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Disclaimer

views are my own
other people might have more/other insights
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Why the gg channel is interesting

LO gg channel enters at NNLO with ~10%

q1

q̄2

H

W,Z

W,Z

LO process is Higgs-Strahlung

Drell-Yan component known up to NNLO
Hamberg, Neerven, Matsuura ’91, Harlander, Kilgore ’02, Brein, Djouadi,Harlander ’04

gluon fusion scale uncertainty large (~30%), 
dominates overall pp->ZH uncertainty at NNLO

Brein, Harlander, Zirke ’12

gg->ZH @NLO with full top-mass dependence  
desirable
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gg->ZH diagrams

methodology, and present results both at the parton level and after merging and matching

to a parton shower. In Section 3, we explore the results of various 2HDM scenarios using

the same calculation setup. We draw our conclusions in the final section.

2. Gluon induced ZH production in the SM

Representative Feynman diagrams contributing to the gg → ZH process in the SM are

shown in Fig. 1. Massive fermions, t and b−quarks, run in the box, while all flavours run

in the triangle. The contribution of the two light generations to the triangle vanishes as

required by the anomaly cancellation. In practice, it is only the axial vector part of the

heavy-quark-Z coupling that contributes to the amplitude. The amplitude for this process

was first computed in [25,26].
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Figure 1: Representative Feynman diagrams for ZH production in gluon fusion in the SM.

In what follows, we will first review the main features of the 2 → 2 process for gluon

induced ZH production before discussing the implications of the 2 → 3 one. A sample

of the relevant diagrams contributing to ZHj is shown in Fig. 2. In addition to the gg

initial state amplitudes, the qg and qq̄ channels also open up, when an additional jet is

allowed. The gg → ZHg amplitudes were used in [46] to calculate the gg part of the ZHj

cross-section at the LHC for various jet transverse momentum cuts. In what follows, we

will consider these along with the qg and qq̄ diagrams to discuss the behaviour of the 2 → 3

amplitudes and subsequently to obtain a merged sample of 0 and 1-jet multiplicitities.

2.1 Calculation setup

In this work, we employ the MadGraph5 aMC@NLO framework [20]. The one-loop

amplitudes squared for ZH and ZHj can be obtained with the help of MadLoop [47],

which computes one–loop matrix elements using theOPP integrand–reduction method [48]

(as implemented in CutTools [49]). A reweighting procedure is then employed to over-

come the present limitations concerning event generation for loop-induced processes 1. A

reweighting method has been employed already for a series of processes within the Mad-

Graph5 aMC@NLO framework [34,51,52] both at LO and NLO accuracy. This procedure

involves generating events through the implementation of a tree-level effective field theory

(EFT), in this case obtained by taking the limit of infinite top-quark mass with all other

quarks being massless. In practice, a UFO model [53,54] including the effective theory in-

teractions is imported in the simulation framework. After event generation, event weights

1Automated event generation for loop-induced processes is currently being finalised [50].
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Leading Order:

Dicus, Kao  ’88; Kniehl ’90

Exact virtual NLO part:
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not known yet

Exact real radiation for NLO by: Hespel, Maltoni, Vryonidou ’15

master integrals known from 
Gehrmann, Huber,Maitre ’05
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Going back to the gg->HH case

Leading Order:

Glover, van der Bij ’88

Virtual part of next-to-leading Order:

master integrals known analytically 
from single Higgs production

only known numerically
SB, N. Greiner, G. Heinrich, S.P. Jones, M. Kerner, 
J. Schlenk, U. Schubert, T. Zirke ’16Harlander, Kant ’05
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Alternative: infinite top-mass limit

maximal range of validity: 

Higgs effective field theory:

