2 Investigation of di↵erent top quark mass renormalisation schemes

We now turn to the discussion of the uncertainties stemming from the use of di↵erent

top quark mass renormalisation schemes. Such uncertainties have been investigated in

detail for the case of Higgs boson pair production in Refs. [60–63]. For top quark pair

production at NNLO, scheme uncertainties have been studied in Ref. [64]. Top quark

renormalisation scheme uncertainties also have been investigated for NLO tt̄H [65]

and tt̄j [66] production at the LHC, as well as for o↵-shell Higgs production and LO

Higgs+jet production [60].

In this section we investigate the top-quark mass renormalisation scheme depen-

dence of ZH production. For this purpose we convert the top quark mass to the MS

scheme, which is an appropriate renormalisation scheme in the high-energy region. It

is thus su�cient to perform the scheme change in the analytic high-energy expansion of

the virtual corrections, where it is straightforward to obtain the corresponding analytic

expressions by making the replacement

mt ! mt(µt)

✓
1 +

↵s(µR)

4⇡
CF

⇢
4 + 3 log


µ

2
t

mt(µt)2

��◆
(3.2)
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[Baglio, Duhr, Mistlberger, Szafron, 2209.06138]

VH probe of Higgs at high pT: mass effects important 

Important for , bkq can be more easily suppressed 

Also indirect probe of Higgs self-coupling (many talks here!)

H → bb̄
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impossible so far  

Higgs mass lies in a lucky spot:
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Figure 3: (a) <J distribution in data after subtraction of all backgrounds except for the ,/ and // diboson processes.
The contributions from all lepton channels and signal regions are summed and weighted by their respective values
of the ratio of fitted Higgs boson signal and background yields. The expected contribution of the associated ,�

and /� production of a SM Higgs boson with <� = 125 GeV is shown scaled by the measured combined signal
strength (`11

+ �
= 0.72). The diboson contribution is normalised to its best-fit value of `11

+ /
= 0.91. The size of the

combined statistical and systematic uncertainty is indicated by the hatched band. This error band is computed from a
full signal-plus-background fit including all the systematic uncertainties defined in Section 7, except for the +�/+/

experimental and theory uncertainties. (b) Fitted values of the Higgs boson signal strength parameter, `11
+ �

, for
<� = 125 GeV for the 0-, 1- and 2-lepton channels in di�erent ?+T regions separately and for various combinations.

11%. The statistical uncertainties amount to approximately 60% of the total uncertainty. The dominant
source of systematic uncertainty is the background modelling, which has an impact of approximately 0.16
on the result. The source of systematic uncertainty related to the large-' jet reconstruction follows closely,
with an impact of approximately 0.09 on `

11

+ /
.

The cross-sections in the STXS framework are measured separately for /� and ,� production in two ?
+

T
regions, 250 GeV < ?

+

T < 400 GeV and ?
+

T � 400 GeV. The analysis closely follows the strategy used in
Ref. [11]. The expected signal distributions and acceptance times e�ciencies for each STXS region are
estimated from the simulated signal samples by selecting events using the generator’s ‘truth’ information,
in particular the ‘truth’ ?+T , denoted by ?

+ ,C

T . The likelihood function used is di�erent from the one used to
extract the `

11

+ �
and `

11

+ /
results presented before. It has multiple POIs corresponding to the cross-sections

in the four regions used in the analysis, multiplied by the � ! 11̄ and + ! leptons branching fractions.
These four regions, i.e. /� and ,� production and the two ?

+ ,C

T bins, are known as reduced stage-1.2
regions in the STXS framework [111]. The sources of systematic uncertainty are identical to those defined
in Section 7, except for the theoretical cross-section and branching fraction uncertainties, which are not
included in the likelihood function because they a�ect the signal strength measurements but not the STXS
measurements.

The cross-sections are not constrained to be positive in the fit. The measured reduced stage-1.2 +�

cross-section times branching fraction f ⇥ ⌫ in each STXS bin, together with the SM predictions are
summarised in Figure 4 where the red error bands correspond to the theoretical uncertainty of the fiducial
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our IFN algorithms. We include comparisons to stan-
dard anti-kt clustering and also to those prior flavour
algorithms for which we have been able to identify an
IRC-safe adaptation, namely flavour-kt,⌦ and CMP⌦.

The first two tests will be specific to heavy flavour,
which is the main experimental application of flavoured
jet algorithms. The third test will be for generic flavour
and can be seen as a stress test of the algorithm’s prac-
tical performance with light flavour at parton level.

A. Heavy flavour in pp ! WH(! µ⌫bb̄)

We begin with the case of Higgs production in asso-
ciation with a W boson at hadron colliders, pp ! WH,
where the Higgs boson decays to a pair of b-quarks and
the W decays leptonically. This process is of interest
for obvious phenomenological reasons, e.g. because of the
sensitivity to the HWW and Hbb̄ couplings, and it has
been measured by both ATLAS and CMS [39, 40]. Addi-
tionally, it is one of the processes in which one can probe
high-pt Higgs production [41, 42], especially in conjunc-
tion with jet substructure tools [43, 44], bringing partic-
ular sensitivity to new physics. For a long time, calcu-
lations at NNLO QCD were performed with massless b

quarks, which prohibited the use of the standard anti-kt
algorithm to cluster the final state. Only recently [32]
was the calculation performed with massive b-quarks.

Here, we examine a classic resolved-jet analysis of this
process, similar to that of Ref. [32]. We use Pythia
8.306 [45, 46] with the 4C tune [47] to generate pp !

