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Goal of this Talk 

Primer for the LHC  HL-LHC Era 

Motivation 

Why study the Higgs sector? 

How can we study the Higgs sector? 

Higgs Production & Higgs Decay 

Review 

Selected Highlights 

Challenges 

Future Directions
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Straw Poll 

Theory 

Q1: Who is working on theory involving SM/BSM Higgs bosons? 

Q2: Who is working on precision calculations? 

Experiment 

Q3: Who is working on a measurement related to Higgs Physics? 

Q4: Who is working on precision measurements?
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Introduction
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Why Study the Higgs Sector?
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The Role of the Higgs Field in the Standard Model

ℒSM = ℒgauge + ℒFermion + ℒHiggs + ℒYukawa + ℒGF + ℒGhost

Q: What are these? 
What do they do?
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The Role of the Higgs Field in the Standard Model

ℒSM = ℒgauge + ℒFermion + ℒHiggs + ℒYukawa + ℒGF + ℒGhost

Φ =
φ+

v + H + iφZ

2
.ℒHiggs = (DμΦ)

†
DμΦ + μ2Φ†Φ − λ (Φ†Φ)2

ℒYukawa = − LL Yl Φ ℓR − Q′�L Yd Φ d′�R − Q′�L Yu Φ̃ u′�R + h.c.

The Higgs field plays a central role in the SM  

It provides mass to  bosons via Electroweak symmetry breaking and leptons via Yukawa couplingsW±/Z

Φ̃ = iσ2Φ *

Complex  doublet SU(2)

Left-handed 
 doubletsSU(2)

Right-handed 
singlets

Complex 3x3 
matrices in flavour
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The Role of the Higgs Field in the Standard Model

ℒSM = ℒgauge + ℒFermion + ℒHiggs + ℒYukawa + ℒGF + ℒGhost

ℒHiggs = (DμΦ)
†

DμΦ + μ2Φ†Φ − λ (Φ†Φ)2−V0

ℒYukawa = − LL Yl Φ ℓR − Q′�L Yd Φ d′�R − Q′�L Yu Φ̃ u′�R + h.c.,

And yet… almost every problem of the Standard Model originates from Higgs interactions!

flavour

naturalness stability cosmological constant
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The No-Lose Theorem

14

Scattering of gauge bosons - unitarization

 12th  May 2025                 Giacomo Boldrini - CNRS/IN2P3 - LLR, École polytechnique

Denner, Hahn (1998) [18] The SM Higgs boson (4.5 GeV < mh < ~2mW ) 
cancels the energy growth of purely-bosonic 
VLVL→ VLVL scattering, preserving unitarity.

(a)

(b)

(c)

~s3

~s3

~s
~s-1

Slide: Giacomo Boldrini LLR Seminar (May 2025)
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Fundamental Role

Particle whose mass is set by 
the interaction with the Higgs 

field

Role of the particle 
masses Impact on everyday life

Has the Higgs-particle 
interaction been 

experimentally confirmed?

Up quark (mup ~2.2 MeV/c2)
Down quark (mdown ~4.7 MeV/c2)

Affects the mass of the 
proton and neutron

Differences in quark masses  
(mup < mdown) contribute to protons 

(made of two up and one down quarks) 
being lighter than neutrons  

(made of one up and two down 
quarks). 

As a result, protons are stable, as 
required for the existence of hydrogen.  

No

Electron Atomic radius ∝ 1/me

A different value of the electron mass 
would modify the energy levels and 

chemical reactions of all known 
elements.

No

W boson
Radioactive beta 

decay 
rate ∝ 1/mW4

Many radioactive decays, and the 
fusion reactions that power the sun, 
involve the W boson.  The W mass 

affects the rate of all of these 
reactions.

Yes

Figure 1: Ways in which the Higgs boson a↵ects the world around us. Three examples
of how particle masses [7] play a crucial role in determining the physical nature of the world in
which we live. In all three cases, the Standard Model suggests that the corresponding particle
masses arise from interactions of those particles with the Higgs field. The last column indicates
whether or not we have clear experimental indications that confirm that hypothesis.

boson has become a powerful tool to study the ways in which the underlying Higgs field a↵ects the
fundamental particles of the Standard Model. Furthermore, the ubiquity of the Higgs field means
that the Higgs boson is, today, widely used in the search for signatures of particles or e↵ects that
are hitherto unknown and lie outside the Standard Model.

The Higgs boson in the Standard Model

In the Standard Model, aside from the Higgs boson, there are two kinds of particles. There are
fermions, such as the up and down quarks and the electron, which make up ordinary matter. These
specific particles (together with one of the three neutrinos) are called first generation fermions.
Two further sets of fermions (second and third generations), involve heavier particles, not normally
present in the world around us. Additionally, there are the force-carriers: the photon, the W and
Z bosons and the gluon, collectively called vector bosons. When these are exchanged between two
fermions, they create an attractive or repulsive force between those fermions: photons carry the
electromagnetic force, W and Z bosons the weak force and gluons the strong force.

In the 1960s, as physicists were taking the first steps towards assembling this picture, it re-
mained unclear whether a self-consistent theory that included massive force carriers could be
constructed. This question was being posed in the context of nuclear physics as well as super-
conductivity in condensed matter physics. Researchers found that such a theory was ultimately
possible if one introduced an interaction of the force carriers with a “Higgs” field, and if one could
also engineer a non-zero value for that field [8, 5, 6, 4, 9, 10].

As the electroweak part of the Standard Model was being developed [11, 12, 13], interactions
of particles with a Higgs field were to become a central part of its formulation, especially in
order to generate masses for the W and Z bosons, as required for consistency with experimental
observations, while photons and gluons remain massless.

2

Salam, Wang, Zanderighi 22
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Open Questions

What is the origin of the 
vast range of quark and 
lepton masses in the 
Standard Model? 

• Are there modified interactions 
to the Higgs boson and known 
particles?


• Does the Higgs decay into 
pairs of quarks and leptons 
with distinct flavours (for 
example, H → μ+τ-)? 

Why is the electroweak 
interaction so much 
stronger than gravity? 

• Are there new particles 
close to  the mass of the 
Higgs boson?


• Is the Higgs boson 
elementary or made of other 
particles?


• Are there anomalies in the 
interactions of the Higgs 
with the W and Z?

Why is there more 
matter than antimatter in 
the universe? 

• Are there charge-parity 
violating Higgs decays? 


• Are there anomalies in the  
Higgs self-coupling that 
would imply a strong first-
order early-universe 
electroweak phase 
transition?


• Are there multiple Higgs 
sectors?

What is the origin of the 
early-universe inflation? 

• Is the Higgs connected to the 
mechanism that drives inflation?


• Are there any imprints in 
cosmological observations?

What is dark matter? 

• Can the Higgs provide a 
portal  to dark matter or a 
dark sector?


• Is the Higgs lifetime 
consistent with the 
Standard Model? 


• Are there new decay 
modes of the Higgs? 

Higgs     
boson

Figure 5: Possible connections of Higgs physics with major open questions. There
are several major open questions in particle physics motivated by experimental observations or
theoretical arguments. The Higgs boson could be the key to unravel some of these problems.

the depth of the potential. As the universe cooled, the situation changed. Within the Standard
Model that change is smooth. Other promising scenarios, which involve new particles interacting
with the Higgs boson, would generate a sharper transition, which sets the stage for generating the
observed baryon asymmetry [81], though further ingredients are also needed.

These scenarios involve more complex structures for the Higgs potential, and at least one new
particle at the electroweak energy scale, which can be searched for at the LHC either through its
direct production or through its indirect impact on the Higgs couplings, in particular the Higgs
self interaction. A measurement of the latter is therefore essential to shed light on this question.
Early-universe phase transitions could also produce gravitational signatures that can be detected
by future gravitational wave experiments [82, 83].

In addition to the questions directly related to the Higgs boson mentioned above, there are
also other contexts in which the Higgs boson can play an important role. One example of this is
the question of dark matter. Astrophysical and cosmological observations show that the majority
of the matter in the universe is dark and not made of any particle we know of. Such observations
rely on the gravitational e↵ects of the dark matter on ordinary, Standard Model matter. At
the same time, we know very little about the non-gravitational properties of dark matter. New
particles with masses around the electroweak and Higgs mass scales can be promising dark matter
candidates.

Since the Higgs mechanism is responsible for generating similar masses of the Standard Model

9

Salam, Wang, Zanderighi 22

The Higgs as a candle in the dark… 

- Does the Higgs couple to the 2nd/3rd generation 
fermions as the SM predicts? 

- What else does the Higgs couple to? What is hiding in 
the tails of boosted Higgs production? 

- Is the Higgs potential as the SM predicts? 

Suddenly we are able to explore a new sector of the SM 
Lagrangian, there is much left to measure and surprises 
are not ruled out!
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How Can We Study the Higgs Sector?
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Phenomenology & Precision

LHCHWG: Updated  Prediction 
Aveleira, Chen, Davies, Degrassi, Giardino, Gröber, Heinrich, 
SPJ, Kerner, Schlenk, Steinhauser, Vitti 25

gg → ZH

SciPost Physics Community Reports Submission
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Figure 3: The invariant mass distribution of the Z-Higgs-system for an energy ofp
S = 13.6 TeV and a Higgs mass of mH = 125.0 GeV. Presented are the NLO and

LO distributions with the 7-points scale uncertainty.

We show results for the invariant-mass distribution in Fig. 3. We observe that the differen-
tial K-factor is not constant, with K ⇠ 2 for MZH Æ 350 GeV and then decreasing to roughly
K = 1.5. Furthermore, the LO scale bands cannot account for the NLO corrections for any
value of MZH in the plot. We note that even considering a scale variation by a factor 3 in the
LO does not give a scale uncertainty band that contains the NLO result [29].

3.3 Discussion of theoretical uncertainties

We observe that the main sources of theoretical uncertainties come from the QCD scale varia-
tion and from the choice of scheme and scale for the renormalisation of the top-quark mass.
The QCD scale uncertainty is generally symmetric, and the inclusion of the NLO corrections
leads to a reduction by roughly a factor of 2/3, with a residual error of about 15%. We recall
that scale uncertainties of the YR4 results are at the 25% level3 because they are based on the
rescaling of a LO result: this is why they are comparable with those of �LO in Tab. 1. The top-
mass-scheme uncertainty is instead asymmetric, because the running of the top-quark mass in
the MS scheme leads to a monotonous decrease of the value of mt used for the prediction, as
discussed in Refs. [28,33].

Compared to the ones discussed above, other typical sources of theoretical uncertainties
are subdominant, and we quote a unique value for the LO and NLO results. The uncertainty
associated to the value of ↵s is estimated by varying ↵s(mZ) in Eq.(4) by ±0.001, and we

3see also Tab. 12 of Ref. [71]
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Goal 

Theory  concrete, testable predictions  

Experimental observations  parameters, interactions, dynamics

→

→

Precise predictions require a detailed 
understanding of the theory 

Fixed order amplitudes and subtraction 
schemes (QCD & EW) 

Parton Distribution Functions 

Jets/Flavour 

Parton Showers/Resummation 

Non-perturbative aspects 

For production process & backgrounds

Phenomenology is the melting pot of our best description of nature and the interface between theory and experiment 
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At 05:52 on 27 June 2026, the final protons of the Large Hadron Collider's 3rd data-taking period circulated…

LHC & HL-LHC

So long LHC, and thanks for all the Higgs! 

            5 to 7.5 
x nominal Lumi

13 TeV

integrated 
luminosity

2 x nominal Lumi2 x nominal Luminominal Lumi
75% nominal Lumi

cryolimit
interaction
regions

LHC HL-LHC

Run 4 - 5...Run 2Run 1

DESIGN STUDY PROTOTYPES CONSTRUCTION INSTALLATION & COMM. PHYSICS

DEFINITION EXCAVATION

HL-LHC CIVIL ENGINEERING:

HL-LHC TECHNICAL EQUIPMENT:

Run 3

ATLAS - CMS
upgrade phase 1

ALICE - LHCb
upgrade

Diodes Consolidation
LIU Installation

Civil Eng. P1-P5

experiment 
beam pipes

splice consolidation
button collimators

R2E project

13.6 TeV 13.6 - 14 TeV

7 TeV 8 TeV

LS1 EYETS LS3

ATLAS - CMS
HL upgrade

HL-LHC 
installation

LS2

30 fb-1 190 fb-1 500 fb-1 3000 fb-1

4000 fb-1

BUILDINGS

20412027 20292028

pilot beam
inner triplet 
radiation limit

2030

CORES

NOW

ATLAS 
Run 3: 332 fb⁻¹ 
Total: 505 fb⁻¹ 

CMS 
Run 3: 355 fb⁻¹ 
Total: 504 fb⁻¹
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HL-LHC

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Expected relative uncertainty

ttHσ

ZHσ

WHσ

VBFσ

ggHσ

4.3 

4.2 

5.7 

3.1 

1.6 

3.7 1.3 1.8 

3.1 2.6 1.3 

4.0 3.3 2.4 

2.1 1.8 1.3 

1.2 0.7 0.8 

Tot Stat Exp Th

Uncertainty [%]

CMS and ATLAS
HL-LHC Projection

 per experiment-1 = 14 TeV, 3000 fbs

Total
Statistical
Experimental
Theory

2% 4%

CERN Yellow Report 
2019 HL/HE-LHC

HL-LHC construction now underway 
~10x integrated luminosity of LHC  
(LHC ~0.5 ab-1, HL-LHC: 3-4 ab-1)

1) Experimental projection is pessimistic considering 
current performance 

2) Plot shown assumes reduction by factor 2 of today’s 
uncertainties 

Theory uncertainty is expected to dominate HL-LHC 
Higgs physics
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Higgs Interactions
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QCD to Standard Model

Working with the full SM is significantly more cumbersome (and error prone) than we are used to in the QCD community

QCD Vertices
[ g , g , g           ; gs='1', gw='0'] 
[ g , g , g , g       ; gs='2', gw='0'] 
[ ghGbar , ghG , g    ; gs='1', gw='0'] 
[ ubar , u , g        ; gs='1', gw='0'] 
[ cbar , c , g        ; gs='1', gw='0'] 
[ tbar , t , g        ; gs='1', gw='0'] 
[ dbar , d , g        ; gs='1', gw='0'] 
[ sbar , s , g        ; gs='1', gw='0'] 
[ bbar , b , g        ; gs='1', gw='0']

SM Vertices (  Gauge)Rξ

Technical Challenges 
New diagram topologies 
Many mass scales 
QCD/EW effects potentially relevant 

Wider Conceptual Challenges 
 with higher-order EW corrections 

EW Input Schemes  
Tadpole Schemes

γ5

[ g , g , g           ; gs='1', gw='0'] 
[ g , g , g , g       ; gs='2', gw='0'] 
[ G0 , G0 , G0 , G0   ; gs='0', gw='2'] 
[ G0 , G0 , Gm , Gp   ; gs='0', gw='2'] 
[ Gm , Gm , Gp , Gp   ; gs='0', gw='2'] 
[ G0 , G0 , H , H     ; gs='0', gw='2'] 
[ Gm , Gp , H , H     ; gs='0', gw='2'] 
[ H , H , H , H       ; gs='0', gw='2'] 
[ G0 , G0 , H         ; gs='0', gw='1'] 
[ Gm , Gp , H         ; gs='0', gw='1'] 
[ H , H , H           ; gs='0', gw='1'] 
[ a , a , Gm , Gp     ; gs='0', gw='2'] 
[ a , Gm , Gp         ; gs='0', gw='1'] 
[ ghWmbar , ghA , Wm  ; gs='0', gw='1'] 
[ ghWpbar , ghA , Wp  ; gs='0', gw='1'] 
[ ghWmbar , ghA,  Gm  ; gs='0', gw='1'] 
[ ghAbar , ghWm , Wp  ; gs='0', gw='1'] 
[ ghWmbar , ghWm , G0 ; gs='0', gw='1'] 
[ ghWmbar , ghWm , H  ; gs='0', gw='1'] 
[ ghWmbar , ghWm , a  ; gs='0', gw='1'] 
[ ghWmbar , ghWm , Z  ; gs='0', gw='1'] 
[ ghZbar , ghWm , Gp  ; gs='0', gw='1'] 
[ ghZbar , ghWm , Wp  ; gs='0', gw='1'] 
[ ghWpbar , ghA , Gp  ; gs='0', gw='1'] 
[ ghAbar , ghWp , Wm  ; gs='0', gw='1'] 
[ ghWpbar , ghWp , G0 ; gs='0', gw='1'] 
[ ghWpbar , ghWp , H  ; gs='0', gw='1'] 
[ ghWpbar , ghWp , a  ; gs='0', gw='1'] 
[ ghWpbar , ghWp , Z  ; gs='0', gw='1'] 
[ ghZbar , ghWp , Gm  ; gs='0', gw='1'] 
[ ghZbar , ghWp , Wm  ; gs='0', gw='1'] 
[ ghWmbar , ghZ , Gm  ; gs='0', gw='1'] 
[ ghWmbar , ghZ , Wm  ; gs='0', gw='1'] 
[ ghWpbar , ghZ , Gp  ; gs='0', gw='1'] 
[ ghWpbar , ghZ , Wp  ; gs='0', gw='1'] 
[ ghZbar , ghZ , H    ; gs='0', gw='1'] 
[ ghGbar , ghG , g    ; gs='1', gw='0'] 
[ tbar , d , Gp       ; gs='0', gw='1'] 
[ tbar , s , Gp       ; gs='0', gw='1'] 
[ ubar , b , Gp       ; gs='0', gw='1'] 
[ cbar , b , Gp       ; gs='0', gw='1'] 
[ tbar , b , Gp       ; gs='0', gw=‘1'] 
[ bbar , b , G0       ; gs='0', gw='1'] 
[ bbar , b , H        ; gs='0', gw='1'] 
[ vtbar , tam , Gp    ; gs='0', gw='1'] 
[ tap , tam , G0      ; gs='0', gw='1'] 
[ tap , tam , H       ; gs='0', gw='1']

[ tbar , t , G0       ; gs='0', gw=‘1'] 
[ tbar , t , H        ; gs='0', gw='1'] 
[ bbar , u , Gm       ; gs='0', gw='1'] 
[ bbar , c , Gm       ; gs='0', gw='1'] 
[ dbar , t , Gm       ; gs='0', gw='1'] 
[ sbar , t , Gm       ; gs='0', gw='1'] 
[ bbar , t , Gm       ; gs='0', gw='1'] 
[ a , Wm , G0 , Gp    ; gs='0', gw='2'] 
[ a , Wm , Gp , H     ; gs='0', gw='2'] 
[ a , Wm , Gp         ; gs='0', gw='1'] 
[ Wm , G0 , Gp        ; gs='0', gw='1'] 
[ Wm , Gp , H         ; gs='0', gw='1'] 
[ a , Wm , Wp         ; gs='0', gw='1'] 
[ a , Wp , G0 , Gm    ; gs='0', gw='2'] 
[ a , Wp , Gm , H     ; gs='0', gw='2'] 
[ a , Wp , Gm         ; gs='0', gw='1'] 
[ Wp , G0 , Gm        ; gs='0', gw='1'] 
[ Wp , Gm , H         ; gs='0', gw='1'] 
[ Wm , Wp , G0 , G0   ; gs='0', gw='2'] 
[ Wm , Wp , Gm , Gp   ; gs='0', gw='2'] 
[ Wm , Wp , H , H     ; gs='0', gw='2'] 
[ Wm , Wp , H         ; gs='0', gw='1'] 
[ a , a , Wm , Wp     ; gs='0', gw='2'] 
[ Wm , Wp , Z         ; gs='0', gw='1'] 
[ Wm , Wm , Wp , Wp   ; gs='0', gw='2'] 
[ tap , vt , Gm       ; gs='0', gw='1'] 
[ a , Z , Gm , Gp     ; gs='0', gw='2'] 
[ Z , G0 , H          ; gs='0', gw='1'] 
[ Z , Gm , Gp         ; gs='0', gw='1'] 
[ Wm , Z , G0 , Gp    ; gs='0', gw='2'] 
[ Wm , Z , Gp , H     ; gs='0', gw='2'] 
[ Wm , Z , Gp         ; gs='0', gw='1'] 
[ Wp , Z , G0 , Gm    ; gs='0', gw='2'] 
[ Wp , Z , Gm , H     ; gs='0', gw='2'] 
[ Wp , Z , Gm         ; gs='0', gw='1'] 
[ a , Wm , Wp , Z     ; gs='0', gw='2'] 
[ Z , Z , G0 , G0     ; gs='0', gw='2'] 
[ Z , Z , Gm , Gp     ; gs='0', gw='2'] 
[ Z , Z , H , H       ; gs='0', gw='2'] 
[ Z , Z , H           ; gs='0', gw='1'] 
[ Wm , Wp , Z , Z     ; gs='0', gw='2'] 
[ ep , ve , Wm        ; gs='0', gw='1'] 
[ mup , vm , Wm       ; gs='0', gw='1'] 
[ tap , vt , Wm       ; gs='0', gw='1'] 
[ vebar , ve , Z      ; gs='0', gw='1'] 
[ vmbar , vm , Z      ; gs='0', gw='1'] 
[ vtbar , vt , Z      ; gs='0', gw='1']

