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Figure 7. The total cross sections for Higgs pair production at the LHC, including higher-order
corrections, in the main channels — gluon fusion (red/full), VBF (green/dashed), Higgs-strahlung
(blue/dotted), associated production with tt̄ (violet/dotted with small dots) — as a function of
the c.m. energy with MH = 125 GeV. The MSTW2008 PDF set has been used and higher-order
corrections are included as discussed in section 2.

3.1 Theoretical uncertainties in the gluon channel

3.1.1 Theoretical uncertainty due to missing higher order corrections

The large K-factor for this process of about 1.5 − 2 depending on the c.m. energy shows

that the inclusion of higher order corrections is essential. An estimate on the size of the

uncertainties due to the missing higher order corrections can be obtained by a variation of

the factorization and renormalization scales of this process. In analogy to single Higgs pro-

duction studies [77, 80] we have estimated the error due to missing higher order corrections

by varying µR, µF in the interval

1

2
µ0 ≤ µR = µF ≤ 2µ0 . (3.2)

As can be seen in figure 8 we find sizeable scale uncertainties∆µ of order∼ +20%/−17%
at 8TeV down to +12%/−10% at 100TeV. Compared to the single Higgs production case

the scale uncertainty is twice as large [77, 80]. However, this should not be a surprise as

there are NNLO QCD corrections available for the top loop (in a heavy top mass expansion)

in the process gg → H while they are unknown for the process gg → HH.

3.1.2 The PDF and αS errors

The parametrization of the parton distribution functions is another source of theoretical

uncertainty. First there are pure theoretical uncertainties coming from the assumptions

made on the parametrization, e.g. the choice of the parametrization, the set of input

parameters used, etc. Such uncertainties are rather difficult to quantify. A possibility might
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corrections are included as discussed in section 2.
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Small cross section

Difficult to measure

Most promising final state 
is   

1 Introduction

After the discovery of the Higgs boson in Run 1 of the Large Hadron Collider (LHC) [1,2],
one of the major targets of Run 2 is the experimental exploration of its properties. In Run 1,
the measured Higgs boson production rate and the extracted values of the Higgs couplings
to fermions and to gauge bosons have been found to be compatible with the predictions of
the Standard Model (SM) within an experimental accuracy of (10 – 20)% [3]. On the other
hand, the self-couplings of the Higgs boson, which in the SM are determined in terms of the
mass of the Higgs boson and the vacuum expectation value of the Higgs field and are thus
fully predicted, have not been probed yet. They are accessible in multi-Higgs production
processes [4, 5] though a measurement of the quartic Higgs self-coupling lies beyond the
reach of the LHC [6,7]. Instead, for the trilinear Higgs self-coupling various studies showed
that it might be accessible at the LHC in Higgs pair production in bb̄�� [8–13], bb̄⌧ ⌧̄ [9,14],
bb̄W

+
W

� [15] and bb̄bb̄ [16–18] final states and in Higgs pair production in association with
two jets [19, 20] and a tt̄ pair [21].

Higgs pair production is not only interesting as a probe of the trilinear Higgs self-
coupling, but its rate can be significantly modified by new physics e↵ects. For the dominant
Higgs pair production mode, gluon fusion, this can, for instance, occur due to new loop
contributions [22], in models with novel hht̄t coupling [23–25] or if the Higgs boson pair is
produced through the decay of a heavy new resonance. The latter two possibilities can lead
to a strong increase of the cross section. First limits on such scenarios have been given in
refs. [26–30].

A precise prediction of the gluon fusion Higgs-pair production channel is essential to
constrain new physics or to determine the Higgs self-coupling. The gluon fusion process
is mediated by heavy fermions via diagrams with box and triangle topologies and is hence
loop-induced already at the leading order (LO). In the “triangle” contribution a single Higgs
boson splits via an s-channel exchange into two Higgs bosons, thus it contains the trilinear
Higgs self-coupling. The “box” contribution plays the role of an irreducible background, as
it does not incorporate the trilinear Higgs self-coupling.

