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• Loop-induced process with 4 mass scales  
→ higher orders extremely complicated!

• Full NLO result available since recently  
[S. Borowka et.al., 2x ’16] 

• based on purely numerical evaluation of the  
required two-loop amplitudes  

• Indicates breakdown of HEFT  
(Higgs Effective Field Theory)  

• NLO corrections are huge (~90%)  
& full results beyond NLO out of scope.  
→ how to go beyond NLO?
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Figure 5: Higgs boson pair invariant mass distribution mhh at
p

s = 14 TeV andp
s = 100 TeV for absolute values (left panels) and normalised to the corresponding

total cross section (right panels).

boson pair invariant mass distribution mhh at
p

s = 14 TeV and
p

s = 100 TeV, com-

paring the full NLO result to various approximations. In particular, we compare to

the “basic HEFT” approximation at
p

s = 14 TeV, showing that it fails to describe

the distribution. Comparing the results at 14 TeV and 100 TeV, we observe that the

di↵erences of the full NLO result to the Born-improved HEFT and also to the FTapprox

result are amplified at 100 TeV, as expected, as the HEFT approximation does not

have the correct high energy behaviour. This scaling behaviour will be discussed more

in detail below. We also see that the K-factor is far from being uniform for the mhh

distribution, while the “basic HEFT” results suggest a uniform K-factor.

– 21 –

[S. Borowka et.al., ’16]  

• pp→HH offers direct access to the trilinear Higgs coupling
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Inclusive NNLO in HEFT
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�NNLO
HEFT /�NLO

HEFT ⇡ 20%

[de Florian, Mazzitelli,’13, ’13]
•  Inclusive NNLO:     

•                          for                         

→ fully differential NNLO
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p
s [TeV] �LO [fb] �NLO [fb] �NNLO [fb]

13 13.8059(13)+31.5%
�22.5% 25.829(3)+17.8%

�15.4% 30.38(3)+5.2%
�7.7%

14 17.0778(16)+30.7%
�22.1% 31.934(3)+17.5%

�15.1% 37.52(4)+5.2%
�7.6%

Table 1: Inclusive cross sections for Higgs boson pair production for different centre-of-mass energies
at LO, NLO and NNLO. Numerical errors on the respective previous digits are stated in brackets,
including the extrapolation error in the NNLO prediction. Scale uncertainties are obtained from
independent variations of µR and µF around the central scale µ0 = mHH/2.

3 Results

In the following we present predictions for Higgs boson pair production at the LHC including pertur-
bative fixed-order corrections up to NNLO in the heavy-top limit. Inclusive results will be presented
for centre-of-mass energies of

p
s = 13TeV and

p
s = 14TeV, while at the differential level we restrict

ourselves to
p
s = 14TeV. SM input parameters are chosen according to the recommendations of [71],

which in particular implies v = 246.2GeV, mt = 173.2GeV and

mH = 125GeV . (5)

Here, the top-quark mass does only enter via the NNLO contributions to the matching coefficients, as
given in Eq. (3). For the calculation of hadron-level cross sections we employ the PDF4LHC15 [72]
parton distribution functions (PDFs), and use the corresponding NLO PDFs for our LO and NLO
predictions and NNLO PDFs for the NNLO predictions.¶ Couplings are evaluated using the running
strong coupling provided by the respective PDFs. All light quarks, including bottom quarks, are treated
as massless particles, i.e. nF = 5, while the top quark does not contribute explicitly in the employed
heavy-top limit. To define jets, we employ the anti-kT jet clustering algorithm [74] with R = 0.4 and
require pTj > 30GeV and |⌘j | < 4.4. In all results the renormalisation scale µR and factorisation scale
µF are set to

µR,F = ⇠R,Fµ0, with µ0 = mHH/2 and
1

2

 ⇠R, ⇠F  2 , (6)

where mHH is the invariant mass of the produced Higgs boson pair. Our default scale choice cor-
responds to ⇠R = ⇠F = 1, and theoretical uncertainties are assessed by applying the 7-point scale
variations (⇠R, ⇠F) = (2, 2), (2, 1), (1, 2), (1, 1), (1, 0.5), (0.5, 1), (0.5, 0.5), i.e. omitting antipodal vari-
ations. As shown in Ref. [33] the scale choice of Eq. (6) guarantees a good perturbative convergence
of the total cross section and of the mHH distribution in Higgs boson pair production.

In Tab. 1 we report inclusive cross sections for
p
s = 13TeV and

p
s = 14TeV. No phase-space cuts

are applied, and the quoted uncertainties are obtained from scale variations. Both at
p
s = 13TeV and

14TeV the NLO corrections increase the LO result by about 85%, and the NNLO corrections have an
effect of about 18% on top of the NLO result. Scale uncertainties are successively reduced from about
20% � 30% at LO (which largely underestimates the effect of higher-order corrections) to less than
10% at NNLO.

In Figs. 2–7 differential distributions for Higgs boson pair production at the LHC with
p
s = 14TeV

are shown at LO, NLO and NNLO accuracy. In those distributions shown in Figs. 2–4, both NLO
¶To be precise, we use the PDF4LHC_nlo_30 and PDF4LHC_nnlo_30 sets, interfaced through the Lhapdf library [73].

6

�NNLO
HEFT ⇡ �NNLL

HEFT

[de Florian, Mazzitelli,’15]
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predictions in the invariant mass of the produced Higgs boson pair indicating a rather mild phase-space
dependence of the NNLO corrections. Still working in the heavy-top limit, soft-gluon resummation
up to next-to-next-to-leading logarithmic (NNLL) accuracy has been carried out, and the results were
matched to the NLO [32] and the NNLO [33] fixed-order computations. At NNLL+NNLO accuracy the
theoretical uncertainties on the inclusive cross section due to QCD effects are reduced to about 5% [33].
Furthermore, extending the SM with additional dimension-6 operators [34], NLO corrections in the
heavy-top limit have been presented in Ref. [35]. Notably, in Refs. [36, 37] a reweighting technique has
been presented, allowing to combine exact one-loop real corrections of Higgs boson pair production
with the corresponding virtual contributions, the latter computed in the effective theory. On the other
hand, the real corrections, which imply the evaluation of one-loop amplitudes with an extra parton
in the final state, have been computed in an exact way and used to merge LO samples for HH + 0, 1
jets [38, 39] in order to obtain more reliable exclusive distributions.

In this paper we extend the calculation of Ref. [31] providing fully differential NNLO predictions for
Higgs boson pair production in the heavy-top approximation of the SM via a flexible Monte Carlo im-
plementation. The calculation is based on the combination of the qT subtraction formalism [40] with
the Monte Carlo framework Munich†, supplemented by tree and one-loop amplitudes from Open-
Loops [41]. Employing these tools we provide NNLO predictions for various kinematic distributions
that are relevant for searches and precision measurements of Higgs boson pair production at the LHC.
The calculation includes NLO predictions for pp ! HH + jet + X. Corresponding differential dis-
tributions are studied in detail. In our study we refrain from a reweighting using exact LO or NLO
matrix elements or cross sections. Such a reweighting should eventually be performed employing the
results of Ref. [23]. For the time being we focus on the differential NNLO/NLO correction factors ob-
tained in the effective theory, which are the main result of our paper. Such correction factors provide
valuable information that can directly be applied to any pp ! HH +X NLO prediction in different
approximations.