[ ep , em , a         ; gs='0', gw='1'] 
[ mup , mum , a       ; gs='0', gw='1'] 
[ tap , tam , a       ; gs='0', gw='1'] 
[ vebar , em , Wp     ; gs='0', gw='1'] 
[ vmbar , mum , Wp    ; gs='0', gw='1'] 
[ vtbar , tam , Wp    ; gs='0', gw='1'] 
[ ep , em , Z         ; gs='0', gw='1'] 
[ mup , mum , Z       ; gs='0', gw='1'] 
[ tap , tam , Z       ; gs='0', gw='1'] 
[ ubar , u , a        ; gs='0', gw='1'] 
[ cbar , c , a        ; gs='0', gw='1'] 
[ tbar , t , a        ; gs='0', gw='1'] 
[ ubar , u , g        ; gs='1', gw='0'] 
[ cbar , c , g        ; gs='1', gw='0'] 
[ tbar , t , g        ; gs='1', gw='0'] 
[ dbar , u , Wm       ; gs='0', gw='1'] 
[ sbar , u , Wm       ; gs='0', gw='1'] 
[ bbar , u , Wm       ; gs='0', gw='1'] 
[ dbar , c , Wm       ; gs='0', gw='1'] 
[ sbar , c , Wm       ; gs='0', gw='1'] 
[ bbar , c , Wm       ; gs='0', gw='1'] 
[ dbar , t , Wm       ; gs='0', gw='1'] 
[ sbar , t , Wm       ; gs='0', gw='1'] 
[ bbar , t , Wm       ; gs='0', gw='1'] 
[ ubar , u , Z        ; gs='0', gw='1'] 
[ cbar , c , Z        ; gs='0', gw='1'] 
[ tbar , t , Z        ; gs='0', gw='1'] 
[ dbar , d , a        ; gs='0', gw='1'] 
[ sbar , s , a        ; gs='0', gw='1'] 
[ bbar , b , a        ; gs='0', gw='1'] 
[ dbar , d , g        ; gs='1', gw='0'] 
[ sbar , s , g        ; gs='1', gw='0'] 
[ bbar , b , g        ; gs='1', gw='0'] 
[ ubar , d , Wp       ; gs='0', gw='1'] 
[ cbar , d , Wp       ; gs='0', gw='1'] 
[ tbar , d , Wp       ; gs='0', gw='1'] 
[ ubar , s , Wp       ; gs='0', gw='1'] 
[ cbar , s , Wp       ; gs='0', gw='1'] 
[ tbar , s , Wp       ; gs='0', gw='1'] 
[ ubar , b , Wp       ; gs='0', gw='1'] 
[ cbar , b , Wp       ; gs='0', gw='1'] 
[ tbar , b , Wp       ; gs='0', gw='1'] 
[ dbar , d , Z        ; gs='0', gw='1'] 
[ sbar , s , Z        ; gs='0', gw='1'] 
[ bbar , b , Z        ; gs='0', gw='1']

E.G: von Manteuffel, Stöckinger, Weißwange 25; Stöckinger, Weißwange 23
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ℒHiggs = (DμΦ)
†

DμΦ − V(Φ)

Let’s consider what freedom we have in the Higgs sector of the Standard Model

μ2 =
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1
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V(Φ) = − μ2Φ†Φ + λ (Φ†Φ)2

EW symmetry 
breaking
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2
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2v
H3 +
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8v2
H4

Higgs self-coupling is not a free parameter!
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V(Φ) = −
m2

h

2
H2 +

m2
h

2v
H3 +

m2
h

8v2
H4

Higgs self-coupling is not a free parameter!

(DμΦ)
†

DμΦ

DμΦ = [∂μ + i η
g

2 (τ+W+
μ + τ−W−

μ ) + i η
g
2

τ3W3
μ + i η′�

g′�
2

Bμ] Φ

1
8

g2v2W3
μWμ3 +

1
8

g′�2v2BμBμ −
1
4

ηη′�gg′�v2W3
μBμ + …

Couplings fixed by gauge invariance (g, g′�) ↔ (mW, mZ)

∼ gmWW+μW−
μ H + g

mZ

cos θW
ZμZμH No free 

parameters!

Q: What happens if we try to adjust the HVV or HHVV couplings (i.e.  framework)?κ
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parameters!

Q: What happens if we try to adjust the HVV or HHVV couplings (i.e.  framework)? 

A: Breaks local gauge invariance (and also renormalisability of EW corrections) 

κ
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H

~5-10% @ Run 2 LHC
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III ~10-20% @ Run 2 LHC H
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H III ~10-20% @ Run 2 LHC 
II  ~60% / first hints
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Introduction to Precision

Fixed Order Calculations

Integral Reduction 

Computing Integrals 

Sampling Phase-space 

Subtraction

Building Predictions

Parton Distribution Functions (PDFs) 

Estimating Uncertainties

Process Simulation & Modelling

Resummation 

Parton Showers 

Negative Events

Decompose Process?

5.3. Deformation of the integration contour

after having integrated out the loop momenta, see Ref. [300]. The leading Landau
singularity is again given by the solution to the system of equations assuming an empty
set of vanishing Feynman parameters.
How we deal with these singularities will be described in the following section.

5.3 Deformation of the integration contour

5.3.1 Cauchy theorem

Re(z)

Im(z)

10

Figure 5.2: Schematic picture of the closed contour avoiding poles on the real axis.

Unless the function F is of definite sign for all possible values of invariants and Feyn-
man parameters, the denominator of a multi-loop integral will vanish within the integra-
tion region on a hypersurface given by the solutions of the Landau equations. To avoid
the non-physical poles on the real axis, the Cauchy theorem

∮

c

N∏

j=1

dzjI(z⃗) =
∫ 1

0

N∏

j=1

dxjI(x⃗) +
∫ 0

1

N∏

j=1

dzjI(z⃗) = 0 (5.5)

can be exploited, where Re(z⃗) = x⃗. To be able to use the theorem, the original integrand,
depending only on the real coordinates xj, is analytically continued to the complex plane.
The coordinate transformation reads

∫ 1

0

N
∏

j=1

dxjI(x⃗) =
∫ 1

0

N
∏

j=1

dxj

∣
∣
∣
∣

(
∂zk(x⃗)
∂xl

)∣
∣
∣
∣
I(z⃗(x⃗)) , (5.6)

where the new complex coordinates z⃗ describe a path parametrized by the variables x⃗.
With a given description of the coordinates z⃗, the Cauchy theorem in Eq. (5.5) can be
formulated. It is valid in this form as long as the deformation is in accordance with
the causal iδ prescription of the Feynman propagators, as the region enclosed by the
integration contour then does not contain any singular points, compare Fig. 5.2. It is
important to keep in mind, that no poles should be crossed while changing the integration
path, otherwise Eq. (5.5) is no longer valid.

55

Ai = ∑
k

Ci,k Ik

Generate Diagrams

Compute Amplitude

Reduce Integrals

Compute Integrals
 Thomas (Yesterday)→

 Christian (Yesterday)→

 Marco (Today)→
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Improving Precision

+ Parton Shower 
+ Resummation 
+ Hadronisation 
+ Underlying Event

With , expect: NLO ~ 10% correction, NNLO ~ 1% correction 
Higgs channels are important exceptions, receive much larger corrections! 

αs ∼ 0.1

Parton Distribution 
Functions (PDFs)

Hard Scattering 
Matrix Element

d� =

Z
dxadxbf(xa)f(xb)d�̂ab(xa, xb)FJ +O ((⇤/Q)m)

<latexit sha1_base64="ABC189kDu7fZoYbXpXuPsmQC62s="></latexit><latexit sha1_base64="ABC189kDu7fZoYbXpXuPsmQC62s="></latexit><latexit sha1_base64="ABC189kDu7fZoYbXpXuPsmQC62s="></latexit><latexit sha1_base64="ABC189kDu7fZoYbXpXuPsmQC62s="></latexit>

Non-perturbative 
effects ~ few %

a b
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Perturbation Theory

Anomalous couplings in Higgs boson pair production Gudrun Heinrich7

building blocks of fixed order calculations

LO

NLO

NLO

NNLO

NNLO

NNLO

N3LO

N3LO

N3LO

N3LO

1-loop virtual 

2-loop virtual 

3-loop virtual 

loops

"(unresolved) real radiation 

triple real double real

real-virtual (RV) RRV

RVV 

real 

5-. %

÷ñ

-

i- i i-% i-Er i-boss

example diagrams: 

σ = αjαk
s (σLO + αsσNLO + α2

s σNNLO + α3
s σN3LO+… + ασNLO (EW) + … + ααsσNNLO (QCD−EW))

σLO = ∫n
dσB

σNLO = ∫n
dσV + ∫n+1

dσR

σNNLO = ∫n
dσVV + ∫n+1

dσRV + ∫n+2
dσRR

⋮

At sufficiently high energies  can expandαs ∼ 0.1

Figure ( ) : G. Heinriche+e− → jets

 EW effects can be enhanced (thresholds/high-energy)α ∼ 0.01
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Perturbation Theory

Anomalous couplings in Higgs boson pair production Gudrun Heinrich7

building blocks of fixed order calculations

LO

NLO

NLO

NNLO

NNLO

NNLO

N3LO

N3LO

N3LO

N3LO

1-loop virtual 

2-loop virtual 

3-loop virtual 

loops

"(unresolved) real radiation 

triple real double real

real-virtual (RV) RRV
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real 
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i- i i-% i-Er i-boss

example diagrams: 

σ = αjαk
s (σLO + αsσNLO + α2

s σNNLO + α3
s σN3LO+… + ασNLO (EW) + … + ααsσNNLO (QCD−EW))

σLO = ∫n
dσB

σNLO = ∫n
dσV + ∫n+1

dσR

σNNLO = ∫n
dσVV + ∫n+1

dσRV + ∫n+2
dσRR

⋮

At sufficiently high energies  can expandαs ∼ 0.1

Beyond LO each piece separately Infrared (IR) divergent 
 d = 4 − 2ϵ

Figure ( ) : G. Heinriche+e− → jets

 EW effects can be enhanced (thresholds/high-energy)α ∼ 0.01

Q: What about the UV divergences?
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Why is Precision Important?

Role of precision 

16

Theory with 5 times 
larger errors

⇒ miss discovering new physics 

Gedankenexperiment: 

Higher precision can translate 
into higher discovery reach 

almost “for free” 

adapted from M. Wiesemann 

Figure: G. Zanderighi / M. Wiesemann

Invariant mass / Transverse momentum / …x =

dσ
dx
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Why is Precision Important?

Figure: G. Zanderighi / M. Wiesemann

dσ
dx

Role of precision 

16

Theory with 5 times 
larger errors

⇒ miss discovering new physics 

Gedankenexperiment: 

Higher precision can translate 
into higher discovery reach 

almost “for free” 

adapted from M. Wiesemann 
Invariant mass / Transverse momentum / …x =
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Higgs Production



Experimental Measurement of Higgs Production

Signal Strength

ATLAS-CONF-2025-006

Rif = σi × Bf  - cross section for production process σi i

 - branching ratio into final state Bf f

 - rate of production via process  with decay info final state Rif i f

μif = (σi × Bf)/(σSM
i × BSM

f )  - signal strength for production via  and decay into μif i f

Global Signal Strength

Global fit of all production and decay processes

μ = 1.023 ± 0.028 (stat.) +0.026
−0.025 (exp.) +0.039

−0.036 (sig . th.) ± 0.012(bkg . th.)

Theory errors are already 
dominating with Run 2 data!
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Overview

 [pb] @ 13 TeV / # Higgs in  σ 140 fb−1

Q: What is the dominant Higgs boson 
production channel at the LHC/HL-LHC?
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Figure 18: Charged MSSM Higgs branching ratios as functions of the charged Higgs mass within the
mmod+

h scenario [137] for two values of tgβ obtained by a combination of FeynHiggs [121] and Hdecay

[54]. From Ref. [66].

Ht, b

g

g

Figure 19: Diagrams contributing to gg → H at lowest order.

masses. Gluon radiation leads to two-parton final states with invariant energy ŝ ≥ M2
H in the gg, gq

and qq channels at NLO. In general the hadronic cross section can be split into seven parts [68, 108,
70, 139, 140],

σ(pp → H +X) = σ0

[
1 + C

αs

π

]
τH

dLgg

dτH
+∆σgg +∆σgq +∆σqq̄ +∆σqq +∆σqq′ (162)

where the finite parts of virtual corrections C and the real corrections ∆σgg, ∆σgq and ∆σqq̄ (same-
flavour quark-antiquark initial states) start to contribute at NLO, while ∆σqq (same-flavour quark-quark
and antiquark-antiquark initial states) and ∆σqq′ (different-flavour quark and antiquark initial states)
appear for the first time at NNLO. The renormalization scale µR of αs and the factorization scale µF

of the parton densities are fixed properly, in general at µR = µF = MH/2. The quark-loop mass has
been identified with the pole mass MQ, while the QCD coupling αs and the parton density functions
are defined in the MS scheme with five active flavours.

We define the NLO K factor as the ratio

KNLO =
σNLO

σLO
(163)

45

 [pb] @ 13 TeV / # Higgs in  σ 140 fb−1

49 pb / 6.9M Q: Why does this channel dominate? 
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3.2 Vector-boson fusion: qq → qqV ∗V ∗ → qqH

3.2.1 Standard Model

H

q

q

W,Z

W,Z

Figure 24: Diagram contributing to qq → qqV ∗V ∗ → qqH at lowest order.

At the LHC the second important Higgs production channel is the vector-boson-fusion (VBF) mech-
anism (see Fig. 24) [17, 170]. For intermediate Higgs masses the vector-boson-fusion cross section is
about one order of magnitude smaller than the gluon-fusion one. The cross section can be approx-
imated by the t-channel diagrams of the type shown in Fig. 24 within ∼ 1% accuracy, i.e. without
any colour-cross talk between the quark lines, while interference effects for identical quark flavours and
s-channel contributions are at the per-cent level after subtracting the corresponding Higgs-strahlung
component from the s-channel contributions [171]. Within the structure-function approach the leading
order partonic vector-boson-fusion cross section [17] can be cast into the form (V = W,Z):

dσLO =
1

4

√
2G3

FM
8
V q

2
1q

2
2

[q21 −M2
V ]

2[q22 −M2
V ]

2

{

F1(x1, µ
2
F )F1(x2, µ

2
F )

[

2 +
(q1q2)2

q21q
2
2

]

+
F1(x1, µ2

F )F2(x2, µ2
F )

P2q2

⎡

⎣(P2q2)2

q22
−M2

P +
1

q21

(

P2q1 −
P2q2
q22

q1q2

)2
⎤

⎦

+
F2(x1, µ2

F )F1(x2, µ2
F )

P1q1

⎡

⎣(P1q1)2

q21
−M2

P +
1

q22

(

P1q2 −
P1q1
q21

q1q2

)2
⎤

⎦

+
F2(x1, µ2

F )F2(x2, µ2
F )

(P1q1)(P2q2)

[

P1P2 −
(P1q1)(P2q1)

q21
−

(P2q2)(P1q2)

q22

+
(P1q1)(P2q2)(q1q2)

q21q
2
2

]2

+
F3(x1, µ2

F )F3(x2, µ2
F )

2(P1q1)(P2q2)
[(P1P2)(q1q2)− (P1q2)(P2q1)]

}

dx1dx2
dPS3

ŝ
(175)

where dPS3 denotes the three-particle phase space of the final-state particles, MP the proton mass, P1,2

the proton momenta and q1,2 the momenta of the virtual vector bosons V ∗. The functions Fi(x, µ2
F ) (i =

1, 2, 3) are the usual structure functions from deep-inelastic scattering processes at the factorization scale
µF :

F1(x, µ
2
F ) =

∑

q

(v2q + a2q)[q(x, µ
2
F ) + q̄(x, µ2

F )]

F2(x, µ
2
F ) = 2x

∑

q

(v2q + a2q)[q(x, µ
2
F ) + q̄(x, µ2

F )]

52

 [pb] @ 13 TeV / # Higgs in  σ 140 fb−1

49 pb / 6.9M

3.8 pb / 520k
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of the parton densities are fixed properly, in general at µR = µF = MH/2. The quark-loop mass has
been identified with the pole mass MQ, while the QCD coupling αs and the parton density functions
are defined in the MS scheme with five active flavours.

We define the NLO K factor as the ratio

KNLO =
σNLO

σLO
(163)
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3.2 Vector-boson fusion: qq → qqV ∗V ∗ → qqH

3.2.1 Standard Model
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Figure 24: Diagram contributing to qq → qqV ∗V ∗ → qqH at lowest order.

At the LHC the second important Higgs production channel is the vector-boson-fusion (VBF) mech-
anism (see Fig. 24) [17, 170]. For intermediate Higgs masses the vector-boson-fusion cross section is
about one order of magnitude smaller than the gluon-fusion one. The cross section can be approx-
imated by the t-channel diagrams of the type shown in Fig. 24 within ∼ 1% accuracy, i.e. without
any colour-cross talk between the quark lines, while interference effects for identical quark flavours and
s-channel contributions are at the per-cent level after subtracting the corresponding Higgs-strahlung
component from the s-channel contributions [171]. Within the structure-function approach the leading
order partonic vector-boson-fusion cross section [17] can be cast into the form (V = W,Z):
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where dPS3 denotes the three-particle phase space of the final-state particles, MP the proton mass, P1,2

the proton momenta and q1,2 the momenta of the virtual vector bosons V ∗. The functions Fi(x, µ2
F ) (i =

1, 2, 3) are the usual structure functions from deep-inelastic scattering processes at the factorization scale
µF :
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Figure 30: Diagram contributing to qq̄ → V ∗ → h/H + V at lowest order.
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Figure 31: Typical diagrams contributing to qq̄/gg → tt̄H at lowest order.

threshold effects are strongly diminished. The main parts of the QCD corrections originate from regions
significantly above the production threshold and can be approximated by a fragmentation approach
involving first producing a tt̄ pair supplemented by the t → tH fragmentation in the high-energy
limit [191, 194]. Although this provides a bad approximation for the magnitude of the cross section
itself it leads to a reasonable estimate of the relative QCD corrections [191]. The full NLO results have
recently been implemented in the Powheg box [195], matched to Sherpa [196] and generated within the
Mg5 amc@nlo framework [193] thus offering NLO event generators matched to parton showers. The
NLO result has recently been improved by a soft and collinear gluon resummation based on the SCET
approach starting from the boosted final-state particle triplet11 [198] leading to a further increase of the
cross section by 5-10%. The residual scale dependence is reduced to the level of 5− 10%. Recently the
electroweak corrections have been calculated for tt̄H production [199]. They range a the per-cent level
and are thus small. Moreover, off-shell top-quark effects have been determined at NLO in QCD [200]
with leptonic top-quark decays and turn out to be small for the inclusive tt̄H cross section. However,
they play a role in certain regions of phase space and are thus of relevance for distributions.

bb̄H production. Higgs bremsstrahlung off bottom quarks does not play a significant role for the
SM Higgs boson, but yields an important constraint on the bottom Yukawa coupling. Its total cross
section is of similar size as the tt̄H production cross section. The results of tt̄H production can be
taken over for bb̄H production. However, they have to be transformed to the four-flavour-scheme (4FS)
in order to avoid artificial large logarithms initiated by the bottom mass in the combination of the
virtual and real corrections at NLO. In this way finite bottom-mass effects can be taken into account
consistently. The NLO QCD corrections are positive and large. There is a decrease by about 10% due

11The recent alternative approach using conventional threshold resummation techniques does not yield a sizeable con-
tribution beyond NLO [197] due to the strong threshold suppression.

