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Figure 5: Reduced Higgs boson coupling strength modifiers and their uncertainties. They are defined as
^�<�/vev for fermions (� = C, 1, g, `) and

p
^+<+ /vev for vector bosons as a function of their masses <� and <+ .

Two fit scenarios with ^2 = ^C (coloured circle markers), or ^2 left free-floating in the fit (grey cross markers) are
shown. Loop-induced processes are assumed to have the SM structure, and Higgs boson decays to non-SM particles
are not allowed. The vertical bar on each point denotes the 68% confidence interval. The ?-values for compatibility
of the combined measurement and the SM prediction are 56% and 65% for the respective scenarios. The lower panel
shows the values of the coupling strength modifiers. The grey arrow points in the direction of the best-fit value and
the corresponding grey uncertainty bar extends beyond the lower panel range.

not substantially a�ect the kinematic properties of the Higgs boson decay products. The fit results for the
scenario in which invisible or undetected non-SM Higgs boson decays are assumed not to contribute to
the total Higgs decay width, i.e. ⌫inv. = ⌫u. = 0, are shown in Figure 6 together with the results for the
scenario allowing such decays. To avoid degenerate solutions, the latter constrains ⌫u. � 0 and imposes the
additional constraint ^+  1 that naturally arises in a variety of scenarios of physics beyond the SM [54,
55]. All measured coupling strength modifiers are compatible with their SM predictions. When allowing
invisible or undetected non-SM Higgs boson decays to contribute to the total Higgs boson decay width,
the previously measured coupling strength modifiers do not change significantly, while upper limits of
⌫u. < 0.12 (expected 0.21) and ⌫inv. < 0.13 (expected 0.08) are set at 95% CL on the corresponding
branching fraction. The latter improves on the current best limit of ⌫inv. < 0.145 (expected 0.103) from
direct ATLAS searches [42].

In all tested scenarios, the statistical and the systematic uncertainty contribute almost equally to the
total uncertainty in most of the ^ parameter measurements. The exceptions are the ^`, ^/W , ^2 and ⌫u.

measurements for which the statistical uncertainty still dominates.

Kinematic properties of Higgs boson production probing the internal structure of its couplings are studied in
the framework of simplified template cross sections [44, 56–58]. The framework partitions the phase space
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2018 ( ): First direct observation 
of top-quark Yukawa coupling 

2020 ( ): First direct 
evidence that Higgs field is 
responsible for mass of 2nd gen. 
leptons 

2022 ( ): First hints that 
Higgs field is responsible for mass 
of 2nd gen. quarks

ttH

H → μμ

H → cc

CMS 1804.02610/ ATLAS 1806.00425

CMS 2009.04363 / ATLAS 2007.07830

CMS 2205.05550 / ATLAS 2201.11428

CERN-EP-2022-057

The Higgs sector continues to yield impressive fundamental discoveries
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Cartoon: How Important is Precision?

Imagine we had current experimental results for , but only LO theory…  gg → H

*Warning: just 
a cartoon, 
don’t trust 
data/theory 
from this plot!
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Cartoon: How Important is Precision?

Imagine we had current experimental results for , but only LO theory…  gg → H

``ATLAS-CONF-2021-053’’

*Warning: just 
a cartoon, 
don’t trust 
data/theory 
from this plot!
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Cartoon: How Important is Precision?

Imagine we had current experimental results for , but only NLO theory…  gg → H

*Warning: just 
a cartoon, 
don’t trust 
data/theory 
from this plot!
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Cartoon: How Important is Precision?

Much better with NNLO theory, but theory uncertainty is still quite large…

Anastasiou, 
Melnikov 02; 
Harlander, 
Kilgore 02; 
Ravindran, Smith, 
van Neerven 03;

*Warning: just 
a cartoon, 
don’t trust 
data/theory 
from this plot!
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Cartoon: How Important is Precision?

Reality: we actually have N3LO theory, beautiful example of precision @ LHC

Anastasiou, Duhr, 
Dulat, (Furlan), 
(Gehrmann), 
Herzog, Mistlberger 
16; Mistlberger 18;

*Warning: just 
a cartoon, 
don’t trust 
data/theory 
from this plot!



10

Cartoon 2: How Important is Precision?Role of precision 

16

Theory with 5 times 
larger errors

⇒ miss discovering new physics 

Gedankenexperiment: 

Higher precision can translate 
into higher discovery reach 

almost “for free” 

adapted from M. Wiesemann 

Figure: G. Zanderighi / M. Wiesemann
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Cartoon 2: How Important is Precision?

Figure: G. Zanderighi / M. Wiesemann
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Cartoon 2: How Important is Precision?

Figure: G. Zanderighi / M. Wiesemann

Precision theory can enhance the discovery potential of our experiments!



1) Experimental projection is 
pessimistic considering current 
performance 

2) Plot shown assumes reduction by 
factor 2 of today’s uncertainties 

Theory uncertainty is expected to 
dominate HL-LHC Higgs physics

13

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Expected relative uncertainty

ttHσ

ZHσ

WHσ

VBFσ

ggHσ

4.3 

4.2 

5.7 

3.1 

1.6 

3.7 1.3 1.8 

3.1 2.6 1.3 

4.0 3.3 2.4 

2.1 1.8 1.3 

1.2 0.7 0.8 

Tot Stat Exp Th

Uncertainty [%]

CMS and ATLAS
HL-LHC Projection

 per experiment-1 = 14 TeV, 3000 fbs

Total
Statistical
Experimental
Theory

2% 4%

CERN Yellow Report 
2019 HL/HE-LHC

HL-LHC construction underway 
~10x integrated luminosity of LHC 
(LHC 0.3 ab-1, HL-LHC: 3 ab-1)

Upcoming Experiments: Precision

→ See next talk! (Harald Fox)



Higgs Boson Production 

Gluon Fusion 
Theory uncertainties in gluon fusion  

Boosted Higgs boson production & the top-quark mass 

ZH Production 
Impact of the gluon channel  

Remaining uncertainties and open questions 

Di-Higgs Boson Production 
Current status and open questions

14

Outline

*All of these areas are very active, apologies for my very biased topic selection 
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How do we Improve Precision?

Parton Distribution 
Functions (PDFs)

Hard Scattering 
Matrix Element

d� =

Z
dxadxbf(xa)f(xb)d�̂ab(xa, xb)FJ +O ((⇤/Q)m)

<latexit sha1_base64="ABC189kDu7fZoYbXpXuPsmQC62s="></latexit><latexit sha1_base64="ABC189kDu7fZoYbXpXuPsmQC62s="></latexit><latexit sha1_base64="ABC189kDu7fZoYbXpXuPsmQC62s="></latexit><latexit sha1_base64="ABC189kDu7fZoYbXpXuPsmQC62s="></latexit>

Non-perturbative 
effects ~ few %
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Figure 18: Charged MSSM Higgs branching ratios as functions of the charged Higgs mass within the
mmod+

h scenario [137] for two values of tgβ obtained by a combination of FeynHiggs [121] and Hdecay

[54]. From Ref. [66].

Ht, b

g

g

Figure 19: Diagrams contributing to gg → H at lowest order.

masses. Gluon radiation leads to two-parton final states with invariant energy ŝ ≥ M2
H in the gg, gq

and qq channels at NLO. In general the hadronic cross section can be split into seven parts [68, 108,
70, 139, 140],

σ(pp → H +X) = σ0

[
1 + C

αs

π

]
τH

dLgg

dτH
+∆σgg +∆σgq +∆σqq̄ +∆σqq +∆σqq′ (162)

where the finite parts of virtual corrections C and the real corrections ∆σgg, ∆σgq and ∆σqq̄ (same-
flavour quark-antiquark initial states) start to contribute at NLO, while ∆σqq (same-flavour quark-quark
and antiquark-antiquark initial states) and ∆σqq′ (different-flavour quark and antiquark initial states)
appear for the first time at NNLO. The renormalization scale µR of αs and the factorization scale µF

of the parton densities are fixed properly, in general at µR = µF = MH/2. The quark-loop mass has
been identified with the pole mass MQ, while the QCD coupling αs and the parton density functions
are defined in the MS scheme with five active flavours.

We define the NLO K factor as the ratio

KNLO =
σNLO

σLO
(163)
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3.2 Vector-boson fusion: qq → qqV ∗V ∗ → qqH

3.2.1 Standard Model

H

q

q

W,Z

W,Z

Figure 24: Diagram contributing to qq → qqV ∗V ∗ → qqH at lowest order.

