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mH = 125 GeV
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P3H-20-044



 R. Harlander, Precision Higgs Physics, May 2021

LHCH(XS)WG YR4 ’16

Inclusive gluon fusion cross section:
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ℒeff = C1(αs)
H
v

Tr GμνGμν + ℒnf=5
QCD

ℒSM

Chetyrkin, Kniehl, Steinhauser ‘98
…

mt → ∞
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• need to cancel IR divergences 
• around ’01: only NLO methods 
• but: NNLO Drell-Yan 1990 

perform phase space integrals analytically 
in D dimensions

IR poles cancel analytically (no “subtraction scheme”)

still: phase space integration complicated (back then…)

v. Neerven et al.



 R. Harlander, Precision Higgs Physics, May 2021

Treat phase space integrals like loop integrals:  
integration-by-parts  master integrals  differential equations→ →

Anastasiou, Melnikov ‘02

Reverse unitarity:

Anastasiou, Dixon, Melnikov ‘03
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soft expansion: z = ̂s/M2
H → 1
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soft expansion: z = ̂s/M2
H → 1

soft-virtual approximation
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soft expansion: z = ̂s/M2
H → 1

soft-virtual approximation

Krämer, Laenen, Spira ‘96
: next-to-soft approximationl = 0, k > 0
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NNLO

RH, Kilgore ‘02
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NNLO

RH, Kilgore ‘02

N3LO

Anastasiou, Duhr, Dulat, Herzog, Mistlberger ‘15
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LHCHWG YR4 ‘16

Inclusive gluon fusion cross section:
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gg

LHCHWG YR4 ‘16

Mistlberger ‘18
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gg qq’

LHCHWG YR4 ‘16

Mistlberger ‘18
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gg qq’total

LHCHWG YR4 ‘16

Mistlberger ‘18
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gg qq’total

LHCHWG YR4 ‘16

Mistlberger ‘18
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K ≈ 3

LHCHWG YR4 ‘16
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K ≈ 3

LHCHWG YR4 ‘16
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P3H-20-054

soft-virtual approximation
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P3H-20-054

soft-virtual approximation

μR = mH /2
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P3H-21-013
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LHCHWG YR4 ‘16
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Actis, Passarino, Sturm, Uccirati ‘08

negligible at 125
5.3% × 3 = 15.9%?

dominant

mH = 125 GeV

Z, W
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Factorization hypothesis:

C ∼ (1 + λEW) (1 + asC(1)
QCD + …) = 1 + λEW + asC(1)

QCD + λEWasC(1)
QCD + …

= 1 + λEW + asC(1)
QCD + λEWasC(1)

w +…

C(1)
w =

7
6

≈ 1.17

Mixed QCD/EW effectsMixed QCD/EW effects

11
4

= 2.750.026

MW, MZ ≫ MH : [Anastasiou, Boughezal, Petriello ’09]

Z, W

σ ∼ C2 ⋅ +⋯
2

varying :    1%  uncertainty estimateC(1)
w
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soft gluon

Bonetti, Melnikov, Tancredi ‘17

complete

mW, mZ → 0

Mixed QCD/EW effects

Z, W

Anastasiou, Del Duca, Furlan, Mistlberger, Moriello, Schweitzer, Specchia ‘18
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P3H-20-036

missing
Hirschi, Lionetti, Schweitzer ‘19

also: Becchetti, Bonciani, Del Duca, Hirschi, Moriello ‘21
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P3H-20-036

missing
Hirschi, Lionetti, Schweitzer ‘19

also: Becchetti, Bonciani, Del Duca, Hirschi, Moriello ‘21
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NNLO cross section with

NNLO PDFs NLO PDFs

LHCHWG YR4 ‘16
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LHCHWG YR4 ‘16

σHO
HEFT = σLO ( σHO

σLO )
mt→∞
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α2
s α3

s Δmt
→ + 0.1 %
→ − 1.0 %
→ + 0.1 %
→ − 0.8 %

+0.2 %
−24.8 %
+161 %
+1.4 %

NLO:
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α2
s α3

s
→ 0.04 %
→ 0.4 %
→ 0.3 %
→ 0.74 %

α4
s

0.2 %
24.8 %
161 %
3.5 %

NNLO:
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ℒeff = C1(αs)
H
v

Tr GμνGμν + ℒnf=5
QCD

ℒSM

mt → ∞
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ℒeff = C1(αs)
H
v

Tr GμνGμν + ℒnf=5
QCD

ℒSM

mt → ∞

higher orders in 1/mt:   
need higher dimensional operators
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ℒeff = C1(αs)
H
v

Tr GμνGμν + ℒnf=5
QCD

ℒSM

mt → ∞

C2(αs)⟨
H
v

Tr GμνGμρGν
ρ⟩

higher orders in 1/mt:   
need higher dimensional operators
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Jin, Ren, Yang ‘21
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Jin, Ren, Yang ‘21

Instead: asymptotic expansions
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RH, Ozeren ‘09
Pak, Regal, Steinhauser ‘09

Asymptotic expansions

Calculating Wilson coefficient and matrix element “at once”:
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problem:

̂s = m2
H < 4m2

t m2
H < ̂s < s < 13 TeV



 R. Harlander, Precision Higgs Physics, May 2021

Dependence on ŝ at NLO
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P3H-19-045
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Double-Higgs production

LHCH(XS)WG YR4 ‘16
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mt = 173 GeV

v.d.Bij, Glover ‘88
Plehn, Spira, Zerwas ‘96

Double-Higgs production
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Dawson, Dittmaier, Spira ‘98