58



46

Overview
100 200 300 400 500 600

MH+- [GeV]
10-4

10-3

10-2

10-1

100

BR
(H

+-
)

BR(H± -> tb)

BR(H -> cs)

BR(H -> τ ν
τ
)

BR(H -> µ ν
µ
)

LH
C

 H
ig

gs
 X

S 
W

G
 2

01
3

mh
mod+, tanβ = 10

100 200 300 400 500 600
MH+- [GeV]

10-4

10-3

10-2

10-1

100

BR
(H

+-
)

BR(H± -> tb)

BR(H -> cs)

BR(H -> τ ν
τ
)

BR(H -> µ ν
µ
)

LH
C

 H
ig

gs
 X

S 
W

G
 2

01
3

mh
mod+, tanβ = 50

Figure 18: Charged MSSM Higgs branching ratios as functions of the charged Higgs mass within the
mmod+

h scenario [137] for two values of tgβ obtained by a combination of FeynHiggs [121] and Hdecay

[54]. From Ref. [66].
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Figure 19: Diagrams contributing to gg → H at lowest order.

masses. Gluon radiation leads to two-parton final states with invariant energy ŝ ≥ M2
H in the gg, gq

and qq channels at NLO. In general the hadronic cross section can be split into seven parts [68, 108,
70, 139, 140],

σ(pp → H +X) = σ0

[
1 + C

αs

π

]
τH

dLgg

dτH
+∆σgg +∆σgq +∆σqq̄ +∆σqq +∆σqq′ (162)

where the finite parts of virtual corrections C and the real corrections ∆σgg, ∆σgq and ∆σqq̄ (same-
flavour quark-antiquark initial states) start to contribute at NLO, while ∆σqq (same-flavour quark-quark
and antiquark-antiquark initial states) and ∆σqq′ (different-flavour quark and antiquark initial states)
appear for the first time at NNLO. The renormalization scale µR of αs and the factorization scale µF

of the parton densities are fixed properly, in general at µR = µF = MH/2. The quark-loop mass has
been identified with the pole mass MQ, while the QCD coupling αs and the parton density functions
are defined in the MS scheme with five active flavours.

We define the NLO K factor as the ratio

KNLO =
σNLO

σLO
(163)
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Figure 24: Diagram contributing to qq → qqV ∗V ∗ → qqH at lowest order.

At the LHC the second important Higgs production channel is the vector-boson-fusion (VBF) mech-
anism (see Fig. 24) [17, 170]. For intermediate Higgs masses the vector-boson-fusion cross section is
about one order of magnitude smaller than the gluon-fusion one. The cross section can be approx-
imated by the t-channel diagrams of the type shown in Fig. 24 within ∼ 1% accuracy, i.e. without
any colour-cross talk between the quark lines, while interference effects for identical quark flavours and
s-channel contributions are at the per-cent level after subtracting the corresponding Higgs-strahlung
component from the s-channel contributions [171]. Within the structure-function approach the leading
order partonic vector-boson-fusion cross section [17] can be cast into the form (V = W,Z):
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where dPS3 denotes the three-particle phase space of the final-state particles, MP the proton mass, P1,2

the proton momenta and q1,2 the momenta of the virtual vector bosons V ∗. The functions Fi(x, µ2
F ) (i =

1, 2, 3) are the usual structure functions from deep-inelastic scattering processes at the factorization scale
µF :
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Figure 30: Diagram contributing to qq̄ → V ∗ → h/H + V at lowest order.
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Figure 31: Typical diagrams contributing to qq̄/gg → tt̄H at lowest order.

threshold effects are strongly diminished. The main parts of the QCD corrections originate from regions
significantly above the production threshold and can be approximated by a fragmentation approach
involving first producing a tt̄ pair supplemented by the t → tH fragmentation in the high-energy
limit [191, 194]. Although this provides a bad approximation for the magnitude of the cross section
itself it leads to a reasonable estimate of the relative QCD corrections [191]. The full NLO results have
recently been implemented in the Powheg box [195], matched to Sherpa [196] and generated within the
Mg5 amc@nlo framework [193] thus offering NLO event generators matched to parton showers. The
NLO result has recently been improved by a soft and collinear gluon resummation based on the SCET
approach starting from the boosted final-state particle triplet11 [198] leading to a further increase of the
cross section by 5-10%. The residual scale dependence is reduced to the level of 5− 10%. Recently the
electroweak corrections have been calculated for tt̄H production [199]. They range a the per-cent level
and are thus small. Moreover, off-shell top-quark effects have been determined at NLO in QCD [200]
with leptonic top-quark decays and turn out to be small for the inclusive tt̄H cross section. However,
they play a role in certain regions of phase space and are thus of relevance for distributions.

bb̄H production. Higgs bremsstrahlung off bottom quarks does not play a significant role for the
SM Higgs boson, but yields an important constraint on the bottom Yukawa coupling. Its total cross
section is of similar size as the tt̄H production cross section. The results of tt̄H production can be
taken over for bb̄H production. However, they have to be transformed to the four-flavour-scheme (4FS)
in order to avoid artificial large logarithms initiated by the bottom mass in the combination of the
virtual and real corrections at NLO. In this way finite bottom-mass effects can be taken into account
consistently. The NLO QCD corrections are positive and large. There is a decrease by about 10% due

11The recent alternative approach using conventional threshold resummation techniques does not yield a sizeable con-
tribution beyond NLO [197] due to the strong threshold suppression.
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Figure 30: Diagram contributing to qq̄ → V ∗ → h/H + V at lowest order.
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Figure 31: Typical diagrams contributing to qq̄/gg → tt̄H at lowest order.

threshold effects are strongly diminished. The main parts of the QCD corrections originate from regions
significantly above the production threshold and can be approximated by a fragmentation approach
involving first producing a tt̄ pair supplemented by the t → tH fragmentation in the high-energy
limit [191, 194]. Although this provides a bad approximation for the magnitude of the cross section
itself it leads to a reasonable estimate of the relative QCD corrections [191]. The full NLO results have
recently been implemented in the Powheg box [195], matched to Sherpa [196] and generated within the
Mg5 amc@nlo framework [193] thus offering NLO event generators matched to parton showers. The
NLO result has recently been improved by a soft and collinear gluon resummation based on the SCET
approach starting from the boosted final-state particle triplet11 [198] leading to a further increase of the
cross section by 5-10%. The residual scale dependence is reduced to the level of 5− 10%. Recently the
electroweak corrections have been calculated for tt̄H production [199]. They range a the per-cent level
and are thus small. Moreover, off-shell top-quark effects have been determined at NLO in QCD [200]
with leptonic top-quark decays and turn out to be small for the inclusive tt̄H cross section. However,
they play a role in certain regions of phase space and are thus of relevance for distributions.

bb̄H production. Higgs bremsstrahlung off bottom quarks does not play a significant role for the
SM Higgs boson, but yields an important constraint on the bottom Yukawa coupling. Its total cross
section is of similar size as the tt̄H production cross section. The results of tt̄H production can be
taken over for bb̄H production. However, they have to be transformed to the four-flavour-scheme (4FS)
in order to avoid artificial large logarithms initiated by the bottom mass in the combination of the
virtual and real corrections at NLO. In this way finite bottom-mass effects can be taken into account
consistently. The NLO QCD corrections are positive and large. There is a decrease by about 10% due

11The recent alternative approach using conventional threshold resummation techniques does not yield a sizeable con-
tribution beyond NLO [197] due to the strong threshold suppression.
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Figure 18: Charged MSSM Higgs branching ratios as functions of the charged Higgs mass within the
mmod+

h scenario [137] for two values of tgβ obtained by a combination of FeynHiggs [121] and Hdecay

[54]. From Ref. [66].
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Figure 19: Diagrams contributing to gg → H at lowest order.

masses. Gluon radiation leads to two-parton final states with invariant energy ŝ ≥ M2
H in the gg, gq

and qq channels at NLO. In general the hadronic cross section can be split into seven parts [68, 108,
70, 139, 140],

σ(pp → H +X) = σ0

[
1 + C

αs

π

]
τH

dLgg

dτH
+∆σgg +∆σgq +∆σqq̄ +∆σqq +∆σqq′ (162)

where the finite parts of virtual corrections C and the real corrections ∆σgg, ∆σgq and ∆σqq̄ (same-
flavour quark-antiquark initial states) start to contribute at NLO, while ∆σqq (same-flavour quark-quark
and antiquark-antiquark initial states) and ∆σqq′ (different-flavour quark and antiquark initial states)
appear for the first time at NNLO. The renormalization scale µR of αs and the factorization scale µF

of the parton densities are fixed properly, in general at µR = µF = MH/2. The quark-loop mass has
been identified with the pole mass MQ, while the QCD coupling αs and the parton density functions
are defined in the MS scheme with five active flavours.

We define the NLO K factor as the ratio

KNLO =
σNLO

σLO
(163)
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Figure 24: Diagram contributing to qq → qqV ∗V ∗ → qqH at lowest order.

At the LHC the second important Higgs production channel is the vector-boson-fusion (VBF) mech-
anism (see Fig. 24) [17, 170]. For intermediate Higgs masses the vector-boson-fusion cross section is
about one order of magnitude smaller than the gluon-fusion one. The cross section can be approx-
imated by the t-channel diagrams of the type shown in Fig. 24 within ∼ 1% accuracy, i.e. without
any colour-cross talk between the quark lines, while interference effects for identical quark flavours and
s-channel contributions are at the per-cent level after subtracting the corresponding Higgs-strahlung
component from the s-channel contributions [171]. Within the structure-function approach the leading
order partonic vector-boson-fusion cross section [17] can be cast into the form (V = W,Z):
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where dPS3 denotes the three-particle phase space of the final-state particles, MP the proton mass, P1,2

the proton momenta and q1,2 the momenta of the virtual vector bosons V ∗. The functions Fi(x, µ2
F ) (i =

1, 2, 3) are the usual structure functions from deep-inelastic scattering processes at the factorization scale
µF :
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Figure 30: Diagram contributing to qq̄ → V ∗ → h/H + V at lowest order.

H

q

q̄

g

t

t̄

H

g

g

t

t̄

Figure 31: Typical diagrams contributing to qq̄/gg → tt̄H at lowest order.

threshold effects are strongly diminished. The main parts of the QCD corrections originate from regions
significantly above the production threshold and can be approximated by a fragmentation approach
involving first producing a tt̄ pair supplemented by the t → tH fragmentation in the high-energy
limit [191, 194]. Although this provides a bad approximation for the magnitude of the cross section
itself it leads to a reasonable estimate of the relative QCD corrections [191]. The full NLO results have
recently been implemented in the Powheg box [195], matched to Sherpa [196] and generated within the
Mg5 amc@nlo framework [193] thus offering NLO event generators matched to parton showers. The
NLO result has recently been improved by a soft and collinear gluon resummation based on the SCET
approach starting from the boosted final-state particle triplet11 [198] leading to a further increase of the
cross section by 5-10%. The residual scale dependence is reduced to the level of 5− 10%. Recently the
electroweak corrections have been calculated for tt̄H production [199]. They range a the per-cent level
and are thus small. Moreover, off-shell top-quark effects have been determined at NLO in QCD [200]
with leptonic top-quark decays and turn out to be small for the inclusive tt̄H cross section. However,
they play a role in certain regions of phase space and are thus of relevance for distributions.

bb̄H production. Higgs bremsstrahlung off bottom quarks does not play a significant role for the
SM Higgs boson, but yields an important constraint on the bottom Yukawa coupling. Its total cross
section is of similar size as the tt̄H production cross section. The results of tt̄H production can be
taken over for bb̄H production. However, they have to be transformed to the four-flavour-scheme (4FS)
in order to avoid artificial large logarithms initiated by the bottom mass in the combination of the
virtual and real corrections at NLO. In this way finite bottom-mass effects can be taken into account
consistently. The NLO QCD corrections are positive and large. There is a decrease by about 10% due

11The recent alternative approach using conventional threshold resummation techniques does not yield a sizeable con-
tribution beyond NLO [197] due to the strong threshold suppression.
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Figure 30: Diagram contributing to qq̄ → V ∗ → h/H + V at lowest order.
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Figure 31: Typical diagrams contributing to qq̄/gg → tt̄H at lowest order.

threshold effects are strongly diminished. The main parts of the QCD corrections originate from regions
significantly above the production threshold and can be approximated by a fragmentation approach
involving first producing a tt̄ pair supplemented by the t → tH fragmentation in the high-energy
limit [191, 194]. Although this provides a bad approximation for the magnitude of the cross section
itself it leads to a reasonable estimate of the relative QCD corrections [191]. The full NLO results have
recently been implemented in the Powheg box [195], matched to Sherpa [196] and generated within the
Mg5 amc@nlo framework [193] thus offering NLO event generators matched to parton showers. The
NLO result has recently been improved by a soft and collinear gluon resummation based on the SCET
approach starting from the boosted final-state particle triplet11 [198] leading to a further increase of the
cross section by 5-10%. The residual scale dependence is reduced to the level of 5− 10%. Recently the
electroweak corrections have been calculated for tt̄H production [199]. They range a the per-cent level
and are thus small. Moreover, off-shell top-quark effects have been determined at NLO in QCD [200]
with leptonic top-quark decays and turn out to be small for the inclusive tt̄H cross section. However,
they play a role in certain regions of phase space and are thus of relevance for distributions.

bb̄H production. Higgs bremsstrahlung off bottom quarks does not play a significant role for the
SM Higgs boson, but yields an important constraint on the bottom Yukawa coupling. Its total cross
section is of similar size as the tt̄H production cross section. The results of tt̄H production can be
taken over for bb̄H production. However, they have to be transformed to the four-flavour-scheme (4FS)
in order to avoid artificial large logarithms initiated by the bottom mass in the combination of the
virtual and real corrections at NLO. In this way finite bottom-mass effects can be taken into account
consistently. The NLO QCD corrections are positive and large. There is a decrease by about 10% due

11The recent alternative approach using conventional threshold resummation techniques does not yield a sizeable con-
tribution beyond NLO [197] due to the strong threshold suppression.
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Higgs Production: Gluon Fusion
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Figure 18: Charged MSSM Higgs branching ratios as functions of the charged Higgs mass within the
mmod+

h scenario [137] for two values of tgβ obtained by a combination of FeynHiggs [121] and Hdecay

[54]. From Ref. [66].
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Figure 19: Diagrams contributing to gg → H at lowest order.

masses. Gluon radiation leads to two-parton final states with invariant energy ŝ ≥ M2
H in the gg, gq

and qq channels at NLO. In general the hadronic cross section can be split into seven parts [68, 108,
70, 139, 140],

σ(pp → H +X) = σ0

[
1 + C

αs

π

]
τH

dLgg

dτH
+∆σgg +∆σgq +∆σqq̄ +∆σqq +∆σqq′ (162)

where the finite parts of virtual corrections C and the real corrections ∆σgg, ∆σgq and ∆σqq̄ (same-
flavour quark-antiquark initial states) start to contribute at NLO, while ∆σqq (same-flavour quark-quark
and antiquark-antiquark initial states) and ∆σqq′ (different-flavour quark and antiquark initial states)
appear for the first time at NNLO. The renormalization scale µR of αs and the factorization scale µF

of the parton densities are fixed properly, in general at µR = µF = MH/2. The quark-loop mass has
been identified with the pole mass MQ, while the QCD coupling αs and the parton density functions
are defined in the MS scheme with five active flavours.

We define the NLO K factor as the ratio

KNLO =
σNLO

σLO
(163)

45
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Figure 18: Charged MSSM Higgs branching ratios as functions of the charged Higgs mass within the
mmod+

h scenario [137] for two values of tgβ obtained by a combination of FeynHiggs [121] and Hdecay

[54]. From Ref. [66].
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masses. Gluon radiation leads to two-parton final states with invariant energy ŝ ≥ M2
H in the gg, gq

and qq channels at NLO. In general the hadronic cross section can be split into seven parts [68, 108,
70, 139, 140],

σ(pp → H +X) = σ0

[
1 + C

αs

π

]
τH

dLgg

dτH
+∆σgg +∆σgq +∆σqq̄ +∆σqq +∆σqq′ (162)

where the finite parts of virtual corrections C and the real corrections ∆σgg, ∆σgq and ∆σqq̄ (same-
flavour quark-antiquark initial states) start to contribute at NLO, while ∆σqq (same-flavour quark-quark
and antiquark-antiquark initial states) and ∆σqq′ (different-flavour quark and antiquark initial states)
appear for the first time at NNLO. The renormalization scale µR of αs and the factorization scale µF

of the parton densities are fixed properly, in general at µR = µF = MH/2. The quark-loop mass has
been identified with the pole mass MQ, while the QCD coupling αs and the parton density functions
are defined in the MS scheme with five active flavours.

We define the NLO K factor as the ratio

KNLO =
σNLO

σLO
(163)
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dℒgg
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τ
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g(x, μ2
F)g(τ/x, μ2
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Gluon luminosity

σ(H + X) = Σi,j ∫ dx1 fi(x1, μF)∫ dx2 fj(x2, μF) × ̂σij→H+X(s, mH, μF, μR)

Factorisation formula

Total Cross Section
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masses. Gluon radiation leads to two-parton final states with invariant energy ŝ ≥ M2
H in the gg, gq

and qq channels at NLO. In general the hadronic cross section can be split into seven parts [68, 108,
70, 139, 140],

σ(pp → H +X) = σ0

[
1 + C

αs

π

]
τH

dLgg

dτH
+∆σgg +∆σgq +∆σqq̄ +∆σqq +∆σqq′ (162)

where the finite parts of virtual corrections C and the real corrections ∆σgg, ∆σgq and ∆σqq̄ (same-
flavour quark-antiquark initial states) start to contribute at NLO, while ∆σqq (same-flavour quark-quark
and antiquark-antiquark initial states) and ∆σqq′ (different-flavour quark and antiquark initial states)
appear for the first time at NNLO. The renormalization scale µR of αs and the factorization scale µF

of the parton densities are fixed properly, in general at µR = µF = MH/2. The quark-loop mass has
been identified with the pole mass MQ, while the QCD coupling αs and the parton density functions
are defined in the MS scheme with five active flavours.

We define the NLO K factor as the ratio
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Factorisation formula

Total Cross Section
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Q: What 
happens as 
we cross 
τQ = 1?