At the LHC the second important Higgs production channel is the vector-boson-fusion (VBF) mech-
anism (see Fig. 24) [17, 170]. For intermediate Higgs masses the vector-boson-fusion cross section is
about one order of magnitude smaller than the gluon-fusion one. The cross section can be approx-
imated by the t-channel diagrams of the type shown in Fig. 24 within ∼ 1% accuracy, i.e. without
any colour-cross talk between the quark lines, while interference effects for identical quark flavours and
s-channel contributions are at the per-cent level after subtracting the corresponding Higgs-strahlung
component from the s-channel contributions [171]. Within the structure-function approach the leading
order partonic vector-boson-fusion cross section [17] can be cast into the form (V = W,Z):

dσLO =
1

4

√
2G3

FM
8
V q

2
1q

2
2

[q21 −M2
V ]

2[q22 −M2
V ]

2

{

F1(x1, µ
2
F )F1(x2, µ

2
F )

[

2 +
(q1q2)2

q21q
2
2

]

+
F1(x1, µ2

F )F2(x2, µ2
F )

P2q2

⎡

⎣(P2q2)2

q22
−M2

P +
1

q21

(

P2q1 −
P2q2
q22

q1q2

)2
⎤

⎦

+
F2(x1, µ2

F )F1(x2, µ2
F )

P1q1

⎡

⎣(P1q1)2

q21
−M2

P +
1

q22

(

P1q2 −
P1q1
q21

q1q2

)2
⎤
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+
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F )F2(x2, µ2
F )

(P1q1)(P2q2)

[

P1P2 −
(P1q1)(P2q1)

q21
−

(P2q2)(P1q2)

q22

+
(P1q1)(P2q2)(q1q2)

q21q
2
2

]2

+
F3(x1, µ2

F )F3(x2, µ2
F )

2(P1q1)(P2q2)
[(P1P2)(q1q2)− (P1q2)(P2q1)]

}

dx1dx2
dPS3

ŝ
(175)

where dPS3 denotes the three-particle phase space of the final-state particles, MP the proton mass, P1,2

the proton momenta and q1,2 the momenta of the virtual vector bosons V ∗. The functions Fi(x, µ2
F ) (i =

1, 2, 3) are the usual structure functions from deep-inelastic scattering processes at the factorization scale
µF :

F1(x, µ
2
F ) =

∑

q

(v2q + a2q)[q(x, µ
2
F ) + q̄(x, µ2

F )]

F2(x, µ
2
F ) = 2x

∑

q

(v2q + a2q)[q(x, µ
2
F ) + q̄(x, µ2

F )]
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Figure 30: Diagram contributing to qq̄ → V ∗ → h/H + V at lowest order.
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Figure 31: Typical diagrams contributing to qq̄/gg → tt̄H at lowest order.

threshold effects are strongly diminished. The main parts of the QCD corrections originate from regions
significantly above the production threshold and can be approximated by a fragmentation approach
involving first producing a tt̄ pair supplemented by the t → tH fragmentation in the high-energy
limit [191, 194]. Although this provides a bad approximation for the magnitude of the cross section
itself it leads to a reasonable estimate of the relative QCD corrections [191]. The full NLO results have
recently been implemented in the Powheg box [195], matched to Sherpa [196] and generated within the
Mg5 amc@nlo framework [193] thus offering NLO event generators matched to parton showers. The
NLO result has recently been improved by a soft and collinear gluon resummation based on the SCET
approach starting from the boosted final-state particle triplet11 [198] leading to a further increase of the
cross section by 5-10%. The residual scale dependence is reduced to the level of 5− 10%. Recently the
electroweak corrections have been calculated for tt̄H production [199]. They range a the per-cent level
and are thus small. Moreover, off-shell top-quark effects have been determined at NLO in QCD [200]
with leptonic top-quark decays and turn out to be small for the inclusive tt̄H cross section. However,
they play a role in certain regions of phase space and are thus of relevance for distributions.

bb̄H production. Higgs bremsstrahlung off bottom quarks does not play a significant role for the
SM Higgs boson, but yields an important constraint on the bottom Yukawa coupling. Its total cross
section is of similar size as the tt̄H production cross section. The results of tt̄H production can be
taken over for bb̄H production. However, they have to be transformed to the four-flavour-scheme (4FS)
in order to avoid artificial large logarithms initiated by the bottom mass in the combination of the
virtual and real corrections at NLO. In this way finite bottom-mass effects can be taken into account
consistently. The NLO QCD corrections are positive and large. There is a decrease by about 10% due

11The recent alternative approach using conventional threshold resummation techniques does not yield a sizeable con-
tribution beyond NLO [197] due to the strong threshold suppression.
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threshold effects are strongly diminished. The main parts of the QCD corrections originate from regions
significantly above the production threshold and can be approximated by a fragmentation approach
involving first producing a tt̄ pair supplemented by the t → tH fragmentation in the high-energy
limit [191, 194]. Although this provides a bad approximation for the magnitude of the cross section
itself it leads to a reasonable estimate of the relative QCD corrections [191]. The full NLO results have
recently been implemented in the Powheg box [195], matched to Sherpa [196] and generated within the
Mg5 amc@nlo framework [193] thus offering NLO event generators matched to parton showers. The
NLO result has recently been improved by a soft and collinear gluon resummation based on the SCET
approach starting from the boosted final-state particle triplet11 [198] leading to a further increase of the
cross section by 5-10%. The residual scale dependence is reduced to the level of 5− 10%. Recently the
electroweak corrections have been calculated for tt̄H production [199]. They range a the per-cent level
and are thus small. Moreover, off-shell top-quark effects have been determined at NLO in QCD [200]
with leptonic top-quark decays and turn out to be small for the inclusive tt̄H cross section. However,
they play a role in certain regions of phase space and are thus of relevance for distributions.

bb̄H production. Higgs bremsstrahlung off bottom quarks does not play a significant role for the
SM Higgs boson, but yields an important constraint on the bottom Yukawa coupling. Its total cross
section is of similar size as the tt̄H production cross section. The results of tt̄H production can be
taken over for bb̄H production. However, they have to be transformed to the four-flavour-scheme (4FS)
in order to avoid artificial large logarithms initiated by the bottom mass in the combination of the
virtual and real corrections at NLO. In this way finite bottom-mass effects can be taken into account
consistently. The NLO QCD corrections are positive and large. There is a decrease by about 10% due

11The recent alternative approach using conventional threshold resummation techniques does not yield a sizeable con-
tribution beyond NLO [197] due to the strong threshold suppression.
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 [pb] @ 13 TeV 
# Higgs in  
σ

140 fb−1

49 pb / 6.9M

3.8 pb / 520k

2.3 pb / 320k

0.5 pb / 70k

ATLAS-CONF-2021-053
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Figure 18: Charged MSSM Higgs branching ratios as functions of the charged Higgs mass within the
mmod+

h scenario [137] for two values of tgβ obtained by a combination of FeynHiggs [121] and Hdecay

[54]. From Ref. [66].
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Figure 19: Diagrams contributing to gg → H at lowest order.

masses. Gluon radiation leads to two-parton final states with invariant energy ŝ ≥ M2
H in the gg, gq

and qq channels at NLO. In general the hadronic cross section can be split into seven parts [68, 108,
70, 139, 140],

σ(pp → H +X) = σ0

[
1 + C

αs

π

]
τH

dLgg

dτH
+∆σgg +∆σgq +∆σqq̄ +∆σqq +∆σqq′ (162)

where the finite parts of virtual corrections C and the real corrections ∆σgg, ∆σgq and ∆σqq̄ (same-
flavour quark-antiquark initial states) start to contribute at NLO, while ∆σqq (same-flavour quark-quark
and antiquark-antiquark initial states) and ∆σqq′ (different-flavour quark and antiquark initial states)
appear for the first time at NNLO. The renormalization scale µR of αs and the factorization scale µF

of the parton densities are fixed properly, in general at µR = µF = MH/2. The quark-loop mass has
been identified with the pole mass MQ, while the QCD coupling αs and the parton density functions
are defined in the MS scheme with five active flavours.

We define the NLO K factor as the ratio

KNLO =
σNLO

σLO
(163)

45
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Heavy Top Limit (HTL): integrate out top quarks ( ) 
Introduces couplings  &  between gluons and Higgs 
Removes dependence on  and decreases the number of loops by 1

mT → ∞
ch chh

mT

HTL valid for
p
ŝ ⌧ 2mT

A Useful Approximation: Heavy Top Limit

NLO NNLO N3LO

Anastasiou, Melnikov 02; Harlander, Kilgore 
02; Ravindran, Smith, van Neerven 03;

Anastasiou, Duhr, Dulat, (Furlan), (Gehrmann), 
Herzog, Mistlberger 16; Mistlberger 18;

NLO/LO ≈ 2.3 NNLO/NLO ≈ 1.3 N3LO/NNLO ≈ 1.03
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Gluon Fusion: Error Budget
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Figure 2: Cummulative contributions to the total relative uncertainty as a function of the
collider energy. according to eqs. (26)-(28).

In combination we find

��PP!H+X = �(PDF+↵S) + �(theory) = +3.63pb
�4.72pb

�
+7.46%
�9.7%

�
. (39)

To derive the various sources of uncertainties we followed the prescriptions
outlined above. In fig. 2 we show how the relative size of the various sources
of uncertainty varies as a function of the hadron collider energy.