W (! µ⌫µ)H(! bb̄). Following Ref. [32], we require the
presence of a muon satisfying

|⌘µ| < 2.5 , ptµ > 15GeV . (12a)

We cluster the event with a given jet algorithm, using a
jet radius of R = 0.4, and identify b-flavoured jets that
satisfy

|yjb | < 2.5 , ptjb > 25GeV . (12b)

We require the event to have at least two such jets. Fi-
nally, the reconstructed Higgs boson is defined as the
4-momentum sum of the two b-jets whose invariant mass
is closest to the Higgs mass.

The distribution of the transverse momentum of the re-
constructed Higgs boson is presented in Fig. 8 at hadron
level (with multi-parton interactions turned on), for four
algorithms:

• standard anti-kt with net flavour summation (red),

• anti-kt with our IFN algorithm (↵ = 2, in green),

• the CMP⌦ algorithm (a = 0.1, where the angu-
lar part of the distance measure is corrected as in
Eq. (11), in black), and

• the flavour-kt,⌦ algorithm (↵ = 2, in gold).

FIG. 8. The transverse momentum spectrum of the recon-
structed Higgs boson in WH(! µ⌫bb̄) at centre-of-mass en-
ergy

p
s = 13.6 TeV, at hadron level (with stable B-hadrons).

The upper panel shows the spectrum for four jet algorithms:
anti-kt with net flavour of the jet constituents (red), our
IFN version of anti-kt (with ↵ = 2, green), the CMP⌦ al-
gorithm (as adapted from Ref. [10] with a fix of the angu-
lar measure, see Eq. (11), black) and the flavour-kt,⌦ algo-
rithm (with ↵ = 2, gold). The lower panel shows the ra-
tio to standard anti-kt. CMP⌦ and our IFN algorithms all
give very similar results to those from the plain anti-kt al-
gorithm. In contrast, as already pointed out in Ref. [32],
flavour-kt,⌦ jets can di↵er significantly from anti-kt kinemat-
ics at large transverse momentum, because they start cluster-
ing the b and b̄ together into a single jet well before the scale
of pt ' 2mH/R = 625GeV where this occurs with the nor-
mal anti-kt algorithm. This is reflected in Eq. (13c), which
is used to generate the “asymptotic analytics” curve in the
lower panel.

The flavour-kt,⌦ algorithm leads to a reconstructed Higgs
spectrum that is markedly di↵erent from that of the anti-
kt algorithm. In particular, for ptH & 300GeV, the
distribution starts to drop relative to that with anti-kt,
reaching about 60% of the latter’s value at ptH ⇠ 600
GeV. As noted in Ref. [32], this occurs because the
flavour-kt algorithm starts clustering the b and b̄ together
at lower values of ptH than for the anti-kt algorithm.
When the b and b̄ end up in a single jet, the event fails
the selection requirement of having at least two b-jets.
Specifically for the decay of a scalar particle with invari-
ant massm and transverse momentum pt, for smallR and
in the limit of ptR ⌧ m, the e�ciency for having two sep-
arate jets (without any pt or rapidity cut on the jets) is 1
at low pt. Above some threshold in x = ptR/m > xmin,
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[Czakon, Mitov, Poncelet 2205.11879]
[Gauld, Huss. Stagnitto 2208.11138]
[Caola, Grabarczyk, Salam, Scyboz, Thaler 2306.07314]

Reconstructed Higgs 
spectrum depends on jet 
algorithm used, especially 
for  GeVpT ≥ 300

[Caletti, Larkoski, Marzani, Reichelt 2205.01109]
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• Had the Higgs boson been 50 GeV heavier, it 
would have been impossible to detect more 
than just two basic channels (ZZ and WW) 


• Had the Higgs been just 10 GeV lighter, the 
decays to WW and ZZ would have been 
impossible so far  

Higgs mass lies in a lucky spot:


HIGGS DECAYS: HIGGS WIDTH AND ALL THAT



Federica Devoto                                      Rencontres de Moriond, 01/04/2024

From the mass shift to the width

10

• Allow Higgs width to differ from SM 
prediction


• Higgs couplings need to change 
accordingly to maintain roughly SM 
yield (LHC measurements)

λi,f → ξi,f λi,f

(ξiξf)2S
mHΓH

+ ξiξf I ∼ S
mHΓH, SM

+ I

Negligible for 
reasonable values 

of Higgs width

Interference effect on 
cross section is small 
w.r.t integrated signal:


I of S∼ 1 %

ξiξf ∝ ΔMγγ ∝ ΓH

[Dixon, Li  1305.3854]

HIGGS DECAYS TO : INTERFERENCE EFFECTSγγ , Zγ

Federica Devoto                                      Rencontres de Moriond, 01/04/2024 4

IRe + IIm

  MeV in Standard ModelΓH ∼ 4

Federica Devoto                                      Rencontres de Moriond, 01/04/2024

 NNLO SV calculation: resultsH → γγ
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Interference effects for  NNLO (SV) decrease mass shift  loosen bound on H → γγ → ΓH ≤ (10 − 20)ΓH,SM

Federica Devoto                                                        Universita’ degli Studi di Milano, 09/10/2023                     

COMMENTS ON INTERFERENCE EFFECTS

34

With such projections, interference needs to be taken 
into account! ~2% effect

Use for indirect bounds on Higgs width
Mass peak shift from interference [Martin 1208.1533]

[Dixon, Li 1305.3854]

Interference effect on XS must be taken into account: 𝒪(2%)

LHC direct resolution 𝒪(GeV )

