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Introduction: The Higgs boson in the Standard Model 

• Higgs boson H: prediction of Brout-Englert-Higgs mechanism (1964, Nobel Prize 2013) of 
electroweak symmetry breaking for mass generation of Standard Model (SM) particles 

• Discovered in 2012 the H→𝛾𝛾 channel [ATLAS: 1207.7214, CMS:1207.7235]

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

• FCCee: Higgs factory at ZH production threshold: (expect: 106 events at √s=240 GeV)
• Number of Higgs bosons produced: comparable to the number of Z-bosons at LEP

• e+e-→ZH (leptonic Z-decays): Ideal for precision studies of Higgs properties and couplings
• clean environment : free from QCD initial state radiation
• Expected experimental uncertainty for (most) Higgs couplings @ per-mille level

• Require precise theory  
• computations in perturbative QCD with higher order corrections 
• Focus on hadronic Higgs decay observables for dominant decay channels
     H→bb (or: H→ cc) and H→gg 

 

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

Theoretical cross-sections for each production mode and branching fractions for the decay channels, at =s 13 TeV and for mH = 125.38 GeV (ref. 39).
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with the scaling variables defined as z = M2
H/ŝ, τQ = 4M2

Q/M
2
H . The variable ŝ denotes the partonic

c.m. energy squared and µR the renormalization scale. The amplitudes AH
Q (τQ) are given in Eq. (50).

In the narrow-width approximation the hadronic cross section can be cast into the form [16]

σLO(pp → H) = σ0τH
dLgg

dτH
(160)

with the gluon luminosity
dLgg

dτ
=
∫ 1

τ

dx

x
g(x, µ2

F )g(τ/x, µ
2
F ) (161)

at the factorization scale µF , and the scaling variable is defined, in analogy to the Drell–Yan process, as
τH = M2

H/s, with s specifying the total hadronic c.m. energy squared. The bottom-quark contributions
interfere destructively with the top loop and decrease the cross section by about 10% at LO.

QCD corrections. In the past the (two-loop) NLO QCD corrections to the gluon-fusion cross section,
Fig. 20, have been calculated including the full mass dependences [68, 108, 70, 138, 139, 140]. They
consist of virtual corrections to the basic gg → H process and real corrections due to the associated
production of the Higgs boson with massless partons,

gg → Hg and gq → Hq, qq → Hg

These subprocesses contribute to the Higgs production at O(α3
s). The virtual corrections rescale the

lowest-order fusion cross section with a coefficient depending only on the ratios of the Higgs and quark

43
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Hadronic Higgs decays: main decay modes
• H→bb: main Higgs decay channel

• essential for precise determination of 𝛤H

• already accessible at LHC via ZH production and leptonic Z-decay  
• direct (Yukawa induced) coupling at 𝛼s

0  : 

• H→gg : accessible only at lepton colliders (fixed energy, low QCD background) 
• no direct coupling: loop induced coupling at 𝛼s

1 

• Both processes included using 

• with H→gg decay computed in HEFT with an effective Hgg coupling: 
• top quark Wilson coefficient C(Mt) known to four-loops

• no interference between both categories for mq=0  (except in yb)

IPPP/25/10, ZU-TH 09/25, MCNET-25-03
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We compute the production rates for two, three, four and five jets in the hadronic decay of a Higgs
boson in its two dominant decay modes to bottom quarks and gluons to third order in the QCD
coupling constant. The five-, four- and three-jet rates are obtained from a next-to-next-to-leading
order (NNLO) calculation of Higgs decay to three jets, while the two-jet rate is inferred at next-
to-next-to-next-to-leading order (N3LO) from the inclusive decay rate. Our results show distinct
di↵erences in the dependence of the jet rates on the jet resolution parameter between the two decay
modes, supporting the aim of discriminating di↵erent Higgs boson decay channels via classic QCD
observables.

Since the discovery of the Higgs boson in 2012 [1, 2], its
properties have been extensively investigated at the LHC.
The understanding of the Higgs boson interactions with
other fundamental particles is crucial to shed light onto
the electroweak symmetry breaking, the flavour struc-
ture of the Standard Model and potential new physics
phenomena.

The Higgs boson couplings to massive gauge bosons,
top quarks, tau leptons and muons have already been
extracted from measurements of Higgs production and
non-hadronic decay cross sections [3, 4]. On the other
hand, the investigation of the hadronic decay modes
which probe the coupling of the Higgs boson to light
quarks via the Yukawa interaction and to gluons via a
heavy quark loop is limited at hadron colliders by the
large QCD background. To date, only the dominant de-
cay mode to bottom quarks has been observed [5, 6].

Future lepton colliders such as the FCC-ee [7, 8]
or the CEPC [9] are intended to operate as so-called
‘Higgs factories’ for the collection of a very large num-
ber of events with a Higgs boson in the final state, via
the Higgsstrahlung process e

+
e
�

! ZH and vector-
boson-fusion e

+
e
�

! `¯̀H. Due to their significantly
cleaner environment, free from QCD initial-state radi-
ation and multi-parton interactions, such colliders o↵er
the possibility of reaching unprecedented resolution on
the hadronic decays of the Higgs boson.