In comparison to the numerical cross section predictions derived in ref. [3]
we observe only minor changes. The di↵erence arise solely due to the exact
computation of the N3LO QCD corrections in the heavy top quark e↵ective
theory obtained in ref. [16]. The deviations are well within the uncertainty
that was associated with the truncation of the threshold expansion used for
the results of ref. [3]. This particular source of uncertainty is now removed.

Finally, we use iHixs to derive state of the art predictions for the gluon
fusion Higgs production cross section at di↵erent collider energies. We strictly
follow the recommendations of [3, 4]. Figure 3 shows the state-of-the art
predictions and uncertainty estimates for the inclusive cross section obtained

18

Dulat, Lazopoulos, Mistlberger 18

NNLO top-quark mass dep.

Mixed QCD-EW corrections
NNLO b,c mass dep. + interferences

Need more data, better  deter.αs

Missing  PDFsN3LO

Progress 
: Known to NNLO, removed 

: Challenging but possible 

: gg known, reduced from ~1% to 0.6% 

: Progress but uncertainty persists 

: Some ingredients known

δ(1/mt)

δ(t, b, c)

δ(EW)

δ(PDF − TH)

δ(scale)

2018 Error Budget

Czakon, Harlander, Klappert, Niggetiedt 21

Becchetti, Bonciani, Del Duca, Hirschi, Moriello, Schweitzer 20; + 
Bonetti, Panzer, Smirnov, Tancredi, Melnikov, …

McGowan, Cridge, Harland-Lang, Thorne 22

Missing N4LO

Lee, von Manteuffel, Schabinger, Smirnov, Smirnov, 
Steinhauser 22
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Boosted Higgs: NLO H+jet

To attack  need amplitudes with  included 
  @ LO (1-loop) 

   @ NLO (2-loop) 
   @ NNLO (3-loop)

δ(1/mT) mT
pp → Hjj
pp → Hj
pp → H

SPJ, Kerner, Luisoni 18, 21

gg → H + j

The  amplitude is itself interesting 
Predicts boosted (high- ) Higgs 

Challenging calculation ( ) 
completed with various techniques: 

Small  approximation 

Numerical evaluation of integrals 

The HTL alone is a very poor 
approximation of the large-  behaviour

ppHj
pT

s, t, mH, mT

mT

pT
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Kudashkin, (Lindert),  Melnikov, Wever 17, (18); Neumann 18;

SPJ, Kerner, Luisoni 18, 21
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Boosted Higgs: NLO H+jet

Recently,  was calculated including full  dependence using the 
series expansion of differential equations

pp → Hj mB, mT

Bonciani, Del Duca, Frellesvig, Hidding, Hirschi, Moriello, Salvatori, Somogyi, Tramontano 22; 
4

than 20GeV; in the second bin, the contribution of the
top-bottom interference is negative, and fades away from
the third on. In the right panel, the NLO contribution of
the top-bottom interference is negative in the first bin,
positive in the second, negative again, but smaller, in
the third, and dies out from the fourth on. Note that
the seven-point scale variation (not shown) provides a
much larger uncertainty than the di↵erence among the
bars that are shown in the figure. Also note that at LO,
the impact of the change of top-quark mass renormali-
sation scheme is almost indiscernible in the second bin
of the left panel. However, at NLO this impact is far
greater, and overall 15 times larger than at LO in our
semi-inclusive cross-section of tab. I. We leave further in-
vestigation of this enhanced sensitivity to the mass and
Yukawa renormalisation scheme at NLO to future work.

While the scale uncertainty is expected to be reduced
in a resummed calculation of the Higgs pT , we anticipate
that the di↵erence among the di↵erent predictions will
persist. Further investigation of the Higgs pT distribution
in the low-energy limit is beyond the aim of the present
work and will be presented elsewhere.
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Figure 1. Higgs pT distribution in the intermediate pT range.

In fig. 2, we plot the Higgs pT distribution in 25GeV-
wide bins, with top- and bottom-quarks circulating in
the heavy-quark loops in MS, at LO (green curve) and
NLO (red curve) accuracy. The scale uncertainty bands
at LO (yellow band) and NLO (purple band) accuracy
are obtained by taking the envelope of seven-point scale
variations. Not to clutter the plot, we refrain from show-
ing the same distribution with the top-quark only, either
in MS or in OS, opting for highlighting their behaviour
in the next figures. In fig. 3, we plot the ratio of the
Higgs pT distribution at NLO over the same at LO in
50GeV-wide bins, with top- and bottom-quarks circulat-
ing in the heavy-quark loops, in MS (upper panel); with
top-quark only, in MS (middle panel) and in OS (lower

10−7

10−6

10−5

10−4

10−3

10−2

10−1

0

0 100 200 300 400 500 600 700 800 900 1000

LHC13

p
j1
⊥ > 20

dσ
/d

pH t
[p
b
/G

eV
]

pHt [GeV]

scale var.(7pt)
LO–top+bottom(MS)

scale var.(7pt)
NLO–top+bottom(MS)
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Figure 3. NLO/LO ratio of the Higgs pT distribution.

panel). The scale uncertainty bands are given by the ra-
tio of the bands at NLO accuracy over the central value
of the Higgs pT distribution at LO. The upper panel cor-
responds to the ratio of the red and green curves of fig. 2.
We note that except for the first bin all ratios have a nu-
merical value greater than or equal 2. In particular, the
curves of the upper and middle panels have a similar,
rather flat, shape with a numerical value which is larger
than 2 on most of the pT range, while the curve of the
lower panel wiggles about the value 2.
In figs. 4 and 5, we plot the ratio of the Higgs pT

distribution, with top- and bottom-quarks circulating in
the heavy-quark loops, over the distribution with the top-
quark only, both in MS (upper panel); the ratio of the
distribution with the top-quark in OS over the one with
top- and bottom-quarks in MS (middle panel); the ratio
of the distribution with the top-quark in OS over the
one with the top-quark in MS (lower panel). The scale
uncertainty bands as reported in the y-labels are given
by the ratio of the bands of the distributions over their

Bonciani, et al. 22

Confirm earlier results that indicated NLO corrections are large   
Bottom and top/bottom interference effects relevant only for low-  
Result very flexible: allows quark masses to be renormalised in different schemes

KNLO/LO ≈ 2
pT

4

than 20GeV; in the second bin, the contribution of the
top-bottom interference is negative, and fades away from
the third on. In the right panel, the NLO contribution of
the top-bottom interference is negative in the first bin,
positive in the second, negative again, but smaller, in
the third, and dies out from the fourth on. Note that
the seven-point scale variation (not shown) provides a
much larger uncertainty than the di↵erence among the
bars that are shown in the figure. Also note that at LO,
the impact of the change of top-quark mass renormali-
sation scheme is almost indiscernible in the second bin
of the left panel. However, at NLO this impact is far
greater, and overall 15 times larger than at LO in our
semi-inclusive cross-section of tab. I. We leave further in-
vestigation of this enhanced sensitivity to the mass and
Yukawa renormalisation scheme at NLO to future work.

While the scale uncertainty is expected to be reduced
in a resummed calculation of the Higgs pT , we anticipate
that the di↵erence among the di↵erent predictions will
persist. Further investigation of the Higgs pT distribution
in the low-energy limit is beyond the aim of the present
work and will be presented elsewhere.
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In fig. 2, we plot the Higgs pT distribution in 25GeV-
wide bins, with top- and bottom-quarks circulating in
the heavy-quark loops in MS, at LO (green curve) and
NLO (red curve) accuracy. The scale uncertainty bands
at LO (yellow band) and NLO (purple band) accuracy
are obtained by taking the envelope of seven-point scale
variations. Not to clutter the plot, we refrain from show-
ing the same distribution with the top-quark only, either
in MS or in OS, opting for highlighting their behaviour
in the next figures. In fig. 3, we plot the ratio of the
Higgs pT distribution at NLO over the same at LO in
50GeV-wide bins, with top- and bottom-quarks circulat-
ing in the heavy-quark loops, in MS (upper panel); with
top-quark only, in MS (middle panel) and in OS (lower
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panel). The scale uncertainty bands are given by the ra-
tio of the bands at NLO accuracy over the central value
of the Higgs pT distribution at LO. The upper panel cor-
responds to the ratio of the red and green curves of fig. 2.
We note that except for the first bin all ratios have a nu-
merical value greater than or equal 2. In particular, the
curves of the upper and middle panels have a similar,
rather flat, shape with a numerical value which is larger
than 2 on most of the pT range, while the curve of the
lower panel wiggles about the value 2.
In figs. 4 and 5, we plot the ratio of the Higgs pT

distribution, with top- and bottom-quarks circulating in
the heavy-quark loops, over the distribution with the top-
quark only, both in MS (upper panel); the ratio of the
distribution with the top-quark in OS over the one with
top- and bottom-quarks in MS (middle panel); the ratio
of the distribution with the top-quark in OS over the
one with the top-quark in MS (lower panel). The scale
uncertainty bands as reported in the y-labels are given
by the ratio of the bands of the distributions over their
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Boosted Higgs: NLO H+2jet