[Bargiela, Buccioni, Devoto, Caola, von Manteuffel, Tancredi 2212.06287]
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Federica Devoto                                      Rencontres de Moriond, 01/04/2024 4

IRe + IIm

Federica Devoto                                      Rencontres de Moriond, 01/04/2024 16

 NLO SV calculationH → Z( → e+e−) γ
Interference has a destructive 
impact on the XS of 




LO interference non zero 
(contrary to diphoton 
channel)


NLO sv QCD corrections are 
small, qualitatively similar to 
LO


Effect does not resolve 
apparent tension 
measurements-SM

∼ − 3 %

Interference effects for  NLO in Soft-Virtual approxH → Zγ

Recent evidence for rare decay  ATLAS + CMS [Phys.Rev.Lett 132 (2024) 021803]H → Zγ

Signar yield SM rateμ = 2.2 ± 0.7 ×

LO interference is non-zero contrary to  

Interference has destructive impact on XS ~ -3% 

NLO (sv) effects small, effect does not resolve apparent tension

H → γγ

[Buccioni, Devoto, Djouadi, Ellis, Quevillon, Tancredi 2312.12384]

4

that, the NLO electroweak corrections is positive in the
α(0) scheme, while negative in other three schemes. In
addition, the O(α) corrections appear to be sizable in
magnitude in both the α(0) and α(MZ) schemes, which
may approach approximately 7% of the LO prediction.
In contrast, the Gµ scheme as well as the Democratic
scheme yield a relatively modest O(α) correction. Note
the LO predictions of the partial width from four different
α scheme are scattered in a wide range, from 5.920 keV
to 6.694 keV. Interestingly, after including the NLO elec-
troweak correction, the scheme dependence becomes sub-
stantially reduced, with the relative uncertainties among
different schemes less than 2%. Taking the predictions
from various α schemes as an estimation of the theoret-
ical uncertainty, we then obtain the most accurate SM
prediction to be B[H → Z0γ] = (1.55 ± 0.06) × 10−3.
Note the error in the branching fraction mainly stem from
the uncertainty associated with the full width the of the
Higgs boson 2.

It is evident that the most accurate SM prediction for
the branching fraction is significantly lower than the mea-
sured value, Bexp[H → Z0γ] = (3.4± 1.1)× 10−3 [6]. It
may be too early to claim that some sort of the BSM
physics must be invoked to resolve this discrepancy. More
accurate measurements from HL-LHC, and the prospective
Higgs factories such as CEPC and FCC, will play a crucial
role to clear the smoke.

Summary. In this work we have calculated the NLO elec-
troweak correction to the rare decay process H → Z0γ
within the on-shell renormalization scheme. To assess the
theoretical uncertainty, we present the predictions of the
partial width and the branching fraction using several dif-
ferent α schemes. In contrast to the tiny NLO QCD cor-
rection, the magnitude of the NLO electroweak correction
turns out to become sizable, reaching 7% of the LO result
in both the α(0) and α(MZ) schemes. After including the
O(α) correction, the predictions from various α schemes
tend to converge to each other, which indicates that in-
corporating the NLO electroweak correction has signifi-
cantly stabilized the SM prediction. Our most accurate
prediction is then B[H → Z0γ] = (1.55 ± 0.06) × 10−3,
with the uncertainty predominantly stemming from the
error of the full width of Higgs. The relative error from
varying the α schemes is less than 2%. Although this
most accurate SM prediction is significantly lower than

2 We can estimate other potential sources of uncertainty. The
contributions from the top quark loop constitute approximately
−10% of the LO decay width. Taking into account the Yukawa
coupling strength of Hbb̄ is suppressed with respect to Htt̄ by
a factor of mb/mt, and we estimate that retaining the bottom
quark mass introduces a relative error of several per mille. Fur-
thermore, uncertainties in the mass of the top quark and the W
boson may also introduce uncertainty of several per mille. All in
all, these sorts of uncertainties are of the same order of magni-
tude as the NLO QCD correction, which are significantly smaller
than the uncertainty stemming from four different α schemes.

the measured value, it might be premature to claim that
one has to invoke the new physics to resolve this discrep-
ancy. Likely the problem mainly lies on the experimental
side. Improved measurement of this rare decay process at
HL-LHC, and independent measurements at the prospec-
tive Higgs factories such as the CEPC and the FCC, are
crucial.
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Note added. While we were finalizing this work, a
preprint by Chen, Chen, Qiao and Zhu has recently ap-
peared [37]. Our results for the α(MZ) and Gµ schemes
are compatible with their mixed 1 and mixed 2 schemes,
provided that the same input parameters are used. How-
ever, our result for the α(0) scheme slightly differs from
theirs, probably due to the different treatment of the light
quark contribution to Ze.

Appendix A: The expressions of T̃5 from four
different α schemes

As aforementioned, there are some freedoms in the on-
shell renormalization scheme to handle the charge renor-
malization. In this appendix, we present the expressions
of the form factor T̃5 in four different schemes, which dif-
fer in choosing the values of the QED coupling constant.
Throughout this work we always retain the QED cou-
pling associated with the photon emission vertex to be
α(0). Plugging these equations into (3), we then obtain
the predicted partial widths associated in each scheme,
as enumerated in Table I.

1. α(0) scheme

In this scheme, all the QED couplings in three vertices
of the LO diagrams in Fig. 1 are chosen to be α(0), i.e.,
the fine structure constant in the Thomson limit. Af-
ter including both O(α) and O(αs) corrections, the form
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ference are estimated by a simultaneous rescaling of the
nominal value by factors 2 and 1/2. As for the interfer-
ence at NLO, as described above, the spread is defined by
the di↵erence in the standard soft-virtual approximation
and its modification described in Eq. (9).