While the inclusive branching fractions of Higgs bosons
to bottom quarks and to gluons are known to fourth order
in perturbative QCD [10–13], predictions for more di↵er-
ential observables such as jet rates or event-shape dis-
tributions are restricted to lower orders. Previous preci-
sion calculations focused on the decay to bottom quarks,
where three-jet production [14] is known to next-to-next-
to-leading order (NNLO) in QCD and two-jet produc-
tion [15] to third order (N3LO). Comprehensive studies
of hadronic event shape distributions in both types of
decay modes have been performed at next-to-leading or-
der (NLO) in QCD for shape variables related to three-

H

b

b

H

g

g

FIG. 1. Feynman diagrams of the two decay categories of a
Higgs boson decaying into two jets via the Yukawa interaction
(left) and the e↵ective gluon vertex (right).

jet [16, 17] and four-jet [18] final states, indicating their
potential for discriminating di↵erent Higgs boson decay
modes [16, 19, 20] in combination with final-state flavour
identification [21].
In this Letter, we compute for the first time the QCD

predictions for the decay of a Higgs boson to three jets to
NNLO and to two jets to N3LO for all types of hadronic
decay modes. We study the phenomenological impact of
the corrections and expose the di↵erences between the de-
cay modes, thereby preparing for future precision studies
of hadronic Higgs boson decays.
We consider the two dominant decay modes of Higgs

bosons to hadrons, displayed in Figure 1. In the first
case, the Higgs boson couples to a quark-antiquark pair
via Yukawa interaction. Although we consider a non-
vanishing bottom-quark Yukawa coupling, light quarks,
including the b quark, are treated as massless in the whole
calculation. In the second case, the Higgs boson decays
into a pair of gluons via a heavy quark loop, which pro-
duces an e↵ective vertex in the limit of an infinite heavy-
quark mass [22–24]. The Born-level two-parton decay
process corresponds to ↵

0
s for the Yukawa interaction

mode and to ↵
2
s for the e↵ective Higgs-to-gluons inter-

action mode. Perturbative higher-order corrections are
defined relative to the coupling order of the Born process
throughout. Due to their di↵erent chirality structure, the
two decay modes do not interfere at any order in pertur-
bation theory.
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with the form factor
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3

2
τ [1 + (1− τ)f(τ)]

f(τ) =
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
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arcsin2 1√
τ
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−
1

4

[

log
1 +

√
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1−
√
1− τ

− iπ

]2
τ < 1

(50)

The parameter τQ = 4M2
Q/M

2
H is defined by the pole mass MQ of the heavy loop quark Q. For large

quark masses the form factor approaches unity. The QCD corrections are known up to NLO including
the full quark mass dependence [68] and up to N3LO in the limit of heavy top quarks [70, 71, 72]. For
a Higgs mass MH ∼ 125 GeV they can be expressed as

Γ [H → gg] = ΓLO

{

1 + (23.75− 1.167NF +∆m)
αs(MH)

π

+

(

370.20− 47.19NF + 0.902N2
F + (2.375 + 0.667NF ) log

M2
H

m2
t

)(
αs(MH)

π

)2

+

(
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F − 0.5378N2
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−0.6887N2
F ) log

M2
H

m2
t
+ (6.53 + 1.44NF − 0.111N2

F ) log
2 M

2
H

m2
t

)(
αs(MH)

π

)3





≈ ΓLO {1 + 0.67 + 0.20 + 0.02} (51)

for NF = 5 light quark flavours. The term ∆m ≈ 0.76 denotes the NLO quark-mass effects from the top,
bottom and charm quarks [68]. The radiative corrections turn out to be very large: the decay width is
increased by about 90% in the intermediate mass range. The approximation of the heavy top limit is
valid for the partial gluonic decay width within about 5–10% for the whole Higgs mass range up to 1
TeV, while it is valid at the per-cent level in the intermediate mass range. The reason for the suppressed
quark mass dependence of the relative QCD corrections is the dominance of soft and collinear gluon
contributions, which do not resolve the Higgs coupling to gluons and thus lead to a simple rescaling
factor. The three-loop [71] and four-loop [72] QCD corrections to the gluonic decay width have been
evaluated in the limit of a heavy top quark. They contribute a further amount of O(20%) relative to
the lowest order result and thus increase the full NLO expression by O(10%). The reduced size of these
corrections signals a significant stabilization of the perturbative result and thus a reliable theoretical
prediction.

The QCD corrections in the heavy quark limit can also be obtained by means of a low-energy theorem
[40, 73]. The starting point is that, for vanishing Higgs momentum pH → 0, the entire interaction of
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We compute the production rates for two, three, four and five jets in the hadronic decay of a Higgs
boson in its two dominant decay modes to bottom quarks and gluons to third order in the QCD
coupling constant. The five-, four- and three-jet rates are obtained from a next-to-next-to-leading
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to-next-to-next-to-leading order (N3LO) from the inclusive decay rate. Our results show distinct
di↵erences in the dependence of the jet rates on the jet resolution parameter between the two decay
modes, supporting the aim of discriminating di↵erent Higgs boson decay channels via classic QCD
observables.

Since the discovery of the Higgs boson in 2012 [1, 2], its
properties have been extensively investigated at the LHC.
The understanding of the Higgs boson interactions with
other fundamental particles is crucial to shed light onto
the electroweak symmetry breaking, the flavour struc-
ture of the Standard Model and potential new physics
phenomena.

The Higgs boson couplings to massive gauge bosons,
top quarks, tau leptons and muons have already been
extracted from measurements of Higgs production and
non-hadronic decay cross sections [3, 4]. On the other
hand, the investigation of the hadronic decay modes
which probe the coupling of the Higgs boson to light
quarks via the Yukawa interaction and to gluons via a
heavy quark loop is limited at hadron colliders by the
large QCD background. To date, only the dominant de-
cay mode to bottom quarks has been observed [5, 6].

Future lepton colliders such as the FCC-ee [7, 8]
or the CEPC [9] are intended to operate as so-called
‘Higgs factories’ for the collection of a very large num-
ber of events with a Higgs boson in the final state, via
the Higgsstrahlung process e

+
e
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! ZH and vector-
boson-fusion e

+
e
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! `¯̀H. Due to their significantly
cleaner environment, free from QCD initial-state radi-
ation and multi-parton interactions, such colliders o↵er
the possibility of reaching unprecedented resolution on
the hadronic decays of the Higgs boson.