Graudenz, Spira, Zerwas 93; 

Spira Djouadi, Graudenz, Zerwas 95;
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Figure 18: Charged MSSM Higgs branching ratios as functions of the charged Higgs mass within the
mmod+

h scenario [137] for two values of tgβ obtained by a combination of FeynHiggs [121] and Hdecay

[54]. From Ref. [66].
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masses. Gluon radiation leads to two-parton final states with invariant energy ŝ ≥ M2
H in the gg, gq

and qq channels at NLO. In general the hadronic cross section can be split into seven parts [68, 108,
70, 139, 140],
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]
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flavour quark-antiquark initial states) start to contribute at NLO, while ∆σqq (same-flavour quark-quark
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of the parton densities are fixed properly, in general at µR = µF = MH/2. The quark-loop mass has
been identified with the pole mass MQ, while the QCD coupling αs and the parton density functions
are defined in the MS scheme with five active flavours.
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A: Enough energy for both quark 
propagators to go on-shell
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How Important is Precision?
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Let’s take current experimental results for  and compare it to this theory predictiongg → H

*Warning: just a cartoon, don’t 
trust data/theory from this plot!

``ATLAS-CONF-2021-053’’

Q: Did we just find BSM physics?
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NLO Corrections

M. Spira et al./Nuclear Physics B 453 (1995) 17-82 
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Fig. 1. Genetic diagrams of the gluon fusion mechanism gg ~ H for the production of Higgs bosons: lowest 
order amplitude (a), and QCD radiative corrections (b). 

for the production cross sections and the decay widths. In the second part of  the paper 
the analysis will be extended to the CP-even and CP-odd  neutral SUSY Higgs bosons. 
To ensure a coherent presentation of  the results, some material published earlier in letter 
form will be included in the present comprehensive report. 
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σ(H + X) = Σi,j ∫ dx1 fi(x1, μF)∫ dx2 fj(x2, μF) × ̂σij→H+X(s, mH, μF, μR)

How do we improve the perturbative precision?
̂σ(ij → H + X) = ̂σ(0)(ij → H) +

̂σ(1)(ij → H + 0/1 partons) +
̂σ(2)(ij → H + 0/1/2 partons) +

…
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̂σ(0)(ij → H) ̂σ(1)(ij → H + 0 partons) ̂σ(1)(ij → H + 1 partons)
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New production channels!
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How Important is Precision?

Imagine we had current experimental results for , but only NLO theory…  gg → H

*Warning: just a cartoon, don’t 
trust data/theory from this plot!

Graudenz, Spira, Zerwas 93; 

Spira, Djouadi, Graudenz, Zerwas 95;
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How Important is Precision?

Imagine we had current experimental results for , but only NNLO theory…  gg → H

*Warning: just a cartoon, don’t 
trust data/theory from this plot!

Anastasiou, Melnikov 02; 
Harlander, Kilgore 02; 
Ravindran, Smith, van 
Neerven 03;
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How Important is Precision?

Imagine we had current experimental results for , but only N3LO theory…  gg → H

*Warning: just a cartoon, don’t 
trust data/theory from this plot!

Anastasiou, Duhr, Dulat, 
(Furlan), (Gehrmann), 
Herzog, Mistlberger 16; 
Mistlberger 18;
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Heavy Top Limit (HTL)

It is very difficult to calculate higher order corrections Q: Why?

Can simplify our work by making an approximation that works well when  can be treated as a very large parameter 
We can introduce an effective field theory description which couples gluons to Higgs bosons

mt

ℒeff = − CH ( H
v ) 1

4
Ga

μνGμν,a +
CHH

2 ( H
v )

2 1
4

Ga
μνGμν,a + …

Reduces the number of loops by 1, avoid loop integrals depending on the scale  !mt

+…
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Figure 18: Charged MSSM Higgs branching ratios as functions of the charged Higgs mass within the
mmod+

h scenario [137] for two values of tgβ obtained by a combination of FeynHiggs [121] and Hdecay

[54]. From Ref. [66].
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Figure 19: Diagrams contributing to gg → H at lowest order.

masses. Gluon radiation leads to two-parton final states with invariant energy ŝ ≥ M2
H in the gg, gq

and qq channels at NLO. In general the hadronic cross section can be split into seven parts [68, 108,
70, 139, 140],

σ(pp → H +X) = σ0

[
1 + C

αs

π

]
τH

dLgg

dτH
+∆σgg +∆σgq +∆σqq̄ +∆σqq +∆σqq′ (162)

where the finite parts of virtual corrections C and the real corrections ∆σgg, ∆σgq and ∆σqq̄ (same-
flavour quark-antiquark initial states) start to contribute at NLO, while ∆σqq (same-flavour quark-quark
and antiquark-antiquark initial states) and ∆σqq′ (different-flavour quark and antiquark initial states)
appear for the first time at NNLO. The renormalization scale µR of αs and the factorization scale µF

of the parton densities are fixed properly, in general at µR = µF = MH/2. The quark-loop mass has
been identified with the pole mass MQ, while the QCD coupling αs and the parton density functions
are defined in the MS scheme with five active flavours.

We define the NLO K factor as the ratio

KNLO =
σNLO

σLO
(163)
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Heavy Top Limit (HTL)
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ℒeff ⊃ −
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HGa

μνGμν,aCan derive Feynman rules for our new effective theory

Need to fix the coefficient CH How?
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v
gs f abcVμνρ(p1, p2, p3)

= − i
CH

v
g2

s Xabcd
μνρσ

Hμν(p1, p2) = − gμνp1 ⋅ p2 + pμ
2 pν

1

Vμνρ(p1, p2, p3) =
+gμν(p1 − p2)ρ

+gνρ(p2 − p3)μ

+gρμ(p3 − p1)ν

Xabcd
μνρσ = …
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HTL Diagrams

Consider  at leading order in this theorygg → Hg

p1

p2 p3

p4 p1

p2 p3

p4

p2

p3 p4

p1 p3

p4

p1

p2

This is a tree level calculation in the HTL effective theory

|MHTL |2 = CANA4παs ( CH

v )
2 (m8

H + s4 + t4 + u4)(1 − 2ϵ) + ϵ/2(m4
H + s2 + t2 + u2)2

stu

Depends on the Wilson coefficient CH

NA = N2
c − 1

s = (p1 + p2)2, t = (p1 + p3)2, u = (p2 + p3)2

Q: What is  here?ϵ
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Full Theory Diagrams

For the purpose of determining  we also need a computation of any quantity that depends on it in the full theoryCH

p1

p2 p3

p4

+perms .

|Mfull,mt→∞ |2 =
4CANA

9
α3

s

πv2

(m8
H + s4 + t4 + u4)(1 − 2ϵ) + ϵ/2(m4

H + s2 + t2 + u2)2

stu

Have to compute 1-loop integrals then expand them in the large  limitmt

|MHTL |2 = CANA4παs ( CH

v )
2 (m8

H + s4 + t4 + u4)(1 − 2ϵ) + ϵ/2(m4
H + s2 + t2 + u2)2

stu

CH =
αs

3π
+ 𝒪(α2

s )

Chetyrkin, Kniehl, 
Steinhauser 97
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Expanding Integrals

Threshold: for  propagators can be on-shell, integral has a branch point and develops an imaginary parts > 4m2

1 2 3 4 5 6 7 8
0
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�sf4(s,m
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Re

Threshold

s, t�s � =

r
1� 4m2

s

s, t�s = �1

2
ln2

✓
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Expanding Integrals

Threshold: for  propagators can be on-shell, integral has a branch point and develops an imaginary parts > 4m2

�sf4(s,m
2)

s, t�s = �1

2
ln2

✓
�1� �

1 + �

◆
=

s

2m2
+

s2

24m4
+

s3

180m6
+ . . .

m−2

m−4m−20

Below threshold expansion 
converges onto true result

Q: What does this 
imply about where we 
can trust HTL results? 

Q: What implication 
does this have for 

 ? 

 ?

gg → H

gg → Hj
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Higgs Production in Gluon Fusion

LHCHWG ggF (Report 5) 

Theoretical uncertainties dominate experimental sys/stat even for , it is critically important that we improve theory precisionσtot

2.4 Heavy quark corrections to the parton densities

[Gluon fusion input:]Stephen
The heavy quark contributions to the parton distribution functions (PDFs) are known to have di↵erent

scaling violations if compared to the massless case [?]. In the PDF-fits this has to be considered by accounting
for the heavy flavor Wilson coe�cients to deep-inelastic scattering and other hard scattering processes in
addition to the light flavor contributions. Furthermore, the heavy flavor corrections determine the parton
densities in the variable flavor number schemes (VFNS) in single heavy quark [?] and two heavy quark cases
[?], based on the respective massive operator matrix elements (OMEs). Until very recently these corrections
were only available to two-loop order [?, ?, ?, ?, ?, ?, ?, ?]. For the structure function F2(x,Q2) the
asymptotic description is possible at the O(1%) level if Q2/m2

Q
& 10, cf. [?], being a usual cut in PDF-fits

to avoid higher twist contributions.
A first step to reach the three-loop level consisted in the calculation of a series of three-loop Mellin

moments in Ref. [8]. In the years 2009-2025 all three-loop contributions to the massive OMEs in the
unpolarized and polarized single- and two mass cases have been calculated. This includes the asymptotic
heavy flavor Wilson coe�cients for deep inelastic scattering. The di↵erent contributions were obtained in
Refs. [?, 9, 10, 11, ?, ?, ?, ?, 12, 13, 14, ?, ?]. To perform these calculations a lot of new mathematical
methods had to be developed, for a survey see Ref. [?].

One should note that in the singlet case the heavy quark corrections to the structure functions are large
and exhibit quite di↵erent scaling violations if compared to the massless case. Based on these results it is for
the first time possible to perform consistent NNLO QCD non-singlet [?] and singlet analyses with correlated
treatment of ↵s,mc,mb and the parton densities now.

Related to it the VFNS scheme is now lifted from two- [?] to three-loop order, which allows for a refined
description of the process of a heavy quark becoming light at large virtualities.

Contributors: J. Blümlein

3 ggF

Calculations References
Approximate N4LO HTL QCD [15]

N3LO HTL QCD [16, 17, 18]
NNLO HTL QCD [19, 20, 21]
NLO HTL QCD [22, 23]
NNLO QCD [24, 25, 26, 27]
NLO QCD [28, 29]

EW & Mixed QCD-EW Corrections [30, 31, 32, 33]
N3LL Threshold Resummation [16, 34, 35]

PDFs References
Approximate N3LO PDFs [36, 37, 38, 39]
QED Evolution PDFs [40, 7, 41, 42, 43, 44, 45, 46, 47]

NNLO PDFs [6, 48, 49, 50, 51]
Codes References

N3LO QCD [52]

Table 1: Summary of theory references for Higgs boson production in gluon fusion at the LHC upon which
this recommendation is based.

In this section, we briefly recall the definition and state-of-the-art for each ingredient entering the cross
section for Higgs boson production in gluon fusion. We summarise which ingredients enter the current
recommendation and document the details of their combination.

3

[1] Das, Moch, Vogt  20; [2,3] Anastasiou, Duhr, Dulat, (Furlan, Gehrmann), Herzog, (Lazopoulos), Mistlberger 15, (16); [4] Mistlberger 18; [5] Anastasiou, Melnikov 02; [6] Harlander, Kilgore 02; [7] Ravindran, 
Smith, van Neerven 03; [8] Dawson 91; [9] Djouadi, Spira, Zerwas 91; [10] Czakon, Niggetiedt 20; [11] Czakon, Harlander, Klappert, Niggetiedt 21; [12,13] Czakon Eschment, Niggetiedt (Poncelet, 
Schellenberger) 24 (24);[14] Graudenz, Spira, Zerwas 93; [15] Spira Djouadi, Graudenz, Zerwas 95; [16,17] Actis, Passarino, Sturm, Uccirati 08, 09; [18] Aglietti, Bonciani, Degrassi, Vicini 04; [19] Becchetti, 
Bonciani, Del Duca, Hirschi, Moriello, Schweitzer 21; [20] Bonvini, Marzani 14; [21] Catani, Cieri, de Florian, Ferrera, Grazzini 14; [22] MSHT 22; [23] NNPDF 24; [24] Benchmarking 24; [25] MSHT+NNPDF 25; 
[26,27] Manohar, Nason, Salam Zanderighi 16, 17; [28,29] NNPDF 18, 24; [30,31] MSHT 19, 22, 24; [32] CTEQ 22; [33] PDF4LHC21; [34] CTEQ 21; [35] MSHT 21; [36] ABM 17; [37] NNPDF 17; [38] iHixs 2 18

Figure 1: Complete set of Feynman diagrams with two fermion loops contributing to the

Higgs-gluon form factor at three-loop order. The fermion loop connected to the Higgs-

boson line corresponds to a massive quark. The quark of the second fermion loop may be

either massive or massless.

2 Finite remainders

Consider the amplitude for the fusion of two gluons of momenta p1,2, helicities �1,2 and

adjoint-representation colors a1,2, followed by the production of one, possibly o↵-shell,

Higgs boson:

� iM
⇥
g(p1,�1, a1) + g(p2,�2, a2) ! H

⇤
⌘

i�
a1a2

⇥
(✏1 · p2) (✏2 · p1)� (✏1 · ✏2) (p2 · p1)

⇤ 1
v

↵s

⇡
C . (2.1)

Here, v is the Higgs-doublet Vacuum Expectation Value. The coupling of a single quark

field, Q, of mass M 6= 0 to the Higgs-boson field, H, is given by the tree-level Lagrangian

– 3 –

t
b

[22,23,24,25] 
[26,27,28,29,30,31,32] 
[33,34,35,36,37]

[1] 
[2,3,4] 
[5,6,7] 
[8,9] 
[10,11,12,13] 
[14,15] 
[16,17,18,19] 
[20,21]

[38]

ATLAS-CONF-2025-006; CMS-PAS-HIG-21-018

Updated since YR4
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Quark Mass Corrections Overview

σij = RLOC2 (σLO,HTL
ij + σNLO,HTL

ij + σNNLO,HTL
ij + σN3LO,HTL

ij ) + δσLO,(t,b,c)
ij + δσNLO,(t,b,c)

ij + δσNNLO,(t,b,c)
ij

We can estimate missing higher order effects for mass corrections via scale variations and scheme uncertainties 

δσNnLO,(t)
ij = σNnLO,(t)

ij − [C2
QCDRLOσHTL

ij ]αn+2
s

,δσNnLO,(t,b,c)
ij = δσNnLO,(t)

ij + σNnLO,(b)
ij + σNnLO,(c)

ij + σNnLO,(t×b)
ij + σNnLO,(t×c)

ij + σNnLO,(b×c)
ij

3.3 Finite Quark Mass Corrections

Using the notation [. . .]
↵i
s
to indicate only terms proportional to ↵i

s, we can define the contributions

��LO,(t,b,c)
ij

=�LO,(t,b,c)
ij

�
⇥
C2
QCDRLO�

HTL
ij

⇤
↵2
s
, (13)

��NLO,(t,b,c)
ij

=�NLO,(t,b,c)
ij

�
⇥
C2
QCDRLO�

HTL
ij

⇤
↵3
s
, (14)

��NNLO,(t,b,c)
ij

=�NNLO,(t,b,c)
ij

�
⇥
C2
QCDRLO�

HTL
ij

⇤
↵4
s
, (15)

which account for the dependence on the finite top, bottom and charm quark masses at LO, NLO and
NNLO, respectively. The exact QCD corrections with full dependence on the quark masses are known at
LO [58] and NLO [28, 29]. These corrections can be further decomposed into pieces involving only top,
bottom or charm quarks coupling to the Higgs boson and their interferences,

��NnLO,(t,b,c)
ij

= ��NnLO,(t)
ij

+ �NnLO,(b)
ij

+ �NnLO,(c)
ij

+ �NnLO,(t⇥b)
ij

+ �NnLO,(t⇥c)
ij

+ �NnLO,(b⇥c)
ij

, (16)

where ��NnLO,(t)
ij

is the di↵erence between the top-only contribution and the rescaled HTL result, defined
analogously to Eq. (15). At NNLO not all terms of the decomposition are known, the top-only contribution

�NNLO,(t)
ij

was computed in Refs. [24, 25, 27], the top–bottom interference was computed in Refs. [26, 27], the

bottom-only, charm-only and charm interference contributions are known only to NLO [28, 29]. At N3LO,
the top-only virtual corrections are known to third order in a 1/m2

t expansion [?].

p
s = 13.6TeV

�(t,b,c) [pb] �(t) [pb] �(b) [pb] �(c) [pb] �(t⇥b) [pb] �(t⇥c) [pb] �(b⇥c) [pb]
�LO +15.865 +17.115 +0.045 +0.000 �1.172 �0.131 +0.008
�NLO +21.347 +22.035 +0.063 +0.001 �0.673 �0.101 +0.012
�NNLO — +10.103 — — +0.04 — —
Total — +49.253 — — �1.805 — —

Table 2: The top, bottom and charm quark contributions to the gluon-fusion total cross section including
finite quark mass corrections. The top-quark is renormalised in the on-shell scheme, with the remaining
quarks renormalised in the MS scheme. The LO and NLO corrections are computed using iHixs2 [52] which
implements the calculations of Refs. [28, 29]. The available NNLO corrections are based on the calculations
presented in Refs. [24, 25, 26, 27].

In Table 2, we show the impact of finite top, bottom and charm masses at LO and NLO on the total
cross section. In this table, and the following sections, the omission of the subscripts ij implies a sum
over the contributions of all partonic channels. We observe that the cross section is dominated by the top-

only contribution, �NnLO,(t)
ij

, which is discussed in Section 3.3.1. The destructive top–bottom interference
is the next largest contribution, amounting to a �5% correction at NLO, it is discussed in Section 3.3.2.
The remaining finite quark contributions are all sub-percent corrections at NLO, they are discussed in
Section 3.3.3,

3.3.1 Top Mass Corrections (�(t))

In Table 3, we report corrections due to a finite top-quark mass at NLO and NNLO computed using the
setup of Section 2. The corrections are obtained using the original calculations presented in Refs. [24, 25, 27].
The numbers are provided for a fixed value of the Higgs boson mass, M ref

H
= 125.09GeV.

Di↵erent values of MH Values for the top-quark mass corrections have not been re-evaluated for all
Higgs boson masses required. The corrections are extrapolated to di↵erent values of the Higgs boson mass
by multiplying with the Higgs mass dependence of the corresponding reweighted HTL correction. Fixing

6

NNLO Numbers: Czakon, Niggetiedt, Harlander, Klappert, Eschment, Poncelet, Schellenberger  
Based on: Czakon, Niggetiedt 20; Czakon, Harlander, Klappert, Niggetiedt 21; Czakon Eschment, Niggetiedt 
(Poncelet, Schellenberger) 24 (24);

LHCHWG Summary Report 25

Dominant Contributions

Main Formula

Mass Corrections
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t = 172.5 GeV, MMS

b (MMS
b ) = 4.18 GeV, MMS

c (3GeV) = 0.986 GeV
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Figure 18: Charged MSSM Higgs branching ratios as functions of the charged Higgs mass within the
mmod+

h scenario [137] for two values of tgβ obtained by a combination of FeynHiggs [121] and Hdecay

[54]. From Ref. [66].
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Figure 19: Diagrams contributing to gg → H at lowest order.

masses. Gluon radiation leads to two-parton final states with invariant energy ŝ ≥ M2
H in the gg, gq

and qq channels at NLO. In general the hadronic cross section can be split into seven parts [68, 108,
70, 139, 140],

σ(pp → H +X) = σ0

[
1 + C

αs

π

]
τH

dLgg

dτH
+∆σgg +∆σgq +∆σqq̄ +∆σqq +∆σqq′ (162)

where the finite parts of virtual corrections C and the real corrections ∆σgg, ∆σgq and ∆σqq̄ (same-
flavour quark-antiquark initial states) start to contribute at NLO, while ∆σqq (same-flavour quark-quark
and antiquark-antiquark initial states) and ∆σqq′ (different-flavour quark and antiquark initial states)
appear for the first time at NNLO. The renormalization scale µR of αs and the factorization scale µF

of the parton densities are fixed properly, in general at µR = µF = MH/2. The quark-loop mass has
been identified with the pole mass MQ, while the QCD coupling αs and the parton density functions
are defined in the MS scheme with five active flavours.