Fig. 3 displays our main findings. It shows the sig-
nal and interference (magnified by a factor of 10) line-
shapes at LO and NLO as functions of the di↵erence be-
tween the Z� invariant mass and the Higgs boson mass.
The central values of the cross sections are obtained for
the reference scale choice, while the bands stem from
scale variations. The LO cross section for the signal,
gg ! H ! Z(e�e+)�, is shown as a blue band, and the
NLO cross-section is shown as a green band. The ratio
between the two is the well-known K factor of about ' 2
[23–25]. The red band shows the result of the calcula-
tion of the signal-background interference at LO and the
orange band is the result of our NLO interference cal-
culation in the soft-virtual approximation, i.e., including
virtual contributions and the leading real contributions
from soft-gluon emission.

We estimate the uncertainty band of the interference
contribution from the spread between the two di↵erent
approaches to the soft-virtual approximations discussed
above. We point out that the standard scale-variation
uncertainty on the interference term (obtained by divid-
ing and multiplying the central scale by a factor of two)
is accidentally small and is contained within our more
conservative estimate.

We note that, already at LO, the interference tends
to reduce the total cross section and shift the e↵ective
Higgs mass to higher values. However, both these e↵ects
are numerically very small (recall the factor of 10 of mag-
nification in Fig. 3). The e↵ects at NLO are qualitatively
similar to those at the LO, and are larger numerically by
a small factor that depends on the value of the invariant
mass of the Z� system relative to the Higgs pole mass,
as can be seen in Fig. 3. This di↵ers from the large K

factor for the non-interference term.
We observe that, if we restrict the invariant mass

window of the Z� system to a very narrow window,
124� 126 GeV, the cross sections of the signal and inter-
ference terms in the fiducial volume outlined above are

�
NLO

Sig
=1.207+20%

�15%
fb, �

NLOSV
Int

=�0.0344+12%

�12%
fb, (10)

where the label SV refers to the prediction in the soft-
virtual approximation, and its central value is the mean
of the results extracted in the two approaches described
above. The uncertainty is assessed as discussed for Fig. 3.
Thus, we estimate that the interference has a destructive
impact on the total rate of O(�3%)1.

1 This number may be subject to small variations upon including
large missing higher-order QCD corrections in the signal process.
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FIG. 3. The gg !H ! Z� signal cross section at LO (in
blue) and at NLO in QCD (in green), and the interference
with the gg ! �Z QCD background at LO (in red) and at
NLO but in the soft-virtual approximation (in orange). The
bands represent the scale variation, except for NLOSV where
the band shows the spread between two di↵erent soft-virtual
approximations, see the text for details. The results are for
the LHC with

p
s=13.6 TeV, and the interference terms are

magnified by a factor of 10 for visualisation purposes.

The NLO QCD corrections to the interference in the
gg ! Z� process are small and do not modify substan-
tially the signal rate in the Higgs gg ! H ! Z� pro-
duction channel. These e↵ects also do not modify sig-
nificantly the e↵ective Higgs mass measured in the Z�

final state, which should be indistinguishable from that
measured in the �� and ZZ final states.

As a final remark, it is worth mentioning a few
qualitative di↵erences with respect to the more deeply
investigated interference in the �� decay channel. In
the latter, the Higgs boson decays to a pair of massless
spin-1 particles, and given the scalar nature of the Higgs,
these photons must have identical helicities [15, 17]. In
this configuration, the corresponding LO background
amplitudes receive an imaginary contribution that is
suppressed by the ratio m

2
q
/M

2

H
where mq is the mass

of a light quark running in the loop, see, e.g., Fig. 1.
Therefore, a noticeable destructive e↵ect arises only at
NLO [16]. In the Z� mode instead, such a helicity se-
lection does not occur and an absorptive part is already
manifest at LO. Furthermore, the real contribution
N

Re

I
has an opposite impact on the line shape than the

one in ��, which induces a slight excess of events to
right of the Higgs boson peak and not to the left as in ��.

Conclusions

We have considered the interference between the signal
amplitude for Higgs production at the LHC and its subse-
quent decay into a photon and a Z boson, gg ! H ! Z�,
and the amplitude for the pure QCD background process
gg ! Z� beyond leading order in perturbative QCD. The
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that, the NLO electroweak corrections is positive in the
α(0) scheme, while negative in other three schemes. In
addition, the O(α) corrections appear to be sizable in
magnitude in both the α(0) and α(MZ) schemes, which
may approach approximately 7% of the LO prediction.
In contrast, the Gµ scheme as well as the Democratic
scheme yield a relatively modest O(α) correction. Note
the LO predictions of the partial width from four different
α scheme are scattered in a wide range, from 5.920 keV
to 6.694 keV. Interestingly, after including the NLO elec-
troweak correction, the scheme dependence becomes sub-
stantially reduced, with the relative uncertainties among
different schemes less than 2%. Taking the predictions
from various α schemes as an estimation of the theoret-
ical uncertainty, we then obtain the most accurate SM
prediction to be B[H → Z0γ] = (1.55 ± 0.06) × 10−3.
Note the error in the branching fraction mainly stem from
the uncertainty associated with the full width the of the
Higgs boson 2.