In the SM, the LO cross section is fully known since the late eighties [31]. However,
similarly to what happens in single Higgs production, one expects the LO contribution to
be subject to large radiative corrections. A computation of a 2 ! 2 process at higher orders
is extremely challenging. The next-to-leading order (NLO) “triangle” contribution can be
borrowed from the production of a single Higgs boson [32–35], whereas a full computation
of the NLO “box” form factors is at the moment not available and technically much more
di�cult. Higher order corrections to Higgs pair production are, however, available in the
e↵ective theory with infinite top mass, mt, or, equivalently, in the limit of vanishing external
momentum, at NLO [36] and more recently also at next-to-next-to-leading order (NNLO)
[37, 38].1 Soft gluon resummation at next-to-next-to-leading-logarithmic (NNLL) accuracy
has been performed in refs. [44,45]. Whereas the approximation of small external momenta
was shown to work quite well for single Higgs production [32], it can be expected to be
less e↵ective for pair production, due to the larger energy scale that characterizes the

1For beyond the SM extensions, NLO QCD corrections in the limit for vanishing external momenta are
available for the SM with additional dimension six operators [39], for an additional scalar singlet [40], for
the two-Higgs doublet model [41], for composite Higgs models [42], for the MSSM [36,43] and NMSSM [43].

1
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Figure 7. The total cross sections for Higgs pair production at the LHC, including higher-order
corrections, in the main channels — gluon fusion (red/full), VBF (green/dashed), Higgs-strahlung
(blue/dotted), associated production with tt̄ (violet/dotted with small dots) — as a function of
the c.m. energy with MH = 125 GeV. The MSTW2008 PDF set has been used and higher-order
corrections are included as discussed in section 2.
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duction studies [77, 80] we have estimated the error due to missing higher order corrections
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As can be seen in figure 8 we find sizeable scale uncertainties∆µ of order∼ +20%/−17%
at 8TeV down to +12%/−10% at 100TeV. Compared to the single Higgs production case

the scale uncertainty is twice as large [77, 80]. However, this should not be a surprise as

there are NNLO QCD corrections available for the top loop (in a heavy top mass expansion)
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3.1.2 The PDF and αS errors

The parametrization of the parton distribution functions is another source of theoretical

uncertainty. First there are pure theoretical uncertainties coming from the assumptions

made on the parametrization, e.g. the choice of the parametrization, the set of input

parameters used, etc. Such uncertainties are rather difficult to quantify. A possibility might
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Figure 7. The total cross sections for Higgs pair production at the LHC, including higher-order
corrections, in the main channels — gluon fusion (red/full), VBF (green/dashed), Higgs-strahlung
(blue/dotted), associated production with tt̄ (violet/dotted with small dots) — as a function of
the c.m. energy with MH = 125 GeV. The MSTW2008 PDF set has been used and higher-order
corrections are included as discussed in section 2.
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NLO QCD corrections large: K~1.9 [Dawson, Dittmaier, Spira ’98]

Historically: 

[Dawson, Dittmaier, Spira ’98]• NLO QCD corrections computed in large top mass limit
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• real corrections in full mass dependence [Frederix, et al ’14, Maltoni, 
Vryonidou, Zaro ’14]

• higher orders in expansion in large mt [Grigo, Hoff, Melnikov, Steinhauser ’13, Grigo, 
Hoff, Steinhauser ’15, Degrassi, Giardino, RG ‘16]

Bottleneck = virtual corrections 

Estimation of finite top mass effects
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Combine several expansions by using Padé approximants

Ingredients: 

• large mass expansion (around z=0)

• threshold expansion (around z=1)

• Conformal mapping

single Higgs production and then show how it can be generalized to the case of Higgs
pair production. The computation of the additional input terms from the expansion
around the top threshold is described in Section 3. In Section 4 we perform a detailed
comparison of both the LO and NLO Padé approximation with the full LO result
and the recent NLO results [9, 10], respectively. We conclude in Section 5 and o↵er
an outlook over possible applications of our method.

