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for New Physics
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Florian Herren, Marcel Krause, David Wellmann
Topics:

precision predictions for gg → HH (gg → H)
H1 → H2 + H3

Higgs mass in SUSY
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gg → HH
LO [Glover, van der Bij’88; Plehn,Spira,Zerwas’96]

NLO exact (numerical) [Borowka,Greiner,Heinrich,Jones,Kerner,Schlenk,Schubert,Zirke’16]

[Baglio,Campanario,Glaus,Mühlleitner,Spira,Streicher’18; Baglio,Campanario,Glaus,Mühlleitner,Ronca,Spira,Streicher’20]

mt →∞ [Dawson,Dittmaier,Spira’98]

incl. 1/mt terms [Grigo,Hoff,Melnikov,Steinhauser’13; Degrassi,Giardino,Gröber’16]

exact real rad. [Maltoni,Vryonidou,Zaro’14]

Padé [Gröber,Maier,Rauh’17]

small-pT [Bonciani,Degrassi,Giardino,Gröber’18]

high energy [Davies,Mishima,Steinhauser,Wellmann’18’19; Mishima’18]

combination exact ⊕ high energy [Davies,Heinrich,Jones,Kerner,Mishima,Steinhauser,Wellmann’19]

NNLO mt →∞ [de Florian,Mazzitelli’13; Grigo,Melnikov,Steinhauser’14]

incl. 1/mt terms (virtual) [Grigo,Hoff,Steinhauser’15; Davies,Steinhauser’19]

1/mt terms (real) [Davies,Herren,Mishima,Steinhauser’19]

finite-mt approx. ...,[Grazzini,Heinrich,Jones,Kallweit,Kerner,Lindert,Mazzitelli’18]

resummations [Shao,Li,Li,Wang’13],. . . ,[de Florian,Mazzitelli’18]

N3LO CHH [Spira’16;Gerlach,Herren,Steinhauser’18]

massless 2-loop box diagrams [Banerjee,Borowka,Dhani,Gehrmann,Ravindran’18]

σ [Chen,Li,Shao,Wang’19]
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gg → HH: NLO

s, t,m2
t ,m2

H

s, t � m2
t � m2

H

reduce to MIs
expand MIs

Taylor expansion
[Davies,Mishima,Steinhauser,Wellmann’18’19; Mishima’18]
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NLO Vfin: grid vs. Padé

[Davies,Heinrich,Jones,Kerner,Mishima,Steinhauser,Wellmann’19]
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NLO uncertainties

[Baglio,Campanario,Glaus,Mühlleitner,Ronca,Spira’20]
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gg → HH at NLO QCD | √s = 13 TeV | PDF4LHC15

µR = µF =MHH/2
Full NLO results for different top-quark masses

MS scheme with mt(mt)
MS scheme with mt(MHH/4)
MS scheme with mt(MHH)
OS scheme, mt = 172.5 GeV

σtot = 31.05+2+4 =+6
−6−18=−24 fb uncertainties: “scale + scheme”

êNNLO !?

Matthias Steinhauser — A3b 7



NLO approximation for gg → HH:
large-mt ⊕ threshold
⊕ conformal mapping ⊕ Padé

[Gröber,Maier,Rauh’17]
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NNLO large-mt : Feynman diagrams

Tnh Tnh CF Tnh CATnh

(Tnh)2 C2
F Tnh CACF Tnh C2

ATnh

CF (Tnh)2 and CA(Tnh)2 and CA(Tnh)2 (Tnh)3

CF T 2nhnl CAT 2nhnl
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NNLO gg → hh for large-mt

324 GB (gzipped) stored intermediate results (after 1/mt expansion)
≈ 10 days wall time, a few × ≥ 96 GB RAM, 12 cores

apply projectors
≈ 29.000 easy tasks total time ∼ 4.5 yr (∼ 1 month)

heavy use of modern (T)FORM commands: [Ruijl,Ueda,Vermaseren’17]

e.g. ArgToExtraSymbols

Fbox1, Fbox2 → 1/m8
t ; Ftri → 1/m14

t [Davies,Steinhauser’19]

Matthias Steinhauser — A3b 10



NNLO approximation for gg → h:
large-mt + threshold + Padé [Davies,Gröber,Maier,Rauh,Steinhauser’19]

z = s
4m2

t
z̄ = 1−z
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analytic nl terms: [Harlander,Prausa,Usovitsch’19]; leading colour ∼ N2
c : [Prausa,Usovitsch’20]

num. int. of diff. eqs.: [Czakon,Niggetiedt’20]
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gg → H: virtual N3LO corrections for
finite mt

2 loops: [Harlander,Kant’05; Anastasiou,Beerli,Bucherer,Daleo,Kunszt’06; Aglietti,Bonciani,Degrassi,Vicini’07]

3 loops: expansion: [Harlander,Ozeren’09; Pak,Rogal,Steinhauser’09]

3 loops: [Davies,Gröber,Maier,Rauh,Steinhauser’19; Harlander,Prausa,Usovitsch’19; Prausa,Usovitsch’20; Czakon,Niggetiedt’20]
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Asymptotic expansion

mt�mH−→ ? + ?