It is evident that the most accurate SM prediction for
the branching fraction is significantly lower than the mea-
sured value, Bexp[H → Z0γ] = (3.4± 1.1)× 10−3 [6]. It
may be too early to claim that some sort of the BSM
physics must be invoked to resolve this discrepancy. More
accurate measurements from HL-LHC, and the prospective
Higgs factories such as CEPC and FCC, will play a crucial
role to clear the smoke.

Summary. In this work we have calculated the NLO elec-
troweak correction to the rare decay process H → Z0γ
within the on-shell renormalization scheme. To assess the
theoretical uncertainty, we present the predictions of the
partial width and the branching fraction using several dif-
ferent α schemes. In contrast to the tiny NLO QCD cor-
rection, the magnitude of the NLO electroweak correction
turns out to become sizable, reaching 7% of the LO result
in both the α(0) and α(MZ) schemes. After including the
O(α) correction, the predictions from various α schemes
tend to converge to each other, which indicates that in-
corporating the NLO electroweak correction has signifi-
cantly stabilized the SM prediction. Our most accurate
prediction is then B[H → Z0γ] = (1.55 ± 0.06) × 10−3,
with the uncertainty predominantly stemming from the
error of the full width of Higgs. The relative error from
varying the α schemes is less than 2%. Although this
most accurate SM prediction is significantly lower than

2 We can estimate other potential sources of uncertainty. The
contributions from the top quark loop constitute approximately
−10% of the LO decay width. Taking into account the Yukawa
coupling strength of Hbb̄ is suppressed with respect to Htt̄ by
a factor of mb/mt, and we estimate that retaining the bottom
quark mass introduces a relative error of several per mille. Fur-
thermore, uncertainties in the mass of the top quark and the W
boson may also introduce uncertainty of several per mille. All in
all, these sorts of uncertainties are of the same order of magni-
tude as the NLO QCD correction, which are significantly smaller
than the uncertainty stemming from four different α schemes.

the measured value, it might be premature to claim that
one has to invoke the new physics to resolve this discrep-
ancy. Likely the problem mainly lies on the experimental
side. Improved measurement of this rare decay process at
HL-LHC, and independent measurements at the prospec-
tive Higgs factories such as the CEPC and the FCC, are
crucial.
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Note added. While we were finalizing this work, a
preprint by Chen, Chen, Qiao and Zhu has recently ap-
peared [37]. Our results for the α(MZ) and Gµ schemes
are compatible with their mixed 1 and mixed 2 schemes,
provided that the same input parameters are used. How-
ever, our result for the α(0) scheme slightly differs from
theirs, probably due to the different treatment of the light
quark contribution to Ze.

Appendix A: The expressions of T̃5 from four
different α schemes

As aforementioned, there are some freedoms in the on-
shell renormalization scheme to handle the charge renor-
malization. In this appendix, we present the expressions
of the form factor T̃5 in four different schemes, which dif-
fer in choosing the values of the QED coupling constant.
Throughout this work we always retain the QED cou-
pling associated with the photon emission vertex to be
α(0). Plugging these equations into (3), we then obtain
the predicted partial widths associated in each scheme,
as enumerated in Table I.

1. α(0) scheme

In this scheme, all the QED couplings in three vertices
of the LO diagrams in Fig. 1 are chosen to be α(0), i.e.,
the fine structure constant in the Thomson limit. Af-
ter including both O(α) and O(αs) corrections, the form

2

lowing most general tensor structures:

T µν = pµ1p
ν
1T1 + pµ2p

ν
2T2 + pµ1p

ν
2T3 + pµ2p

ν
1T4

+ p1 · p2gµνT5 + ϵµναβp1αp2βT6, (1)

where p1 and p2 signify the momenta of the outgoing Z
boson and photon, respectively, and Ti (i = 1, · · · 6) sig-
nify six scalar form factors. The transversity condition
p1 · ϵZ = p2 · ϵγ = 0 implies that the terms entailing T2

and T3 do not contribute. Ward identity p2νT µν = 0
implies that T1 = 0 and T4 = −T5. T6 first starts at two-
loop electroweak correction, which can thus be safely ne-
glected as far as we concentrate on the NLO electroweak
correction. Therefore only one independent form factor,
T5 = −T4, survives. In practice, it is convenient to intro-
duce a new dimensionless form factor T̃5:

T5 =
M2

H

MW sW (M2
H −M2

Z)
T̃5, (2)

where cW ≡ MW

MZ
, and sW =

√
1− c2W . The partial

width then becomes

Γ(H → Z0γ) =
1

2MH

1

8π

2|p1|
MH

M4
H

2M2
W s2W

|T̃5|2, (3)

where the three-momentum of the Z0 boson in the Higgs
boson rest frame is |p1| = (M2

H −M2
Z)/2MH. Our main

task is to deduce T̃5 through NLO in α.

Outline of calculation. Throughout this work we adopt
the Feynman gauge and employ the dimensional reg-
ularization to regularize the potential UV divergence.
We utilize the package FeynArts [22] to generate the
Feynman diagrams and the corresponding amplitudes for
H → Z0γ through NLO in α. This process entails ap-
proximately 50 diagrams at one-loop level, and more than
104 diagrams at two-loop level. Some representative dia-
grams relevant to the NLO QCD and electroweak cor-
rections are depicted in Fig. 2. The form factors T4

and T5 are extracted from the amplitude with the aid
of the covariant projectors [21]. We employ the packages
FeynCalc [23] and FormLink [24] to perform Lorentz con-
traction and Dirac matrix trace. We use the packages
Apart [25] and FIRE [26] for integration-by-part reduc-
tion. We end up with 8 one-loop master integrals (MIs)
and over 700 two-loop MIs. The package AMFlow [27–29]
is invoked to evaluate all these MIs with high numerical
accuracy.
The on-shell renormalization scheme has been widely

used in the field of electroweak radiative correction to
tame the UV divergence [30, 31]. The renormalized pa-
rameters are chosen to be those measured very precisely,
such as Higgs boson mass, W/Z masses, top quark mass,
and QED coupling at Thomson limit. Having imple-
mented the mass and charge renormalization (e0 = Zee),
we find it convenient to stay with the bare field in the
practical calculation. Following the LSZ reduction for-
mula, we multiply the amputated amplitude ofH → Z0γ
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FIG. 2: Some representative two-loop diagrams for H → Z0γ.
a) represents a sample diagram for NLO QCD correction,
while b)-h) represent sample diagrams for the NLO elec-
troweak correction.