While the inclusive branching fractions of Higgs bosons
to bottom quarks and to gluons are known to fourth order
in perturbative QCD [10–13], predictions for more di↵er-
ential observables such as jet rates or event-shape dis-
tributions are restricted to lower orders. Previous preci-
sion calculations focused on the decay to bottom quarks,
where three-jet production [14] is known to next-to-next-
to-leading order (NNLO) in QCD and two-jet produc-
tion [15] to third order (N3LO). Comprehensive studies
of hadronic event shape distributions in both types of
decay modes have been performed at next-to-leading or-
der (NLO) in QCD for shape variables related to three-
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FIG. 1. Feynman diagrams of the two decay categories of a
Higgs boson decaying into two jets via the Yukawa interaction
(left) and the e↵ective gluon vertex (right).

jet [16, 17] and four-jet [18] final states, indicating their
potential for discriminating di↵erent Higgs boson decay
modes [16, 19, 20] in combination with final-state flavour
identification [21].
In this Letter, we compute for the first time the QCD

predictions for the decay of a Higgs boson to three jets to
NNLO and to two jets to N3LO for all types of hadronic
decay modes. We study the phenomenological impact of
the corrections and expose the di↵erences between the de-
cay modes, thereby preparing for future precision studies
of hadronic Higgs boson decays.
We consider the two dominant decay modes of Higgs

bosons to hadrons, displayed in Figure 1. In the first
case, the Higgs boson couples to a quark-antiquark pair
via Yukawa interaction. Although we consider a non-
vanishing bottom-quark Yukawa coupling, light quarks,
including the b quark, are treated as massless in the whole
calculation. In the second case, the Higgs boson decays
into a pair of gluons via a heavy quark loop, which pro-
duces an e↵ective vertex in the limit of an infinite heavy-
quark mass [22–24]. The Born-level two-parton decay
process corresponds to ↵

0
s for the Yukawa interaction

mode and to ↵
2
s for the e↵ective Higgs-to-gluons inter-

action mode. Perturbative higher-order corrections are
defined relative to the coupling order of the Born process
throughout. Due to their di↵erent chirality structure, the
two decay modes do not interfere at any order in pertur-
bation theory.
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Hadronic Higgs decay observables: theory status beyond NLO

• Inclusive branching fractions: known analytically @N4LO                                                         
[F.Herzog, B. Ruijl, T.Ueda, J.Vermaseren, A.Vogt, ’17]

• H→bb :  for mq=0  (except in yb)
• H→gg  : in HEFT, i.e with infinite top mass limit) 

• Exclusive observables: Jet rates: (known only for H → bb decay mode) 
• H → bb :  known @N3LO   [R.Mondini, M.Schiavi, C.Williams, ’19](MCFM)
• H → bb +jet :  known @NNLO [R.Mondini, C.Williams, ‘19](MCFM)

• Implicit infrared pole cancellations: dealt with N-jettiness slicing method                     
[R.Boughezal, X.Liu, F.Petriello; J.Gaunt, M.Stahlhofen, F.Tackmann, J.Walsh, ‘15]

• Split the phase space into singular/non-singular regions using 
     𝝉N : the distance from an N-jet configuration 

Loop Summit 2, Cadenabbia, Italy, July 2025 5Aude Gehrmann-De Ridder

width �NNLO

H!bbj
in the full theory is of the form:

�NNLO

H!bbj
⇠ ↵sy

2

b Ab + ↵
2

s

�
y
2

b Bb + ytyb Btb

�

+ ↵
3

s

�
y
2

b Cb + y
2

t Ct + ytyb Ctb

�
+ O(↵4

s) , (2.2)

where yb and yt are the bottom and top Yukawa couplings respectively. From the arguments
given above it is clear that in the full theory the interference terms ytyb Btb and ytyb Ctb are
suppressed by the bottom-quark mass (since a helicity flip is needed to make a non-zero
interference term). However, since the top Yukawa coupling is large, these mixed terms are
of phenomenological relevance. Specifically, in an effective theory in which the top-quark
loop is integrated out, the term ytyb Btb contributes to around 30% of the O(↵2

s) coefficient
[29]. For our theoretical setup, the mixed term Btb and Ctb are exactly zero. In addition, at
O(↵3

s) the pure top contribution y
2
t Ct mentioned above needs to be included. Indeed, while

formally this term enters the perturbative expansion as a one-loop squared contribution,
the higher-order corrections are known to be large (and well-studied in the EFT approach).
This means that for a good phenomenological description higher-order terms proportional
to y

2
t should be included as well. The IR properties of this piece are further complicated

by the presence of collinear singularities as the bb pair becomes unresolved (in the massless
theory) since this piece factors onto a different LO term (H ! gg). In this paper we drop
the y

2
t term for two reasons. Firstly, we are interested in the theoretical computation of

the y
2

b terms (which is new), while the study of the y
2
t contribution has received significant

attention in the literature through the various studies of H + j at the LHC. Secondly, we
wish to use this computation to perform the N3LO calculation of the y

2

b terms for H ! bb.
We leave the inclusion of the top Yukawa contributions to a future study, while we remind
the reader that these contributions should be included before a complete phenomenological
study is performed.