2 The method

We first discuss the construction of a Padé approximation for the simple case of the
virtual amplitude Agg!H(⇤) in Section 2.1 and then generalize the approach to Higgs
pair production in Section 2.2.

2.1 Padé approximation for gg ! H(⇤)

The LO diagram for the production of an o↵-shell Higgs in gluon fusion is shown in
Figure 2 (left). The corresponding amplitude can be expressed through a dimension-
less form factor F4 that only depends on the variable z = (ŝ+ i0)/(4m2

t
)

A
µ⌫

ab
(g(p1, µ, a), g(p2, ⌫, b) ! H(⇤)(pH)) =

ytŝ
p
2mt

↵s

2⇡
�abTFA

µ⌫

1
F4(z) (2)

where ŝ = (p1 + p2)2 = p2
H
, yt =

p
2mt/v is the top Yukawa coupling, TF = 1/2 and

Aµ⌫

1
= gµ⌫ �

p⌫
1
pµ
2

p1 · p2
. (3)

The form factor F4 is normalized such that

F4
mt!1
����!

4

3
+O(↵s). (4)

The leading-order contribution to the form factor is analytic in the entire complex
plane with the exception of a branch cut for real z � 1 due to on-shell tt̄ cuts. At
NLO, massless cuts like the one shown in the right of Figure 2 introduce a branch
cut starting at z = 0. However, the branch cut can be made explicit

F4 = F 1l

4 +
↵s

⇡
F 2l

4 +O(↵2

s
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= F 1l
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CFF
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Figure 2: The LO diagram for Higgs production in gluon fusion (left) and an
example for a NLO diagram that contains a branch cut starting at ŝ = 0 (right).

such that all the F il

4,x
(with i = 1, 2 and x = CF , CA, (CA, ln)) on the right-hand side
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with a total of n+m+1 coe�cients. They can be fixed by imposing conditions stem-
ming from known expansions of the approximated function. In many cases it is found
that diagonal Padé approximants with n = m provide the best description. Indeed,
we find that this also holds for our analysis. We therefore discard approximants that
are too far away from the diagonal, as detailed below.

The LME for the form factor F4 has been given up to terms of the order z4 in [8].
The conformal mapping (6) transforms this into constraints on the derivatives of the
Padé approximant at ! = 0. Furthermore the form factor vanishes for z ! 1 as
F4(z) = O(1/z) since ŝ ⇠ z has been factored out in (2). In a direct approach this
would imply the constraint [n/m](! = �1) = 0. Instead, we construct the Padé
approximant for the rescaled form factor

[n/m](!) ' [1 + aR z(!)]F4(z(!)), (8)
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Combine several expansions by using Padé approximants

[RG, Maier, Rauh ’17]
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Figure 10: Finite part of the virtual corrections, Vfin, as a function of MHH for pT =
100 GeV. The light blue points are the reweighted HEFT results, the pink points
the virtual corrections in full top mass dependence from the interpolation function
provided with Ref. [89], the dark blue points are from the diagonal and o↵-diagonal
Padé approximants with their standard deviation and the turquoise points with
standard deviation are the Padé approximants constructed without the threshold
expansion.

is improved significantly with the inclusion of the threshold expansion. The error of
the Padé approximation increases with the invariant mass. Note that the full result
has, apart from the previous error from the internal binning, also an error due to
the interpolation procedure. We do not quantify this error but in comparison to
the HEFT grid provided with Ref. [89] we conclude that while in the range up to
MHH . 570 GeV this error is negligible, it will be a few % for larger MHH . The
comparison with the numerical results of [89] demonstrates that our prescription for
the uncertainty related to the construction of Padé approximants also provides a
reasonable error estimate at NLO.