The paper is organized as follows. In Sect. 2 we introduce the heavy-top limit for multi-Higgs
production at higher orders in perturbation theory together with the technical ingredients of our
calculation. Numerical results are presented in Sect. 3, and in Sect. 4 we summarize our results.

2 Technical ingredients

2.1 Higgs boson pair production through NNLO in the heavy-top limit

In the heavy-top approximation effective tree-level couplings between gluons and Higgs bosons are
introduced via the effective Lagrangian [29,42,43]

LHEFT = �1

4

Gµ⌫G
µ⌫

✓
CH

H

v
� CHH

H2

v2

◆
, (1)

where v ' 246GeV is the vacuum expectation value of the Higgs field. In this effective Lagrangian
only couplings relevant for our calculation are shown, while in general within this effective theory there
are also further couplings for any number of Higgs bosons to gluons. The matching coefficients CH

†Munich is the abbreviation of “MUlti-chaNnel Integrator at Swiss (CH) precision”—an automated parton level NLO
generator by S. Kallweit. In preparation.

2

Integrate out tops

and CHH can be expanded in powers of ↵S via the following parametrization,

CX = �↵S

3⇡

X

n�0

C
(n)
X

⇣↵S

⇡

⌘n
, with X = H,HH . (2)

The perturbative expansion for both coefficients is known up to O(↵3
S) and reads [24,42,44,45]

C
(0)
H = C

(0)
HH = 1 , (3)

C
(1)
H = C

(1)
HH =

11

4

,

C
(2)
H =

2777

288

+

19

16

ln

µ2
R

m2
t

+ nF

✓
�67

96

+

1

3

ln

µ2
R

m2
t

◆
,

C
(2)
HH = C

(2)
H +

35

24

+

2nF

3

,

where nF is the number of light quarks, µR the renormalisation scale and mt the pole mass of the
(heavy) top quark. As can be seen from Eq. (3), up to O(↵2

S) we have CH = CHH .

As already discussed, in the full theory Higgs boson pair production at LO is governed by “box”
and “triangle” contributions. In the heavy-top limit the corresponding scattering amplitudes manifest
as tree-level diagrams with one double-Higgs and one single-Higgs operator insertion, respectively. At
NLO, in the perturbative expansion we have the usual real and virtual contributions, where the former
includes gluon and quark bremsstrahlung, and the latter are given by one-loop corrections to the
diagrams mentioned before. However, at the same order of perturbation theory there is an additional
contribution with Born-level kinematics, originating from amplitudes with two single-Higgs operator
insertions in interference with the LO amplitude [29]. In the full theory such contributions correspond
to reducible double-triangle two-loop diagrams.

This pattern also appears at higher orders, and in particular the NNLO virtual contributions have
to include both two-loop corrections to amplitudes with one single- or double-Higgs operator insertion,
and one-loop corrections to amplitudes with two single-Higgs operator insertions [30]. These NNLO
virtual contributions have to be combined via an appropriate subtraction scheme with double-real and
real–virtual contributions of the same perturbative order. Similarly to what was discussed before, the
real–virtual contributions, i.e. the virtual amplitudes for HH+ jet production, have to be extended to
include two single-Higgs operator insertions in interference with the corresponding tree-level amplitude.
More details on the technical implementation of such double-operator insertions in our calculation are
given in Sect. 2.3.

2.2 qT subtraction

In order to handle infrared singularities in the NNLO calculation, we apply the qT subtraction for-
malism [40]. In this approach the separation between genuine NNLO singularities, located where the
transverse momentum of the Higgs pair, qT,HH , is zero, from NLO-like singularities in the HH + jet

contribution is explicit. As a consequence, the contribution d�HH+jet
NLO in the qT subtraction formula,

d�HH
NNLO = HHH

NNLO ⌦ d�HH
LO +

h
d�HH+jet

NLO � d�CT
NNLO

i
, (4)

can be evaluated using any well-established subtraction procedure at NLO. The remaining divergence
in the limit qT,HH ! 0 is cancelled by the process-independent counterterm d�CT

NNLO. The implemen-
tation is fully general, and it is based on the universality [46] of the hard-collinear coefficients HHH

NNLO

3

Matching coefficients 
known up to NNLO

HH up to NNLO in HEFT
[Djouadi, Spira, Zerwas, ’91; Dawson, Dittmaier, Spira, ’98]  

  

[Grigo, Melnikov, Steinhauser, ‘14]
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predictions in the invariant mass of the produced Higgs boson pair indicating a rather mild phase-space
dependence of the NNLO corrections. Still working in the heavy-top limit, soft-gluon resummation
up to next-to-next-to-leading logarithmic (NNLL) accuracy has been carried out, and the results were
matched to the NLO [32] and the NNLO [33] fixed-order computations. At NNLL+NNLO accuracy the
theoretical uncertainties on the inclusive cross section due to QCD effects are reduced to about 5% [33].
Furthermore, extending the SM with additional dimension-6 operators [34], NLO corrections in the
heavy-top limit have been presented in Ref. [35]. Notably, in Refs. [36, 37] a reweighting technique has
been presented, allowing to combine exact one-loop real corrections of Higgs boson pair production
with the corresponding virtual contributions, the latter computed in the effective theory. On the other
hand, the real corrections, which imply the evaluation of one-loop amplitudes with an extra parton
in the final state, have been computed in an exact way and used to merge LO samples for HH + 0, 1
jets [38, 39] in order to obtain more reliable exclusive distributions.

In this paper we extend the calculation of Ref. [31] providing fully differential NNLO predictions for
Higgs boson pair production in the heavy-top approximation of the SM via a flexible Monte Carlo im-
plementation. The calculation is based on the combination of the qT subtraction formalism [40] with
the Monte Carlo framework Munich†, supplemented by tree and one-loop amplitudes from Open-
Loops [41]. Employing these tools we provide NNLO predictions for various kinematic distributions
that are relevant for searches and precision measurements of Higgs boson pair production at the LHC.
The calculation includes NLO predictions for pp ! HH + jet + X. Corresponding differential dis-
tributions are studied in detail. In our study we refrain from a reweighting using exact LO or NLO
matrix elements or cross sections. Such a reweighting should eventually be performed employing the
results of Ref. [23]. For the time being we focus on the differential NNLO/NLO correction factors ob-
tained in the effective theory, which are the main result of our paper. Such correction factors provide
valuable information that can directly be applied to any pp ! HH +X NLO prediction in different
approximations.

The paper is organized as follows. In Sect. 2 we introduce the heavy-top limit for multi-Higgs
production at higher orders in perturbation theory together with the technical ingredients of our
calculation. Numerical results are presented in Sect. 3, and in Sect. 4 we summarize our results.