2.2 N-jettiness slicing

In order to regulate the IR divergences present in our NNLO calculation we employ the
N -jettiness slicing method [30, 31]. Since there are three partons in the final state at LO we
use the 3-jettiness variable ⌧3 to separate our calculation into two pieces. For a parton-level
event the 3-jettiness variable [32] is defined as follows:

⌧3 =
X

j=1,m

min
i=1,2,3

⇢
2qi · pj

Qi

�
, (2.3)

where the index j runs over the m partons in the phase space (with momenta pj), while
qi represent the momenta of the three most energetic jets, clustered in our case with the
Durham jet algorithm [33, 34]. Qi are the hard scales in the process, which are typically
taken to be Qi = 2Ei with Ei the energy of the i-th jet. We then introduce a variable
⌧
cut
3

that separates the phase space into two regions. The region ⌧3 <⌧
cut
3

contains all of the
doubly-unresolved regions of phase space and here the partial width can be approximated
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Subtraction at NNLO

• Parton level NNLO cross section with m-jets in the final state

• Unintegrated subtraction terms 
• Reproduce double real (RR) and real-virtual (RV) contributions in all infrared limits

• Integrated subtraction terms in 
• Cancel explicit infrared poles in real-virtual (RV) and double virtual (VV) 

• Terms in square brackets are 
• finite, well-behaved in all infrared regions
• evaluated numerically with a parton-level event generator

• Challenges: - Construction and convergence of subtraction terms                                              
 - Integrated subtraction terms 
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Hadronic Higgs decay jet observables: NNLOJET  

• Focus: H→3-jets @NNLO, H→2-jets@N3LO  for both Higgs decay categories 
• Matrix-elements known at all levels: for H → gg+jet , from pp → H+jet @NNLO (NNLOJET) 
• IR behaviour of real emission matrix-elements: new designer antenna formalism @NNLO  

[E. Fox, N. Glover, M. Marcoli, ‘24] → See talk by Matteo Marcoli
• Implementation: 
          H → bb+jet: identical infrared structure of QCD corrections as e+e- → 3-jets (used for validation of 

   new formalism), agrees with MCFM [C.Williams, R.Mondini, ‘19] 

          H → gg+jet: New derivation and implementation in NNLOJET 

• Jets defined with the IR–safe kT algorithm : partons i,j clustered if yij <ycut
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[T. Gehrmann, N. Glover, AG,’05; J. Currie, N. Glover, S. Wells,’13]

• Building blocks of subtraction terms (here: final-final, @NLO, 1 unresolved parton) 
• Antenna functions:  built with physical matrix-elements, capturing all unresolved radiation 

between a pair of hard partons

• Phase space factorization and mapping: 

• Analytically integrated subtraction term involve 

• @NNLO: X0
3 supplemented by X0

4 , X1
3 and X0

3 * X0
3 and their integrated forms

1 1

i

j

k

I

i

j

k

I

m+1 m+1

K

K

(i, j, k) ! (I,K)

d�m+1(p1 · · · , pi, pj , pk, · · · , pm+1) = d�m(p1, · · · , pI , pK , · · · , pm+1)d�Xijk(pi, pj , pk, pI , pK)

Xijk =

Z
d�XijkXijk

Antenna subtraction: Conventional formalism
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X0
ijk = Sijk

|M0
ijk|2

|M0
IK |2
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d�Xijk =
d�3

P2
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Double Real Subtraction:  
• Distinct configurations for m+2 partons → m jets : Colour connections 
• one unresolved parton: (a) 

• three parton antennae:  X0
3 :(NLO-type) 

• two colour-connected unresolved partons: (b)
• four-parton antennae:  X0

4: (genuine NNLO)

• two almost colour-unconnected partons: (c)
• product of two non-independent 
     three-parton antennae X0

3 (common radiator) 
• radiation shared between five partons 

• two colour-unconnected unresolved partons: (d)  
• product of two independent three-parton antennae X0

3
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Figure 4: Colour connection of the partons showing the parent and daughter partons for the
double unresolved antenna.
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Figure 5: Colour connection of the partons showing the parent and daughter partons for two
adjacent single unresolved antennae.
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Figure 6: Colour connection of the partons showing the parent and daughter partons for two
disconnected single unresolved antennae.

2.3.1 Subtraction terms for single unresolved partons

Starting point for the subtraction terms for single unresolved partons are the NLO single

unresolved antenna subtraction terms (2.5),

d�S,a
NNLO = N

X

m+2

d�m+2(p1, . . . , pm+2; q)
1

Sm+2

⇥
"
X

j

X
0
ijk |Mm+1(p1, . . . , p̃I , p̃K , . . . , pm+2)|2 J (m+1)

m (p1, . . . , p̃I , p̃K , . . . , pm+2)

#
,

(2.16)

where the NLO jet function J
(m)
m is now replaced by J

(m+1)
m . In contrast to the NLO case,

subtracting these terms from the full (m+2)-parton matrix element does not ensure a finite

contribution in all single unresolved regions. This behaviour is related to the fact that at

NNLO the jet function J
(m+1)
m allows one of the (m+ 1) momenta to become unresolved,

while at NLO J
(m)
m required all m momenta to be hard. As a consequence, all momenta in

the antenna function, including pj , could be resolved while one of the momenta present in

the reduced (m + 1)-parton matrix element becomes unresolved. We distinguish between

two cases: (1) where p̃I or p̃K become unresolved and (2) where any other momentum,

po, in the matrix element becomes unresolved. Case (1) is necessarily a double unresolved

limit since p̃I and p̃K are linear combinations of two momenta; this configuration is treated

below in the discussion of the double unresolved limits of (2.16).

Case (2) is a single unresolved limit, since pj is resolved, while po becomes unresolved.