23

Comparison with grid from [Heinrich, Jones, Kerner, Luisoni, Vryonidou ’17]
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ŝ, t̂, û, m
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Probing the trilinear Higgs self-
couplingHiggspotential:
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Im SM Higgs-Selbstkopplungen durch Higgsmasse bestimmt.
Trilinear Higgs-Selbstkopplung kann in Higgspaarproduktion gemessen werden.
Quartische Higgs-Selbstkopplung kann weder am LHC noch am ILC/CLIC
gemessen werden. [CLIC Physics working group; Plehn, Rauch ’05; Djouadi, Kilian, Mühlleitner, Zerwas ’99; Binoth,

Karg, Kauer, Rückl ’06]

Motivation

Ramona Gröber – Higgspaarproduktion als Fenster zu Neuer Physik 18/05/2017 8/28

HIGGS-SELBSTKOPPLUNG

Measurement of trilinear 
Higgs self-coupling gives 
insight to the Higgs 
potential and hence 
electroweak symmetry 
breaking
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Searches difficult, 
require high luminosities

Current bounds

[arXiv:1509.0467, arXiv: 1506.0028, 
arXiv: 1603.0689]

Prospects at HL-LHC 
for            final state

1 Introduction

After the discovery of the Higgs boson in Run 1 of the Large Hadron Collider (LHC) [1,2],
one of the major targets of Run 2 is the experimental exploration of its properties. In Run 1,
the measured Higgs boson production rate and the extracted values of the Higgs couplings
to fermions and to gauge bosons have been found to be compatible with the predictions of
the Standard Model (SM) within an experimental accuracy of (10 – 20)% [3]. On the other
hand, the self-couplings of the Higgs boson, which in the SM are determined in terms of the
mass of the Higgs boson and the vacuum expectation value of the Higgs field and are thus
fully predicted, have not been probed yet. They are accessible in multi-Higgs production
processes [4, 5] though a measurement of the quartic Higgs self-coupling lies beyond the
reach of the LHC [6,7]. Instead, for the trilinear Higgs self-coupling various studies showed
that it might be accessible at the LHC in Higgs pair production in bb̄�� [8–13], bb̄⌧ ⌧̄ [9,14],
bb̄W

+
W

� [15] and bb̄bb̄ [16–18] final states and in Higgs pair production in association with
two jets [19, 20] and a tt̄ pair [21].

Higgs pair production is not only interesting as a probe of the trilinear Higgs self-
coupling, but its rate can be significantly modified by new physics e↵ects. For the dominant
Higgs pair production mode, gluon fusion, this can, for instance, occur due to new loop
contributions [22], in models with novel hht̄t coupling [23–25] or if the Higgs boson pair is
produced through the decay of a heavy new resonance. The latter two possibilities can lead
to a strong increase of the cross section. First limits on such scenarios have been given in
refs. [26–30].

A precise prediction of the gluon fusion Higgs-pair production channel is essential to
constrain new physics or to determine the Higgs self-coupling. The gluon fusion process
is mediated by heavy fermions via diagrams with box and triangle topologies and is hence
loop-induced already at the leading order (LO). In the “triangle” contribution a single Higgs
boson splits via an s-channel exchange into two Higgs bosons, thus it contains the trilinear
Higgs self-coupling. The “box” contribution plays the role of an irreducible background, as
it does not incorporate the trilinear Higgs self-coupling.

In the SM, the LO cross section is fully known since the late eighties [31]. However,
similarly to what happens in single Higgs production, one expects the LO contribution to
be subject to large radiative corrections. A computation of a 2 ! 2 process at higher orders
is extremely challenging. The next-to-leading order (NLO) “triangle” contribution can be
borrowed from the production of a single Higgs boson [32–35], whereas a full computation
of the NLO “box” form factors is at the moment not available and technically much more
di�cult. Higher order corrections to Higgs pair production are, however, available in the
e↵ective theory with infinite top mass, mt, or, equivalently, in the limit of vanishing external
momentum, at NLO [36] and more recently also at next-to-next-to-leading order (NNLO)
[37, 38].1 Soft gluon resummation at next-to-next-to-leading-logarithmic (NNLL) accuracy
has been performed in refs. [44,45]. Whereas the approximation of small external momenta
was shown to work quite well for single Higgs production [32], it can be expected to be
less e↵ective for pair production, due to the larger energy scale that characterizes the

1For beyond the SM extensions, NLO QCD corrections in the limit for vanishing external momenta are
available for the SM with additional dimension six operators [39], for an additional scalar singlet [40], for
the two-Higgs doublet model [41], for composite Higgs models [42], for the MSSM [36,43] and NMSSM [43].