Interestingly, a particular approximation ( ) works quite well for H+j 
 Use exact Born + Reals 
 Approximate 2-loop Virtuals with

FTapprox

|ℳ2
4(mt, μ2

R; {p}) |2 → |ℳ1
4(∞, μ2

R; {p}) |2 |ℳ1
4(mt; {p}) |2

|ℳ0
4(∞; {p}) |2

 Chen, Huss, SPJ, Kerner, Lang, Lindert, Zhang 21

Assuming approximation works similarly well for higher jet multiplicity, can 
produce improved H+2j predictions just by computing full reals
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Gluon Fusion: NNLO with Full top-quark Mass

H+j @ 2-loop & H @ 3-loop with  using 
numerical solution of differential equations

mT

Czakon, Niggetiedt 20;  
Czakon, Harlander, Klappert, Niggetiedt 21

gg → Hg

Decreases  by @ 13 TeV compared to heavy top limit (HTL) 

Intricate interplay between mass effects  
Complete NNLO results obtained using STRIPPER framework

σtot −0.26 %

gg (+0.62%), qg (−16%), qq (−15%)

2Re⟨M(1)
exact |M(2)

exact⟩ |regulated

Returning to the  uncertainty in  δ(1/mT) gg → H
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Gluon Fusion: Mixed QCD-EW Corrections

Increases  by @ 13 TeV, reduces residual uncertainty  
Favouring factorisation of EW corrections:  

Compatible with previous estimates: 
Soft approx: ,         : ,         : 

σtot +5.1 % δ(EW) ∼ 0.6 %
σ = σLO (1 + δQCD) × (1 + δEWK)

+5.4 % MH ≪ MV +5.2 % MH ≫ MV +5.4 %
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Challenging calculations 

Becchetti, Bonciani, Del Duca, Hirschi, Moriello, Schweitzer 20

Bonetti, Melnikov, Tancredi 17 
Bonetti, Panzer, Smirnov, Tancredi 20

Bonetti, Melnikov, Tancredi 18; Anastasiou, Del Duca, Furlan, Mistlberger, 
Moriello, Schweitzer, Specchia 19 

Anastasiou, Boughezal, 
Petriello 09;
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Figure 30: Diagram contributing to qq̄ → V ∗ → h/H + V at lowest order.
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Figure 31: Typical diagrams contributing to qq̄/gg → tt̄H at lowest order.

threshold effects are strongly diminished. The main parts of the QCD corrections originate from regions
significantly above the production threshold and can be approximated by a fragmentation approach
involving first producing a tt̄ pair supplemented by the t → tH fragmentation in the high-energy
limit [191, 194]. Although this provides a bad approximation for the magnitude of the cross section
itself it leads to a reasonable estimate of the relative QCD corrections [191]. The full NLO results have
recently been implemented in the Powheg box [195], matched to Sherpa [196] and generated within the
Mg5 amc@nlo framework [193] thus offering NLO event generators matched to parton showers. The
NLO result has recently been improved by a soft and collinear gluon resummation based on the SCET
approach starting from the boosted final-state particle triplet11 [198] leading to a further increase of the
cross section by 5-10%. The residual scale dependence is reduced to the level of 5− 10%. Recently the
electroweak corrections have been calculated for tt̄H production [199]. They range a the per-cent level
and are thus small. Moreover, off-shell top-quark effects have been determined at NLO in QCD [200]
with leptonic top-quark decays and turn out to be small for the inclusive tt̄H cross section. However,
they play a role in certain regions of phase space and are thus of relevance for distributions.

bb̄H production. Higgs bremsstrahlung off bottom quarks does not play a significant role for the
SM Higgs boson, but yields an important constraint on the bottom Yukawa coupling. Its total cross
section is of similar size as the tt̄H production cross section. The results of tt̄H production can be
taken over for bb̄H production. However, they have to be transformed to the four-flavour-scheme (4FS)
in order to avoid artificial large logarithms initiated by the bottom mass in the combination of the
virtual and real corrections at NLO. In this way finite bottom-mass effects can be taken into account
consistently. The NLO QCD corrections are positive and large. There is a decrease by about 10% due

11The recent alternative approach using conventional threshold resummation techniques does not yield a sizeable con-
tribution beyond NLO [197] due to the strong threshold suppression.

58

ZH Production
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: Role of  Channelpp → ZH ggZH

Drell-Yan-like contribution recently 
computed @ N3LO 

Gluon channel contributes to 
  @ NNLO 

1) ~10% of the total cross section 
at LHC (due to large gluon 
luminosity) 

2) Has large uncertainty >100% 
3) A dominant TH uncertainty on 

ZH analyses 

This motivates calculating 
 @ NLO (2-loop)

pp → ZH

ggZH

 

 

Baglio, Duhr, Mistlberger, Szafron 22
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: 2-loop Virtual Amplitudegg → ZH

Box
Triangle & 
Goldstone

A challenging calculation ( , ), completed with various techniques s, t, mH, mT mZ
(Small ) Wang, Xu, Xu, Yang 21; (Small  &  Expansions) Davies, Mishima, Steinhauser 20; (Numerical) Chen, Heinrich, SPJ, 
Kerner, Klappert, Schlenk 20; (  Expansions) Alasfar, Degrassi, Giardino, Gröber, Vitti 21; Bellafronte, Degrassi, Giardino, Gröber, 
Vitti 22; Degrassi, Gröber, Vitti, Zhao 22; (Small   & Numerical) Chen, Davies, Heinrich, SPJ, Kerner, Mishima, Schlenk, Steinhauser 22

mZ, mH mT 1/mT
pT & 1/mT

mT

Our full result has 452 ``master integrals’’ 
and ~5GB amplitude 

Using (IBP) relations between the 
integrals we found a much simpler 
~1GB expression for amplitude 

Largest coefficient (double-tadpole)  
150 MB  5 MB →
Chen, Heinrich, SPJ, Kerner, Klappert, Schlenk 20;



Previous update (v1.5): 
Expansion by Regions & 
Amplitude Evaluation 

Upcoming (wip->v1.6): 
Significant speed 
improvements, flexible 
amplitude input, smaller 
generated code, …

28

One of the biggest challenges for processes like this is computing the integrals 

We evaluate them numerically on CPUs & GPUs using pySecDec 

Try it now at: https://github.com/gudrunhe/secdec

Aside: Evaluating Feynman Integrals

Heinrich, Jahn, SPJ, Kerner, Langer, Magerya, 
Põldaru, Schlenk, Villa 21
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: Resultsgg → ZHis 2.7% larger than ours; we have verified that this is due only to the di↵erent choice of

PDFs and masses (mZ , mH and mt). At NLO their result is 2% larger than ours, we

ascribe this di↵erence again to the di↵erent choice of PDFs and masses. In Ref. [33]

the scale uncertainty is assessed via a 3-point scale variation by a factor of 3; adopting

this procedure we agree with their scale uncertainty of +27%
�21% at NLO.

p
s LO [fb] NLO [fb]

13 TeV 52.42+25.5%
�19.3% 103.8(3)+16.4%

�13.9%

13.6 TeV 58.06+25.1%
�19.0% 114.7(3)+16.2%

�13.7%

14 TeV 61.96+24.9%
�18.9% 122.2(3)+16.1%

�13.6%

Table 1: Total cross sections at LO and NLO with full top-quark mass dependence,

evaluated at the scale µR = µF = mZH . The upper and lower values resulting from a

7-point scale variation are also shown.

Di↵erential results for the invariant mass mZH = (pZ +pH)2 of the Z-Higgs system

are shown in Fig. 5 for the central scale choices mZH and HT , with

HT =
X

i=H,Z

q
m

2
i
+ p

2
T,i

+
X

k

|pT,k|, (3.1)

where the sum runs over all final state massless partons k. For the fully-inclusive case

(left), the K-factor is relatively flat with a value of about two, except at very low in-

variant masses where threshold corrections are significant. The kink in the distribution

at mZH ' 350 GeV is related to the tt̄-production threshold. Only a small reduction

of the scale uncertainty is observed going from LO to NLO. Note that the quark-gluon

channel for this process first opens up at the NLO level. The cuts pT,H � 140 GeV,

pT,Z � 150 GeV (Fig. 5 (right)) somewhat decrease the K-factor.

The Z-boson transverse momentum distributions at LO and NLO are shown in

Fig. 6. In the left plot we observe a K-factor which rises with increasing pT,Z , reaching

a value of almost 5 at pT,Z = 1 TeV, it is only slightly tamed by the cuts on pT,H and

pT,Z (right plot).