In this limit, d�S,a
NNLO becomes singular. Its singular structure in this limit does not coincide

with the limit of the full (m + 2)-parton matrix element (which is already subtracted by
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Designer antenna formalism: almost colour-unconnected case
[E.Fox, N.Glover, M.Marcoli, ‘24]

• Use X0
5,3 (ih, j, kh, l, mh): tree-level five parton antenna with three hard radiators:
• with 5 → 3 mapping:  [i,j,k,l,m] → [I,K,M]

• Antennae constructed with an iterative algorithm                                                               
[O.Braun-White, N.Glover, C.Preuss, ‘23]

• from the desired IR limits (not from physical matrix-elements) 
• using projectors (up-down) to connect full phase space (antennae) 
    and subspace (IR limits) 
• can be integrated analytically (as in conventional method) 

• Subtraction terms: Considerably more compact
 → See talk by Matteo Marcoli

• First new (final-state radiation) application : Hadronic Higgs decay observables
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Hadronic Higgs decay observables : Results 
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FIG. 2. Normalised three-jet decay rate at LO (green), NLO (blue) and NNLO (red) for Higgs decay to bottom quarks (left),
Higgs to gluons (centre), and the weighted sum of the two decay modes (right). The corresponding inclusive decay rate is used
as normalisation (see text).

plementation of generalised antenna functions.169

We validated our LO and NLO results for the produc-170

tion of three and four jets against Eerad3 [16, 18, 46]171

and find very good agreement. For the Yukawa-induced172

mode we reproduce the results of [14, 15].173

We consider the decay of an on-shell Higgs boson with174

a mass of mH = 125.09GeV. We work in the Gµ-scheme175

with constant electroweak parameters:176

GF = 1.1664 · 10�5 GeV�2
,

mW = 80.379GeV ,

mZ = 91.200GeV ,

yielding a Higgs vacuum expectation value of177

v = 246.22 GeV. The renormalisation scale is cho-178

sen to be µR = mH , and we assess theory uncertainties179

by varying µR in the range [mH/2, 2mH ].180

The QCD coupling is set to ↵s(mZ) = 0.11800 and its181

scale evolution is performed with LHAPDF6 [47], yield-182

ing ↵s(mH) = 0.11263. We take a running MS b-quark183

Yukawa coupling yb(mH) = mb(mH)/v = 0.011309. The184

top-quark mass appears in the two-loop matching coe�-185

cient for the infinite top-mass e↵ective field theory [48],186

and we use the MS top mass mt(mH) = 166.48GeV.187

Both the b-quark Yukawa coupling and the top-quark188

mass are evolved to di↵erent scales according to [49].189

In the first two frames of Figure 2, we present the190

NNLO correction to the normalised three-jet rate for the191

two di↵erent decay modes. To estimate theory uncertain-192

ties, the renormalisation scale is varied in a correlated193

manner between numerator and denominator.194

We observe that in both channels the NNLO correc-195

tion is small for large values of ycut, but is significant and196

negative in regions of lower ycut. The three-jet fraction197

attains a maximum at a certain value of ycut. Upon inclu-198

sion of the NNLO corrections, the height of this three-jet199

peak decreases and its location is shifted to the right.200

For the NNLO predictions, the three-jet peak lies at201

ycut ⇡ 0.002 and at ycut ⇡ 0.007 for the Yukawa-induced202

and the gluonic decay channel respectively, showing a203

first significant di↵erence between the two modes.204

For values of ycut to the right of the peak, the NNLO205

result lies within the NLO band, indicating good per-206

turbative convergence, but only a mild reduction of the207

relative size of scale-variation bands is observed. On the208

other hand, to the left of the peak, the NLO and NNLO209

uncertainty bands do not overlap and the two curves ex-210

hibit sizeable di↵erences. Indeed, for low ycut values one211

expects the emergence of large logarithmic contributions212

at each order in ↵s, which spoil the convergence of the213

perturbative series. In this region, all-order logarithmic214

resummation is required to obtain sensible predictions215

for the jet rates. One can consider the location of the216

three-jet peak as a reasonable estimate for the onset of217

resummation e↵ects in the respective channels. We ob-218

serve that for the gluonic decay mode, this happens at219

values of ycut about three times as large as the ones for220

the Yukawa-induced channel.221222

In the last frame in Figure 2 we compare the impact223

of both decay modes on the total three-jet decay rate at224

NNLO, obtained by the weighted sum of the two contri-225

butions, Eq. (6). We observe that the contribution of the226

gluonic decay mode vanishes for ycut ⇡ 0.001 and grows227

to up to 25% at ycut = 0.1. Hard three-jet final states228

thus o↵er the highest sensitivity to the gluonic Higgs bo-229

son decay mode.230

In the first two frames of Figure 3, we present the jet231

fractions for di↵erent multiplicities at third order in the232

QCD coupling. The results expose clear di↵erences be-233

tween the two decay modes. For the decay to bottom234

quarks, the jet fractions exhibit similar features to the235

ones observed in electron-positron annihilation [30]. In-236

deed, in both cases the underlying Born-level event is237

given by a colour-singlet decaying to a fermion pair, re-238

sulting in an identical structure of QCD corrections. On239

the other hand, the gluonic mode presents significantly240

larger fractions of higher-multiplicity jet final states for241

any value of ycut. The intersection of the two-jet curve242

Normalised 3-jet rates in Higgs decay up to order 𝛼s
3 

• Jet rates                                                                         
(k=1,2,3 ; n=3)   

• Size and shape of jet rates: ycut dependence 
• Size of NNLO corrections: 

• large ycut :  good perturbative convergence,               
largest corrections in Hgg mode
(25 % at ycut =0.1) 