We define the NLO K factor as the ratio

KNLO =
σNLO

σLO
(163)
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masses.Gluonradiationleadstotwo-partonfinalstateswithinvariantenergyŝ≥M
2
Hinthegg,gq

andqqchannelsatNLO.Ingeneralthehadroniccrosssectioncanbesplitintosevenparts[68,108,
70,139,140],

σ(pp→H+X)=σ0
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1+C

αs

π

]
τH
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dτH
+∆σgg+∆σgq+∆σqq̄+∆σqq+∆σqq′(162)

wherethefinitepartsofvirtualcorrectionsCandtherealcorrections∆σgg,∆σgqand∆σqq̄(same-
flavourquark-antiquarkinitialstates)starttocontributeatNLO,while∆σqq(same-flavourquark-quark
andantiquark-antiquarkinitialstates)and∆σqq′(different-flavourquarkandantiquarkinitialstates)
appearforthefirsttimeatNNLO.TherenormalizationscaleµRofαsandthefactorizationscaleµF

ofthepartondensitiesarefixedproperly,ingeneralatµR=µF=MH/2.Thequark-loopmasshas
beenidentifiedwiththepolemassMQ,whiletheQCDcouplingαsandthepartondensityfunctions
aredefinedintheMSschemewithfiveactiveflavours.

WedefinetheNLOKfactorastheratio

KNLO=
σNLO

σLO
(163)

45

t b

(t × b)

100 200 300 400 500 600
MH+- [GeV]

10-4

10-3

10-2

10-1

100

BR
(H

+-
)

BR(H± -> tb)

BR(H -> cs)

BR(H -> τ ν
τ
)

BR(H -> µ ν
µ
)

LH
C

 H
ig

gs
 X

S 
W

G
 2

01
3

mh
mod+, tanβ = 10

100 200 300 400 500 600
MH+- [GeV]

10-4

10-3

10-2

10-1

100

BR
(H

+-
)

BR(H± -> tb)

BR(H -> cs)

BR(H -> τ ν
τ
)

BR(H -> µ ν
µ
)

LH
C

 H
ig

gs
 X

S 
W

G
 2

01
3

mh
mod+, tanβ = 50

Figure 18: Charged MSSM Higgs branching ratios as functions of the charged Higgs mass within the
mmod+

h scenario [137] for two values of tgβ obtained by a combination of FeynHiggs [121] and Hdecay

[54]. From Ref. [66].
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masses. Gluon radiation leads to two-parton final states with invariant energy ŝ ≥ M2
H in the gg, gq

and qq channels at NLO. In general the hadronic cross section can be split into seven parts [68, 108,
70, 139, 140],

σ(pp → H +X) = σ0

[
1 + C

αs

π

]
τH

dLgg

dτH
+∆σgg +∆σgq +∆σqq̄ +∆σqq +∆σqq′ (162)

where the finite parts of virtual corrections C and the real corrections ∆σgg, ∆σgq and ∆σqq̄ (same-
flavour quark-antiquark initial states) start to contribute at NLO, while ∆σqq (same-flavour quark-quark
and antiquark-antiquark initial states) and ∆σqq′ (different-flavour quark and antiquark initial states)
appear for the first time at NNLO. The renormalization scale µR of αs and the factorization scale µF

of the parton densities are fixed properly, in general at µR = µF = MH/2. The quark-loop mass has
been identified with the pole mass MQ, while the QCD coupling αs and the parton density functions
are defined in the MS scheme with five active flavours.

We define the NLO K factor as the ratio

KNLO =
σNLO

σLO
(163)

45

100200300400500600
MH

+- [GeV]
10

-4

10
-3

10
-2

10
-1

10
0

BR
(H

+-)

BR(H
±
 -> tb)

BR(H -> cs)

BR(H -> τ ντ)

BR(H -> µ νµ)

LH
C

 H
iggs XS W

G
 2013

mh
mod+

, tanβ = 10

100200300400500600
MH

+- [GeV]
10

-4

10
-3

10
-2

10
-1

10
0

BR
(H

+-)

BR(H
±
 -> tb)

BR(H -> cs)

BR(H -> τ ντ)

BR(H -> µ νµ)

LH
C

 H
iggs XS W

G
 2013

mh
mod+

, tanβ = 50

Figure18:ChargedMSSMHiggsbranchingratiosasfunctionsofthechargedHiggsmasswithinthe
m

mod+
hscenario[137]fortwovaluesoftgβobtainedbyacombinationofFeynHiggs[121]andHdecay

[54].FromRef.[66].

H t,b

g

g

Figure19:Diagramscontributingtogg→Hatlowestorder.

masses.Gluonradiationleadstotwo-partonfinalstateswithinvariantenergyŝ≥M
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δ(theory) = δ(scale) + δ(EWK) + δ(t, b, c)
δ(t, b, c) = δscheme(t) + δMHOU(t) + δscheme(t × b) + δMHOU(t × b) + δMHOU(b, c, t × c, b × c)

δ(PDF + αs) = δ(PDF)2 + δ(αs)2

                                 ±0.01 % ±0.17 % ±0.09 % ±0.17 % ±0.06 %

Final result receives contributions from many sources, biggest challenge is to assess uncertainties related to combining these results
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 PDF: PDF4LHC21 
 PDF: MSHT20xNNPDF40 

NNLO
aN3LO

δ(PDF − TH) = ± |σ(2),HTL,NNLO − σ(2),HTL,NLO |

h�#H2 9, hQi�H ;;> +`Qbb b2+iBQMb BM i?2 aJ 7Q` � G>* *J 2M2`;v Q7 √s = 13.6h2oX
√
s = 13.6TeV LLGP S.6 �LjGP S.6

MH [GeV] σ [pb] δ(theory) δ(scale) δ(EWK) δ(t, b, c) δ(PDF + αs) δ(PDF) δ(αs) δ(PDFĜTH) ∆ [pb] δ(PDF + αs) δ(Gauss) δ(Total) δ(Total(Gauss))

RkyXyy 88X89 +1.65
−4.66%

+0.31
−3.32% ±1.00% ±0.34% ±2.48% +1.65

−1.65% ±1.85% ±2.42% −2.56 +1.73
−1.73% ±4.09% +4.76

−7.50% ±4.78%

RkkXyy 8jXNd +1.66
−4.65%

+0.32
−3.31% ±1.00% ±0.34% ±2.47% +1.65

−1.65% ±1.84% ±2.40% −2.49 +1.73
−1.73% ±4.07% +4.75

−7.47% ±4.76%

Rk9Xyy 8kX9e +1.65
−4.65%

+0.31
−3.31% ±1.00% ±0.34% ±2.46% +1.64

−1.64% ±1.84% ±2.37% −2.43 +1.74
−1.74% ±4.05% +4.71

−7.44% ±4.74%

Rk9Xey 8kXyk +1.65
−4.65%

+0.31
−3.31% ±1.00% ±0.34% ±2.46% +1.64

−1.64% ±1.84% ±2.36% −2.41 +1.74
−1.74% ±4.05% +4.70

−7.43% ±4.74%

Rk9X3y 8RX3d +1.65
−4.65%

+0.31
−3.31% ±1.00% ±0.34% ±2.46% +1.64

−1.64% ±1.83% ±2.36% −2.41 +1.74
−1.74% ±4.05% +4.70

−7.43% ±4.73%

Rk8Xyy 8RXdk +1.65
−4.65%

+0.31
−3.31% ±1.00% ±0.34% ±2.46% +1.64

−1.64% ±1.83% ±2.36% −2.40 +1.74
−1.74% ±4.05% +4.70

−7.43% ±4.73%

Rk8XyN 8RXee +1.65
−4.65%

+0.31
−3.31% ±1.00% ±0.34% ±2.46% +1.64

−1.64% ±1.83% ±2.36% −2.40 +1.74
−1.74% ±4.05% +4.70

−7.43% ±4.73%

Rk8Xky 8RX83 +1.65
−4.65%

+0.31
−3.31% ±1.00% ±0.34% ±2.46% +1.64

−1.64% ±1.83% ±2.35% −2.39 +1.74
−1.74% ±4.04% +4.69

−7.42% ±4.73%

Rk8Xjy 8RX8R +1.65
−4.64%

+0.31
−3.30% ±1.00% ±0.34% ±2.46% +1.64

−1.64% ±1.83% ±2.35% −2.39 +1.74
−1.74% ±4.04% +4.69

−7.41% ±4.72%

Rk8Xj3 8RX98 +1.65
−4.64%

+0.31
−3.30% ±1.00% ±0.34% ±2.46% +1.64

−1.64% ±1.83% ±2.35% −2.39 +1.74
−1.74% ±4.04% +4.69

−7.41% ±4.72%

Rk8Xey 8RXkN +1.65
−4.64%

+0.31
−3.30% ±1.00% ±0.34% ±2.46% +1.64

−1.64% ±1.83% ±2.35% −2.38 +1.74
−1.74% ±4.04% +4.69

−7.41% ±4.72%

RkeXyy 8RXyR +1.65
−4.64%

+0.31
−3.30% ±1.00% ±0.34% ±2.46% +1.64

−1.64% ±1.83% ±2.34% −2.37 +1.74
−1.74% ±4.03% +4.69

−7.40% ±4.72%

Rk3Xyy 9NXek +1.64
−4.63%

+0.30
−3.29% ±1.00% ±0.34% ±2.45% +1.64

−1.64% ±1.83% ±2.32% −2.31 +1.74
−1.74% ±4.01% +4.66

−7.37% ±4.70%

RjyXyy 93Xk3 +1.64
−4.62%

+0.30
−3.28% ±1.00% ±0.34% ±2.45% +1.64

−1.64% ±1.82% ±2.30% −2.25 +1.74
−1.74% ±4.00% +4.64

−7.34% ±4.69%

9

δ(Gauss) = (max[ |δ(theory) | ] + δ(+PDF − TH)]/ 3, δ(Total) = (δ(theory) + δ(PDF − TH))2 + δ(PDF + αs)2, δ(Total(Gauss)) = δ(Gauss)2 + δ(PDF + αs)2
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Higgs Production: Vector Boson Fusion (VBF)
3.2 Vector-boson fusion: qq → qqV ∗V ∗ → qqH

3.2.1 Standard Model

H

q

q

W,Z

W,Z

Figure 24: Diagram contributing to qq → qqV ∗V ∗ → qqH at lowest order.

At the LHC the second important Higgs production channel is the vector-boson-fusion (VBF) mech-
anism (see Fig. 24) [17, 170]. For intermediate Higgs masses the vector-boson-fusion cross section is
about one order of magnitude smaller than the gluon-fusion one. The cross section can be approx-
imated by the t-channel diagrams of the type shown in Fig. 24 within ∼ 1% accuracy, i.e. without
any colour-cross talk between the quark lines, while interference effects for identical quark flavours and
s-channel contributions are at the per-cent level after subtracting the corresponding Higgs-strahlung
component from the s-channel contributions [171]. Within the structure-function approach the leading
order partonic vector-boson-fusion cross section [17] can be cast into the form (V = W,Z):

dσLO =
1

4
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ŝ
(175)

where dPS3 denotes the three-particle phase space of the final-state particles, MP the proton mass, P1,2

the proton momenta and q1,2 the momenta of the virtual vector bosons V ∗. The functions Fi(x, µ2
F ) (i =

1, 2, 3) are the usual structure functions from deep-inelastic scattering processes at the factorization scale
µF :

F1(x, µ
2
F ) =

∑

q

(v2q + a2q)[q(x, µ
2
F ) + q̄(x, µ2

F )]

F2(x, µ
2
F ) = 2x

∑

q

(v2q + a2q)[q(x, µ
2
F ) + q̄(x, µ2

F )]
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Vector Boson Fusion (VBF)

Dreyer, Karlberg 16; Cacciari, Dreyer, Karlberg, Salam, Zanderighi 15,18; Cruz-Martinez, Gehrmann, Glover, Huss 18

 with fiducial cuts to enhance VBF component: 2 jets, , ,pp → Hjj pT,j > 30 GeV mjj > 300 GeV |Δyjj | > 2

Known to exclusively (inclusively) to NNLO (N3LO) in the structure function / DIS approximation 

NLO NNLO N3LO

CERN-TH-2016-127
OUTP-16-12P

Vector-boson fusion Higgs production at N3LO in QCD

Frédéric A. Dreyer1, 2, 3 and Alexander Karlberg4

1Sorbonne Universités, UPMC Univ Paris 06, UMR 7589, LPTHE, F-75005, Paris, France
2CNRS, UMR 7589, LPTHE, F-75005, Paris, France

3CERN, Theoretical Physics Department, CH-1211 Geneva 23, Switzerland
4Rudolf Peierls Centre for Theoretical Physics, 1 Keble Road, University of Oxford, UK

We calculate the next-to-next-to-next-to-leading-order (N3LO) QCD corrections to inclusive
vector-boson fusion (VBF) Higgs production at proton colliders, in the limit in which there is no
colour exchange between the hadronic systems associated with the two colliding protons. We also
provide di↵erential cross sections for the Higgs transverse momentum and rapidity distributions. We
find that the corrections are at the 1�2h level, well within the scale-uncertainty of the next-to-next-
to-leading-order (NNLO) calculation. The associated scale-uncertainty of the N3LO calculation is
typically found to be below the 2h level. We also consider theoretical uncertainties due to missing
higher order parton distribution functions, and provide an estimate of their importance.

Since the discovery of the Higgs boson [1, 2], the LHC
has commenced a program of precision studies of its
properties. Higgs production through vector-boson fu-
sion (VBF), shown in figure 1, is a key process for preci-
sion measurements of properties of the Higgs boson [3],
as it is a clean channel with very distinctive kinematics,
due to its t-channel production and to the presence of
two high rapidity jets in the final state. These features
provide an ideal access for the intricate measurements
of the Higgs couplings [4]. Currently the VBF produc-
tion signal strength has been measured with a precision
of about 24% [5], though significant improvements can
be expected during run 2 and with the high luminosity
LHC.

P1

P2

H
V
⇤

V
⇤

FIG. 1. Illustration of Higgs production through vector-boson
fusion.

In order to experimentally determine the properties of
the Higgs boson it is crucial to have very precise theo-
retical predictions for cross sections. The inclusive cross
section for VBF Higgs production is known to next-to-
next-to-leading order (NNLO) [6, 7] in the structure func-
tion approach, in which VBF-induced Higgs production
is treated as a double deep-inelastic scattering (DIS) pro-
cess [8]. This calculation found NNLO corrections of

about 1% and renormalisation and factorisation scale un-
certainties at the 5h level. Recently, the fully di↵erential
NNLO QCD corrections in VBF Higgs production have
been computed [9]. These where found to be significant
after typical VBF cuts, with corrections up to 10–12% in
certain kinematical regions. The calculation also showed
no significant reduction in the associated scale uncertain-
ties compared to the scale uncertainty at next-to-leading-
order (NLO).
The structure function approximation is known to be

very accurate for VBF, because non-factorisable colour
exchanges are both kinematically and colour suppressed,
such that they are expected to contribute to less than
1% of the cross section [7, 10, 11]. This approach is ex-
act in the limit in which one considers that there are
two identical copies of QCD associated with each of the
two protons (shown orange and blue in figure 1), whose
interaction is mediated by the weak force.
In this letter we compute the next-to-next-to-next-to-

leading order (N3LO) QCD corrections to the inclusive
cross section in the structure function approach. This
calculation provides the second N3LO calculation for pro-
cesses of relevance to the LHC physics program, after a
similar accuracy was recently achieved in the gluon-gluon
fusion channel [12]. It represents an important milestone
towards achieving a fully di↵erential N3LO calculation
with the projection-to-Born method [9]. We also pro-
vide an estimate of contributions to the cross section
from missing higher order parton distribution functions
(PDFs) as these are currently only known at NNLO.
In the structure function approach the VBF Higgs pro-

duction cross section is calculated as a double DIS process
and can thus be expressed as [8]
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Here GF is Fermi’s constant, mV is the mass of the vector
boson,

p
s is the collider centre-of-mass energy, �2

V
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i
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Vector Boson Fusion (VBF)

SciPost Physics Community Reports Submission

Order �[pb] �[%]
VBF approx.

LO [↵3] 2.479(1) -
NLO QCD [↵3↵s] -0.300(3) -12.1

NNLO QCD [↵3↵2
s ] -0.088(7) -3.55

NNLO QCD non-fact. [↵3↵2
s ] -0.0053766(7) -0.22

Full
LO [↵3] 2.4772(1) -

NLO QCD [↵3↵s] -0.2648(10) -10.7
NLO EW [↵4] -0.14759(5) -5.95

Photon induced [↵4] 0.021286(2) +0.86
Loop induced int. [↵2↵2

s ] -0.003301(1) -0.01
Loop induced squ. [↵↵4

s ] 0.136403(9) 5.5
LO ggF [↵↵4

s ] 1.7751(6) 71.5
g�! ggH [↵2↵3

s ] 4.3(1)⇥ 10�6 0.0
Best prediction

pp! Hjj 2.041(9) -17.6

Table 4: Cross sections for the fiducial (a) phase space. The various contributions
and corrections are described in detail in Sec. 2.3. The value of the best prediction
is obtained from Eq. (11).

5.2 Fiducial regions

In this section, fiducial cross sections as well as two-dimensional distributions are discussed.
For the plots, the various panels show the same types of contributions as in the previous section.
Given that fiducial (a) and fiducial (b) phase spaces are very similar, we here only discuss
results for the former.

Cross sections First, in Table 4 we discuss the fiducial cross sections for fiducial (a). In
the upper part part of the table, the numbers for the VBF approximation are collected. It is
interesting to observe that the NLO QCD corrections are at the level of 12% while the NNLO
QCD ones amount to about 25% of their size, as expected from power-counting arguments.
On the other hand, the non-factorisable corrections at NNLO QCD are at the per-mille level
and are therefore negligible for phenomenological considerations. In particular, while we
include them in our best predictions, they actually do not play any significant role. In the
second part of the table, full predictions in the sense that all t, u, s contributions as well as
their interferences are considered. The full LO predictions only differ insignificantly from
those in the VBF approximation. The NLO QCD corrections are also of the same order in
both approaches, even if the full result is slightly lower. The NLO EW corrections, including
photon-induced contributions, are about �5% while the photon-induced contributions are
below the per-cent level. As for the non-factorisable corrections, interference contributions
between the EW production and the loop-induced ones are at the per-mile level. On the other
hand, the loop-induced contributions squared, retaining only the quark channels which are
therefore an irreducible background to the EW production of Hjj, are of the order of the EW
contribution, but exhibit an opposite sign. Considering also partonic channels with external
gluons, the LO gluon-gluon fusion contribution with two identified jets is particularly large,

20

SciPost Physics Community Reports Submission

(a) pT,H < 120 GeV (b) 120 GeV < pT,H <260 GeV

Figure 9: Fixed-order (NNLO and NLO) and NLOPS predictions within the VBF ap-
proximation for the dijet invariant mass within the fiducial (b) phase space, in two
regions of Higgs transverse momentum. The solid bands represent the 7-point vari-
ation of the factorisation and renormalisation scales in the hard matrix elements,
while for the vertical hashed green bands additionally the shower starting scale of
the reference generator is varied. For the total NLOPS uncertainty, shown as diagonal
hashed green bands, the scale variation and generator uncertainties are combined as
detailed in our recommendations in Sec. 6.3.3. The middle panels illustrate the ratio
between the respective fixed-order and the central NLOPS predictions. The lower
panels show the spread of the predictions obtained with the various NLOPS genera-
tors considered in this study.