2 Technical ingredients

2.1 Higgs boson pair production through NNLO in the heavy-top limit

In the heavy-top approximation effective tree-level couplings between gluons and Higgs bosons are
introduced via the effective Lagrangian [29,42,43]

LHEFT = �1

4

Gµ⌫G
µ⌫

✓
CH

H

v
� CHH

H2

v2

◆
, (1)

where v ' 246GeV is the vacuum expectation value of the Higgs field. In this effective Lagrangian
only couplings relevant for our calculation are shown, while in general within this effective theory there
are also further couplings for any number of Higgs bosons to gluons. The matching coefficients CH

†Munich is the abbreviation of “MUlti-chaNnel Integrator at Swiss (CH) precision”—an automated parton level NLO
generator by S. Kallweit. In preparation.
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and CHH can be expanded in powers of ↵S via the following parametrization,

CX = �↵S

3⇡

X

n�0

C
(n)
X

⇣↵S

⇡

⌘n
, with X = H,HH . (2)

The perturbative expansion for both coefficients is known up to O(↵3
S) and reads [24,42,44,45]

C
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H = C

(0)
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HH =
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,
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,

where nF is the number of light quarks, µR the renormalisation scale and mt the pole mass of the
(heavy) top quark. As can be seen from Eq. (3), up to O(↵2

S) we have CH = CHH .

As already discussed, in the full theory Higgs boson pair production at LO is governed by “box”
and “triangle” contributions. In the heavy-top limit the corresponding scattering amplitudes manifest
as tree-level diagrams with one double-Higgs and one single-Higgs operator insertion, respectively. At
NLO, in the perturbative expansion we have the usual real and virtual contributions, where the former
includes gluon and quark bremsstrahlung, and the latter are given by one-loop corrections to the
diagrams mentioned before. However, at the same order of perturbation theory there is an additional
contribution with Born-level kinematics, originating from amplitudes with two single-Higgs operator
insertions in interference with the LO amplitude [29]. In the full theory such contributions correspond
to reducible double-triangle two-loop diagrams.

This pattern also appears at higher orders, and in particular the NNLO virtual contributions have
to include both two-loop corrections to amplitudes with one single- or double-Higgs operator insertion,
and one-loop corrections to amplitudes with two single-Higgs operator insertions [30]. These NNLO
virtual contributions have to be combined via an appropriate subtraction scheme with double-real and
real–virtual contributions of the same perturbative order. Similarly to what was discussed before, the
real–virtual contributions, i.e. the virtual amplitudes for HH+ jet production, have to be extended to
include two single-Higgs operator insertions in interference with the corresponding tree-level amplitude.
More details on the technical implementation of such double-operator insertions in our calculation are
given in Sect. 2.3.

2.2 qT subtraction

In order to handle infrared singularities in the NNLO calculation, we apply the qT subtraction for-
malism [40]. In this approach the separation between genuine NNLO singularities, located where the
transverse momentum of the Higgs pair, qT,HH , is zero, from NLO-like singularities in the HH + jet

contribution is explicit. As a consequence, the contribution d�HH+jet
NLO in the qT subtraction formula,

d�HH
NNLO = HHH

NNLO ⌦ d�HH
LO +

h
d�HH+jet

NLO � d�CT
NNLO

i
, (4)

can be evaluated using any well-established subtraction procedure at NLO. The remaining divergence
in the limit qT,HH ! 0 is cancelled by the process-independent counterterm d�CT

NNLO. The implemen-
tation is fully general, and it is based on the universality [46] of the hard-collinear coefficients HHH

NNLO

3

Matching coefficients 
known up to NNLO

tree-level double operator insertion

[Djouadi, Spira, Zerwas, ’91; Dawson, Dittmaier, Spira, ’98]  

  

[Grigo, Melnikov, Steinhauser, ‘14]
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predictions in the invariant mass of the produced Higgs boson pair indicating a rather mild phase-space
dependence of the NNLO corrections. Still working in the heavy-top limit, soft-gluon resummation
up to next-to-next-to-leading logarithmic (NNLL) accuracy has been carried out, and the results were
matched to the NLO [32] and the NNLO [33] fixed-order computations. At NNLL+NNLO accuracy the
theoretical uncertainties on the inclusive cross section due to QCD effects are reduced to about 5% [33].
Furthermore, extending the SM with additional dimension-6 operators [34], NLO corrections in the
heavy-top limit have been presented in Ref. [35]. Notably, in Refs. [36, 37] a reweighting technique has
been presented, allowing to combine exact one-loop real corrections of Higgs boson pair production
with the corresponding virtual contributions, the latter computed in the effective theory. On the other
hand, the real corrections, which imply the evaluation of one-loop amplitudes with an extra parton
in the final state, have been computed in an exact way and used to merge LO samples for HH + 0, 1
jets [38, 39] in order to obtain more reliable exclusive distributions.

In this paper we extend the calculation of Ref. [31] providing fully differential NNLO predictions for
Higgs boson pair production in the heavy-top approximation of the SM via a flexible Monte Carlo im-
plementation. The calculation is based on the combination of the qT subtraction formalism [40] with
the Monte Carlo framework Munich†, supplemented by tree and one-loop amplitudes from Open-
Loops [41]. Employing these tools we provide NNLO predictions for various kinematic distributions
that are relevant for searches and precision measurements of Higgs boson pair production at the LHC.
The calculation includes NLO predictions for pp ! HH + jet + X. Corresponding differential dis-
tributions are studied in detail. In our study we refrain from a reweighting using exact LO or NLO
matrix elements or cross sections. Such a reweighting should eventually be performed employing the
results of Ref. [23]. For the time being we focus on the differential NNLO/NLO correction factors ob-
tained in the effective theory, which are the main result of our paper. Such correction factors provide
valuable information that can directly be applied to any pp ! HH +X NLO prediction in different
approximations.

The paper is organized as follows. In Sect. 2 we introduce the heavy-top limit for multi-Higgs
production at higher orders in perturbation theory together with the technical ingredients of our
calculation. Numerical results are presented in Sect. 3, and in Sect. 4 we summarize our results.

2 Technical ingredients

2.1 Higgs boson pair production through NNLO in the heavy-top limit

In the heavy-top approximation effective tree-level couplings between gluons and Higgs bosons are
introduced via the effective Lagrangian [29,42,43]

LHEFT = �1

4

Gµ⌫G
µ⌫

✓
CH

H

v
� CHH

H2

v2

◆
, (1)

where v ' 246GeV is the vacuum expectation value of the Higgs field. In this effective Lagrangian
only couplings relevant for our calculation are shown, while in general within this effective theory there
are also further couplings for any number of Higgs bosons to gluons. The matching coefficients CH

†Munich is the abbreviation of “MUlti-chaNnel Integrator at Swiss (CH) precision”—an automated parton level NLO
generator by S. Kallweit. In preparation.
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one-loop double operator insertion

and CHH can be expanded in powers of ↵S via the following parametrization,

CX = �↵S

3⇡

X

n�0

C
(n)
X

⇣↵S

⇡

⌘n
, with X = H,HH . (2)

The perturbative expansion for both coefficients is known up to O(↵3
S) and reads [24,42,44,45]

C
(0)
H = C

(0)
HH = 1 , (3)

C
(1)
H = C

(1)
HH =

11

4

,

C
(2)
H =

2777

288

+

19

16

ln

µ2
R

m2
t

+ nF

✓
�67

96

+

1

3

ln

µ2
R

m2
t

◆
,

C
(2)
HH = C

(2)
H +

35

24

+

2nF

3

,

where nF is the number of light quarks, µR the renormalisation scale and mt the pole mass of the
(heavy) top quark. As can be seen from Eq. (3), up to O(↵2

S) we have CH = CHH .