1

−0.2 < λHHH /λSM
HHH < 6.9

[talk by Delgove “Double-Higgs 
production at Colliders workshop” ’18]

11 24

𝒪(±10λSM
hhh)
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Current bounds

[arXiv:1509.0467, arXiv: 1506.0028, 
arXiv: 1603.0689]

[talk by Delgove “Double-Higgs 
production at Colliders workshop” ’18]

Single Higgs to constrain trilinear Higgs self-coupling:

Enters in electroweak 
corrections to single 

Higgs

[McCullough ’14, Gorbahn, 
Haisch ’16, Degrassi, 

Giardino, Maltoni, Pagani 
’16, Bizon, Gorbahn, 

Haisch Zanderighi ’16]
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1 Introduction

After the discovery of the Higgs boson in Run 1 of the Large Hadron Collider (LHC) [1,2],
one of the major targets of Run 2 is the experimental exploration of its properties. In Run 1,
the measured Higgs boson production rate and the extracted values of the Higgs couplings
to fermions and to gauge bosons have been found to be compatible with the predictions of
the Standard Model (SM) within an experimental accuracy of (10 – 20)% [3]. On the other
hand, the self-couplings of the Higgs boson, which in the SM are determined in terms of the
mass of the Higgs boson and the vacuum expectation value of the Higgs field and are thus
fully predicted, have not been probed yet. They are accessible in multi-Higgs production
processes [4, 5] though a measurement of the quartic Higgs self-coupling lies beyond the
reach of the LHC [6,7]. Instead, for the trilinear Higgs self-coupling various studies showed
that it might be accessible at the LHC in Higgs pair production in bb̄�� [8–13], bb̄⌧ ⌧̄ [9,14],
bb̄W

+
W

� [15] and bb̄bb̄ [16–18] final states and in Higgs pair production in association with
two jets [19, 20] and a tt̄ pair [21].

Higgs pair production is not only interesting as a probe of the trilinear Higgs self-
coupling, but its rate can be significantly modified by new physics e↵ects. For the dominant
Higgs pair production mode, gluon fusion, this can, for instance, occur due to new loop
contributions [22], in models with novel hht̄t coupling [23–25] or if the Higgs boson pair is
produced through the decay of a heavy new resonance. The latter two possibilities can lead
to a strong increase of the cross section. First limits on such scenarios have been given in
refs. [26–30].

A precise prediction of the gluon fusion Higgs-pair production channel is essential to
constrain new physics or to determine the Higgs self-coupling. The gluon fusion process
is mediated by heavy fermions via diagrams with box and triangle topologies and is hence
loop-induced already at the leading order (LO). In the “triangle” contribution a single Higgs
boson splits via an s-channel exchange into two Higgs bosons, thus it contains the trilinear
Higgs self-coupling. The “box” contribution plays the role of an irreducible background, as
it does not incorporate the trilinear Higgs self-coupling.