Fig. 7 shows the Higgs-boson transverse momentum distributions with and without

pT cuts. In the inclusive case (left) an extreme rise of the K-factor with increasing pT,H ,

up to values of about 20 towards pT,H = 1 TeV, is observed. The cuts pT,H � 140 GeV,

pT,Z � 150 GeV decrease this K-factor by a factor of about 3 at large pT,H values.

The cuts have such a large e↵ect on the K-factor of this distribution as they remove

configurations with a hard jet recoiling against a relatively hard Higgs while the Z boson

is soft, this configuration dominates the tail of the distribution but is not present at

– 9 –

10�5

10�4

10�3

10�2

10�1

100

d
�
/d

m
Z

H
[f
b
/G

eV
]

LO µ = mZH

NLO µ = mZH

NLO µ = HT

400 600 800 1000 1200 1400
mZH [GeV]

0

2

N
L
O

/L
O

p
s = 14 TeV

mOS
t = 173.21 GeV

NNPDF31 nlo pdfas

Invariant Mass

NLO corrections are large and lie 
outside the usual LO scale uncertainties 

NLO/LO somewhat* flat except at 
production & top thresholds 

*Starts to rise above ~1 TeV (also depends on 
what real diagrams are included)

NNPDF31_nlo_pdfas
mOS

t = 173.21 GeV
μ = mZH

μR,F ∈ [ μ
2

, 2μ] (7 − point)

Putting all pieces together (Born + reals + virtual) can obtain full NLO results

Total Cross-section
Chen, Davies, Heinrich, SPJ, Kerner, Mishima, Schlenk, Steinhauser 22



10�6

10�5

10�4

10�3

10�2

10�1

100

d
�
/d

p T
,H

[f
b
/G

eV
]

LO µ = mZH

NLO µ = mZH

NLO µ = HT

200 300 400 500 600 700 800 900 1000
pT,H [GeV]

2.5

5.0

7.5

N
L
O

/L
O

pT,H � 140 GeV

pT,Z � 150 GeVp
s = 14 TeV

mOS
t = 173.21 GeV

NNPDF31 nlo pdfas10�6

10�5

10�4

10�3

10�2

10�1

100

d
�
/d

p T
,H

[f
b
/G

eV
]

LO µ = mZH

NLO µ = mZH

NLO µ = HT

200 300 400 500 600 700 800 900 1000
pT,Z [GeV]

2

4

N
L
O

/L
O

pT,H � 140 GeV

pT,Z � 150 GeVp
s = 14 TeV

mOS
t = 173.21 GeV

NNPDF31 nlo pdfas

30

: Transverse Momentumgg → ZH

Z  : Large NLO corrections, rising sharply at large   
H  : Extremely large NLO corrections, rising very sharply at large   

Placing cuts on soft  or  emission slightly tames growth 

Radiating an additional jet opens up an important new region of phase-space 
Very important to include higher order corrections in this region

pT pT,Z
pT pT,H

Z H

Z Transverse Momentum H Transverse Momentum



The different behaviour of  and  was observed previously in  pT,Z pT,H gg → ZH + j

Traced to configurations where Higgs 
recoils against a hard jet, with a soft Z

31

: Z vs Hgg → ZH

Hespel, Maltoni, Vryonidou 15; Les Houches 19
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Figure 2: Representative Feynman diagrams for gluon induced ZHj production in the SM.

obtained from the tree-level EFT amplitudes are modified by the ratio of the full one-loop

amplitude over the EFT ones, i.e., r = |M2
Loop|/|M2

EFT |, where |M2
Loop| represents the

numerical amplitude as obtained from MadLoop. In our case, reweighting proves to be

efficient in terms of the computational speed, as the loop amplitudes have to be calculated

for significantly fewer phase-space points than what would be needed to integrate them

directly. Moreover the EFT leads to distributions that are in general harder in the tails,

and therefore the EFT events populate regions that are later suppressed by the exact loop

matrix elements, resulting to no significant degradation of the statistical uncertainty.

2.2 Parton level results

Before proceeding to the technical setup and presenting results of the merging-matching,

we consider the salient aspects as observed at the parton level. The findings of this study

will reveal some previously unnoticed features of gg → ZH and will act as a motivation to

employ a merging-matching procedure in the following section.

In our computation the heavy quark masses are set to: mt =173 GeV and mb =4.75

GeV, while the Higgs mass to mH =125 GeV and the heavy quark Yukawas are given by

yq/
√
2 = mq/v. We note here that finite width effects in the propagators of the loops can be

taken consistently into account within MadGraph5 aMC@NLO via the implementation

of the complex mass scheme [55,56]. The effect of a non-zero top width is shown in Fig. 3,

where the matrix element squared for gg → ZH, for 900 scattering, is shown as a function

of the invariant mass of the ZH system. The correction is more important at the tt̄

threshold, where it reaches 20%. Finally, when integrated over all centre-of-mass energies

and scattering angles, we find the top-quark width to modify the gg → ZH cross-section

by ∼2% at 14TeV, an effect similar to that observed for single and double Higgs production

– 5 –
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One observation
If we apply an eikonal approximation to such diagrams, the enhancement of soft 

 bosons can be understood 

  

Ratio for large radiator (transverse) momentum 

Z

(Soft Z emission) :
pμ

p . pZ

(Soft H emission) :
mt

p . pH
∼ pT /mt ≫ 1

 



10�5

10�3

10�1

d
�
/d

m
Z

H
[f
b
/G

eV
]

OS

MS µt = mZH

MS µt = HT

MS µt = mt(mt)

0.5

1.0

R
es

/O
S

400 600 800 1000 1200 1400
mZH [GeV]

2

3

N
L
O

/L
O

pT,H � 140 GeV
pT,Z � 150 GeVp

s = 14 TeV
µR = µF = mZH

NNPDF31 nlo pdfas

10�5

10�3

10�1

d
�
/d

m
Z

H
[f
b
/G

eV
]

OS

MS µt = mZH

MS µt = HT

MS µt = mt(mt)

0.5

1.0

R
es

/O
S

200 300 400 500 600 700 800 900 1000
pT,Z [GeV]

2.5

5.0

N
L
O

/L
O

pT,H � 140 GeV
pT,Z � 150 GeVp

s = 14 TeV
µR = µF = mZH

NNPDF31 nlo pdfas

32

: Mass Scheme Uncertaintygg → ZH

Large difference between different schemes 
 LO: OS result ~2.9x  result 
 NLO: Difference reduced ~1.9x

MS

Observations @ mZH = 1 TeV
If taken as a theoretical 
uncertainty, this is larger 
than the scale uncertainty!

OS to  mass conversion: MS mt → mt(μt) [1 +
αs

4π
CF {4 + 3 log (μ2

t /mt
2(μt))}]

Such mass scheme uncertainties show up in other processes (e.g. HH, H*, HJ)
Baglio, Campanario, Glaus, Mühlleitner, (+Ronca) Spira, Streicher 18, (20); SPJ, Spira (Les Houches 19)



HH Production

σ(pp → HH) ∼
σ(pp → H)
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HH: Experimental Bounds

(a) 11̄11̄ (b) Combined

Figure 17: Expected 95% CL limits on the �� cross-section for different ^_ hypotheses at
p
B = 14 TeV, 3000 fb�1

at the HL-LHC with the baseline uncertainty scenario, for (a) the 11̄11̄ channel and (b) its combination with 11̄WW
and 11̄g+g� channels. The expected cross-section limits assume a complete absence of �� production. The theory
prediction curve represents the situation where all parameters and couplings are set to their SM values except for ^_.
The SM hypothesis corresponds to ^_ = 1.

Table 12: Projected ^_ interval outside which the �� cross-section is excluded at 95% CL for different uncertainty
scenarios for an integrated luminosity of 3000 fb−1 at

p
B = 14 TeV. The limits are obtained from cross-section scans

comparing different ^_ signal hypotheses to the background-only hypothesis.

95% CL limits on ^_ from cross-section scan

Uncertainty scenario 11̄WW 11̄g+g� 11̄11̄ Combination

No syst. unc. [1.2, 4.2] [2.4, 4.5] [0.8, 5.6] [3.0, 3.3]
Baseline [1.1, 4.3] [1.7, 5.4] [�0.6, 6.8] [2.1, 4.0]
Theoretical unc. halved [0.1, 5.2] [0.9, 6.2] [�1.7, 7.9] [1.3, 4.9]
Run 2 syst. unc. [0.1, 5.3] [0.6, 6.5] [�1.8, 7.9] [1.0, 5.0]

C Cross-section upper limit scan as function of +2\

The projected 95% CL upper limits on the �� cross-section as a function of ^2+ are shown in Figure 18
for the baseline uncertainty scenario for the 11̄11̄ channel. Following a similar procedure as illustrated in
Appendix B, Table 13 shows the ^2+ intervals outside which the VBF �� cross-section is excluded at
95%CL for different systematic uncertainty scenarios for the 11̄11̄ channel.