As already discussed, in the full theory Higgs boson pair production at LO is governed by “box”
and “triangle” contributions. In the heavy-top limit the corresponding scattering amplitudes manifest
as tree-level diagrams with one double-Higgs and one single-Higgs operator insertion, respectively. At
NLO, in the perturbative expansion we have the usual real and virtual contributions, where the former
includes gluon and quark bremsstrahlung, and the latter are given by one-loop corrections to the
diagrams mentioned before. However, at the same order of perturbation theory there is an additional
contribution with Born-level kinematics, originating from amplitudes with two single-Higgs operator
insertions in interference with the LO amplitude [29]. In the full theory such contributions correspond
to reducible double-triangle two-loop diagrams.

This pattern also appears at higher orders, and in particular the NNLO virtual contributions have
to include both two-loop corrections to amplitudes with one single- or double-Higgs operator insertion,
and one-loop corrections to amplitudes with two single-Higgs operator insertions [30]. These NNLO
virtual contributions have to be combined via an appropriate subtraction scheme with double-real and
real–virtual contributions of the same perturbative order. Similarly to what was discussed before, the
real–virtual contributions, i.e. the virtual amplitudes for HH+ jet production, have to be extended to
include two single-Higgs operator insertions in interference with the corresponding tree-level amplitude.
More details on the technical implementation of such double-operator insertions in our calculation are
given in Sect. 2.3.

2.2 qT subtraction

In order to handle infrared singularities in the NNLO calculation, we apply the qT subtraction for-
malism [40]. In this approach the separation between genuine NNLO singularities, located where the
transverse momentum of the Higgs pair, qT,HH , is zero, from NLO-like singularities in the HH + jet

contribution is explicit. As a consequence, the contribution d�HH+jet
NLO in the qT subtraction formula,

d�HH
NNLO = HHH

NNLO ⌦ d�HH
LO +

h
d�HH+jet

NLO � d�CT
NNLO

i
, (4)

can be evaluated using any well-established subtraction procedure at NLO. The remaining divergence
in the limit qT,HH ! 0 is cancelled by the process-independent counterterm d�CT

NNLO. The implemen-
tation is fully general, and it is based on the universality [46] of the hard-collinear coefficients HHH

NNLO

3

Matching coefficients 
known up to NNLO

[Grigo, Melnikov, Steinhauser, ‘14]

HH up to NNLO in HEFT
[Djouadi, Spira, Zerwas, ’91; Dawson, Dittmaier, Spira, ’98]  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amplitudes [36–38], and we have defined the quantities:

dσ

dt

(0)

= FLO|CLO|2(1− ϵ), CLO =
6 λ v2

s−M2
H + iMHΓH

− 1,

FLO =
G2

F

2304π(1− ϵ)2
f(ϵ) , f(ϵ) =

1

Γ(1− ϵ)

[

s(s− 4M2
H)− (t− u)2

16πs

]−ϵ

. (9)

All the dependence on the Higgs trilinear coupling λ is embodied in the coefficient CLO. The
explicit expression for the one-loop I

(1)
g and two-loop I

(2)
g insertion operators can be found in

Ref. [36]. We recall here that they are functions of the dimensional regularization parameter ϵ,
with poles up to 1/ϵ2 and 1/ϵ4, respectively. The function f(ϵ) originates in the n-dimensional
two-particle phase space, and verifies that f(0) = 1.

While the singular behaviour of the two-loop amplitudes can be anticipated, the finite contri-
butions σfin can only be obtained after performing the full two-loop calculation. The pole structure
of our result agrees with the expressions in Eqs.(7) and (8) and the infrared-finite contributions
for Higgs pair production can be cast into the form

dσ(1)
fin

dt
= FLO

{

|CLO|2F (1) + Re(CLO)R(1) +O(ϵ3)
}

, (10)

dσ(2)
fin

dt
= FLO

{

|CLO|2F (2) + Re(CLO)R(2) + Im(CLO) I(2) + V(2) +O(ϵ)
}

.

For simplicity, we set µ2
R = s in the following expressions. We find that the one-loop contributions

are given by

R(1) =
4

3
− ϵ

[

4M2
H

3s
−

2M4
H

3s

(

1

t
+

1

u

)

+
2

3

]

, (11)

F (1) = 11 + ϵ

(

7

6
ζ2(2Nf − 33) + 12ζ3 − 17

)

+ ϵ2
(

7

6
ζ2(33− 2Nf) +

1

9
ζ3(2Nf − 141) + 18ζ4 − 12

)

.

The expansion of σ(1)
fin is needed up to order ϵ2 because of the double poles present in I

(1)
g . The

F (1) contribution arises from the interference between FF(1) and LO, while R(1) originates from
the interference of 2V(1) with the LO. The expansion up to O(ϵ0) agrees with the result presented
in Ref. [18].

The two-loop infrared regulated contributions take the following form:

V(2) =
1

(3stu)2
[

M8
H(t+ u)2 − 2M4

Htu(t+ u)2 + t2u2
(

4s2 + (t + u)2
)]

, (12)

I(2) = 4π

(

1 +
2M4

H

s2

)

log

(

(M2
H − t)(M2

H − u)

t u

)

, (13)

F (2) =

(

8Nf

3
+

19

2

)

log

(

s

M2
t

)

+Nf

(

217ζ2
12

−
17ζ3
6

−
3239

108

)

(14)

−
11ζ2N2

f

18
−

249ζ2
2

−
253ζ3
4

+
45ζ4
8

+
8971

36
,
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While the singular behaviour of the two-loop amplitudes can be anticipated, the finite contri-
butions σfin can only be obtained after performing the full two-loop calculation. The pole structure
of our result agrees with the expressions in Eqs.(7) and (8) and the infrared-finite contributions
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.
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.
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fin is needed up to order ϵ2 because of the double poles present in I
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g . The

F (1) contribution arises from the interference between FF(1) and LO, while R(1) originates from
the interference of 2V(1) with the LO. The expansion up to O(ϵ0) agrees with the result presented
in Ref. [18].