6 Parton shower

6.1 Comparison between fixed order and parton shower predictions for VBF

In this section, we compare the predictions obtained using the event generators described in
Secs. 3.2 and 3.3. Specifically, we focus on the fiducial (b) phase space region defined in
Sec. 4.2. Results for the fiducial (a) region have similar behaviour.

We compare NLO QCD (violet), NNLO QCD (red) and NLOPS (green) predictions for both
inclusive (Figs. 9 and 10) and exclusive (Fig. 11) observables for illustration. As done in the
previous sections, the theoretical uncertainty associated with NLO and NNLO QCD calculations
is represented by a solid band corresponding to the scale variations (dubbed ME scale in the
legend).

At NLOPS, as our reference we use the VBF POWHEG-BOX implementation [79] showered
with PYTHIA 8 using a dipole recoil and the option POWHEG:pThard = 0. For this predic-
tion, we show again the scale variations in the hard matrix element (green solid band). The
total scale uncertainty associated with the reference NLOPS generator also comprises the un-
certainty stemming from the choice of the hard scale in the parton shower evolution (see

24

Significant theoretical effort to produce state-of-the-art predictions for this channel 

Need fiducial predictions combining many different pieces and approximations

Treatment of irreducible backgrounds (e.g. gluon-fusion) also involved

A. Buckley, et al 21; LHCHWG-2025-003



69

Higgs Production: W/Z Associated Production

h,Hq̄

q

W,Z

W,Z

Figure 30: Diagram contributing to qq̄ → V ∗ → h/H + V at lowest order.

H

q

q̄

g

t

t̄

H

g

g

t

t̄

Figure 31: Typical diagrams contributing to qq̄/gg → tt̄H at lowest order.

threshold effects are strongly diminished. The main parts of the QCD corrections originate from regions
significantly above the production threshold and can be approximated by a fragmentation approach
involving first producing a tt̄ pair supplemented by the t → tH fragmentation in the high-energy
limit [191, 194]. Although this provides a bad approximation for the magnitude of the cross section
itself it leads to a reasonable estimate of the relative QCD corrections [191]. The full NLO results have
recently been implemented in the Powheg box [195], matched to Sherpa [196] and generated within the
Mg5 amc@nlo framework [193] thus offering NLO event generators matched to parton showers. The
NLO result has recently been improved by a soft and collinear gluon resummation based on the SCET
approach starting from the boosted final-state particle triplet11 [198] leading to a further increase of the
cross section by 5-10%. The residual scale dependence is reduced to the level of 5− 10%. Recently the
electroweak corrections have been calculated for tt̄H production [199]. They range a the per-cent level
and are thus small. Moreover, off-shell top-quark effects have been determined at NLO in QCD [200]
with leptonic top-quark decays and turn out to be small for the inclusive tt̄H cross section. However,
they play a role in certain regions of phase space and are thus of relevance for distributions.

bb̄H production. Higgs bremsstrahlung off bottom quarks does not play a significant role for the
SM Higgs boson, but yields an important constraint on the bottom Yukawa coupling. Its total cross
section is of similar size as the tt̄H production cross section. The results of tt̄H production can be
taken over for bb̄H production. However, they have to be transformed to the four-flavour-scheme (4FS)
in order to avoid artificial large logarithms initiated by the bottom mass in the combination of the
virtual and real corrections at NLO. In this way finite bottom-mass effects can be taken into account
consistently. The NLO QCD corrections are positive and large. There is a decrease by about 10% due

11The recent alternative approach using conventional threshold resummation techniques does not yield a sizeable con-
tribution beyond NLO [197] due to the strong threshold suppression.

58
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pp → ZH

Production of  provides an interesting example of a channel where higher-order corrections can be suddenly enhancedZH

Consider the matrix element for  with QCD correctionspp → ZH 

As we consider higher orders, eventually we encounter a loop-induced (i.e. LO in this channel is 1-loop)   channelgg → ZH
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pp → ZH

 

 

The  channel contributes to   
starting at NNLO in QCD 

However due the large gluon-gluon luminosity at the 
LHC it contributes significantly (~10%) to the total cross 
section 

Furthermore as a loop-induced Higgs process, the 
higher-order corrections are large (about 100%), 
meaning even gluon-induced N3LO corrections are 
significant! Even more severe for distributions.

gg → ZH pp → ZH

Q: Does the  channel contribute to 
WH production? Why?

gg
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Higgs Working Group Summary

ZH:  @ NLOgg → ZH

Community effort to stimulate TH and encourage EXP/TH communication

This glosses over the (perhaps) more interesting differential measurements which allow us to probe higher energies

Aveleira, Chen, Davies, Degrassi, Giardino, Gröber, Heinrich, SPJ, 
Kerner, Schlenk, Steinhauser, Vitti 25
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Ongoing efforts to compute missing corrections

ttH ttH

Febres Cordero, Figueiredo, Kraus, Page, Reina 23 

Agarwal, Heinrich, SPJ, Kerner, Klein, Lang, Magerya, Olsson 24

Catani, Devoto, Grazzini, Kallweit, Mazzitelli, Savoini 22; Wang, Xia, Lin Yang, Ye 24
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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. 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 –

ggH: heavy-top @  + finite quark mass effects @ NNLON3LO
Mistlberger 18; Czakon, Niggetiedt 20; Czakon, Harlander, Klappert, Niggetiedt 21; Czakon Eschment, Niggetiedt 
(Poncelet, Schellenberger) 24 (24);
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Boosted Higgs
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q q
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Figure 20: Typical diagrams contributing to the virtual and real QCD corrections to gg → H at NLO.

The NLO corrections are positive and large, increasing the gluon-fusion cross section at the LHC
by about 60–90%. The QCD corrections to the bottom-quark contributions are significantly smaller if
the bottom mass is used in terms of the pole mass or the MS mass at the scale of the bottom mass.
This choice is motivated by the numerical cancellation of squared and single logarithms of the relative
QCD corrections at NLO [68]. This feature modifies the destructive bottom-quark contribution to
a reduction of the cross section by about 6% at NLO. Comparing the exact mass-dependent results
with the expressions in the heavy-quark limit, it turns out that this asymptotic K factor provides an
excellent approximation even for Higgs masses above the top-decay threshold8. We explicitly define the
approximation by

σapp = Kt
NLO(∞)× σLO(τt, τb, τc) (164)

Kt
NLO(∞) = lim

Mt→∞
KNLO

where we neglect the b quark contribution in Kt
NLO(∞), while the leading order cross section σLO

includes the full t, b, c quark mass dependence. The comparison with the full massive NLO result is
presented in Fig. 21. The solid line corresponds to the exact cross section and the broken line to the
approximate one. For Higgs masses below ∼ 1 TeV, the deviations of the asymptotic approximation
from the full NLO result are less than 15%, whereas for MH = 125 GeV they amount to ∼ 5%, if the
full LO cross section is multiplied by the approximate K-factor. This property of the NLO corrections
suggests this to be true also at higher orders, since it is a consequence of the dominating soft and
collinear gluon effects in the QCD corrections.

Within the heavy top-quark limit the NNLO [142] and N3LO [143, 144] QCD corrections have
been calculated. The NNLO contributions increase the production cross section by about 20% beyond
NLO, while the N3LO corrections range at the level of a few per-cent. These results indicate that the
gluon-fusion cross section is under theoretical control despite the large size of the NLO corrections.
This is further corroborated by the results obtained by a soft and collinear gluon resummation on
top of the N3LO result. This approach resums the dominant factorizing contributions from soft and
collinear gluon effects up to all perturbative orders. The soft corrections provide the leading ones close
to the production threshold, while collinear gluon effects are of subleading order. Both can be treated
systematically. The soft and collinear contributions provide a reasonable approximation of the full
fixed-order results and thus a reliable estimate of missing higher-order effects beyond the fixed-order
corrections. This resummation has been performed at the NNLL level [145] and the N3LL level [146]
in the heavy top-quark limit. The sizes of the different logarithmic orders follow roughly the pattern of
the corresponding fixed-order corrections. Quite recently also finite top-mass effects have been included
in the resummation framework [147] at the NLL order, where they are known exactly. Resummation
effects beyond N3LO yield only a per-cent increase of the cross section for the central scale choice.
However, they provide an approximation of effects beyond N3LO and contribute to a sophisticated

8Large Higgs masses are still relevant for off-shell Higgs bosons.
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Boosted Higgs

Why might we want to study boosted (high- ) Higgs production?pT

At moderate/large pT: 
• Particles in the loop can be resolved 
• May disentangle modified top quark Yukawa coupling from (BSM) point-like  coupling 
• As we cross the top threshold, top mass becomes important!
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Boosted Higgs Contamination

Complicated interplay of channels relevant for high-  predictions 

Fractional contribution of VBF approximately constant with  
+ ggF contamination decreases for boosted H 
+ VH contamination increases for boosted H

pH
T

pH
T

p
cut
? [GeV] VBF VH tt̄H

400 �17.80% �19.05% �6.95%

450 �19.43% �20.83% �7.75%

500 �21.05% �22.50% �8.49%

550 �22.34% �24.07% �9.11%

600 �23.73% �25.56% �9.91%

650 �25.03% �26.98% �10.67%

700 �26.29% �28.30% �11.37%

750 �27.35% �29.60% �11.94%

800 �28.42% �30.83% �12.51%

Table 7: Percentage decrease of the cross sections of Table 6 due to the inclusion of electro-weak
corrections as a function of the cut in p?.
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Figure 4: Cumulative cross section for the production of a Higgs boson as a function of the Higgs
boson transverse momentum cut. The cross section due to the gluon-fusion (green), VBF (red),
vector boson associated (blue) and top-quark pair associated (magenta) production mode are shown
in absolute values (left) and relative size (right).

4 Summary and conclusions

In this article we studied the inclusive production of a boosted Higgs boson at the LHC. We pre-
sented a combination of accurate QCD predictions for the various production channels, and provided
a recommendation for the cumulative distribution at large transverse momenta in the gluon-fusion
channel. The resulting predictions are reported in Table 6 for different values of the lower cut on
the Higgs transverse momentum. The table shows that in the boosted regime the dominance of
the gluon-fusion channel is much less significant, and a consistent inclusion of different production
modes is necessary. This is even more important in view of BSM interpretations since different
channels can be affected differently by new-physics effects. It is therefore desirable in experimental
analyses to avoid subtracting different Higgs production channels from the experimental measure-
ment as a way of assessing the gluon-fusion contribution. Such a subtraction can only be done under
strong theoretical assumptions. An unbiased way of reporting the experimental results necessarily
involves quoting the fiducial cross sections.

For the gluon fusion contribution, we compare the resulting predictions to those of Monte-Carlo

– 10 –

LHCHXSWG-2019-002 (Boosted Higgs Note)

Future update on boosted Higgs requires input from several working groups
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Boosted Higgs: NLO H+j

HTL not valid for  : (b,t)-quark mass effects known for H+j at NLO pT ≳ mt
Bonciani, Del Duca, Frellesvig, Hidding, Hirschi, Moriello, Salvatori, Somogyi, Tramontano 22; Kudashkin, 
Melnikov, Wever, Lindert/ Neumann/ Chen, Huss, SPJ, Kerner, Lang, Luisoni, Zhang 18-21

t
4

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

Bonciani, et al. 22

3

We implemented our two-loop amplitudes through a
MadGraph5 aMC@NLO plugin, similar to what was
done in ref. [36], where the amplitude appeared as an
e↵ective vertex in a UFO [78] model. In that representa-
tion, the form factors are understood as dynamical cou-
plings which will be re-evaluated for each phase-space
point by the tree-level Fortran matrix element code via an
interface to Mathematica. The main advantage of such
an implementation is that it greatly facilitates the distri-
bution and reproducibility of our two-loop amplitude as it
can now readily be generated like any tree-level process
in a version of MadGraph5 aMC@NLO equipped with
our plugin. It moreover o↵ers additional flexibility re-
garding the selection of the type of contribution the user
is interested in. This includes 1) the possibility of choos-
ing between OS and MS mass renormalisation schemes,
2) selecting particular interference terms and which mas-
sive quark flavours are included in each fermion loop, 3)
potentially attaching Higgs decay structures to the pro-
duction process and finally 4) computing renormalisation
scale variations through a reweighting procedure neces-
sitating only a single evaluation of the form factors.

For the case of OS top-quark mass renormalisation, we
validated this implementation by aligning our setup with
that chosen in refs. [28, 29] and found great agreement
both at the inclusive and di↵erential level.*

RESULTS

In this section we show a selection of predictions ob-
tained using our computation. For our simulation we
use the value GF = 1.16639 · 10�5 GeV�2 for the Fermi
constant and the NNPDF40 nlo as 01180 [79] PDFs set
and ↵S . Jets are reconstructed using the anti-kt algo-
rithm [80] with resolution variable R = 0.4. We select
events of proton-proton collisions at

p
s = 13TeV where

the Higgs boson is produced in association with a jet with
transverse momentum larger than p

j1

T
> 20GeV. The

masses of the Higgs boson and of the internal quarks are
set to mH = 125.25GeV, and m

OS
t

= 172.5GeV when
considering on-shell top mass renormalisation, whereas
we compute m

MS
t

(µR) from m
MS
t

(mMS
t

) = 163.4GeV in
the case of MS top-quark mass renormalisation, using
leading logarithmic evolution. We also included the ef-
fect of having an internal massive bottom quark attached
to the Higgs boson. For a consistent use of the decoupling
scheme with five-flavour evolution of the strong coupling
and PDFs we have chosen to retain the bottom mass

* Note that in the updated version [29] of ref. [28] on the arXiv,
the authors report a bug fix that a↵ected the results of ref. [28]
by about 13% on the total cross section. We find agreement with
the updated prediction [29].

renormalisation of
internal masses

�LO [pb] �NLO [pb]

top+bottom–(MS) 12.318+4.711
�3.117 19.89(8)+2.84

�3.19

top–(MS) 12.538+4.822
�3.183 19.90(8)+2.66

�2.85

top–(OS) 12.551+4.933
�3.244 20.22(8)+3.06

�3.09

Table I. Cross section for Higgs boson production in asso-
ciation with a jet with transverse momentum larger than
pj1T > 20GeV, with top- and bottom-quarks circulating in
the heavy-quark loop, in the MS scheme (upper line); with
top-quark circulating in the loop, in the MS scheme (mid-
dle line) and in the OS scheme (lower line), at LO and NLO
accuracy.

only in the loop where it is coupled to the Higgs bo-
son and set it to zero in the other pure QCD contribu-
tions. The bottom-quark mass and the corresponding
Yukawa coupling are computed evolving m

MS

b
(µR) from

m
MS

b
(mMS

b
) = 4.18GeV (also with leading logarithmic

accuracy). Our choice for the central renormalisation
(µR) and factorization (µF ) scales is

µ
0

R
= µ

0

F
=

HT

2
=

1

2

 q
m

2

H
+ p

2

t,H
+
X

i

|pt,i|

!
, (1)

with the sum running over all partons in the final state.
As for the scale variations, we take the envelope of the
seven scale choices obtained by varying the central scales
by a factor of two in both directions excluding the max-
imal distance.
Our results for the semi-inclusive Higgs production

cross section within our jet acceptance cut are given in
Table I, where we note that the relative scale uncertainty
goes down from about 30% at LO to about 14% at NLO.
Further, by comparing the first two lines, we see that
the top-bottom interference yields a negative contribu-
tion at LO, and instead a positive contribution at NLO
which cancels the o↵set between the cross section with
and without top-bottom interference.
The bottom quark is expected to a↵ect the production

rate only at small and intermediate values of the Higgs
pT distribution. Approximated results for the e↵ect of
the bottom quark at intermediate pT values have been
previously reported in [34]. In fig. 1, we show the results
of our exact computation for the Higgs pT distribution
in 20GeV-wide bins at intermediate pT values, at LO
(left panel) and NLO (right panel) accuracy, with top-
and bottom-quarks circulating in the heavy-quark loops
in MS (black curve); with top-quark only, in MS (blue
curve) and in OS (red curve). Vertical bars represent the
statistical error from the Monte Carlo integration. In the
left panel, the first bin is empty, since the LO kinematic
contraint, pT = p

j

T
, forces the Higgs pT to be not lower

Full NLO Result 
 Enhances cross-section by ~1.6x 
 Significantly reduces scale uncertainty 
 Top quark mass scheme uncertainty reduced but comparable to scale uncertainty
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We compute three-loop QCD corrections to the scattering amplitude of a Higgs boson and three
partons interfered with its tree level counterpart. Specifically, we derive our results in the generalized
leading color limit. Our results are represented in terms of so-called multiple polylogarithms and
thus ready for use in phenomenological predictions. We provide the three-loop amplitudes necessary
to compute the production cross section of a Higgs boson and a hadronic jet at hadron colliders and
the decay probability of a Higgs boson to three hadronic jets at lepton colliders.

INTRODUCTION

The discovery of the Higgs boson by the ATLAS [1]
and CMS [2] experiment at the Large Hadron Collider
(LHC) ushered in a new era of exploration of fundamental
forces. For the first time we gained experimental access
to probe the interactions of all fundamental particles of
the Standard Model and thus a brand new opportunity to
test the foundations of our understanding of nature. To-
day, we explore the rich implications of the Higgs boson
by performing high precision comparison of experimen-
tal data with theoretical predictions for the outcome of
LHC scattering experiments. The large data sets already
collected by the LHC and in particular the advent of the
upcoming High-Luminosity Phase [3] enable a precision
phenomenology program testing the Standard Model and
searching for new physics beyond this paradigm. The
high experimental precision must be matched by equally
precise theoretical predictions based on the cutting edge
of our understanding of Quantum Field Theory (QFT).
In this Letter, we achieve a new milestone of precision
calculations at the core of such predictions.

Precision computations for the LHC are performed ex-
ploiting the factorization of high energetic scattering pro-
cesses of the QCD partons - the constituents of the two
scattering protons - and the low-energy dynamics of the
individual protons. Within this framework, we compute
scattering cross sections based on the first principle La-
grangian of the Standard Model or other theories of na-
ture using perturbative QFT. Precision is achieved by
computing cross sections to higher and higher power in
an expansion in coupling constants. The largest of all
coupling constants at LHC energies is the coupling of the
strong force ↵S . Achieving high order results in the ex-
pansion in powers of ↵S is a formidable task challenging
our technical and theoretical abilities of using QFT.

An overwhelming number of about ninety percent of all
Higgs bosons at the LHC are produced via the gluon fu-
sion mechanism. This mechanism describes the fusion of
two initial state gluons via a virtual top-quark loop which
in turn radiates the Higgs boson. Perturbative QCD cor-
rections for this production mechnism are notoriously

FIG. 1: Example diagram for the leading-color,
three-loop scattering amplitude of three gluons and a

Higgs boson.

large and consequently very high order predictions are
required to rival experimental precision. A powerful ap-
proach is the construction of an e↵ective field theory [4–7]
integrating out the degrees of freedom of the top quark
yielding the first term in an expansion in inverse pow-
ers of the large top quark mass. This approach reduces
the top-quark loop at Born level to a point-like interac-
tion coupling the Higgs field H directly to the gluon field
strength G

µ⌫

a
via a Wilson coe�cient [8–12] C0.