by the factor
√
ZHZZZZγγ , where the ZH , ZZZ and

Zγγ denote the field-strength renormalization constants
associated with H , Z0 and γ, respectively. These field
strength renormalization constants can be inferred from
the unrenormalized propagators to one loop accuracy, by
identifying the residues in the on-shell limit.
It is worth mentioning that we have explicitly included

those diagrams where Z0 via a loop converts into a out-
going photon in the external leg, as depicted in Fig. 1d)
and Fig. 2g), h). Note it is not necessary in our treatment
to include the contributions from the low-order diagrams
multiplying the counterterms δZZA and δZAZ character-
izing the mixing between the Z0 and γ 1.
After carrying out the mass and charge renormaliza-

tion, we finally end up with the UV-finite results for T4

and T5. We have confirmed the Ward identity require-
ment T4 = −T5 holds at O(α) level, which serves a non-
trivial crosscheck.

Three different recipes about charge renormalization. Im-
plementing the charge renormalization in electroweak
theory is not unique, which leads to several popular vari-
ants in the on-shell renormalization scheme. In the so-
called α(0) scheme, where the α is taking the Thomson-
limit value, To one-loop order, δZe is expressed as

δZe|α(0) =
1

2
Πγγ(0)−

sW
cW

ΣγZ
T (0)

M2
Z

, (4)

where Π(s) ≡ Σγγ
T (s)/s. The photon vacuum polariza-

tion is sensitive to the low-energy hadronic contribution,

1 Alternatively, one may choose to renormalize the gauge fields and
introduce new counterterms in the renormalized SM Lagrangian.
The renormalization constants linking the bare and renormalized
Z0 and γ fields have to be a 2 × 2 matrix with non-vanishing
off-diagonal elements [32]. By the on-shell renormalization con-
dition, in this case one no longer needs compute those topologi-
cally unamputated diagrams exemplified by Fig. 1d) and Fig. 2g),
h). However, as an extra price to pay, one has to consider the
HZγ vertex induced by the counterterm, with a Feynman rule
iegµνMW

1
sW c2

W

1
2 δZZγ [32]. It is expected that the renormal-

ized perturbation theory must yield the identical results as the
bare field approach as adopted in this work.
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that, the NLO electroweak corrections is positive in the
α(0) scheme, while negative in other three schemes. In
addition, the O(α) corrections appear to be sizable in
magnitude in both the α(0) and α(MZ) schemes, which
may approach approximately 7% of the LO prediction.
In contrast, the Gµ scheme as well as the Democratic
scheme yield a relatively modest O(α) correction. Note
the LO predictions of the partial width from four different
α scheme are scattered in a wide range, from 5.920 keV
to 6.694 keV. Interestingly, after including the NLO elec-
troweak correction, the scheme dependence becomes sub-
stantially reduced, with the relative uncertainties among
different schemes less than 2%. Taking the predictions
from various α schemes as an estimation of the theoret-
ical uncertainty, we then obtain the most accurate SM
prediction to be B[H → Z0γ] = (1.55 ± 0.06) × 10−3.
Note the error in the branching fraction mainly stem from
the uncertainty associated with the full width the of the
Higgs boson 2.

It is evident that the most accurate SM prediction for
the branching fraction is significantly lower than the mea-
sured value, Bexp[H → Z0γ] = (3.4± 1.1)× 10−3 [6]. It
may be too early to claim that some sort of the BSM
physics must be invoked to resolve this discrepancy. More
accurate measurements from HL-LHC, and the prospective
Higgs factories such as CEPC and FCC, will play a crucial
role to clear the smoke.

Summary. In this work we have calculated the NLO elec-
troweak correction to the rare decay process H → Z0γ
within the on-shell renormalization scheme. To assess the
theoretical uncertainty, we present the predictions of the
partial width and the branching fraction using several dif-
ferent α schemes. In contrast to the tiny NLO QCD cor-
rection, the magnitude of the NLO electroweak correction
turns out to become sizable, reaching 7% of the LO result
in both the α(0) and α(MZ) schemes. After including the
O(α) correction, the predictions from various α schemes
tend to converge to each other, which indicates that in-
corporating the NLO electroweak correction has signifi-
cantly stabilized the SM prediction. Our most accurate
prediction is then B[H → Z0γ] = (1.55 ± 0.06) × 10−3,
with the uncertainty predominantly stemming from the
error of the full width of Higgs. The relative error from
varying the α schemes is less than 2%. Although this
most accurate SM prediction is significantly lower than