The two-loop infrared regulated contributions take the following form:

V(2) =
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(3stu)2
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H(t+ u)2 − 2M4
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(
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4R(2) = −
(

1 +
2M4

H

s2

){

−
24

3
ζ2 + 2Li2

(

1−
M4

H

t u

)

+ 4Li2

(

M2
H

t

)

+ 4Li2

(

M2
H

u

)

(15)

+ 4 log

(

1−
M2

H

t

)

log

(

−
M2

H

t

)

+ 4 log

(

1−
M2

H

u

)

log

(

−
M2

H

u

)

− log2
(

t

u

)}

+
4M2

H

s
+

314

9
−

20

27
Nf −

33− 2Nf

9
log

(

t u

s2

)

+ 8(C(2)
H − C(2)

HH) .

Here F (2) originates from the interference between the two-loop form factor-like diagrams FF(2)
and LO contribution plus the square of FF(1), while V(2) arises from the square of the tree-level
diagram 2V(1). The terms R(2) and I(2) combine the contributions of two interferences: 2V(2)
with LO, and 2V(1) with FF(1). The Mandelstam variables are given by the expressions:

s = Q2 ,

t = −
1

2

[

Q2 − 2M2
H −

√

Q2(Q2 − 4M2
H) cos θ

]

, (16)

u = −
1

2

[

Q2 − 2M2
H +

√

Q2(Q2 − 4M2
H) cos θ

]

,

while the integration limits t± correspond to cos θ = ±1 and Q is the double-Higgs invariant
mass. The last term in R(2), originated on form factor-like contributions, vanishes if the two-loop
corrections to the effective vertex ggHH are the same as those of gHH .

3 NNLO Soft-Virtual approximation

Expressed as in Eq.(8), the (finite parts of the) two-loop corrections are ready to be implemented
in the NNLO soft-virtual (SV) approximation universal formula derived in Ref. [25]. We do not
attempt for a full phenomenological analysis of the process at this level, and mostly use the SV
approximation as a way to evaluate the impact of the new two-loop results in the cross section.
Therefore, in Figure 2 we show the NLO and NNLO-SV K-factors for proton-proton collisions at
the LHC with c.m. energy

√
sH = 14TeV, in terms of the invariant mass of the Higgs pair. Here

the NNLO-SV approximation is defined by adding the pure NNLO-SV contribution to the full
NLO result. At each order, we use the corresponding MSTW2008 set of parton distributions and
QCD coupling [39]. The bands are obtained by independently varying the scales µR and µF in
the range 0.5Q ≤ µR, µF ≤ 2Q, with the constraint 0.5 ≤ µR/µF ≤ 2. The LO cross section that
normalizes the K-factors is computed at µR = µF = Q. We recall that we always rely on the heavy
top quark limit, and that we use the SV approximation as defined in Mellin space. As mentioned
before, since the coefficient C(2)

HH is still unknown we assume C(2)
HH = C(2)

H for the numerical results.

As can be seen from the plot, we find a large K-factor, with K SV
NNLO = 2.37 for the total cross

section, resulting in an increase of 23% with respect to the previous order (KNLO = 1.92). This
value remains approximately constant along the entire Higgs pair invariant mass distribution, with
the exception of the region near the threshold where the cross section is anyway very small. Despite
of the still sizable corrections, it is noticeable the improvement in the perturbative expansion in
the strong coupling constant, which shows the first signs of convergence at NNLO. It is only at this
order than there is a (yet not very significant) overlap between two consecutive scale dependent

5

[de Florian, Mazzitelli, ’13] 
[Grigo, Melnikov, Steinhauser, ‘14]
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two-particle phase space, and verifies that f(0) = 1.
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butions σfin can only be obtained after performing the full two-loop calculation. The pole structure
of our result agrees with the expressions in Eqs.(7) and (8) and the infrared-finite contributions
for Higgs pair production can be cast into the form
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‣ easily fits on one slide (finite part):
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qT Subtraction
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and CHH can be expanded in powers of ↵S via the following parametrization,
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where nF is the number of light quarks, µR the renormalisation scale and mt the pole mass of the
(heavy) top quark. As can be seen from Eq. (3), up to O(↵2

S) we have CH = CHH .

As already discussed, in the full theory Higgs boson pair production at LO is governed by “box”
and “triangle” contributions. In the heavy-top limit the corresponding scattering amplitudes manifest
as tree-level diagrams with one double-Higgs and one single-Higgs operator insertion, respectively. At
NLO, in the perturbative expansion we have the usual real and virtual contributions, where the former
includes gluon and quark bremsstrahlung, and the latter are given by one-loop corrections to the
diagrams mentioned before. However, at the same order of perturbation theory there is an additional
contribution with Born-level kinematics, originating from amplitudes with two single-Higgs operator
insertions in interference with the LO amplitude [29]. In the full theory such contributions correspond
to reducible double-triangle two-loop diagrams.

This pattern also appears at higher orders, and in particular the NNLO virtual contributions have
to include both two-loop corrections to amplitudes with one single- or double-Higgs operator insertion,
and one-loop corrections to amplitudes with two single-Higgs operator insertions [30]. These NNLO
virtual contributions have to be combined via an appropriate subtraction scheme with double-real and
real–virtual contributions of the same perturbative order. Similarly to what was discussed before, the
real–virtual contributions, i.e. the virtual amplitudes for HH+ jet production, have to be extended to
include two single-Higgs operator insertions in interference with the corresponding tree-level amplitude.
More details on the technical implementation of such double-operator insertions in our calculation are
given in Sect. 2.3.

2.2 qT subtraction

In order to handle infrared singularities in the NNLO calculation, we apply the qT subtraction for-
malism [40]. In this approach the separation between genuine NNLO singularities, located where the
transverse momentum of the Higgs pair, qT,HH , is zero, from NLO-like singularities in the HH + jet
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can be evaluated using any well-established subtraction procedure at NLO. The remaining divergence
in the limit qT,HH ! 0 is cancelled by the process-independent counterterm d�CT

NNLO. The implemen-
tation is fully general, and it is based on the universality [46] of the hard-collinear coefficients HHH
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where nF is the number of light quarks, µR the renormalisation scale and mt the pole mass of the
(heavy) top quark. As can be seen from Eq. (3), up to O(↵2

S) we have CH = CHH .

As already discussed, in the full theory Higgs boson pair production at LO is governed by “box”
and “triangle” contributions. In the heavy-top limit the corresponding scattering amplitudes manifest
as tree-level diagrams with one double-Higgs and one single-Higgs operator insertion, respectively. At
NLO, in the perturbative expansion we have the usual real and virtual contributions, where the former
includes gluon and quark bremsstrahlung, and the latter are given by one-loop corrections to the
diagrams mentioned before. However, at the same order of perturbation theory there is an additional
contribution with Born-level kinematics, originating from amplitudes with two single-Higgs operator
insertions in interference with the LO amplitude [29]. In the full theory such contributions correspond
to reducible double-triangle two-loop diagrams.