• small ycut :  significant and negative, 
resummation needed                         

• Differences in shape: 
Peak of distributions at low ycut  shifted @NNLO

• H → bb (peak at ycut =0.002), H → gg (peak at ycut=0.007) 
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FIG. 2. Normalised three-jet decay rate at LO (green), NLO (blue) and NNLO (red) for Higgs decay to bottom quarks (left),
Higgs to gluons (centre), and the weighted sum of the two decay modes (right). The corresponding inclusive decay rate is used
as normalisation (see text).
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tion of three and four jets against Eerad3 [16, 18, 46]171

and find very good agreement. For the Yukawa-induced172

mode we reproduce the results of [14, 15].173

We consider the decay of an on-shell Higgs boson with174

a mass of mH = 125.09GeV. We work in the Gµ-scheme175

with constant electroweak parameters:176

GF = 1.1664 · 10�5 GeV�2
,

mW = 80.379GeV ,
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yielding a Higgs vacuum expectation value of177

v = 246.22 GeV. The renormalisation scale is cho-178

sen to be µR = mH , and we assess theory uncertainties179

by varying µR in the range [mH/2, 2mH ].180
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For the NNLO predictions, the three-jet peak lies at201
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and the gluonic decay channel respectively, showing a203

first significant di↵erence between the two modes.204

For values of ycut to the right of the peak, the NNLO205

result lies within the NLO band, indicating good per-206

turbative convergence, but only a mild reduction of the207
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at each order in ↵s, which spoil the convergence of the213
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resummation is required to obtain sensible predictions215

for the jet rates. One can consider the location of the216

three-jet peak as a reasonable estimate for the onset of217

resummation e↵ects in the respective channels. We ob-218

serve that for the gluonic decay mode, this happens at219

values of ycut about three times as large as the ones for220

the Yukawa-induced channel.221222

In the last frame in Figure 2 we compare the impact223

of both decay modes on the total three-jet decay rate at224

NNLO, obtained by the weighted sum of the two contri-225

butions, Eq. (6). We observe that the contribution of the226

gluonic decay mode vanishes for ycut ⇡ 0.001 and grows227

to up to 25% at ycut = 0.1. Hard three-jet final states228

thus o↵er the highest sensitivity to the gluonic Higgs bo-229

son decay mode.230

In the first two frames of Figure 3, we present the jet231

fractions for di↵erent multiplicities at third order in the232

QCD coupling. The results expose clear di↵erences be-233

tween the two decay modes. For the decay to bottom234

quarks, the jet fractions exhibit similar features to the235

ones observed in electron-positron annihilation [30]. In-236

deed, in both cases the underlying Born-level event is237

given by a colour-singlet decaying to a fermion pair, re-238

sulting in an identical structure of QCD corrections. On239

the other hand, the gluonic mode presents significantly240

larger fractions of higher-multiplicity jet final states for241

any value of ycut. The intersection of the two-jet curve242
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Normalised 3-jet rates @NNLO

• Total hadronic 3-jet rate @𝛼s
3 :

• Normalisation and ratio : Total decay rate to hadrons

• Shape and size: dominated by H → bb:
• in accordance with the highest inclusive 
    branching ratio 

• Highest sensitivity to the decay mode H → gg: 
• in hard 3-jet final state kinematical region 

• for large ycut values
 

Loop Summit 2, Cadenabbia, Italy, July 2025 13Aude Gehrmann-De Ridder

3

FIG. 2. Normalised three-jet decay rate at LO (green), NLO (blue) and NNLO (red) for Higgs decay to bottom quarks (left),
Higgs to gluons (centre), and the weighted sum of the di!erent decay modes (right). The corresponding inclusive decay rate is
used as normalisation (see text).

tion of three and four jets against Eerad3 [17, 19, 47]
and find very good agreement. For the Yukawa-induced
mode we reproduce the results of [14, 15].

We consider the decay of an on-shell Higgs boson with
a mass of mH = 125.09GeV. We work in the Gµ-scheme
with constant electroweak parameters:

GF = 1.1664 · 10→5 GeV→2
,

mZ = 91.200GeV ,

yielding a Higgs vacuum expectation value of
v = 246.22 GeV. The renormalisation scale is cho-
sen to be µR = mH , and we assess theory uncertainties
by varying µR in the range [mH/2, 2mH ]. The QCD
coupling is set to ωs(mZ) = 0.11800 and its scale
evolution is performed with LHAPDF6 [48], yielding
ωs(mH) = 0.11263.

We specifically focus on the decay to bottom quarks
and gluons to expose their di!erences, but also con-
sider the combination of the two modes. To obtain phe-
nomenologically viable results for the combination of the
di!erent decay modes, we also include the Yukawa de-
cay to charm quarks, which is identical to the bottom
Yukawa decay up to its overall normalisation. Moreover,
we rescale ε2

0(µR) in (5) to account for the exact top, bot-
tom and charm mass dependence of the one-loop Higgs-
gluon-gluon vertex [49], including interference contribu-
tions. The combined result is normalized with respect to
the total decay rate to hadrons at NkLO:

”(k)
H↑had = ”(k)

H↑bb̄
+ ”(k)

H↑cc̄
+ ”(k)

H↑gg
. (8)

We take running MS bottom and charm quark masses
and Yukawa couplings yb(mH) = mb(mH)/v = 0.011309,
yc(mH) = mc(mH)/v = 0.0024629 and use the MS top
mass mt(mH) = 166.48GeV. The Yukawa couplings and
the top-quark mass are evolved to di!erent scales accord-
ing to [50].

In the first two frames of Figure 2, we present the
NNLO correction to the normalised three-jet rate for the

two di!erent decay modes. To estimate theory uncertain-
ties, the renormalisation scale is varied in a correlated
manner between numerator and denominator.