25

Current

HL-LHC Projection

Very impressive experimental results 
Combining 3 decay channels  

+ using H and HH information

μHH < 2.4 @ 95 % cl
−0.4 < κλ < 6.3 @ 95 % cl

μHH < 0.55 @ 95 % cl
0 < κλ < 2.5 @ 95 % cl

CERN-EP-2022-149 

HL-LHC projection  
Using HH data from 3 channels 

Assuming TH uncertainty is halved
ATL-PHYS-PUB-2022-053
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(a) (b) (c) (d) (e) (f)

Figure 1: Sample Feynman diagrams contributing to the real radiation. Contributions
such as those shown in (c) lead to n

3

h
contributions which have already been computed in

Ref. [25]. The n
3

h
contributions of (d) contain a top quark loop without a Higgs coupling

and have not been computed in Ref. [25]; they are considered here.

(a) (b) (c) (d)

Figure 2: Sample Feynman diagrams in the forward-scattering kinematics. Three- and
four-particle cuts are shown by blue and green dashed lines, respectively. The n

3

h
contri-

butions as shown in (b) have already been considered in [25] but those in (c) have not;
they are considered here.

butions which have a closed loop with only gluon couplings (as shown in Fig. 1(c)). Such
terms are not included in Ref. [25], but are computed in this paper.

The remainder of the paper is organized as follows: in the next section we discuss the
individual parts of our calculation. This concerns in particular the setup used for the
computation of the real-radiation corrections including the asymptotic expansion and the
reduction to phase-space master integrals. Furthermore, we discuss the ultraviolet and
collinear counterterms to subtract the divergences from initial-state radiation. Section 3
is dedicated to the phase-space master integrals. We provide details on the transformation
of the system of di↵erential equations to ✏ form and on the computation of the boundary
conditions in the soft limit. We discuss our analytic and numerical results in Section 4 and
summarize our findings in Section 5. In the appendix we provide useful additional mate-
rial such as explicit formulae used for the computation of the collinear counterterms, the
integrands of the phase-space master integrals, NNLO virtual corrections to the channel
qq̄ ! HH and NNLO virtual corrections involving four closed top quark loops. Further-
more, we describe in detail our approach to obtain the leading 1/mt term for double Higgs
production from the analytic expressions of the single-Higgs production cross section.

4

[25,27] NNLO 1/m2
T
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HH: NLO
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mT

For HH production: 

The NLO corrections are again 
large NLO/LO  1.7 and scale 
uncertainties ~halved 

 does not work so well 
above the the top-quark threshold 

This is exactly the sort of situation 
depicted in our ``Cartoon 2’’  

≈

FTapprox
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Figure 12. Invariant mass distributions for the Higgs boson pair production in proton-proton
collisions with

p
s = 13, 14, 27, 100 TeV. The bands represent the scale uncertainties. The red, green,

brown and blue bands correspond to the LO, NLO, NNLO and N3LO predictions, respectively. The
bottom panel shows the ratios to the N3LO distribution.

class-a corrections for other differential cross sections. As we already mentioned in section
2.3.2, the class-a differential cross sections can be divided into two pieces given in eq.(2.14).
The second piece d�(a,2),N3LO

hh is essential to cancel the remaining renormalisation scale de-
pendence in d�b,NNLO

hh . Both of them are in fact known fully differentially. For the first
piece d�(a,1),N3LO

hh (i.e. the class-a cross sections by setting Chh = Ch), we have the fully dif-
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HH: N3LO Heavy Top Limit

Chen, Li, Shao, Wang 19

3

momentum of the Higgs pair system is imposed to be
larger than the cuto↵ parameter pvetoT . In such a case,
there must be an additional jet in accompany with the
Higgs pair. Therefore, in order to have NNLO cross sec-
tion of class-b, we only need to calculate the NLO cor-
rections to hh plus a jet, of which the underlying Born
is represented for example by Fig.1(b) but with an ad-
ditional gluon emission. In this work, we use the Mad-

Graph5 aMC@NLO [78] framework to perform such cal-
culations. The two Wilson coe�cients are also expanded
in a series of ↵s. Since the contribution of this class is
from the interference between the amplitudes with only
one e↵ective vertex insertion and with two e↵ective ver-
tices, one has to organize these coe�cients and ampli-
tudes in an appropriate way. Thanks to the recent de-
velopment [79] to handle mixed-order scenarios, we are
able to obtain the results order-by-order in ↵s. To calcu-
late the one-loop amplitudes automatically, we prepare
the model files by using FeynRules [80], FeynArts [81]
and an in-house Mathematica program, which has been
validated in [82, 83]. The counter-terms, especially the
rational R2 terms, have been extensively checked with
the results in the literature [84, 85]. The tensor inte-
grals appearing in the one-loop amplitudes are evalu-
ated by MadLoop [78, 86] equipped with Collier [87],
while the real emission contribution is computed with
the module MadFKS [88, 89] with the FKS subtraction
method [90, 91]. We want to stress that the inclusion
of the contribution from class-b is indispensable in the
sense that it not only contributes to the same order in ↵s

but also cancels the remaining scale dependence in class-
a at N3LO (details shown in the supplemental material).
Finally, since the NLO cross sections of class-c can be
obtained with full-fledged methods, we refrain ourselves
from presenting details about them, but they have been
routinely included in our final results.

We have performed many cross checks and validations
in our calculations. All the terms except for O(↵5

s) terms
of class-a and class-b listed in Table I have been cross
checked at least by two independent calculations at the
inclusive total cross section level. Specifically, we have
reproduced the cross section of a single Higgs boson pro-
duction up to NNLO in iHixs2 by using our program.
This agreement can check our implementations of the
two-loop beam and soft functions, as well as the calcula-
tion of one-loop amplitudes with one e↵ective vertex. In
addition, we have calculated the NLO and NNLO correc-
tions to Higgs pair production in the infinite top-quark
mass limit, and found agreement with HPair2 [12, 13]
and Ref.[18], respectively. This helps to check Eq.(3)
and the calculation of one-loop amplitudes with two ef-
fective vertices. These nontrivial checks already ensure
the correctness of many components of our calculations.
For the O(↵5

s) term of class-a, we simply used iHixs2 by
employing Eq.(3). Such a program has been validated
with the Higgs pair cross sections from LO to NNLO,

which makes us convinced that the O(↵5
s) piece of class-

a is correct. For the remaining O(↵5
s) part of class-b,

we carefully checked the various pieces that are used in
our calculation. In particular, we have checked the scale
dependence of the finite part in the two-loop amplitudes
with two e↵ective vertices [74] by the renormalization
group equation that the hard function should satisfy.
The one-loop amplitude can also been extracted from the
scale-dependent part of the two-loop amplitudes, and it
has been compared against the analytical result we cal-
culated with fire [92] and to the numerical result from
MadLoop. Again, we find perfect agreements. Moreover,
we have checked the independence of the final NNLO re-
sults for class-b on the values of pvetoT over the range from
4 GeV to 20 GeV (see the supplemental material).
Results – In our numerical calculations, we take

v = 246.2 GeV and the Higgs boson mass mh =
125 GeV. The top-quark pole mass, which enters only
into the Wilson coe�cients, is mt = 173.2 GeV. We
use the PDF4LHC15 nnlo 30 PDF [93–96] provided by
LHAPDF6 [97], and the associated strong coupling ↵s.
The default central scale is chosen to be the invariant
mass of the Higgs pair divided by 2, i.e. µ0 = mhh/2,
and the scale uncertainty is evaluated through the 9-point
variation of the factorization scale µF and the renor-
malization scale µR in the form of µR,F = ⇠R,Fµ0 with
⇠R, ⇠F 2 {0.5, 1, 2}.

order

p
s

13 TeV 14 TeV 27 TeV 100 TeV

LO 13.80+31%
�22% 17.06+31%

�22% 98.22+26%
�19% 2015+19%

�15%

NLO 25.81+18%
�15% 31.89+18%

�15% 183.0+16%
�14% 3724+13%

�11%

NNLO 30.41+5.3%
�7.8% 37.55+5.2%

�7.6% 214.2+4.8%
�6.7% 4322+4.2%

�5.3%

N3LO 31.31+0.66%
�2.8% 38.65+0.65%

�2.7% 220.2+0.53%
�2.4% 4438+0.51%

�1.8%

TABLE II: The inclusive total cross sections (in unit of fb)
of Higgs boson pair production at di↵erent center-of-mass en-
ergies from LO to N3LO. The quoted relative uncertainties
are from the 9-point scale variations µR,F = ⇠R,F

mhh
2 with

⇠R, ⇠F 2 {0.5, 1, 2}. The errors due to the numerical Monte
Carlo integration are well below 1h.

We present the inclusive total cross sections (from LO
to N3LO) of the Higgs boson pair production at di↵erent
center-of-mass energies in Table II and Fig. 2. Similarly
to the single Higgs case, the QCD higher-order correc-
tions are prominent. The NLO corrections increase the
LO cross section by 87% (85%) at

p
s = 13 (100) TeV.