This pattern also appears at higher orders, and in particular the NNLO virtual contributions have
to include both two-loop corrections to amplitudes with one single- or double-Higgs operator insertion,
and one-loop corrections to amplitudes with two single-Higgs operator insertions [30]. These NNLO
virtual contributions have to be combined via an appropriate subtraction scheme with double-real and
real–virtual contributions of the same perturbative order. Similarly to what was discussed before, the
real–virtual contributions, i.e. the virtual amplitudes for HH+ jet production, have to be extended to
include two single-Higgs operator insertions in interference with the corresponding tree-level amplitude.
More details on the technical implementation of such double-operator insertions in our calculation are
given in Sect. 2.3.

2.2 qT subtraction

In order to handle infrared singularities in the NNLO calculation, we apply the qT subtraction for-
malism [40]. In this approach the separation between genuine NNLO singularities, located where the
transverse momentum of the Higgs pair, qT,HH , is zero, from NLO-like singularities in the HH + jet

contribution is explicit. As a consequence, the contribution d�HH+jet
NLO in the qT subtraction formula,

d�HH
NNLO = HHH
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h
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, (4)

can be evaluated using any well-established subtraction procedure at NLO. The remaining divergence
in the limit qT,HH ! 0 is cancelled by the process-independent counterterm d�CT
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. [Catani, Grazzini, ’12] 
[Catani, Cieri, de Florian, Ferrera, Grazzini, ’14]  
[Gehrmann, Lübbert, Yang, ’14] 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MATRIX Framework
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Available processes in MATRIX @ NNLO(+NNLL) QCD: 
pp→V,  V=W,Z and pp→ll, pp→lv
pp→VV’,  V=W,Zγ and pp→4l, pp→2l2v, pp→2lγ, pp→lvγ
pp→H 
pp→HH
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Available processes in MATRIX @ NNLO(+NNLL) QCD: 
pp→V,  V=W,Z and pp→ll, pp→lv
pp→VV’,  V=W,Zγ and pp→4l, pp→2l2v, pp→2lγ, pp→lvγ
pp→H 
pp→HH

14

all single- and di-boson processes of the SM    (✔) 

MATRIX Framework
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Results: LHC14 TeV
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‣ NNLO corrections:
• almost flat in mHH
• at the level of 18% 
• scale uncertainties at the level of 10%
• overlap with NLO uncertainty band 
 

‣ perfect agreement with analytical result of 
[de Florian-Mazzitelli, ’13]

p
s [TeV] �LO [fb] �NLO [fb] �NNLO [fb]

13 13.8059(13)+31.5%
�22.5% 25.829(3)+17.8%

�15.4% 30.38(3)+5.2%
�7.7%

14 17.0778(16)+30.7%
�22.1% 31.934(3)+17.5%

�15.1% 37.52(4)+5.2%
�7.6%

Table 1: Inclusive cross sections for Higgs boson pair production for different centre-of-mass energies
at LO, NLO and NNLO. Numerical errors on the respective previous digits are stated in brackets,
including the extrapolation error in the NNLO prediction. Scale uncertainties are obtained from
independent variations of µR and µF around the central scale µ0 = mHH/2.

3 Results

In the following we present predictions for Higgs boson pair production at the LHC including pertur-
bative fixed-order corrections up to NNLO in the heavy-top limit. Inclusive results will be presented
for centre-of-mass energies of

p
s = 13TeV and

p
s = 14TeV, while at the differential level we restrict

ourselves to
p
s = 14TeV. SM input parameters are chosen according to the recommendations of [71],

which in particular implies v = 246.2GeV, mt = 173.2GeV and

mH = 125GeV . (5)

Here, the top-quark mass does only enter via the NNLO contributions to the matching coefficients, as
given in Eq. (3). For the calculation of hadron-level cross sections we employ the PDF4LHC15 [72]
parton distribution functions (PDFs), and use the corresponding NLO PDFs for our LO and NLO
predictions and NNLO PDFs for the NNLO predictions.¶ Couplings are evaluated using the running
strong coupling provided by the respective PDFs. All light quarks, including bottom quarks, are treated
as massless particles, i.e. nF = 5, while the top quark does not contribute explicitly in the employed
heavy-top limit. To define jets, we employ the anti-kT jet clustering algorithm [74] with R = 0.4 and
require pTj > 30GeV and |⌘j | < 4.4. In all results the renormalisation scale µR and factorisation scale
µF are set to

µR,F = ⇠R,Fµ0, with µ0 = mHH/2 and
1

2

 ⇠R, ⇠F  2 , (6)

where mHH is the invariant mass of the produced Higgs boson pair. Our default scale choice cor-
responds to ⇠R = ⇠F = 1, and theoretical uncertainties are assessed by applying the 7-point scale
variations (⇠R, ⇠F) = (2, 2), (2, 1), (1, 2), (1, 1), (1, 0.5), (0.5, 1), (0.5, 0.5), i.e. omitting antipodal vari-
ations. As shown in Ref. [33] the scale choice of Eq. (6) guarantees a good perturbative convergence
of the total cross section and of the mHH distribution in Higgs boson pair production.

In Tab. 1 we report inclusive cross sections for
p
s = 13TeV and

p
s = 14TeV. No phase-space cuts

are applied, and the quoted uncertainties are obtained from scale variations. Both at
p
s = 13TeV and

14TeV the NLO corrections increase the LO result by about 85%, and the NNLO corrections have an
effect of about 18% on top of the NLO result. Scale uncertainties are successively reduced from about
20% � 30% at LO (which largely underestimates the effect of higher-order corrections) to less than
10% at NNLO.

In Figs. 2–7 differential distributions for Higgs boson pair production at the LHC with
p
s = 14TeV

are shown at LO, NLO and NNLO accuracy. In those distributions shown in Figs. 2–4, both NLO
¶To be precise, we use the PDF4LHC_nlo_30 and PDF4LHC_nnlo_30 sets, interfaced through the Lhapdf library [73].

6

Setup: + 7 pt. variation, PDF4LHC_nlo for NLO & LO / PDF4LHC_nnlo for NNLO, mH = 125 GeV 
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p
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�22.5% 25.829(3)+17.8%

�15.4% 30.38(3)+5.2%
�7.7%

14 17.0778(16)+30.7%
�22.1% 31.934(3)+17.5%

�15.1% 37.52(4)+5.2%
�7.6%

Table 1: Inclusive cross sections for Higgs boson pair production for different centre-of-mass energies
at LO, NLO and NNLO. Numerical errors on the respective previous digits are stated in brackets,
including the extrapolation error in the NNLO prediction. Scale uncertainties are obtained from
independent variations of µR and µF around the central scale µ0 = mHH/2.