We observe that in both channels the NNLO correc-
tion is small for large values of ycut, but is significant
and negative in regions of lower ycut. The three-jet frac-
tion attains a maximum at a certain value of ycut. Upon
inclusion of the NNLO corrections, the height of this
three-jet peak decreases and its location is shifted to the
right. For the NNLO predictions, the three-jet peak lies
at ycut → 0.002 and at ycut → 0.007 for the b-quark and
the gluonic decay channel respectively, showing a first
significant di!erence between the two modes.

For values of ycut to the right of the peak, the NNLO
result lies within the NLO band, indicating good pertur-
bative convergence, and the relative size of the theory
uncertainties is halved. On the other hand, to the left of
the peak, the NLO and NNLO uncertainty bands do not
overlap and the two curves exhibit sizeable di!erences.
Indeed, for low ycut values one expects the emergence of
large logarithmic contributions at each order in ωs, which
spoil the convergence of the perturbative series. In this
region, all-order logarithmic resummation is required to
obtain sensible predictions for the jet rates. One can con-
sider the location of the three-jet peak as a reasonable
estimate for the onset of resummation e!ects in the re-
spective channels. We observe that for the gluonic decay
mode, this happens at values of ycut about three times
as large as the ones for the Yukawa-induced channel.

In the last frame in Figure 2 we compare the impact of
the di!erent decay modes on the total three-jet decay rate
at NNLO, obtained by the weighted sum of the bottom,
charm, and gluonic contributions normalized to (8). We
observe that the contribution of the gluonic decay mode
vanishes for ycut → 0.001 and grows to up to 25% at
ycut = 0.1. Hard three-jet final states thus o!er the high-
est sensitivity to the gluonic Higgs boson decay mode.

In the first two frames of Figure 3, we present the jet
fractions for di!erent multiplicities at third order in the
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Fractional jet rates up to order 𝛼s
3 

• Hadronic jet fractions: Perturbative QCD at work
• 5-jets@LO, 4jets@NLO, 3-jets@NNLO, 2-jets@N3LO 

• dependence on ycut: Inclusion of higher orders 
• Lowering ycut: 0pening of higher mutiplicity channels 
     with  -visible shape changes for n-jet rates (n ≥ 3) 
               -need for resummation (at small ycut)      

• Shape dominated by behaviour of H → bb mode:
• Similar as in Z-decay:                                                               

colour singlet decay to a fermion pair
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FIG. 3. Fractional jet rates for the production of two (red), three (blue), four (green) and five (yellow) jets at third order in
perturbative QCD for Higgs decay to bottom quarks (left) and gluons (centre). The right frame shows the contribution of the
di!erent decay modes to the total hadronic two-jet fraction.

QCD coupling. The results expose clear di!erences be-
tween the two decay modes. For the decay to bottom
quarks, the jet fractions exhibit similar features to the
ones observed in electron-positron annihilation [31]. In-
deed, in both cases the underlying Born-level event is
given by a colour-singlet decaying to a fermion pair, re-
sulting in an identical structure of QCD corrections. On
the other hand, the gluonic mode presents significantly
larger fractions of higher-multiplicity jet final states for
any value of ycut. The intersection of the two-jet curve
with the three- and four-jet ones occurs for the gluonic
decay mode at values of ycut almost an order of magni-
tude larger than for the Yukawa-induced mode.

In the right frame of Figure 3, we study the impact
of the di!erent decay modes on the total two-jet fraction
at N3LO. The contribution of the gluonic decay mode
monotonically decreases when smaller values of ycut are
considered. For ycut > 1/3 each event is classified as a
two-jet event and the the di!erent decay modes respec-
tively stabilise at 84.7% (bottom Yukawa), 11.3% (glu-
onic) and 4.0% (charm Yukawa) of the total hadronic
two-jet rate, in agreement with their contribution to the
inclusive hadronic branching ratio [51]. By comparing to
the right frame of Figure 2, we observe that by selecting
hard three-jet final states, the contribution of the gluonic
decay mode is doubled compared to a fully exclusive mea-
surement.

In Figure 4 we present the two-jet fractions in hadronic
decays of the Higgs at first, second, and third order in
perturbative QCD. The features one observes here are
similar to those for the Yukawa-induced mode, that dom-
inates the weighted sum, shown in Figure 3 (left). At
higher orders in perturbation theory, the inclusion of
multiple emissions yields non-vanishing four- and five-
jet rates. When these open up, the three-jet rates curve
ceases to increase at low ycut value and develops a peak.
If even more emissions were considered, one would ob-
serve the same behaviour for the four- and five-jet rates
as well. Again, to properly capture these e!ects at low

FIG. 4. Fractional jet rates for final states containing two
(red), three (blue), four (green) and five (yellow) jets in the
hadronic decays of a Higgs boson at first (left), second (centre)
and third (right) order in perturbative QCD.

ycut values, where the sensitivity to multiple emissions is
enhanced, all-order resummation will be required.

In this Letter, we performed a fully exclusive calcula-
tion of the hadronic decay of a Higgs boson to third per-
turbative order in the strong coupling. Our calculation
accounts for the two dominant types of decay categories:
Yukawa-induced to bottom or charm quarks and heavy-
quark-loop-induced to gluons, with the latter not being
considered previously at this order. Our results allow us
to determine Higgs-boson decay rates into three-jet final
states to NNLO and into two-jet final states to N3LO.
Our implementation uses the recently proposed gener-
alised antenna functions [44], constructed by means of
the designer antenna algorithm [45, 46], for final-state
radiation, representing its first application to a new pro-
cess.

