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➢ Gluon fusion is the predominant Higgs boson production 
mode at the LHC

➢ loop induced process

➢ Higgs boson plays unique role in the SM:

➢ Only scalar particle

➢ Only particle with Yukawa interactions to fermions

➢ Predictions for gluon fusion cross section directly impact 
extraction of Higgs couplings from experimental 
measurements

➢ Reducing theory uncertainty is crucial for facilitating high 
precision measurements of Higgs couplings at the LHC

➢ High luminosity LHC projections anticipate uncertainty 𝓞(2%) 
and theory uncertainty to be halved

Gluon fusion

LHCH(XS)WG YR3 `16

LHCH(XS)WG YR4 `16

WG2 Report `19
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Order by order in perturbation theory

•  LO contribution exactly known for 
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Inclusive cross section in (r)EFT

•  LO contribution exactly known for 
almost 50 years

•  NLO contribution exactly known for arbitrary quark masses 
running in the loop

Georgi, Glashow, Machacek, et al. `78

Graudenz, Spira, Zerwas `93

EFT

EFT

EFT

𝑚𝑡 → ∞

Chetyrkin, Kniehl, Steinhauser `98
Schröder, Steinhauser `06
Chetyrkin, Kühn, Sturm `06

𝑟 ~

2

Dawson`91
Djouadi, Spira, Zerwas `91



Computation



Ingredients for the NNLO calculation

LO NLO NNLO



Ingredients for the NNLO calculation

Analytic formulae available: Del Duca, Kilgore, Oleari, et al. `01
More compact expressions and implemented in MCFM: 
             Budge, Campbell, De Laurentis, et al. `20
Evaluate scalar integrals with QCDLoop library: Carrazza, Ellis, Zanderighi `16

For one massive flavor: 
➢ solve integrals numerically
➢ construct regular grids of IR-regulated amplitudes
➢ interpolate for efficient evaluation

For two massive flavors: 
➢ all contributions factorize 

into products of one-loop integrals

For one massive flavor: Czakon, MN `20
➢ asymptotic expansions in kinematic limits
➢ numerical samples in full parameter space

For two massive flavors: MN, Usovitsch `23
➢ deep large/small mass expansions
➢ numerical sampling with AMFlow: Liu, Ma `22



Bonciani, Del Duca, Frellesvig, et al. `16
Bonciani, Del Duca, Frellesvig, et al. `19
Frellesvig, Hidding, Maestri, et al. `19

A,B,C,D:
F:
G:

Contributions with two closed fermion chains 
are always factorizable:

vanishing color factor Elliptic sector

Real-virtual corrections

Also see H+jet calculation: Bonciani, Del Duca, Frellesvig, et al. `22



~𝜆

~𝑧

• Variables: Ƹ𝑠, Ƹ𝑡, ො𝑢, 𝑚𝐻
2 , 𝑚𝑞

2

• Introduce dimensionless variables 
and fix ratio 𝑚𝑞

2/𝑚𝐻
2

➢ 𝑧 parametrizes soft limit

➢  𝜆 parametrizes collinear limit

𝑧 = 1-𝑚𝐻
2 / Ƹ𝑠

𝜆 = Ƹ𝑡/( Ƹ𝑡+ො𝑢)

Ƹ𝑡/ Ƹ𝑠 = 𝑧 𝜆

ො𝑢/ Ƹ𝑠 = 𝑧 (1-𝜆)

Real-virtual corrections

➢ Initial condition given in 
the limit 𝑚𝑞

2 → ∞ 

➢ Transport boundary from 
𝑚𝑞
2 → ∞ to physical plane

Collect numerical samples 
for MIs along straight contours 
in 𝜆 for different values of 𝑧



𝑧 = 1-𝑚𝐻
2 / Ƹ𝑠

𝜆 = Ƹ𝑡/( Ƹ𝑡+ො𝑢)

𝑚𝑞
2/𝑚𝐻

2  = const

Regulated amplitudes for real-virtual corrections

Regulate IR divergences of exact amplitudes:

𝑟 ≈ 1.065 (top quarks)
𝑟 ≈ -0.129 (t×b interference)

➢ 𝓞(106) numerical samples on regular grids
➢ regulated amplitudes suitable for interpolation 



Interpolation to arbitrary quark masses

Repeat calculation of amplitudes for different fixed mass ratios:



Analytic formulae available: Del Duca, Kilgore, Oleari, et al. `01
More compact expressions and implemented in MCFM: 
             Budge, Campbell, De Laurentis, et al. `20
Evaluate scalar integrals with QCDLoop library: Carrazza, Ellis, Zanderighi `16