Higgs-boson pair production threshold at 

ZH production threshold at 

p
ŝ < 2mt ⇡ 346GeV

p
ŝ = 250GeV

p
ŝ = 216GeV

gg->HH, LO up to NNLO differential in HEFT: 
Glover, van der Bij ’88; Plehn, Spira, Zerwas ’96; 
Dawson, Dittmaier, Spira ’98; De Florian, Mazzitelli 
’13; Frederix, Hirschi, Mattelaer, Maltoni, Torrielli, 
Vryonidou, Zaro ’14; Maltoni, Vryonidou, Zaro ’14; 
De Florian, Mazzitelli ’15; Degrassi, Giardino, Gröber 
’16; De Florian, Grazzini, Hanga, Kallweit, Lindert, 
Maierhöfer, Mazzitelli, Rathlev ’16 
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Higgs-boson pair production at LO and 
NLO
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indeed Higgs effective theory breaks down
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HH: Differences between SM and HEFT
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what happens in the exact Standard Model

threshold effects can show up

mhh = 2mt mhh = 2mt
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HH: Differences between SM and HEFT

SB, N. Greiner, G. Heinrich, S.P. Jones, M. Kerner, J. Schlenk, 
U. Schubert, T. Zirke ’16

what happens in the exact Standard Model

scaling behavior is different
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ZH production in gluon fusion

similar effects expected in gg->ZH production

no way around computation of exact two-loop integrals 
with exact top-mass dependence

with current technology the only way is to tackle the 
double-box integrals involved numerically

numerical approach worked well for gg->HH but we 
were also lucky
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Schematic gg->HH setup (virtual NLO)

generation of 
diagrams for 
amplitude

reduction of 
amplitude to 
set of master 
integrals

computation 
of master integrals
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Schematic gg->HH setup (virtual NLO)

generation of 
diagrams for 
amplitude

reduction of 
amplitude to 
set of master 
integrals

computation 
of master integrals

- reduction programs:
FIRE, KIRA, LiteRed, REDUZE

- REDUZE can generate 
quasi-finite basis

Smirnov ’15; Maierhöfer, Usovitsch, Uwer ’17; 
Lee ’13; von Manteuffel, Studerus ’12
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Schematic gg->HH setup (virtual NLO)

generation of 
diagrams for 
amplitude

reduction of 
amplitude to 
set of master 
integrals

computation 
of master integrals

- reduction programs:
FIRE, KIRA, LiteRed, REDUZE

- REDUZE can generate 
quasi-finite basis

+ use quasi-finite basis
+ use QMC                                             
+ only integrate up to necessary accuracy
      (2 form factors for HH, 3% for one form factor, ≈10% for the other, depending on the ratio of the two)

Important for success:
Panzer ’14; von Manteuffel, Panzer, Schabinger ’14

Dick, Kuo, Sloan ’13; Li, Wang, Zan, Zhao ’15;

SB, G. Heinrich, S. Jahn, S.P. Jones, 
M. Kerner, J. Schlenk, T. Zirke ’17

Smirnov ’15; Maierhöfer, Usovitsch, Uwer ’17; 
Lee ’13; von Manteuffel, Studerus ’12
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Problems that may occur in gg->ZH 

additional mass scale makes reduction much more 
involved

if reduction not available no transformation into quasi-
finite basis possible

if double-box integrals are not finite, numerical 
convergence significantly worse

form factors may may be of similar importance (high 
accuracy also needed for most complicated integrals)

numerical convergence in general slower the more 
scales are involved
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But...

bringing the current reduction programs to their 
optimum might still lead to a full reduction

if full reduction not available: writing individual integral 
in terms of quasi-finite basis might just work because 
the reduction for that particular integral is possible

colleagues are excellent: further improvements in 
reduction programs + integration can be expected

maybe there is a way of cleverly grouping integrals
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Summary

the computation of exact NLO with full top-quark mass 
dependence for gg->HH was extremely hard

very likely: more technical developments to compute 
gg->ZH still needed
improvement in reduction programs highly desirable
new ways of improving the integration highly desirable

but developed approach can be used to compute 
technically similar processes
one of them is ZH production in gg fusion at NLO with 
exact top-quark mass dependence
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