The NNLO corrections improve the NLO cross section
further by 18% (16%), reducing the scale uncertainty by
a factor of 2 to 3 to be below 8%. Finally, the N3LO
corrections turn out to be 3.0% (2.7%), which lies well
within the scale uncertainty band of the NNLO result.
Now, the scale uncertainty at N3LO is less than 3% (2%),
with another significant reduction of 2-3 times. For the
purpose of the comparison, the PDF parameterization
uncertainty at 13 TeV amounts to ±3.3%, which is larger

Ingredients: N3LO H calculation 

+ 2-loop 4-point functions

Anastasiou, Duhr, Dulat, Herzog, Mistlberger 15; Dulat, 
Lazopoulos, Mistlberger 18

Banerjee, Borowka, Dhani, Gehrmann, Ravindran 18

Very mild scale dependence
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HH: Beyond HTL @ N3LO

Top quark mass effects included in N3LO HTL (up to NLO)

Chen, Li, Shao, Wang 19
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Figure 15. Invariant mass distributions of the Higgs boson pair under three top-quark mass
approximations at

p
s = 13, 14, 27, 100 TeV. The bands represent the scale uncertainties. The

red, green, blue and black curves are the N3LO�NLOmt , N3LOB�i�NLOmt , N3LO⌦NLOmt and
NLOmt predictions, respectively. The bottom panel shows the ratios to the NLOmt distribution.

rapidity distribution of a random Higgs boson. The latter histogram is equivalent to the
arithmetic mean of the former two histograms. Similar to the yhh distribution, the higher-
order QCD corrections only change the shape slightly. The central region has a bit larger
radiative corrections than the forward and backward regions. The difference is however
quite insignificant, which is only at 1-2 percent level. The importance of the inclusion of
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Figure 17. Various distributions [yhh (up left), yh (up right), pT (h1) (middle left), pT (h2) (middle
right), |�y| (low left), and �� (low right)] with top-quark mass effects for the Higgs boson pair
production in proton-proton collisions at

p
s = 14 TeV.
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Results agree with NNLO result but with smaller scale uncertainty 
Results recently computed at N3LO + N3LL Ajjath, Shao 22
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HH: EFT

EFT results available in various approximations: 
NLO (HEFT) 
+ PS 
NLO + NNLO’ 
NLO (SMEFT)

Buchalla, Capozi, Celis, Heinrich, Scyboz 18;  

Heinrich, SPJ, Kerner, Scyboz 20; 

de Florian, Fabre, Heinrich, Mazzitelli, Scyboz 21 

Heinrich, Lang, Scyboz 22;

Can leverage SM calculations @ NLO (NNLO,…) to compute also EFT results 
(… though EFTs can be tricky HEFT/SMEFT,  O6/O62, O8, …)

cggh cgghh

chhh ctt
ct

Related in SMEFT

option (b) (orange) with option (c) (red), where the latter includes the double operator

insertions interfered with the SM amplitude. While for ⇤ = 1TeV the di↵erences

between the truncation options are large, benchmark point 3 shows a faster convergence

to the SM shape as ⇤ increases. For ⇤ = 4TeV, the scale uncertainty bands largely

overlap with the SM uncertainty bands, except at very low and very high mhh.
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Figure 4: Di↵erential cross sections for the invariant mass mhh of the Higgs-boson

pair for benchmark point 6 of Table 2. Top row: ⇤ = 1TeV, middle row: ⇤ = 2TeV,

bottom row: ⇤ = 4TeV. Left: LO, right: NLO.

– 14 –
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HH: Mass Scheme Uncertainty

Comparing  and  we see a different high-energy behaviourgg → HH gg → ZH

    with  Afin
i = asA(0),fin

i + a2
s A(1),fin

i + 𝒪(a3
s ) as = αs /4π

A(0)
i ∼ m2

t fi(s, t)

A(1)
i ∼ 6CF A(0)

i log [ m2
t

s ]
A(0)

i ∼ m2
t fi(s, t) log2 [ m2

t

s ]
A(1)

i ∼
(CA − CF)

6
A(0)

i log2 [ m2
t

s ]

HH ZH Davies, Mishima, Steinhauser 20

Would be interesting to further understand these structures, similar power-
suppressed mass logarithms were studied in single H

Davies, Mishima, Steinhauser, Wellmann 18; 
Baglio, Campanario, Glaus, Mühlleitner, Ronca, Spira, 
Streicher 20

LO:  from  
NLO: leading  from mass c.t.

m2
t y2

t
log(m2

t )

Liu, Modi, Penin 22 
Liu, Neubert, Schnubel, Wang 22

LO: one  from  
NLO: leading  not 
coming from mass c.t. ( )

mt yt
log(m2

t )
CA



It is also interesting to explore the impact of EW corrections (in single Higgs for 
off-shell Higgs have  impact) 

Richer structure in the SM and much richer structure in the context of EFT 

Partial 2-loop EW corrections known: 

Complete EW corrections will modify distributions and bounds in the SM & 
EFT frameworks

±5 %
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HH: EW Corrections

(b)

(d)

(f)(e)

(j)

(k) (`)

(c)

(a)

g

g

t

H

H

(i)

(g) (h)

G0

Figure 2. Two-loop topologies involving c̄6 and c̄8 effects on Higgs self coupling in gg ! HH.
Except diagrams (g) and (h), all topologies are present in the SM. We have marked with a blob all
the vertices involving c̄6 and c̄8; cubic vertices are in blue while quartic ones are in red. Diagrams
(a)-(c) are non-factorisable two-loop topologies. Diagrams (d)-(h), together with the counterterm
(k), can be evaluated via the one-loop form factor V [HHH], while (i),(j) and (l) with the P [HH]

one.

to be used in phenomenological investigations as

�pheno

NLO
= �LO + ��c̄6 + ��c̄8 , (2.10)

– 6 –

Borowka, Duhr, Maltoni, Pagani, Shivaji, Zhao 18

Actis, Passarino, Sturm, Uccirati 08

Involving  and λ3 λ4

Figure 1: Sample Feynman diagram with a Higgs boson exchange in the top quark loop.
Straight, dashed and curly lines represent top quarks, Higgs bosons and gluons, respec-
tively.

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 2: Diagrams with Higgs boson self coupling and one-particle reducible diagrams.
These classes of diagrams are not considered in this paper.

tegrals where two di↵erent masses are present inside the loops.

• Provide details of the analytic computation of the master integrals which appear in
the subclass of diagrams considered in this paper.

• Provide explicit analytic results for the master integrals in the high-energy limit.

The remainder of the paper is organized as follows: in the next section we introduce our
notation and in Section 3 we outline the expansions which we apply to the Feynman
diagrams. In Section 4 details of the computation of the amplitudes in terms of master
integrals are provided. In Section 5 we provide a detailed description of the computation
of the master integrals and numerical results of the form factors are are given in Section 6.
We conclude in Section 7. In the appendix we present results for three-dimensional Mellin-
Barnes integrals which enter our result.

3

(Small ) Davies, Mishima, Schönwald, Steinhauser, Zhang 22 
+ (EFT approach) Mühlleitner, Schlenk, Spira 22

mT

Leading top-Yukawa contributions
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Summary

Great progress in theory precision 
over the last few years 

Uncertainties beyond scale 
variations are becoming 
increasingly relevant 

Still plenty to do if you are 
bored!

process known desired

pp æ H

N3LOHTL

NNLO(t)
QCD

N(1,1)LO(HTL)
QCD¢EW

NLOQCD

N4LOHTL (incl.)

NNLO(b,c)
QCD

pp æ H + j

NNLOHTL

NLOQCD

N(1,1)LOQCD¢EW

NNLOHTL ¢ NLOQCD + NLOEW

pp æ H + 2j

NLOHTL ¢ LOQCD

N3LO(VBFú)
QCD (incl.)

NNLO(VBFú)
QCD

NLO(VBF)
EW

NNLOHTL ¢ NLOQCD + NLOEW

N3LO(VBFú)
QCD

NNLO(VBF)
QCD

pp æ H + 3j
NLOHTL

NLO(VBF)
QCD

NLOQCD + NLOEW

pp æ V H
NNLOQCD + NLOEW

NLO(t,b)
ggæHZ

pp æ V H + j
NNLOQCD

NLOQCD + NLOEW
NNLOQCD + NLOEW

pp æ HH N3LOHTL ¢ NLOQCD NLOEW

pp æ HH + 2j

N3LO(VBFú)
QCD (incl.)

NNLO(VBFú)
QCD

NLO(VBF)
EW

pp æ HHH NNLOHTL

pp æ H + tt̄
NLOQCD + NLOEW

NNLOQCD (o�-diag.)
NNLOQCD

pp æ H + t/t̄ NLOQCD + NLOEW NNLOQCD

Table 1: Precision wish list: Higgs boson final states. NxLO(VBFú)
QCD means a calculation using

the structure function approximation. V = W, Z.