In the SM, the LO cross section is fully known since the late eighties [31]. However,
similarly to what happens in single Higgs production, one expects the LO contribution to
be subject to large radiative corrections. A computation of a 2 ! 2 process at higher orders
is extremely challenging. The next-to-leading order (NLO) “triangle” contribution can be
borrowed from the production of a single Higgs boson [32–35], whereas a full computation
of the NLO “box” form factors is at the moment not available and technically much more
di�cult. Higher order corrections to Higgs pair production are, however, available in the
e↵ective theory with infinite top mass, mt, or, equivalently, in the limit of vanishing external
momentum, at NLO [36] and more recently also at next-to-next-to-leading order (NNLO)
[37, 38].1 Soft gluon resummation at next-to-next-to-leading-logarithmic (NNLL) accuracy
has been performed in refs. [44,45]. Whereas the approximation of small external momenta
was shown to work quite well for single Higgs production [32], it can be expected to be
less e↵ective for pair production, due to the larger energy scale that characterizes the

1For beyond the SM extensions, NLO QCD corrections in the limit for vanishing external momenta are
available for the SM with additional dimension six operators [39], for an additional scalar singlet [40], for
the two-Higgs doublet model [41], for composite Higgs models [42], for the MSSM [36,43] and NMSSM [43].
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1 Introduction

After the discovery of the Higgs boson in Run 1 of the Large Hadron Collider (LHC) [1,2],
one of the major targets of Run 2 is the experimental exploration of its properties. In Run 1,
the measured Higgs boson production rate and the extracted values of the Higgs couplings
to fermions and to gauge bosons have been found to be compatible with the predictions of
the Standard Model (SM) within an experimental accuracy of (10 – 20)% [3]. On the other
hand, the self-couplings of the Higgs boson, which in the SM are determined in terms of the
mass of the Higgs boson and the vacuum expectation value of the Higgs field and are thus
fully predicted, have not been probed yet. They are accessible in multi-Higgs production
processes [4, 5] though a measurement of the quartic Higgs self-coupling lies beyond the
reach of the LHC [6,7]. Instead, for the trilinear Higgs self-coupling various studies showed
that it might be accessible at the LHC in Higgs pair production in bb̄�� [8–13], bb̄⌧ ⌧̄ [9,14],
bb̄W

+
W

� [15] and bb̄bb̄ [16–18] final states and in Higgs pair production in association with
two jets [19, 20] and a tt̄ pair [21].

Higgs pair production is not only interesting as a probe of the trilinear Higgs self-
coupling, but its rate can be significantly modified by new physics e↵ects. For the dominant
Higgs pair production mode, gluon fusion, this can, for instance, occur due to new loop
contributions [22], in models with novel hht̄t coupling [23–25] or if the Higgs boson pair is
produced through the decay of a heavy new resonance. The latter two possibilities can lead
to a strong increase of the cross section. First limits on such scenarios have been given in
refs. [26–30].

A precise prediction of the gluon fusion Higgs-pair production channel is essential to
constrain new physics or to determine the Higgs self-coupling. The gluon fusion process
is mediated by heavy fermions via diagrams with box and triangle topologies and is hence
loop-induced already at the leading order (LO). In the “triangle” contribution a single Higgs
boson splits via an s-channel exchange into two Higgs bosons, thus it contains the trilinear
Higgs self-coupling. The “box” contribution plays the role of an irreducible background, as
it does not incorporate the trilinear Higgs self-coupling.

In the SM, the LO cross section is fully known since the late eighties [31]. However,
similarly to what happens in single Higgs production, one expects the LO contribution to
be subject to large radiative corrections. A computation of a 2 ! 2 process at higher orders
is extremely challenging. The next-to-leading order (NLO) “triangle” contribution can be
borrowed from the production of a single Higgs boson [32–35], whereas a full computation
of the NLO “box” form factors is at the moment not available and technically much more
di�cult. Higher order corrections to Higgs pair production are, however, available in the
e↵ective theory with infinite top mass, mt, or, equivalently, in the limit of vanishing external
momentum, at NLO [36] and more recently also at next-to-next-to-leading order (NNLO)
[37, 38].1 Soft gluon resummation at next-to-next-to-leading-logarithmic (NNLL) accuracy
has been performed in refs. [44,45]. Whereas the approximation of small external momenta
was shown to work quite well for single Higgs production [32], it can be expected to be
less e↵ective for pair production, due to the larger energy scale that characterizes the