3 Results

In the following we present predictions for Higgs boson pair production at the LHC including pertur-
bative fixed-order corrections up to NNLO in the heavy-top limit. Inclusive results will be presented
for centre-of-mass energies of

p
s = 13TeV and

p
s = 14TeV, while at the differential level we restrict

ourselves to
p
s = 14TeV. SM input parameters are chosen according to the recommendations of [71],

which in particular implies v = 246.2GeV, mt = 173.2GeV and

mH = 125GeV . (5)

Here, the top-quark mass does only enter via the NNLO contributions to the matching coefficients, as
given in Eq. (3). For the calculation of hadron-level cross sections we employ the PDF4LHC15 [72]
parton distribution functions (PDFs), and use the corresponding NLO PDFs for our LO and NLO
predictions and NNLO PDFs for the NNLO predictions.¶ Couplings are evaluated using the running
strong coupling provided by the respective PDFs. All light quarks, including bottom quarks, are treated
as massless particles, i.e. nF = 5, while the top quark does not contribute explicitly in the employed
heavy-top limit. To define jets, we employ the anti-kT jet clustering algorithm [74] with R = 0.4 and
require pTj > 30GeV and |⌘j | < 4.4. In all results the renormalisation scale µR and factorisation scale
µF are set to

µR,F = ⇠R,Fµ0, with µ0 = mHH/2 and
1

2

 ⇠R, ⇠F  2 , (6)

where mHH is the invariant mass of the produced Higgs boson pair. Our default scale choice cor-
responds to ⇠R = ⇠F = 1, and theoretical uncertainties are assessed by applying the 7-point scale
variations (⇠R, ⇠F) = (2, 2), (2, 1), (1, 2), (1, 1), (1, 0.5), (0.5, 1), (0.5, 0.5), i.e. omitting antipodal vari-
ations. As shown in Ref. [33] the scale choice of Eq. (6) guarantees a good perturbative convergence
of the total cross section and of the mHH distribution in Higgs boson pair production.

In Tab. 1 we report inclusive cross sections for
p
s = 13TeV and

p
s = 14TeV. No phase-space cuts

are applied, and the quoted uncertainties are obtained from scale variations. Both at
p
s = 13TeV and

14TeV the NLO corrections increase the LO result by about 85%, and the NNLO corrections have an
effect of about 18% on top of the NLO result. Scale uncertainties are successively reduced from about
20% � 30% at LO (which largely underestimates the effect of higher-order corrections) to less than
10% at NNLO.

In Figs. 2–7 differential distributions for Higgs boson pair production at the LHC with
p
s = 14TeV

are shown at LO, NLO and NNLO accuracy. In those distributions shown in Figs. 2–4, both NLO
¶To be precise, we use the PDF4LHC_nlo_30 and PDF4LHC_nnlo_30 sets, interfaced through the Lhapdf library [73].
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Results: LHC14 TeV

‣ mild increase of NNLO/NLO for large pT,H1 : 10% − 25% 
‣ flat NNLO/NLO for large pT,H2
‣ scale uncertainties 5-10%
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Results: LHC14 TeV
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Results: LHC14 TeV
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‣ NNLO/NLO increases to 40% for large yHH
‣ at LO HH back-to-back → NNLO ΔφHH effectively NLO: 60-80% corrections 
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Results: LHC14 TeV
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‣ effectively NLO: 60-80% NNLO/NLO corrections
‣ in the limit                large log terms                           → resum     

p
s [TeV] �LO [fb] �NLO [fb] �NNLO [fb]

13 13.8059(13)+31.5%
�22.5% 25.829(3)+17.8%

�15.4% 30.38(3)+5.2%
�7.7%

14 17.0778(16)+30.7%
�22.1% 31.934(3)+17.5%

�15.1% 37.52(4)+5.2%
�7.6%

Table 1: Inclusive cross sections for Higgs boson pair production for different centre-of-mass energies
at LO, NLO and NNLO. Numerical errors on the respective previous digits are stated in brackets,
including the extrapolation error in the NNLO prediction. Scale uncertainties are obtained from
independent variations of µR and µF around the central scale µ0 = mHH/2.

3 Results

In the following we present predictions for Higgs boson pair production at the LHC including pertur-
bative fixed-order corrections up to NNLO in the heavy-top limit. Inclusive results will be presented
for centre-of-mass energies of

p
s = 13TeV and

p
s = 14TeV, while at the differential level we restrict

ourselves to
p
s = 14TeV. SM input parameters are chosen according to the recommendations of [71],

which in particular implies v = 246.2GeV, mt = 173.2GeV and

mH = 125GeV . (5)

Here, the top-quark mass does only enter via the NNLO contributions to the matching coefficients, as
given in Eq. (3). For the calculation of hadron-level cross sections we employ the PDF4LHC15 [72]
parton distribution functions (PDFs), and use the corresponding NLO PDFs for our LO and NLO
predictions and NNLO PDFs for the NNLO predictions.¶ Couplings are evaluated using the running
strong coupling provided by the respective PDFs. All light quarks, including bottom quarks, are treated
as massless particles, i.e. nF = 5, while the top quark does not contribute explicitly in the employed
heavy-top limit. To define jets, we employ the anti-kT jet clustering algorithm [74] with R = 0.4 and
require pTj > 30GeV and |⌘j | < 4.4. In all results the renormalisation scale µR and factorisation scale
µF are set to

µR,F = ⇠R,Fµ0, with µ0 = mHH/2 and
1

2

 ⇠R, ⇠F  2 , (6)

where mHH is the invariant mass of the produced Higgs boson pair. Our default scale choice cor-
responds to ⇠R = ⇠F = 1, and theoretical uncertainties are assessed by applying the 7-point scale
variations (⇠R, ⇠F) = (2, 2), (2, 1), (1, 2), (1, 1), (1, 0.5), (0.5, 1), (0.5, 0.5), i.e. omitting antipodal vari-
ations. As shown in Ref. [33] the scale choice of Eq. (6) guarantees a good perturbative convergence
of the total cross section and of the mHH distribution in Higgs boson pair production.

In Tab. 1 we report inclusive cross sections for
p
s = 13TeV and

p
s = 14TeV. No phase-space cuts

are applied, and the quoted uncertainties are obtained from scale variations. Both at
p
s = 13TeV and

14TeV the NLO corrections increase the LO result by about 85%, and the NNLO corrections have an
effect of about 18% on top of the NLO result. Scale uncertainties are successively reduced from about
20% � 30% at LO (which largely underestimates the effect of higher-order corrections) to less than
10% at NNLO.

In Figs. 2–7 differential distributions for Higgs boson pair production at the LHC with
p
s = 14TeV

are shown at LO, NLO and NNLO accuracy. In those distributions shown in Figs. 2–4, both NLO
¶To be precise, we use the PDF4LHC_nlo_30 and PDF4LHC_nnlo_30 sets, interfaced through the Lhapdf library [73].
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Here, the top-quark mass does only enter via the NNLO contributions to the matching coefficients, as
given in Eq. (3). For the calculation of hadron-level cross sections we employ the PDF4LHC15 [72]
parton distribution functions (PDFs), and use the corresponding NLO PDFs for our LO and NLO
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µF are set to

µR,F = ⇠R,Fµ0, with µ0 = mHH/2 and
1

2

 ⇠R, ⇠F  2 , (6)

where mHH is the invariant mass of the produced Higgs boson pair. Our default scale choice cor-
responds to ⇠R = ⇠F = 1, and theoretical uncertainties are assessed by applying the 7-point scale
variations (⇠R, ⇠F) = (2, 2), (2, 1), (1, 2), (1, 1), (1, 0.5), (0.5, 1), (0.5, 0.5), i.e. omitting antipodal vari-
ations. As shown in Ref. [33] the scale choice of Eq. (6) guarantees a good perturbative convergence
of the total cross section and of the mHH distribution in Higgs boson pair production.