Leff = LSM,5 �
C

0

4
HG

µ⌫

a
Ga,µ⌫ . (1)

The application of this e↵ective field theory has en-
abled frontier computations of the inclusive Higgs pro-
duction cross section through next-to-next-to-next-to-
leading order (N3LO) in QCD perturbation theory [13–
18] and predictions including the massive top quark were
obtained already through next-to-next-to-leading order
(NNLO) [19–23]. Higgs phenomenology is however much
richer than only inclusive rates and a vast range of ob-
servables di↵erential in the decay products of the Higgs
boson allow us to study this new particle in great de-
tail. The advances in our understanding of di↵erential
cross section of the past two decades enabled the compu-
tation of fully di↵erential predictions for the production
of a Higgs boson through N3LO in QCD perturbation
theory [24–30]. A leap in our ability to perform di↵eren-
tial computations with hadronic jets occurred about one
decade ago [31–38] leading to fully di↵erential predic-
tions of the gluon fusion production of a Higgs boson in
association with a jet at NNLO [39–42]. The additional
final state jet is a requirement for any observable depen-
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We compute three-loop QCD corrections to the scattering amplitude of a Higgs boson and three
partons interfered with its tree level counterpart. Specifically, we derive our results in the generalized
leading color limit. Our results are represented in terms of so-called multiple polylogarithms and
thus ready for use in phenomenological predictions. We provide the three-loop amplitudes necessary
to compute the production cross section of a Higgs boson and a hadronic jet at hadron colliders and
the decay probability of a Higgs boson to three hadronic jets at lepton colliders.
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forces. For the first time we gained experimental access
to probe the interactions of all fundamental particles of
the Standard Model and thus a brand new opportunity to
test the foundations of our understanding of nature. To-
day, we explore the rich implications of the Higgs boson
by performing high precision comparison of experimen-
tal data with theoretical predictions for the outcome of
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phenomenology program testing the Standard Model and
searching for new physics beyond this paradigm. The
high experimental precision must be matched by equally
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of our understanding of Quantum Field Theory (QFT).
In this Letter, we achieve a new milestone of precision
calculations at the core of such predictions.

Precision computations for the LHC are performed ex-
ploiting the factorization of high energetic scattering pro-
cesses of the QCD partons - the constituents of the two
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individual protons. Within this framework, we compute
scattering cross sections based on the first principle La-
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computing cross sections to higher and higher power in
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pansion in powers of ↵S is a formidable task challenging
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An overwhelming number of about ninety percent of all
Higgs bosons at the LHC are produced via the gluon fu-
sion mechanism. This mechanism describes the fusion of
two initial state gluons via a virtual top-quark loop which
in turn radiates the Higgs boson. Perturbative QCD cor-
rections for this production mechnism are notoriously
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large and consequently very high order predictions are
required to rival experimental precision. A powerful ap-
proach is the construction of an e↵ective field theory [4–7]
integrating out the degrees of freedom of the top quark
yielding the first term in an expansion in inverse pow-
ers of the large top quark mass. This approach reduces
the top-quark loop at Born level to a point-like interac-
tion coupling the Higgs field H directly to the gluon field
strength G
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The application of this e↵ective field theory has en-
abled frontier computations of the inclusive Higgs pro-
duction cross section through next-to-next-to-next-to-
leading order (N3LO) in QCD perturbation theory [13–
18] and predictions including the massive top quark were
obtained already through next-to-next-to-leading order
(NNLO) [19–23]. Higgs phenomenology is however much
richer than only inclusive rates and a vast range of ob-
servables di↵erential in the decay products of the Higgs
boson allow us to study this new particle in great de-
tail. The advances in our understanding of di↵erential
cross section of the past two decades enabled the compu-
tation of fully di↵erential predictions for the production
of a Higgs boson through N3LO in QCD perturbation
theory [24–30]. A leap in our ability to perform di↵eren-
tial computations with hadronic jets occurred about one
decade ago [31–38] leading to fully di↵erential predic-
tions of the gluon fusion production of a Higgs boson in
association with a jet at NNLO [39–42]. The additional
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HTL valid for s12 ≪ 2mT

Master Integrals 
3-loop massless + one off-shell leg 
Planar + non-planar result expressed in terms of GPLs 
Many sectors in literature, remaining 2 computed 
Further topologies required to obtain sub-leading colour
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Work in the Heavy Top Limit (HTL)

IBP Summary
¾Reduced (IBP) memory usage and fast evaluation

• ~5 ∗ 10ହ CPU*h

• Maximum memory for numeric IBP: ~100 GB

Expert Box: 
BLSetReducerO瀃ti瀂瀁s[“Fi濿terLeve濿”->{1,1,0,-1,-2}];
SetO瀃ti瀂瀁s[BLReduce, “S瀃a瀁瀁i瀁gReduce”->True, “Ma瀁ua濿Para濿濿e濿ize”->True, “B濿adeM瀂de”->Fu濿濿];
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Higgs + Jet @ NLOEW
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Figure 2. Representative two-loop Feynman diagrams for EW corrections to gg ! gH.

with the constraint s+ t+ u = m
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given by p
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M
abc = f

abc
✏1,µ✏2,⌫✏

⇤
3,⇢A

µ⌫⇢(s, t, u), (2.3)

and the tensor Aµ⌫⇢(s, t, u)1 is a rank-3 tensor under Lorentz transformations. Note that all

the Lorentz indices are treated in d dimensions. The gauge invariance of the external gluons

will impose constraints on the structure functions. Following the conventions introduced

in [40], we choose the gluons to be transversely polarized and fix the gauge of external
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with the Lorentz-invariant form factor Fj(s, t, u).

With the projector Pµ⌫⇢

j
, the form form factor Fj(s, t, u) can be obtained through
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From eq. (2.4), the polarization sums for external gluons are
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1The structure functions also depend on the particle mass, but they are not shown here for brevity.
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Two independent calculations of EW corrections to HJ
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Figure 4. Ratios between the distributions in ↵(0) or ↵(mZ) schemes and the ones in Gµ scheme.
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Figure 5. Di↵erential cross section with and without NLO EW corrections in Gµ scheme. The
upper ones are the di↵erential cross sections and the lower ones are the relative EW corrections as
a function of Higgs pseudorapidity ⌘, Higgs transverse momentum pT , and the invariant mass of
Higgs and jet.

Figure 4 presents the ratios of the ↵(0) and ↵(mZ) predictions to the Gµ baseline.

The LO spread among the schemes is substantial, but it shrinks dramatically once the EW

corrections are included, thereby bringing the theoretical uncertainty under much tighter

control.

Even though all EW input schemes converge to similar results at NLO, the Gµ scheme,

for which the LO amplitude is explicitly proportional to Gµ, remains the most physically

motivated choice for this process. Consequently, we adopt the Gµ scheme throughout the

remainder of our phenomenological study.

Fig. 5 shows the distributions of Higgs pseudorapidity ⌘, Higgs transverse momentum

pT , and the invariant mass of Higgs and jet. The corrections are nearly uniform across the

full rapidity range, with the K-factor remaining close to 1.04. The cross section decreases

dramatically with increasing pT or mhj . The K-factor decreases gradually from about 1.05

at low pT to around 0.95 at higher pT values, suggesting a negative electroweak correction

in the high-energy regime. A similar trend is observed as in the pT case, with the K-factor

decreasing mildly as mhj increases. Overall, the EW corrections amount to a few percent
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Both groups find that the EW corrections enhance the cross-section 
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Higgs Decay

 [GeV]HM
100 120 140 160 180 200

Br
an

ch
in

g 
ra

tio
s

-310

-210

-110

1
bb

ττ

cc

gg

γγ γZ

WW

ZZ

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
0

Handbook of LHC Higgs Cross Sections [1101.0593]

The value of the Higgs boson mass means that many decays are possible in the SM 

This makes the study of Higgs decays very rich!
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The value of the Higgs boson mass means that many decays are possible in the SM 

This makes the study of Higgs decays very rich!
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 0.11+  , 0.07± (  ) 0.07−

 0.08+ 
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 0.06+ 

γγ   1.05  0.09±  , 0.06± (  ) 0.06−
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 0.89+ (  ) 0.33−
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ATLAS-CONF-2025-006
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Higgs Couplings
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Can compare the extracted values to the SM prediction in 
this beautiful way

Tempting to think that we have confirmed the SM but we 
are only just beginning to scratch the surface

CERN-EP-2024-087
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H → μμ
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Figure 1: Observed dimuon invariant mass spectrum combining all of the Run-3 categories. The events and probability
density functions (pdf) are weighted by ln(1+ (/⌫), where ( and ⌫ are the signal and background yields, respectively,
evaluated in the <`` = 120 � 130 GeV window. These yields are extracted from the fit performed in the mass range
<`` = 110 � 160 GeV, providing a signal strength of ` = 1.6 ± 0.6. The background and signal pdfs are obtained
from the fit to the data. The lower panel shows the data with the background model subtracted, and the fitted signal
pdf, normalized to the signal best-fit value. Error bars represent the data statistical uncertainties.

signal and background yields, respectively, as extracted from the fit to data in the <`` = 120 � 130 GeV
range. The corresponding values for (, ⌫, and other relevant quantities for each category are summarized
in Table 2.

The best-fit value of the signal-strength parameter, defined as the ratio of the observed signal yield to the SM
expectation, is ` = 1.6 ± 0.6, and corresponds to an observed (expected) significance of 2.8 (1.8) standard
deviations, f, with respect to the background-only hypothesis. The measured signal strengths in each
group of categories, together with the combined Run-3 result, are shown in Figure 2. The compatibility
of the measured signal strengths between the 23 categories is tested by repeating the fit after allowing
each category to have its own signal strength parameter. The probability of compatibility is at the 68%
level. Using the same methodology, the probability of compatibility between the signal strengths of the six
groups of categories shown in Figure 2 is 54%.

The results presented in this Letter are combined with the analysis of the full ATLAS Run-2 dataset [8].
Experimental uncertainties are taken as uncorrelated between the two datasets, while theory sources are
treated as fully correlated, except for those related to PDFs. An excess of events over background is
observed with an observed (expected) significance of 3.4 (2.5) f. The measured signal strength in the
combined fit is ` = 1.4 ± 0.4, and the individual results for Run 2 and Run 3 are compatible within 68%.
The measured signal strengths for the Run-2 and Run-3 datasets, as well as their combination, are shown in
Figure 2. Assuming the SM values for the Higgs-boson production cross-sections, this result corresponds
to a branching fraction of B(� ! ``) = (3.0 ± 0.9) ⇥ 10�4.

In conclusion, the ATLAS experiment sees evidence for the rare decay of the Higgs boson into two
muons, and hence for the Higgs-boson Yukawa coupling to second-generation fermions, with an observed
(expected) significance over the background-only hypothesis of 3.4 (2.5) f. The result is obtained by

7

10− 5− 0 5 10 15
Signal strength

             Total     Stat.     Syst.

Combined Run 2 + Run 3  0.1 )± 0.4 ,  ± 0.4  (  ±   1.4  

Combined Run 3  0.2 )±  ,   0.5−
 0.6+  0.6  ( ±   1.6  

Combined Run 2   ) 0.1−
 0.2+  0.6 , ± 0.6  (  ±   1.2  

Run 3 0-jet categories  0.5 )± 1.2 ,  ± 1.3  (  ±   2.0  

Run 3 1-jet categories  0.4 )± 1.2 ,  ± 1.2  (  ±   1.3  

Run 3 2-jet categories  0.6 )± 1.2 ,  ± 1.3  (  ±   3.3  

Run 3 VBF categories  0.2 )± 0.9 ,  ± 0.9  (  ±   0.3  

Run 3 VH categories  1.3 )± 4.1 ,  ± 4.3  (  ±   3.1  

H categoriestRun 3 t  1.1 )± 3.4 ,  ± 3.5  (  ±   1.3  

Total Stat. Syst. SM
 ATLAS -1 = 13.6 TeV, 165 fbs        Run 3: -1 = 13 TeV, 140 fbsRun 2: 

µµ → H

Figure 2: Best-fit values of the signal-strength parameters for the analysis of the Run-3 data and the full Run-2 dataset.
Results are first shown for Run 3 by grouping the signal strength parameters into six major categories (CC̄�, +�,
VBF, 2-jet, 1-jet, and 0-jet), where the systematic uncertainties reported in the legend are symmetrized. In the lower
part of the plot, the full Run-2 and Run-3 results are given, as well as their combination.

analysing 165 fb�1 of ?? data collected at
p
B = 13.6 TeV and combining with the results from 140 fb�1

of data collected at
p
B = 13 TeV. This result is compatible with the SM expectation.

8

A direct probe of Higgs coupling to 2nd generation fermions!

   Run 2   @  
+ Run 3   @ 

140 fb−1 s = 13 TeV
165 fb−1 s = 13.6 TeV

Signal Strength 

     μ = 1.4 ± 0.4 3.4σ (2.5σ)
Statistically limited  
(systematic uncertainties 5% of total)

CERN-EP-2025-149

Incredibly close to discovery…
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Higgs Discoveries

The LHC has delivered incredible discoveries in the Higgs sector beyond discovering the Higgs boson

2018 ( ): Direct observation of a Yukawa coupling  
CMS 1804.02610/ ATLAS 1806.00425 

2020 ( ): Direct evidence that Higgs field is responsible for mass of 2nd gen. leptons  
CMS 2009.04363 / ATLAS 2007.07830 

2022 ( ): Hints that Higgs field is responsible for mass of 2nd gen. quarks 
2205.05550 / ATLAS 2201.11428 

2023 ( ): Evidence of a rare decay 
CERN-EP-2023-157

ttH

H → μμ

H → cc

H → Zγ

I believe that we can and should celebrate this more than we do!
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Fixed Order Progress

Les Houches Wishlist [2504.06689]

process known desired

pp æ H

N3LOHTL

NNLO(t,t◊b)
QCD

N(1,1)LO(HTL)
QCD¢EW

NLOQCD

N4LOHTL (incl.)

pp æ H + j

NNLOHTL

NLOQCD

N(1,1)LOQCD¢EW

NNLOHTL ¢ NLOQCD + NLOEW

N3LOHTL

NNLOQCD

pp æ H + 2j

NLOHTL ¢ LOQCD

N3LO(VBFú)
QCD (incl.)

NNLO(VBFú)
QCD

NLO(VBF)
EW

NNLOHTL ¢ NLOQCD + NLOEW

N3LO(VBFú)
QCD

NNLO(VBF)
QCD

NLOQCD

pp æ H + 3j
NLOHTL

NLO(VBF)
QCD

NLOQCD + NLOEW

NNLO(VBFú)
QCD

pp æ V H
N3LOQCD (incl.)+ NLOEW

NLO(t,b)
ggæHZ

N3LOQCD

N(1,1)LOQCD¢EW

pp æ V H + j
NNLOQCD

NLOQCD + NLOEW

pp æ HH
N3LOHTL ¢ NLOQCD

NLOEW
NNLOQCD

pp æ HH + 2j

N3LO(VBFú)
QCD (incl.)

NNLO(VBFú)
QCD

NLO(VBF)
EW

NLOQCD

pp æ HHH NNLOHTL NLOQCD

pp æ H + tt̄
NLOQCD + NLOEW

NNLOQCD (approx.)
NNLOQCD

pp æ H + t/t̄ NLOQCD + NLOEW NNLOQCD

Table 2: Precision wish list: Higgs boson final states. NxLO(VBFú)
QCD means a calculation using

the structure function approximation. V = W, Z.

pered by the di�culty in computing two-loop gg æ V V amplitudes with a massive quark loop.
Approximate NLOQCD corrections were computed using the heavy-top expansion [482–484], the
high-energy expansion [485], and a combination of these two approximations and the threshold

17

process known desired

pp æ 2 jets
NNLOQCD

NLOQCD + NLOEW
N3LOQCD + NLOEW

pp æ 3 jets NNLOQCD + NLOEW

Table 3: Precision wish list: jet final states.

and 5FS predictions [700–704]; NLOEW corrections calculated [705]. Complete predictions at
O(–m

s –n+1) with m+n = 2, 3 (i.e. including both QCD and EW corrections) for bb̄H production
presented in Ref. [706] in the 4FS. Two-loop leading colour planar helicity amplitudes in the
5FS computed in Ref. [707].

The N3LOQCD corrections to bb̄ æ H are available in the public code n3loxs [473]. The
NNLOQCD corrections have been matched to parton shower using the MiNNLOPS method in
Ref. [708], and the resulting transverse momentum distribution of the Higgs was compared to
NNLOQCD + NNLL results of Ref. [688]. Results for the Higgs transverse momentum spectrum
resummed to N3LL’ and matched to NNLOQCD and approximate N3LOQCD were presented in
Ref. [709]. The perturbative uncertainties are small, opening the possibility of distinguishing
di�erent flavour production modes. Soft-virtual (SV) and next-to-soft-virtual (NSV) terms,
resummed to N3LL accuracy, were presented in Ref. [710] for the inclusive cross section and
Higgs rapidity distribution. The authors observe that the improvement in the perturbative
precision when including the SV and NSV terms on top of the N3LOQCD results is quite small,
indicating good convergence of the series.

In bb̄H production, the calculation of Ref. [698], which included both O(y2
b ) and O(y2

t )
contributions to NLOQCD in the 4FS, has been matched to PS in Ref. [636]. NNLOQCD results
matched to parton shower were presented in Ref. [711], using the MiNNLOPS framework. The
bottom quarks are treated as massive, with the two-loop amplitudes being evaluated using a
small-mass expansion. The authors find that the NNLOQCD corrections in the 4FS resolve
tensions between this scheme and the 5FS. Analytic expressions for the two-loop amplitudes for
bb̄H production with massless b quarks are now available for all color structures [712].

3.2 Jet final states

An overview of the status of jet final states is given in Table 3.

3.2.1 2j
LH21 status: Di�erential NNLOQCD corrections available from two independent groups using
the antenna [136, 713] and the sector-improved residue subtraction [179] formalisms. Complete
NLO QCD+EW corrections available [714].

NNLOQCD interpolation grids were made available for this process in [715], which facilitate
the inclusion of this process into PDF fits without K-factor approximations. Such grids were
used to perform an –s extraction based on LHC di-jet data in [716]. Based on the NNLOQCD
corrections to massive bottom quark production [218], NNLO+PS predictions were obtained for
B-hadron production at the LHC in [717]. Ref. [718] explored new slicing variables at NLOQCD
for jet processes. Jet angularities in a resummed and matched calculation were studied in
Ref. [719] that also took into account non-perturbative corrections from the underlying event
and hadronisation.

25

process known desired

pp æ V
N3LOQCD + N(1,1)LOQCD¢EW

NLOEW
N2LOEW

pp æ V V Õ
NNLOQCD + NLOEW

+ Full NLOQCD (gg æ ZZ),

approx. NLOQCD (gg æ WW )

Full NLOQCD

(gg channel, w/ massive loops)

N(1,1)LOQCD¢EW

pp æ V + j NNLOQCD + NLOEW hadronic decays

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

NLOQCD + NLOEW (EW component)
NNLOQCD

pp æ V + bb̄ NLOQCD NNLOQCD + NLOEW

pp æ W + bb̄ NNLOQCD

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

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

NLOQCD + NLOEW (EW component)
Full NLOQCD + NLOEW

pp æ W +W + + 2j Full NLOQCD + NLOEW

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

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

pp æ ZZ + 2j Full NLOQCD + NLOEW

pp æ V V ÕV ÕÕ NLOQCD +NLOEW (w/ decays) NLOQCD + NLOEW (o�-shell)

pp æ WWW NLOQCD + NLOEW (o�-shell)

pp æ W +W +(V æ jj) NLOQCD + NLOEW (o�-shell)

pp æ WZ(V æ jj) NLOQCD + NLOEW (o�-shell)

pp æ ““ NNLOQCD + NLOEW N3LOQCD

pp æ “ + j NNLOQCD + NLOEW N3LOQCD

pp æ ““ + j
NNLOQCD + NLOEW

+ NLOQCD (gg channel)

pp æ “““ NNLOQCD NLOEW

Table 4: Precision wish list: vector boson final states. V = W, Z and V Õ, V ÕÕ = W, Z, “. Full
leptonic decays are understood if not stated otherwise.
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process known desired

pp æ tt̄

NNLOQCD + NLOEW (w/o decays)

NLOQCD + NLOEW (o�-shell)

NNLOQCD (w/ decays)

N3LOQCD

pp æ tt̄ + j
NLOQCD (o�-shell e�ects)

NLOEW (w/o decays)
NNLOQCD + NLOEW (w decays)

pp æ tt̄ + 2j NLOQCD (w/o decays) NLOQCD + NLOEW (w decays)

pp æ tt̄ + V Õ NLOQCD + NLOEW (w decays) NNLOQCD + NLOEW (w decays)

pp æ tt̄ + “ NLOQCD (o�-shell)

pp æ tt̄ + Z NLOQCD + NLOEW (o�-shell)

pp æ tt̄ + W NLOQCD + NLOEW (o�-shell)

pp æ t/t̄
NNLOQCD*(w decays)

NLOEW (w/o decays)
NNLOQCD + NLOEW (w decays)

pp æ tZj NLOQCD + NLOEW (o� shell) NNLOQCD + NLOEW (w/o decays)

pp æ tt̄tt̄
NLOQCD (w decay)

NLOEW (w/o decays)

NLOQCD + NLOEW (o�-shell)

NNLOQCD

Table 5: Precision wish list: top quark final states. NNLOQCD
ú means a calculation using the

structure function approximation. V Õ = W, Z, “.

to two jets at tree level. These amplitudes can be used for NNLOQCD calculations to top-pair
production.