For one massive flavor: 
➢ solve integrals numerically
➢ construct regular grids of IR-regulated amplitudes
➢ interpolate for efficient evaluation

For two massive flavors: 
➢ all contributions factorize 

into products of one-loop integrals

For one massive flavor: Czakon, MN `20
➢ asymptotic expansions in kinematic limits
➢ numerical samples in full parameter space

For two massive flavors: MN, Usovitsch `23
➢ deep large/small mass expansions
➢ numerical sampling with AMFlow: Liu, Ma `22

Ingredients for the NNLO calculation

Phase-space integration 

with sector-improved residue 

subtraction scheme 
(Stripper Czakon `10)



4-flavor scheme

➢ Consistent treatment of massive t- and b-quarks

➢ Exclude b-quark from initial state

➢ Include massive b-quark splittings in final state

5-flavor scheme

➢ Treat b-quark as massless particle

➢ Massive b-quark only present in loops directly attached 
to the Higgs-boson

➢ Corresponds to theory with a replica b-quark carrying 
the mass of the b-quark

log 𝑚𝑏
2 -divergences in virtual corrections must cancel against divergences due to massive b-quark splittings in real radiation

tb

4-flavor scheme  5-flavor scheme

b
തb

ttb

Obtain double-real amplitudes with 
Recola: Actis, Denner, Hofer, et al. `16



Results



Effects of interference of top- and bottom-quark 
amplitudes on Higgs production in gluon-fusion 
at the LHC
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(7-point scale variation)
• 𝑚𝐻 = 125 GeV ⇒ 𝑚𝑡 ≈ 173.055 GeV 

and 𝑚𝑏 ≈ 4.779 GeV (both in OS-scheme)

Total cross section: 5-flavor scheme
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What happens in 4-flavor scheme?
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What happens in 4-flavor scheme?
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➢ NNLO corrections approach constant value in the limit 𝑚𝑏
2 → 0

Central value seems to converge to 5FS
➢ Total cross section insensitive with respect to renormalization scheme for 𝑚𝑏

 𝑚𝑏 only present in the loop
➢ 2% shift in agreement with previous estimate: Pietrulewicz, Stahlhofen `23
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• Effects beyond missing b-quark PDF contribution appear for the first time at NNLO
• PDF set: NNPDF31_nnlo_as_0118_nf_4

tb

b

𝑚𝑡 → ∞



What about top quark mass effects?

Czakon, Eschment, MN, 
Poncelet, Schellenberger `24

• Finite top quark mass effects beyond HEFT: 5FS  4FS



What about top quark mass effects?

Czakon, Eschment, MN, 
Poncelet, Schellenberger `24

• Finite top quark mass effects beyond HEFT: 5FS  4FS

➢ Small power-suppressed effect: −0.01 pb
➢ 2% shift in HEFT



• Finite top quark mass effects beyond HEFT: 5FS  4FS
• Mass renormalization scheme difference

What about top quark mass effects?

Czakon, Eschment, MN, 
Poncelet, Schellenberger `24

➢ Small power-suppressed effect: −0.01 pb
➢ 2% shift in HEFT



• Finite top quark mass effects beyond HEFT: 5FS  4FS
• Mass renormalization scheme difference

What about top quark mass effects?

Czakon, Eschment, MN, 
Poncelet, Schellenberger `24

➢ Small power-suppressed effect: −0.01 pb
➢ 2% shift in HEFT
➢ No scheme dependence at the central scale



• Finite top quark mass effects beyond HEFT: 5FS  4FS
• Mass renormalization scheme difference

What about top quark mass effects?

Czakon, Eschment, MN, 
Poncelet, Schellenberger `24

➢ Small power-suppressed effect: −0.01 pb
➢ 2% shift in HEFT
➢ No scheme dependence at the central scale
➢ Use of 5FS and OS-scheme for finite top quark mass effects justified
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Summary
➢  A thorough analysis of the impact of finite top- and bottom-quark masses on the total Higgs 

production cross section has been performed

➢  different flavor schemes

➢  different mass renormalization schemes

 

➢ Top-quark and interference contribution not sensitive to small variations of the top-quark mass

➢  5FS and 4FS agree within scale uncertainties

➢  Renormalization scheme dependence

➢  no scheme dependence for the top-quark mass

➢  interference shows signs of poor perturbative convergence

➢  better convergence in MS-scheme for the bottom-quark mass or Yukawa coupling only

➢  Cross checks at the differential level:

➢  Jones, Kerner, Luisoni `18

➢  Caola, Lindert, Melnikov, et al. `18

➢  Bonciani, Del Duca, Frellesvig, et al. `22
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