FTapprox real radiation exact
Maltoni, Vryonidou, Zaro ‘14

Dependence on ŝ at NLO

-30
-20
-10

0
10
20
30
40
50

10 -3 10 -2 10 -1 1

!
^

gg/!0

x

1/mt
0

1/mt
2 1/mt

4

1/mt
6

soft exp

= m2
H/ŝ
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HEFT and 
sub-leading terms 
in   
through NLO

1/mt

HEFT through N3LO
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Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk, Schubert, Zirke ‘16
Baglio, Campanario, Glaus, Mühlleitner, Spira, Streicher ‘19
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Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk, Schubert, Zirke ‘16
Baglio, Campanario, Glaus, Mühlleitner, Spira, Streicher ‘19

Baglio, Campanario, Glaus, Mühlleitner, Ronca, Spira ‘20
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Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk, Schubert, Zirke ‘16
Baglio, Campanario, Glaus, Mühlleitner, Spira, Streicher ‘19

Baglio, Campanario, Glaus, Mühlleitner, Ronca, Spira ‘20
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Improved/alternative approximations:

small pT expansion
Bonciani, Degrassi, Giardino, Gröber ‘18
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Improved/alternative approximations:

Padé approximation
Gröber, Maier, Rauh ‘18

1/mt with threshold expansion:
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Combination with high-energy form factors ( ):̂s ≫ mt > mH, mW

P3H-19-015

Davies, Mishima, Steinhauser, Wellmann ‘18

Grazzini, Heinrich, Jones, Kallweit, Kerner, Lindert, Mazzitelli ‘18Combination with NNLO

N3LO in heavy-top limit Chen, Li, Shao, Wang ‘20
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P3H-19-030

P3H-19-009
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P3H-20-026

Application to BSM
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mt = 173 GeV

v.d.Bij, Glover ‘88
Plehn, Spira, Zerwas ‘96

HH production



 R. Harlander, Precision Higgs Physics, May 2021

RH, Klappert, Liebler, Simon ‘18
NLO 1/mt
Altenkamp, Dittmaier, RH, Rzehak, Zirke ‘13
Hasselhuhn, Luthe, Steinhauser ‘17

Kniehl ‘90
LO

ZH production

RH, Klappert, Pandini, Papaefstathiou,  ‘18
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RH, Klappert, Liebler, Simon ‘18
NLO 1/mt
Altenkamp, Dittmaier, RH, Rzehak, Zirke ‘13
Hasselhuhn, Luthe, Steinhauser ‘17

Kniehl ‘90
LO

ZH production

RH, Klappert, Pandini, Papaefstathiou,  ‘18
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exact virtual:

P3H-20-076

using Kira+FireFly:

P3H-20-041
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P3H-21-008

P3H-20-076

Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk, Schubert, Zirke ‘16
Baglio, Campanario, Glaus, Mühlleitner, Spira, Streicher ‘19
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P3H-21-008

P3H-20-076

Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk, Schubert, Zirke ‘16
Baglio, Campanario, Glaus, Mühlleitner, Spira, Streicher ‘19
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Jones, Kerner, Luisoni ‘18
Lindert, Kudashkin, Melnikov, Wever ‘18 (large pT)



 R. Harlander, Precision Higgs Physics, May 2021

Jones, Kerner, Luisoni ‘18
Lindert, Kudashkin, Melnikov, Wever ‘18 (large pT)
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Jones, Kerner, Luisoni ‘18
Lindert, Kudashkin, Melnikov, Wever ‘18 (large pT)
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Jones, Kerner, Luisoni ‘18
Lindert, Kudashkin, Melnikov, Wever ‘18 (large pT)
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Del Duca, Kilgore, Schmidt, Oleari, Zeppenfeld ‘01

meanwhile: OpenLoops, MCFM, …

Jones, Kerner, Luisoni ‘18
Lindert, Kudashkin, Melnikov, Wever ‘18 (large pT)
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P3H-20-001

P3H-19-012

P3H-19-021
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α2
s α3

s
→ + 0.5 %
→ − 0.02 %
→ − 0.1 %
→ + 0.38 %

α4
s

0.2 %
24.8 %
161 %

2.8 %
−1.4 %
−50 %
+1.9 %3.5 %

NLO+NNLO:   −0.26 %

P3H-21-031
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α2
s α3

s
→ + 0.5 %
→ − 0.02 %
→ − 0.1 %
→ + 0.38 %

α4
s

0.2 %
24.8 %
161 %

2.8 %
−1.4 %
−50 %
+1.9 %3.5 %

NLO+NNLO:   −0.26 %

P3H-21-031

YSF
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intricate structure of ln
mb

mH

Liu, Mecaj, Neubert, Wang ‘20

Melnikov, Penin ‘16
Anastasiou, Penin ‘20
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P3H-20-050 P3H-21-028

4-loop, expansion in 1/mt3-loop exact

What I could not talk about…
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P3H-20-050 P3H-21-028

4-loop, expansion in 1/mt3-loop exact

What I could not talk about…
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also: Agarwal, Buccioni, von Manteuffel, Tancredi ‘21
P3H-21-084

P3H-19-041

P3H-21-014

P3H-21-032
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What I could not talk about…

P3H-20-009

P3H-19-047

P3H-20-060
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P3H-21-010

What I could not talk about…
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Weinberg ‘67
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Thank you!