+ ?
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log(F )finite

[Davies,Herren,Steinhauser’19]
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log(F )finite

[Davies,Herren,Steinhauser’19]
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log(F )finite numerical results

µ = mOS
t :

log(F)finite ≈ at [(11.07− i3.06) + 0.07 + 0.004]

+ a2
t [(22.59 + i13.24) + (1.02 + i0.13) + (0.07 + i0.01)]

+ a3
t [(−73.18 + i51.55) + (7.61 + i0.85) + (0.70 + i0.14)]

at = αs(mt)/π

ρ1 at 4 loops: 10%
ρ2: < 1% ê check convergence

mMS
t : ê 1/mt corrections smaller
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NNLO real corrections for large mt

1-loop 2→ 4 2-loop 2→ 3

use optical theorem

asymptotic expansion for m2
t � m2

H , s ê

tadpoles ⊗ “phase-space” integrals

1 and 2 loops

m2
t m2

H , s

[DHMS = Davies,Herren,Mishima,Steinhauser]
3-loop 3- and 4-particle cuts [DHMS WIP]

and 2-loop 3-particle cut [DHMS’19]
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NNLO real corrections for large mt (2)

amplitude →
map to
integral
family

→

IBP
reduction
FIRE

[Smirnov]

→ minimal
set of MIs

→
diff. eqs.
in
x = m2

H/s
→

Fuchsian
form
epsilon

[Prausa’17]

→
ε form
LIBRA

[Lee] [Henn’13]

→

solution
Goncharov
polylogs
GiNaC

[Vollinga,Weinzierl’05]

→

expand in
δ =

√
1− 4m2

H/s
PolyLogTools

[Duhr,Dulat’19]

alternative: use diff. eqs. to obtain
expansion in δ
(>500 terms possible)
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NNLO real corrections for large mt (3)

Cross section for n3
h diagrams

expansion up to 1/m8
t

combine with virtual corrections [Grigo,Hoff,Steinhauser’15; Davies,Steinhauser’19]
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NNLO real corrections for large mt (3)

Cross section for n3
h diagrams

expansion up to 1/m8
t

combine with virtual corrections [Grigo,Hoff,Steinhauser’15; Davies,Steinhauser’19]
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CHH to 4 loops

Leff = −H
v CHO1 + 1

2
H2

v2 CHHO1 O1 = −G2
µν/4 CHH = CH + ∆HH

∆HH = 0

∆HH = 0

∆HH = 7
8C2

A − 11
8 CACF − 5

6CATF + 1
2CF TF + nlCF TF

[Grigo,Melnikov,Steinhauser’14]
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CHH to 4 loops

Leff = −H
v CHO1 + 1

2
H2

v2 CHHO1 O1 = −G2
µν/4 CHH = CH + ∆HH

∆HH = 0

∆HH = 0

∆HH = 7
8C2

A − 11
8 CACF − 5

6CATF + 1
2CF TF + nlCF TF

[Grigo,Melnikov,Steinhauser’14]

∆HH =?
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Renormalization and matching

Tricky renormalization:
〈O1O1〉ren = (ZO1)2〈O1O1〉bare + Z L

11〈O1〉bare Z L
11 = 1 +O(α2

s)
[Zoller’16]

Matching

(CHHZO1 + C2
HZ L

11)Aeff
LO,1PI + C2

HZ 2
O1
Aeff

LO,1PR,λ=0 = Ah
1PI +Ah

1PR,λ=0
[Gerlach,Herren,Steinhauser’18]
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∆HH

[Gerlach,Herren,Steinhauser’18]

∆
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[Spira’16] Low-energy theorem: [CH = − mt

ζαs

∂

∂mt
ζαs [Chetyrkin,Kniehl,Steinhauser’98]]

CHH =
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t
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Conclusions/Outlook

Promising: combine numerical results and
analytic expansions

gg → H, N3LO-virtual: finite-mt corrections
available

gg → HH, NNLO: first steps towards
incorporating systematic finite-mt
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