13

Thank you for listening

See: Les Houches Wishlist 21
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: Real Emission Diagramsgg → ZH

Diagrams excluded in our work

Left class of diagrams: separately UV/IR finite & gauge invariant  
Previously studied in detail 

Right class of diagrams: belongs to real corrections to Drell-Yan (i.e. ) 
Included in DY calculations

qq̄

See e.g. Brein, Harlander, Wiesemann, Zirke 12

Brein, Djouadi, Harlander 03; 
Ferrera, Grazzini, Tramontano 14;  
See also: Kumara, Mandal, Ravindran 14

Figure 3: Representative Feynman diagrams for the real correction amplitudes ggZHg

and qq̄ZHg, with nf = 5 massless quarks and a massive top quark running in the

closed fermion loops. We calculate in the Feynman gauge and so also include the set

of diagrams in which the Z-boson propagators are replaced by Goldstone bosons.

Figure 4: Representative Feynman diagrams for the class of real corrections excluded

in this work; we exclude diagrams in which the Z boson couples to the external quark

line.

2.2 Computation of the real radiation contributions

The real radiation matrix elements are calculated using the one-loop amplitude gen-

erator GoSam [54, 55] together with an in-house C++ code, similar to the one used

in Refs. [53, 56], where the IR singularities are subtracted in the Catani-Seymour

scheme [52], supplemented by a dipole phase-space cut parameter ↵cut [57]. We have

checked that our implementation of the dipoles reproduces the matrix element in the

soft and collinear limits and that our results are independent of ↵cut for 0.2  ↵cut  1.

To check the numerical precision of our real matrix elements we use several rotation

tests (i.e., we perform azimuthal rotations about the beam axis and recompute the

phase-space point). We first compute the matrix element at a given phase-space point

and a rotated phase-space point in double precision. If the results do not agree to

10 digits, we compute the phase-space point in quadruple precision and check if it

– 7 –

There is some freedom regarding which real diagrams we include in  vs  
Must be careful not to double count when combining all channels for  
Our reals are evaluated using GoSam

gg qq̄
pp → ZH

Cullen et al. 11,14
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HH: Mass Scheme Uncertainty

Combination of scale ( ) and top mass scheme (  / ) studied 

If we wish to take the envelope of the predictions as the uncertainty, then the two 
uncertainties should be added linearly (validated at NLO)

μR, μF OS MS
Baglio, Campanario, Glaus, Mühlleitner, Ronca, Spira 20

4 Uncertainties for di↵erent Higgs self-interactions

A variation of the trilinear Higgs coupling � modifies the interplay between the LO box
and triangle contributions that interfere destructively for the SM case. One of the basic
questions is what will happen to the uncertainties for di↵erent values of �. This can be
traced back to the approximately aligned uncertainties of the triangle and box diagrams
[8,18]. The renormalization and factorization scale uncertainties change by up to about
6% at NLO for large and small values of � [17] such that the change with respect to the
central uncertainties of the SM value of ⇠ 10–15% is of moderate size. In a similar way the
uncertainties originating from the scheme and scale choice of the top mass depend only
mildly on the trilinear coupling �. Eq. (9) shows the central NNLOFTapprox predictions for
the total cross section for various choices of � = �/�SM for

p
s = 13 TeV. The per-cent

uncertainties display the usual factorization and renormalization scale uncertainties [19].

� = �10 : �tot = 1680+3.0%
�7.7% fb,

� = �5 : �tot = 598.9+2.7%
�7.5% fb,

� = �1 : �tot = 131.9+2.5%
�6.7% fb,

� = 0 : �tot = 70.38+2.4%
�6.1% fb,

� = 1 : �tot = 31.05+2.2%
�5.0% fb,

� = 2 : �tot = 13.81+2.1%
�4.9% fb,

� = 2.4 : �tot = 13.10+2.3%
�5.1% fb,

� = 3 : �tot = 18.67+2.7%
�7.3% fb,

� = 5 : �tot = 94.82+4.9%
�8.8% fb,

� = 10 : �tot = 672.2+4.2%
�8.5% fb (9)

These predictions for the cross sections have been obtained by adopting the top pole mass
for the LO and higher-order contributions. Modifying the scheme and scale choice of the
top mass according to the SM analysis we end up with the additional uncertainties at
NLO

� = �10 : �tot = 1438(1)+10%
�6% fb,

� = �5 : �tot = 512.8(3)+10%
�7% fb,

� = �1 : �tot = 113.66(7)+8%
�9% fb,

� = 0 : �tot = 61.22(6)+6%
�12% fb,

� = 1 : �tot = 27.73(7)+4%
�18% fb,

� = 2 : �tot = 13.2(1)+1%
�23% fb,

� = 2.4 : �tot = 12.7(1)+4%
�22% fb,

� = 3 : �tot = 17.6(1)+9%
�15% fb,

� = 5 : �tot = 83.2(3)+13%
�4% fb,

� = 10 : �tot = 579(1)+12%
�4% fb (10)

6

Scale (μR, μF)

4 Uncertainties for di↵erent Higgs self-interactions

A variation of the trilinear Higgs coupling � modifies the interplay between the LO box
and triangle contributions that interfere destructively for the SM case. One of the basic
questions is what will happen to the uncertainties for di↵erent values of �. This can be
traced back to the approximately aligned uncertainties of the triangle and box diagrams
[8,18]. The renormalization and factorization scale uncertainties change by up to about
6% at NLO for large and small values of � [17] such that the change with respect to the
central uncertainties of the SM value of ⇠ 10–15% is of moderate size. In a similar way the
uncertainties originating from the scheme and scale choice of the top mass depend only
mildly on the trilinear coupling �. Eq. (9) shows the central NNLOFTapprox predictions for
the total cross section for various choices of � = �/�SM for
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uncertainties display the usual factorization and renormalization scale uncertainties [19].
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�8.8% fb,

� = 10 : �tot = 672.2+4.2%
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These predictions for the cross sections have been obtained by adopting the top pole mass
for the LO and higher-order contributions. Modifying the scheme and scale choice of the
top mass according to the SM analysis we end up with the additional uncertainties at
NLO

� = �10 : �tot = 1438(1)+10%
�6% fb,

� = �5 : �tot = 512.8(3)+10%
�7% fb,

� = �1 : �tot = 113.66(7)+8%
�9% fb,

� = 0 : �tot = 61.22(6)+6%
�12% fb,

� = 1 : �tot = 27.73(7)+4%
�18% fb,

� = 2 : �tot = 13.2(1)+1%
�23% fb,

� = 2.4 : �tot = 12.7(1)+4%
�22% fb,

� = 3 : �tot = 17.6(1)+9%
�15% fb,

� = 5 : �tot = 83.2(3)+13%
�4% fb,

� = 10 : �tot = 579(1)+12%
�4% fb (10)

6

NLO Mass Scheme Unc.

The uncertainties originating from the scheme and scale choice of the top mass turn out
to develop a mild dependence on � as expected. The size of the total uncertainty band
is much less sensitive to � than the location of the band. Combining these relative
uncertainties with the previous renormalization and factorization scale uncertainties of
Eq. (9) linearly we arrive at the central values with combined uncertainties,

� = �10 : �tot = 1680+13%
�14% fb,

� = �5 : �tot = 598.9+13%
�15% fb,

� = �1 : �tot = 131.9+11%
�16% fb,

� = 0 : �tot = 70.38+8%
�18% fb,

� = 1 : �tot = 31.05+6%
�23% fb,

� = 2 : �tot = 13.81+3%
�28% fb,

� = 2.4 : �tot = 13.10+6%
�27% fb,

� = 3 : �tot = 18.67+12%
�22% fb,

� = 5 : �tot = 94.82+18%
�13% fb,

� = 10 : �tot = 672.2+16%
�13% fb (11)

These final numbers should serve as the recommended values for the total cross sections
and uncertainties at the LHC with

p
s = 13 TeV as a function of �.

5 Conclusions

We have analyzed the combination of the usual renormalization and factorization scale
uncertainties of Higgs-pair production via gluon fusion with the uncertainties originating
from the scheme and scale choice of the virtual top mass in the Yukawa coupling and
the propagators. Due to the observation that the latter relative uncertainties are nearly
independent of the renormalization and factorization scale choices, the proper combination
of the relative uncertainties is provided by a linear addition.

In a second step we derived the dependence of the uncertainties related to the top-mass
scheme and scale choice on a variation of the trilinear Higgs self-coupling �. The relative
uncertainties are again observed to develop only a small dependence on �. We combined
all the uncertainties for

p
s = 13 TeV with the ones of the present recommendation of

the LHC HXSWG, obtaining state-of-the-art predictions for Higgs pair production cross
sections at the LHC including both renormalization/factorization scale and top-quark
scale and scheme uncertainties.
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Options:  
1) Try to understand structure of mass logarithms 
2) Keep calculating  
3) Other ideas (?)
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