The scale dependence of top-pair production has been investigated in several renormal-
isation schemes in Ref. [945]. This is particularly important for the experimental extraction
of the top quark mass, especially in the low top-pair invariant mass regime. Along the same
line of research, a study [946] of the top-quark pole mass extraction has been carried out at
NNLOQCD accuracy, using total, single-, and double-di�erential cross sections. In Ref. [188],
non-perturbative fragmentation functions, for B-hadrons, J/� and muons resulting from semilep-
tonic B decays have been derived at NNLOQCD. These fragmentation functions are then used
to study the production of top-quark pairs with these final states.

In Ref. [947], the first event generator at NLOQCD accuracy matched to parton shower for
the o�-shell production of a top-quark pair in the lepton+jets channel has been presented. This
implementation also allows the separation between tW and tt̄ production mechanisms.

In Refs. [948, 949], the di�erential transverse momentum and azimuthal decorrelation of
the top-quark pair have been computed with degrees of fixed-order accuracy combined with
resummation, including NNLL +NNLOQCD accuracy. Particular emphasis has been put on
the interplay between soft-collinear resummation and Coulomb singularities. In Ref. [950], the
computation of the soft-parton contributions at low transverse momentum of the top-quark pair
up to NNLOQCD has been presented. This is the final ingredient for the implementation of the
qT subtraction formalism at NNLOQCD for top-quark production.

34

Higgs Vector Bosons Top

Jets

Impressive progress made in recent years venturing into very difficult territory (beyond MPLs, internal masses, 2 3)→
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Fixed Order Progress

Les Houches Wishlist [2504.06689]

process known desired

pp æ H

N3LOHTL

NNLO(t,t◊b)
QCD

N(1,1)LO(HTL)
QCD¢EW

NLOQCD

N4LOHTL (incl.)

pp æ H + j

NNLOHTL

NLOQCD

N(1,1)LOQCD¢EW

NNLOHTL ¢ NLOQCD + NLOEW

N3LOHTL

NNLOQCD

pp æ H + 2j

NLOHTL ¢ LOQCD

N3LO(VBFú)
QCD (incl.)

NNLO(VBFú)
QCD

NLO(VBF)
EW

NNLOHTL ¢ NLOQCD + NLOEW

N3LO(VBFú)
QCD

NNLO(VBF)
QCD

NLOQCD

pp æ H + 3j
NLOHTL

NLO(VBF)
QCD

NLOQCD + NLOEW

NNLO(VBFú)
QCD

pp æ V H
N3LOQCD (incl.)+ NLOEW

NLO(t,b)
ggæHZ

N3LOQCD

N(1,1)LOQCD¢EW

pp æ V H + j
NNLOQCD

NLOQCD + NLOEW

pp æ HH
N3LOHTL ¢ NLOQCD

NLOEW
NNLOQCD

pp æ HH + 2j

N3LO(VBFú)
QCD (incl.)

NNLO(VBFú)
QCD

NLO(VBF)
EW

NLOQCD

pp æ HHH NNLOHTL NLOQCD

pp æ H + tt̄
NLOQCD + NLOEW

NNLOQCD (approx.)
NNLOQCD

pp æ H + t/t̄ NLOQCD + NLOEW NNLOQCD

Table 2: Precision wish list: Higgs boson final states. NxLO(VBFú)
QCD means a calculation using

the structure function approximation. V = W, Z.

pered by the di�culty in computing two-loop gg æ V V amplitudes with a massive quark loop.
Approximate NLOQCD corrections were computed using the heavy-top expansion [482–484], the
high-energy expansion [485], and a combination of these two approximations and the threshold

17

process known desired

pp æ 2 jets
NNLOQCD

NLOQCD + NLOEW
N3LOQCD + NLOEW

pp æ 3 jets NNLOQCD + NLOEW

Table 3: Precision wish list: jet final states.

and 5FS predictions [700–704]; NLOEW corrections calculated [705]. Complete predictions at
O(–m

s –n+1) with m+n = 2, 3 (i.e. including both QCD and EW corrections) for bb̄H production
presented in Ref. [706] in the 4FS. Two-loop leading colour planar helicity amplitudes in the
5FS computed in Ref. [707].

The N3LOQCD corrections to bb̄ æ H are available in the public code n3loxs [473]. The
NNLOQCD corrections have been matched to parton shower using the MiNNLOPS method in
Ref. [708], and the resulting transverse momentum distribution of the Higgs was compared to
NNLOQCD + NNLL results of Ref. [688]. Results for the Higgs transverse momentum spectrum
resummed to N3LL’ and matched to NNLOQCD and approximate N3LOQCD were presented in
Ref. [709]. The perturbative uncertainties are small, opening the possibility of distinguishing
di�erent flavour production modes. Soft-virtual (SV) and next-to-soft-virtual (NSV) terms,
resummed to N3LL accuracy, were presented in Ref. [710] for the inclusive cross section and
Higgs rapidity distribution. The authors observe that the improvement in the perturbative
precision when including the SV and NSV terms on top of the N3LOQCD results is quite small,
indicating good convergence of the series.

In bb̄H production, the calculation of Ref. [698], which included both O(y2
b ) and O(y2

t )
contributions to NLOQCD in the 4FS, has been matched to PS in Ref. [636]. NNLOQCD results
matched to parton shower were presented in Ref. [711], using the MiNNLOPS framework. The
bottom quarks are treated as massive, with the two-loop amplitudes being evaluated using a
small-mass expansion. The authors find that the NNLOQCD corrections in the 4FS resolve
tensions between this scheme and the 5FS. Analytic expressions for the two-loop amplitudes for
bb̄H production with massless b quarks are now available for all color structures [712].

3.2 Jet final states

An overview of the status of jet final states is given in Table 3.

3.2.1 2j
LH21 status: Di�erential NNLOQCD corrections available from two independent groups using
the antenna [136, 713] and the sector-improved residue subtraction [179] formalisms. Complete
NLO QCD+EW corrections available [714].

NNLOQCD interpolation grids were made available for this process in [715], which facilitate
the inclusion of this process into PDF fits without K-factor approximations. Such grids were
used to perform an –s extraction based on LHC di-jet data in [716]. Based on the NNLOQCD
corrections to massive bottom quark production [218], NNLO+PS predictions were obtained for
B-hadron production at the LHC in [717]. Ref. [718] explored new slicing variables at NLOQCD
for jet processes. Jet angularities in a resummed and matched calculation were studied in
Ref. [719] that also took into account non-perturbative corrections from the underlying event
and hadronisation.

25

process known desired

pp æ V
N3LOQCD + N(1,1)LOQCD¢EW

NLOEW
N2LOEW

pp æ V V Õ
NNLOQCD + NLOEW

+ Full NLOQCD (gg æ ZZ),

approx. NLOQCD (gg æ WW )

Full NLOQCD

(gg channel, w/ massive loops)

N(1,1)LOQCD¢EW

pp æ V + j NNLOQCD + NLOEW hadronic decays

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

NLOQCD + NLOEW (EW component)
NNLOQCD

pp æ V + bb̄ NLOQCD NNLOQCD + NLOEW

pp æ W + bb̄ NNLOQCD

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

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

NLOQCD + NLOEW (EW component)
Full NLOQCD + NLOEW

pp æ W +W + + 2j Full NLOQCD + NLOEW

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

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

pp æ ZZ + 2j Full NLOQCD + NLOEW

pp æ V V ÕV ÕÕ NLOQCD +NLOEW (w/ decays) NLOQCD + NLOEW (o�-shell)

pp æ WWW NLOQCD + NLOEW (o�-shell)

pp æ W +W +(V æ jj) NLOQCD + NLOEW (o�-shell)

pp æ WZ(V æ jj) NLOQCD + NLOEW (o�-shell)

pp æ ““ NNLOQCD + NLOEW N3LOQCD

pp æ “ + j NNLOQCD + NLOEW N3LOQCD

pp æ ““ + j
NNLOQCD + NLOEW

+ NLOQCD (gg channel)

pp æ “““ NNLOQCD NLOEW

Table 4: Precision wish list: vector boson final states. V = W, Z and V Õ, V ÕÕ = W, Z, “. Full
leptonic decays are understood if not stated otherwise.
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process known desired

pp æ tt̄

NNLOQCD + NLOEW (w/o decays)

NLOQCD + NLOEW (o�-shell)

NNLOQCD (w/ decays)

N3LOQCD

pp æ tt̄ + j
NLOQCD (o�-shell e�ects)

NLOEW (w/o decays)
NNLOQCD + NLOEW (w decays)

pp æ tt̄ + 2j NLOQCD (w/o decays) NLOQCD + NLOEW (w decays)

pp æ tt̄ + V Õ NLOQCD + NLOEW (w decays) NNLOQCD + NLOEW (w decays)

pp æ tt̄ + “ NLOQCD (o�-shell)

pp æ tt̄ + Z NLOQCD + NLOEW (o�-shell)

pp æ tt̄ + W NLOQCD + NLOEW (o�-shell)

pp æ t/t̄
NNLOQCD*(w decays)

NLOEW (w/o decays)
NNLOQCD + NLOEW (w decays)

pp æ tZj NLOQCD + NLOEW (o� shell) NNLOQCD + NLOEW (w/o decays)

pp æ tt̄tt̄
NLOQCD (w decay)

NLOEW (w/o decays)

NLOQCD + NLOEW (o�-shell)

NNLOQCD

Table 5: Precision wish list: top quark final states. NNLOQCD
ú means a calculation using the

structure function approximation. V Õ = W, Z, “.

to two jets at tree level. These amplitudes can be used for NNLOQCD calculations to top-pair
production.

The scale dependence of top-pair production has been investigated in several renormal-
isation schemes in Ref. [945]. This is particularly important for the experimental extraction
of the top quark mass, especially in the low top-pair invariant mass regime. Along the same
line of research, a study [946] of the top-quark pole mass extraction has been carried out at
NNLOQCD accuracy, using total, single-, and double-di�erential cross sections. In Ref. [188],
non-perturbative fragmentation functions, for B-hadrons, J/� and muons resulting from semilep-
tonic B decays have been derived at NNLOQCD. These fragmentation functions are then used
to study the production of top-quark pairs with these final states.

In Ref. [947], the first event generator at NLOQCD accuracy matched to parton shower for
the o�-shell production of a top-quark pair in the lepton+jets channel has been presented. This
implementation also allows the separation between tW and tt̄ production mechanisms.

In Refs. [948, 949], the di�erential transverse momentum and azimuthal decorrelation of
the top-quark pair have been computed with degrees of fixed-order accuracy combined with
resummation, including NNLL +NNLOQCD accuracy. Particular emphasis has been put on
the interplay between soft-collinear resummation and Coulomb singularities. In Ref. [950], the
computation of the soft-parton contributions at low transverse momentum of the top-quark pair
up to NNLOQCD has been presented. This is the final ingredient for the implementation of the
qT subtraction formalism at NNLOQCD for top-quark production.

34

Higgs Vector Bosons Top

Jets

- completed since 2021
- progress since 2021

Impressive progress made in recent years venturing into very difficult territory (beyond MPLs, internal masses, 2 3)→
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Fixed Order Progress

Les Houches Wishlist [2504.06689]

process known desired

pp æ H

N3LOHTL

NNLO(t,t◊b)
QCD

N(1,1)LO(HTL)
QCD¢EW

NLOQCD

N4LOHTL (incl.)

pp æ H + j

NNLOHTL

NLOQCD

N(1,1)LOQCD¢EW

NNLOHTL ¢ NLOQCD + NLOEW

N3LOHTL

NNLOQCD

pp æ H + 2j

NLOHTL ¢ LOQCD

N3LO(VBFú)
QCD (incl.)

NNLO(VBFú)
QCD

NLO(VBF)
EW

NNLOHTL ¢ NLOQCD + NLOEW

N3LO(VBFú)
QCD

NNLO(VBF)
QCD

NLOQCD

pp æ H + 3j
NLOHTL

NLO(VBF)
QCD

NLOQCD + NLOEW

NNLO(VBFú)
QCD

pp æ V H
N3LOQCD (incl.)+ NLOEW

NLO(t,b)
ggæHZ

N3LOQCD

N(1,1)LOQCD¢EW

pp æ V H + j
NNLOQCD

NLOQCD + NLOEW

pp æ HH
N3LOHTL ¢ NLOQCD

NLOEW
NNLOQCD

pp æ HH + 2j

N3LO(VBFú)
QCD (incl.)

NNLO(VBFú)
QCD

NLO(VBF)
EW

NLOQCD

pp æ HHH NNLOHTL NLOQCD

pp æ H + tt̄
NLOQCD + NLOEW

NNLOQCD (approx.)
NNLOQCD

pp æ H + t/t̄ NLOQCD + NLOEW NNLOQCD

Table 2: Precision wish list: Higgs boson final states. NxLO(VBFú)
QCD means a calculation using

the structure function approximation. V = W, Z.

pered by the di�culty in computing two-loop gg æ V V amplitudes with a massive quark loop.
Approximate NLOQCD corrections were computed using the heavy-top expansion [482–484], the
high-energy expansion [485], and a combination of these two approximations and the threshold

17

Higgs

Impressive progress made in recent years venturing into very difficult territory (beyond MPLs, internal masses, 2 3)→

process known desired

pp æ H

N3LOHTL

NNLO(t,t◊b)
QCD

N(1,1)LO(HTL)
QCD¢EW

NLOQCD

N4LOHTL (incl.)

pp æ H + j

NNLOHTL

NLOQCD

N(1,1)LOQCD¢EW

NNLOHTL ¢ NLOQCD + NLOEW

N3LOHTL

NNLOQCD

pp æ H + 2j

NLOHTL ¢ LOQCD

N3LO(VBFú)
QCD (incl.)

NNLO(VBFú)
QCD

NLO(VBF)
EW

NNLOHTL ¢ NLOQCD + NLOEW

N3LO(VBFú)
QCD

NNLO(VBF)
QCD

NLOQCD

pp æ H + 3j
NLOHTL

NLO(VBF)
QCD

NLOQCD + NLOEW

NNLO(VBFú)
QCD

pp æ V H
N3LOQCD (incl.)+ NLOEW

NLO(t,b)
ggæHZ

N3LOQCD

N(1,1)LOQCD¢EW

pp æ V H + j
NNLOQCD

NLOQCD + NLOEW

pp æ HH
N3LOHTL ¢ NLOQCD

NLOEW
NNLOQCD

pp æ HH + 2j

N3LO(VBFú)
QCD (incl.)

NNLO(VBFú)
QCD

NLO(VBF)
EW

NLOQCD

pp æ HHH NNLOHTL NLOQCD

pp æ H + tt̄
NLOQCD + NLOEW

NNLOQCD (approx.)
NNLOQCD

pp æ H + t/t̄ NLOQCD + NLOEW NNLOQCD

Table 2: Precision wish list: Higgs boson final states. NxLO(VBFú)
QCD means a calculation using

the structure function approximation. V = W, Z.

pered by the di�culty in computing two-loop gg æ V V amplitudes with a massive quark loop.
Approximate NLOQCD corrections were computed using the heavy-top expansion [482–484], the
high-energy expansion [485], and a combination of these two approximations and the threshold

17
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Future Directions

Thank you for listening!

Current Status 

Incredible performance by the LHC: discovery  precision era of Higgs physics 

Theory uncertainties limit our ability to explore the Higgs sector 

It is critically important to have a robust fixed-order programme alongside precision developments in parton 
showers and analysis techniques 

Future Community Goals 

Extremely exciting times ahead… (can we claim discovery of  coupling? obtain evidence of ?) 

Lift standard candle processes and interesting final states to  making this the new standard 

Refine tools/techniques for multi-loop electroweak corrections, with two-loop electroweak becoming a new 
standard (also in prep for FCC-ee)

→

Hμμ HHH

N3LO



Backup
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Higgs Production: HH Production

σ(pp → HH) ∼
σ(pp → H)
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Experimental Progress

Experimental Limits (Run 2) @ 95% CL 
ATLAS:                 

CMS:            

A+C:                 

−1.2(−1.6) < κ3 < 7.2(7.2) σ ≤ 2.9 (2.4) × σSM

−1.39(−1.02) < κ3 < 7.02(7.19) σ ≤ 3.5 (2.5) × σSM

−0.71(−1.3) < κ3 < 6.1(6.7) σ ≤ 2.5 (1.7) × σSM

ATLAS CERN-EP-2024-160

CMS-PAS-HIG-20-011

Projections for HL-LHC (European Strategy 2026) 
Expected measurement of  with uncertainty  

Potential for further analysis improvements

κ3 < 30 %

ATLAS-CONF-2025-012

7.6σ

ATL-PHYS-PUB-2025-018 / CMS-HIG-25-002



Theory Progress
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Figure 1: Sample Feynman diagrams contributing to the real radiation. Contributions
such as those shown in (c) lead to n

3

h
contributions which have already been computed in

Ref. [25]. The n
3

h
contributions of (d) contain a top quark loop without a Higgs coupling

and have not been computed in Ref. [25]; they are considered here.

(a) (b) (c) (d)

Figure 2: Sample Feynman diagrams in the forward-scattering kinematics. Three- and
four-particle cuts are shown by blue and green dashed lines, respectively. The n

3

h
contri-

butions as shown in (b) have already been considered in [25] but those in (c) have not;
they are considered here.

butions which have a closed loop with only gluon couplings (as shown in Fig. 1(c)). Such
terms are not included in Ref. [25], but are computed in this paper.

The remainder of the paper is organized as follows: in the next section we discuss the
individual parts of our calculation. This concerns in particular the setup used for the
computation of the real-radiation corrections including the asymptotic expansion and the
reduction to phase-space master integrals. Furthermore, we discuss the ultraviolet and
collinear counterterms to subtract the divergences from initial-state radiation. Section 3
is dedicated to the phase-space master integrals. We provide details on the transformation
of the system of di↵erential equations to ✏ form and on the computation of the boundary
conditions in the soft limit. We discuss our analytic and numerical results in Section 4 and
summarize our findings in Section 5. In the appendix we provide useful additional mate-
rial such as explicit formulae used for the computation of the collinear counterterms, the
integrands of the phase-space master integrals, NNLO virtual corrections to the channel
qq̄ ! HH and NNLO virtual corrections involving four closed top quark loops. Further-
more, we describe in detail our approach to obtain the leading 1/mt term for double Higgs
production from the analytic expressions of the single-Higgs production cross section.
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