We observe substantial di!erences between the two



H → 2-jets @ N3LO: Individual hadronic contributions 

• Computational ingredients: 
• Higgs total decay rate (known @N4LO) 
• n-jet fractional rates (with n=3,4,5) @ O(𝛼s

3)

• Size of individual contributions (inclusive):
• 85 %: H → bb,  11.5 %: H → gg , 4%: H → cc
• 2-jet rates yield inclusive values for ycut >1/3
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FIG. 3. Fractional jet rates for the production of two (red), three (blue), four (green) and five (yellow) jets at third order in
perturbative QCD for Higgs decay to bottom quarks (left) and gluons (centre). The right frame shows the contribution of the
di!erent decay modes to the total hadronic two-jet fraction.

QCD coupling. The results expose clear di!erences be-
tween the two decay modes. For the decay to bottom
quarks, the jet fractions exhibit similar features to the
ones observed in electron-positron annihilation [31]. In-
deed, in both cases the underlying Born-level event is
given by a colour-singlet decaying to a fermion pair, re-
sulting in an identical structure of QCD corrections. On
the other hand, the gluonic mode presents significantly
larger fractions of higher-multiplicity jet final states for
any value of ycut. The intersection of the two-jet curve
with the three- and four-jet ones occurs for the gluonic
decay mode at values of ycut almost an order of magni-
tude larger than for the Yukawa-induced mode.

In the right frame of Figure 3, we study the impact
of the di!erent decay modes on the total two-jet fraction
at N3LO. The contribution of the gluonic decay mode
monotonically decreases when smaller values of ycut are
considered. For ycut > 1/3 each event is classified as a
two-jet event and the the di!erent decay modes respec-
tively stabilise at 84.7% (bottom Yukawa), 11.3% (glu-
onic) and 4.0% (charm Yukawa) of the total hadronic
two-jet rate, in agreement with their contribution to the
inclusive hadronic branching ratio [51]. By comparing to
the right frame of Figure 2, we observe that by selecting
hard three-jet final states, the contribution of the gluonic
decay mode is doubled compared to a fully exclusive mea-
surement.

In Figure 4 we present the two-jet fractions in hadronic
decays of the Higgs at first, second, and third order in
perturbative QCD. The features one observes here are
similar to those for the Yukawa-induced mode, that dom-
inates the weighted sum, shown in Figure 3 (left). At
higher orders in perturbation theory, the inclusion of
multiple emissions yields non-vanishing four- and five-
jet rates. When these open up, the three-jet rates curve
ceases to increase at low ycut value and develops a peak.
If even more emissions were considered, one would ob-
serve the same behaviour for the four- and five-jet rates
as well. Again, to properly capture these e!ects at low

FIG. 4. Fractional jet rates for final states containing two
(red), three (blue), four (green) and five (yellow) jets in the
hadronic decays of a Higgs boson at first (left), second (centre)
and third (right) order in perturbative QCD.

ycut values, where the sensitivity to multiple emissions is
enhanced, all-order resummation will be required.

In this Letter, we performed a fully exclusive calcula-
tion of the hadronic decay of a Higgs boson to third per-
turbative order in the strong coupling. Our calculation
accounts for the two dominant types of decay categories:
Yukawa-induced to bottom or charm quarks and heavy-
quark-loop-induced to gluons, with the latter not being
considered previously at this order. Our results allow us
to determine Higgs-boson decay rates into three-jet final
states to NNLO and into two-jet final states to N3LO.
Our implementation uses the recently proposed gener-
alised antenna functions [44], constructed by means of
the designer antenna algorithm [45, 46], for final-state
radiation, representing its first application to a new pro-
cess.

We observe substantial di!erences between the two



• Event shapes for H → 3 particles at NNLO (Preliminary results) 

Aude Gehrmann-De Ridder Loop Summit 2, Cadenabbia, Italy, July 2025 16



Event shapes for H → 3 particles @ NNLO 

• Classical QCD observables as testing ground for QCD
• perturbative theory, power corrections and resummation 

• Thrust variable (T) : Measure of isotropy of multi-particle final states 

• Observables widely used at LEP : Precise determination of 𝛼s [G. Dissertori@al ‘09] 

• with Z-decay event shape computation at NNLO [T. Gehrmann, N. Glover, G. Heinrich, AG, ’09]

• Hadronic Higgs decays: 3-jet like event-shape observables known at NLO  
[J. Gao, Y.Gong, W-.Ju, L.L. Yang, ’19 (Thrust); G. Coloretti, C. Preuss, AG, ‘22] 

• Used as discriminators between both Higgs decay modes 
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T → 1: 2-particle limit, 2-jet (back-to-back configuration)
T=1/2 : Spherical event 
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Event shapes in hadronic Higgs decay: 1-T at NNLO 
• Observable:          (1-T=𝛕)

• Behaviour dominated by 2-jet region (and H → bb mode)
• Observable → 0 as 𝛕 → 0 (H →gg negative below 𝛕min= 0.015)
• Forbidden region at LO : 𝛕 > 1/3 

• Shape (𝛕 dependence): 
• Small 𝛕 : Sharp decrease for H → gg mode (Peak shift) 
• Large 𝛕 : (above 𝛕 =1/3): Sizeable NNLO corrections

• phase space restrictions lifted 
• Scale uncertainty band: NLO-like  
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Conclusions and Outlook

• Predictions for hadronic Higgs decay observables related to H→n-jets
• NNLO for 3-jet rates, N3LO for 2-jet rates 
• first application of the new designer antenna formalism @NNLO to a decay process

• Distinct signatures 
• Rates largest for the H→bb decay mode 
• Corrections largest for H→gg (HEFT)
• Highest sensitivity for gluonic Higgs decay mode: by selecting hard three jet final states 

• Work in progress : 3-jet like Higgs decay event-shape observables @ NNLO

• Inclusion of higher order QCD corrections crucial for precise Higgs 
phenomenology at lepton colliders 

                                                                      Thank you ! 
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