In Tab. 1 we report inclusive cross sections for
p
s = 13TeV and

p
s = 14TeV. No phase-space cuts

are applied, and the quoted uncertainties are obtained from scale variations. Both at
p
s = 13TeV and

14TeV the NLO corrections increase the LO result by about 85%, and the NNLO corrections have an
effect of about 18% on top of the NLO result. Scale uncertainties are successively reduced from about
20% � 30% at LO (which largely underestimates the effect of higher-order corrections) to less than
10% at NNLO.

In Figs. 2–7 differential distributions for Higgs boson pair production at the LHC with
p
s = 14TeV

are shown at LO, NLO and NNLO accuracy. In those distributions shown in Figs. 2–4, both NLO
¶To be precise, we use the PDF4LHC_nlo_30 and PDF4LHC_nnlo_30 sets, interfaced through the Lhapdf library [73].
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p
s [TeV] �LO [fb] �NLO [fb] �NNLO [fb]

13 13.8059(13)+31.5%
�22.5% 25.829(3)+17.8%

�15.4% 30.38(3)+5.2%
�7.7%

14 17.0778(16)+30.7%
�22.1% 31.934(3)+17.5%

�15.1% 37.52(4)+5.2%
�7.6%

Table 1: Inclusive cross sections for Higgs boson pair production for different centre-of-mass energies
at LO, NLO and NNLO. Numerical errors on the respective previous digits are stated in brackets,
including the extrapolation error in the NNLO prediction. Scale uncertainties are obtained from
independent variations of µR and µF around the central scale µ0 = mHH/2.
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Figure 5: Distributions in the transverse momentum of the Higgs boson pair (left) and of the hardest
jet (right). Curves and bands as in Fig. 2.

In Fig. 5 we show distributions in the transverse momentum of the Higgs boson pair, pT,HH , and
of the hardest jet, pT,j1 . At NLO (which is effectively LO for non-vanishing transverse momenta)
these two distributions are directly related, and in both distributions scale uncertainties reach almost
50%. The NNLO effect is larger on the pT,HH distribution than on the pT,j1 distribution, reaching
80% for pT,HH ⇡ 200GeV compared to 60% for pT,j1 ⇡ 200GeV. The NLO nature of these NNLO
corrections is furthermore reflected by sizable scale uncertainties at the level of 30% � 40%. In the
limit pT,HH ! 0 the perturbative expansion fails due to the appearance of large logarithmic terms of
the form log

n
(pT,HH/mHH). Here, a proper resummation of such terms is required in order to achieve

a reliable theoretical prediction.

At LO the two Higgs bosons are always produced back-to-back. However, at higher orders additional
QCD radiation allows for a non-trivial angular separation between the two Higgs bosons. In Fig. 6 we
show the corresponding distribution in the azimuthal angle between the two Higss bosons, ��HH . In
our fixed-order approach, NNLO corrections are large and positive in the back-to-back configuration,
where they are driven by soft-gluon emission, and jump to negative values for ��HH . ⇡, due to the
mis-cancellation between real and virtual contributions. In this region of phase-space, large logarithmic
terms should again be resummed for achieving a reliable theoretical prediction. Configurations at small
angles, i.e. ��HH ! 0, are driven by hard gluon emission, and NNLO corrections are at the level of
60% with respect to NLO.

Finally, in Fig. 7 we investigate corrections to the �R separation between the two Higgs bosons
and the hardest jet. Overall corrections to these observables are moderate at the level of 20% � 40%

with largely overlapping uncertainty bands between NNLO and NLO. However, for small �RH1j1

separations, due to the ordering of the Higgs bosons according to their transverse momenta the entire
phase-space opens up only at the NNLO level, inducing sizable correction factors at the NLO boundary
�RH1j1 & ⇡/2.
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Results: FCC100 TeV
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‣ similar behaviour of NNLO/NLO for pT,H1 and pT,H2 as at 14 TeV
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Figure 11: Invariant mass (a) and rapidity distribution (b) of the Higgs boson pair and

transverse momentum distribution of the leading-pT (c) and the subleading-pT Higgs

boson (d) at
p

s = 14 TeV including the combination with the NNLO HEFT results

from Ref. [61] described in the main text.

3.3 Sensitivity to the triple Higgs coupling

As already mentioned in Section 2.1, the Higgs boson self-coupling in the Standard

Model is quite special. Not only that it is completely determined in terms of the Higgs

boson mass and VEV, but it also leads to the fact that at the double Higgs production

threshold
p

ŝ = 2m2
h, the LO cross section is almost vanishing, due to destructive

interference between box and triangle contributions. Therefore a measurement of the

Higgs boson self-coupling is a very sensitive probe of New Physics e↵ects.

– 27 –

First steps combining full NLO and  
NNLO HEFT have been presented 
recently in  
[S. Borowka et.al., arXiv:1608.04798]  
 
Idea: apply differential NNLO/NLO  
K-factor to full NLO calculation

(a) 14 TeV, rapidity of the pair (b) 14 TeV, rapidity of the leading-pT Higgs

(c) 100 TeV, rapidity of the pair (d) 100 TeV, rapidity of the leading-pT Higgs

Figure 8: Rapidity distribution of the Higgs boson pair and the leading-pT Higgs

boson at
p

s = 14 TeV and
p

s = 100 TeV.

As a first attempt to achieve this, we take the NNLO to NLO ratio from Ref. [61] and

calculate

d� NLO-i. NNLO HEFT = d� NLO d� NNLO basic HEFT

d� NLO basic HEFT
(3.1)

bin by bin, where “NLO-i. NNLO HEFT” stands for NLO-improved NNLO HEFT.

Results for various distributions are shown in Fig. 11. The error band is the NLO-

rescaled scale uncertainty of the NNLO basic HEFT distributions, and the error on

the central value is due to the error on the full NLO result. Applying the same naive

rescaling on the total cross section, one obtains �NLO-i. NNLO HEFT = 38.67+5.2%
�7.6% for 14

– 25 –

Further refinements possible:
• fully-differential: projection 

to Born phase-space,…
• ….

[S. Borowka et.al., arXiv:1608.04798] 
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fb @ 14 TeV

�B�i. NLO HEFT = 38.3218.1%14.9%
fb @ 14 TeV
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Conclusions
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‣HH @ NNLO in HEFT available in the MATRIX

‣mild phase space dependence of NNLO corrections

‣NNLO/NLO at the level of 10-25%

‣ scale uncertainties at NNLO at the level of 5-15%

‣mostly overlapping uncertainty bands between NNLO and NLO

‣Outlook:
• Higgs decays
• NNLO+NNLL
• Refine combination with full NLO
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Results: LHC14 TeV
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