2 We can estimate other potential sources of uncertainty. The
contributions from the top quark loop constitute approximately
−10% of the LO decay width. Taking into account the Yukawa
coupling strength of Hbb̄ is suppressed with respect to Htt̄ by
a factor of mb/mt, and we estimate that retaining the bottom
quark mass introduces a relative error of several per mille. Fur-
thermore, uncertainties in the mass of the top quark and the W
boson may also introduce uncertainty of several per mille. All in
all, these sorts of uncertainties are of the same order of magni-
tude as the NLO QCD correction, which are significantly smaller
than the uncertainty stemming from four different α schemes.

the measured value, it might be premature to claim that
one has to invoke the new physics to resolve this discrep-
ancy. Likely the problem mainly lies on the experimental
side. Improved measurement of this rare decay process at
HL-LHC, and independent measurements at the prospec-
tive Higgs factories such as the CEPC and the FCC, are
crucial.
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Note added. While we were finalizing this work, a
preprint by Chen, Chen, Qiao and Zhu has recently ap-
peared [37]. Our results for the α(MZ) and Gµ schemes
are compatible with their mixed 1 and mixed 2 schemes,
provided that the same input parameters are used. How-
ever, our result for the α(0) scheme slightly differs from
theirs, probably due to the different treatment of the light
quark contribution to Ze.

Appendix A: The expressions of T̃5 from four
different α schemes

As aforementioned, there are some freedoms in the on-
shell renormalization scheme to handle the charge renor-
malization. In this appendix, we present the expressions
of the form factor T̃5 in four different schemes, which dif-
fer in choosing the values of the QED coupling constant.
Throughout this work we always retain the QED cou-
pling associated with the photon emission vertex to be
α(0). Plugging these equations into (3), we then obtain
the predicted partial widths associated in each scheme,
as enumerated in Table I.

1. α(0) scheme

In this scheme, all the QED couplings in three vertices
of the LO diagrams in Fig. 1 are chosen to be α(0), i.e.,
the fine structure constant in the Thomson limit. Af-
ter including both O(α) and O(αs) corrections, the form
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ference are estimated by a simultaneous rescaling of the
nominal value by factors 2 and 1/2. As for the interfer-
ence at NLO, as described above, the spread is defined by
the di↵erence in the standard soft-virtual approximation
and its modification described in Eq. (9).

Fig. 3 displays our main findings. It shows the sig-
nal and interference (magnified by a factor of 10) line-
shapes at LO and NLO as functions of the di↵erence be-
tween the Z� invariant mass and the Higgs boson mass.
The central values of the cross sections are obtained for
the reference scale choice, while the bands stem from
scale variations. The LO cross section for the signal,
gg ! H ! Z(e�e+)�, is shown as a blue band, and the
NLO cross-section is shown as a green band. The ratio
between the two is the well-known K factor of about ' 2
[23–25]. The red band shows the result of the calcula-
tion of the signal-background interference at LO and the
orange band is the result of our NLO interference cal-
culation in the soft-virtual approximation, i.e., including
virtual contributions and the leading real contributions
from soft-gluon emission.

We estimate the uncertainty band of the interference
contribution from the spread between the two di↵erent
approaches to the soft-virtual approximations discussed
above. We point out that the standard scale-variation
uncertainty on the interference term (obtained by divid-
ing and multiplying the central scale by a factor of two)
is accidentally small and is contained within our more
conservative estimate.

We note that, already at LO, the interference tends
to reduce the total cross section and shift the e↵ective
Higgs mass to higher values. However, both these e↵ects
are numerically very small (recall the factor of 10 of mag-
nification in Fig. 3). The e↵ects at NLO are qualitatively
similar to those at the LO, and are larger numerically by
a small factor that depends on the value of the invariant
mass of the Z� system relative to the Higgs pole mass,
as can be seen in Fig. 3. This di↵ers from the large K

factor for the non-interference term.
We observe that, if we restrict the invariant mass

window of the Z� system to a very narrow window,
124� 126 GeV, the cross sections of the signal and inter-
ference terms in the fiducial volume outlined above are

�
NLO

Sig
=1.207+20%

�15%
fb, �

NLOSV
Int

=�0.0344+12%

�12%
fb, (10)

where the label SV refers to the prediction in the soft-
virtual approximation, and its central value is the mean
of the results extracted in the two approaches described
above. The uncertainty is assessed as discussed for Fig. 3.
Thus, we estimate that the interference has a destructive
impact on the total rate of O(�3%)1.

1 This number may be subject to small variations upon including
large missing higher-order QCD corrections in the signal process.
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FIG. 3. The gg !H ! Z� signal cross section at LO (in
blue) and at NLO in QCD (in green), and the interference
with the gg ! �Z QCD background at LO (in red) and at
NLO but in the soft-virtual approximation (in orange). The
bands represent the scale variation, except for NLOSV where
the band shows the spread between two di↵erent soft-virtual
approximations, see the text for details. The results are for
the LHC with

p
s=13.6 TeV, and the interference terms are

magnified by a factor of 10 for visualisation purposes.

The NLO QCD corrections to the interference in the
gg ! Z� process are small and do not modify substan-
tially the signal rate in the Higgs gg ! H ! Z� pro-
duction channel. These e↵ects also do not modify sig-
nificantly the e↵ective Higgs mass measured in the Z�

final state, which should be indistinguishable from that
measured in the �� and ZZ final states.

As a final remark, it is worth mentioning a few
qualitative di↵erences with respect to the more deeply
investigated interference in the �� decay channel. In
the latter, the Higgs boson decays to a pair of massless
spin-1 particles, and given the scalar nature of the Higgs,
these photons must have identical helicities [15, 17]. In
this configuration, the corresponding LO background
amplitudes receive an imaginary contribution that is
suppressed by the ratio m

2
q
/M

2

H
where mq is the mass

of a light quark running in the loop, see, e.g., Fig. 1.
Therefore, a noticeable destructive e↵ect arises only at
NLO [16]. In the Z� mode instead, such a helicity se-
lection does not occur and an absorptive part is already
manifest at LO. Furthermore, the real contribution
N

Re

I
has an opposite impact on the line shape than the

one in ��, which induces a slight excess of events to
right of the Higgs boson peak and not to the left as in ��.

Conclusions

We have considered the interference between the signal
amplitude for Higgs production at the LHC and its subse-
quent decay into a photon and a Z boson, gg ! H ! Z�,
and the amplitude for the pure QCD background process
gg ! Z� beyond leading order in perturbative QCD. The

LO interference is non-zero contrary to  

Interference has destructive impact on XS ~ -3% 

NLO (sv) effects small, effect does not resolve apparent tension

H → γγ
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Figure 3: Comparison of MiNNLOPS predictions (blue, solid) with the NNLO results of Ref. [21]
(red, dashed) for the rapidity distribution of the Higgs boson.

alter significantly theMiNLO0 result. Indeed, we observe that theMiNLO0 andMiNNLOPS results
have very similar shapes and that they are fully consistent within the quoted scale uncertainties.
Moreover, the harder the required jet is, i.e. by increasing pT,j1 , the more similar MiNLO0 and
MiNNLOPS predictions become. The distribution in the rapidity di↵erence between the Higgs and
the leading jet is, as expected, peaked around zero for pT,j1 > 30GeV. This is due to the fact that
the jet and the Higgs boson are approximately balanced in transverse momentum, which typically
leads to the rapidity di↵erence being centered around zero. By contrast, when the leading jet is
boosted (i.e. for pT,j1 > 120GeV), the Higgs boson and jet tend to be slightly farther apart in
rapidity and we observe a dip in the �yH,j1

distributions at central rapitidies.

Next, we consider the transverse-momentum spectrum of the Higgs boson (pT,H), focusing on the
large-pT,H region. Here we validate our MiNNLOPS generator, which formally is again only NLO
accurate in QCD for pT,H & mH , against appropriate fixed-order calculations. In Figure 5 (left) we
compare our Powheg implementation for H+jet production (dark-blue, double-dash-dotted curve)
with a fixed-order calculation for H+jet production obtained from Ref. [12] (brown, long-dashed
curve) requiring pT,j > 10GeV, while Figure 5 (right) shows the analytic pT,H spectrum up to ↵

2
s

from Ref. [17] (red, dashed) and our MiNNLOPS prediction with (magenta, dash-dotted curve)
and without the FOatQ 1 scale setting (blue, solid curve). As expected, we find full agreement
between our predictions and these fixed-order predictions in the regime of large pT,H . By contrast,
the fixed-order calculations yield a divergent cross section for pT,H ! 0, while the MiNNLOPS

prediction is finite in this region. We will study the low pT,H region in more detail at the end of
this section.

We now turn to the comparison of MiNLO0 with MiNNLOPS predictions at the fully di↵erential
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Cross-section results
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Comparison of the total inclusive cross section with FO results obtained with the public code  
SusHi with μR = μF = mH Harlander, Lieber, Mantel [1212.3249]

• NNLO cross section is reduced by 

• Scale uncertainties significantly reduced at NNLO

• Our MiNNLOPS predictions are in agreement with SusHi within the uncertainties

∼ 20 %

Same PDFs: 
NNPDF40_nnlo_as_01180  

with 5 active flavours

C. Biello, NNLO+PS predictions for Higgs production via bottom annihilations QCD Rencountres de Moriond 2024

NNLO XS reduced by ~ 2%

calculations in 4FS more difficult 

5-point amplitudes with massive quarks

Direct detection at LHC challenging 

Most important background for 
, especially at HL-LHCpp → HH → Hbb̄



CONCLUSIONS
First of all, apologies for all the results I could not talk about: 

➤ QCD-EW effects (their general importance highlighted by M. Zaro on Wednesday) 

➤ di-Higgs production (see also J. Alison’s talk on Wednesday) 

➤ (much) more on Parton showers and matching 

➤ (much) more on Resummation 

➤ …

Still I hope I could convince you (or maybe just remind you) that: 

➤ The Higgs is cool! After its discovery, the LHC (HL-LHC) have started a breathtaking program of its precise characterisation 

➤ This relies on impressive experimental advances AND on equally impressive theoretical calculations 

➤ The devil is in the details: subtle effects, interference, jet flavour, spurious effects from cuts etc… 

➤ To truly understand the Higgs boson, concerted effort between theory and experiment! 



THANK YOU !



Uncertainty budget

Dulat et al (2018)
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iHixs 2

Exact top mass dependence

Bottom mass contribution

QCD+EW mixed contributions

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

requires N LO PDFs3

[Dulat, Lazopoulos, Mistlberger 1802.00827]

requires N LO PDFs3

Exact top mass dependence

Bottom mass contribution

QCD+EW mixed contributions

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

requires N LO PDFs3

Exact top mass dependence

QCD+EW mixed contributions

Beyond requires N LO4

 R. Harlander, Precision Higgs Physics, LHCP 2023, Belgrade

LHCH(XS)WG YR4 ’16

soft-virtual approximation

Soft-virtual N LO by [Das et al 2004.00563]4

 R. Harlander, Precision Higgs Physics, LHCP 2023, Belgrade

LHCH(XS)WG YR4 ’16

soft-virtual approximation

GLUON FUSION: BEYOND N3LO HEFT