1For beyond the SM extensions, NLO QCD corrections in the limit for vanishing external momenta are
available for the SM with additional dimension six operators [39], for an additional scalar singlet [40], for
the two-Higgs doublet model [41], for composite Higgs models [42], for the MSSM [36,43] and NMSSM [43].
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V(6) = − μ2 |H |2 + λ |H |4 +
c6

v2
|H |6

large field instability small field instability

turns out that none of those instabilities can set bound on trilinear Higgs self-
coupling deviations

13 24



   Ramona Gröber —IPPP, Durham University                                                                                         /

                                                                                          Large field instability

Toy model

V(h, ϕ) = −
1
2

μ2 +
1
4

λh4 +
1
2

M2ϕ2 + ξh3ϕ + κh2ϕ2 +
1
4

λ′�ϕ4

[for a similar argument see Burgess, Di Clemente, Espinosa ’02]

Electroweak vacuum is absolutely stable if 

κ > 0 and λ >
ξ2

κ
and λ′� > 0
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Toy model

V(h, ϕ) = −
1
2

μ2 +
1
4

λh4 +
1
2

M2ϕ2 + ξh3ϕ + κh2ϕ2 +
1
4

λ′�ϕ4

[for a similar argument see Burgess, Di Clemente, Espinosa ’02]

Electroweak vacuum is absolutely stable if 

κ > 0 and λ >
ξ2

κ
and λ′� > 0

Integrating out ϕ and expanding in large M2

VEFT(h) = −
1
2

μ2h2 +
1
4

λh4 −
1
2

ξ2

M2
h6 +

ξ2κ
M4

h8 + . . .

h6 operator makes potential seem unstable!

for vacuum instability analysis full tower of EFT operators necessary 

full models 
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Figure 2: hh ! hh scattering amplitudes: s+ t+u channels + 4-vertex (4vrtx) contributions.

where we paid attention to keep the kinematical factors which makes the amplitude to vanish
at threshold (

p
s = 2mh) and we multiplied by an extra 1/2 factor due to the presence of

identical particles in the initial and final state (see e.g. [48] for a collection of relevant formulae).
Following standard arguments [49, 50], perturbative unitarity bounds are obtained by requiring
|Re a0

hh!hh
| < 1/2.

The bound is displayed in Fig. 3 for the orthogonal cases in which either �hhh (upper plots)
or �hhhh (lower plots) is modified with respect to the SM case. Note that the situation is
qualitatively di↵erent for the two cases: being h

3 a relevant operator, the unitarity bound on
�hhh is maximized at low energy, while in the case of h4 the partial wave grows with energy
reaching an asymptotic value at

p
s ! 1.5 In particular, from the right-side plots in Fig. 3 we

read the following unitarity bounds
���hhh/�

SM
hhh

�� . 6.5 and
���hhhh/�

SM
hhhh

�� . 65 . (29)

Of course, one expects that new physics e↵ects should modify at the same time both �hhh and
�hhhh. However, since the h3 and h

4 operators dominate the partial wave in two well-separated
energy regimes they cannot cancel each other over the whole range of

p
s. Hence, since we

require perturbativity at any value of
p
s, the bounds in Eq. (29) hold also in more general

situations (as we have checked numerically by employing the full expression in Eq. (28)).
Let us inspect, for instance, the case where the modified SM potential arises from the

operator |H|
6 as in Eq. (3). In such a case we have

�hhh = �
SM
hhh

+ 6 c6v ' �
SM
hhh

(1 + 7.8 c6) , (30)

�hhhh = �
SM
hhhh

+ 36 c6 ' �
SM
hhhh

(1 + 47 c6) . (31)

The perturbativity bound coming from the h
3 (h4) vertex in Eq. (29) translates into |c6| .

0.71 (1.4).

2.3.2 Loop-corrected vertices

An alternative way to assess perturbativity is by requiring that the loop-corrected trilinear
scalar vertex is smaller (in absolute value) than �hhh. If that were not the case, we clearly
could not reliably use perturbation theory whenever �hhh entered some physical process. A
similar criterium was employed for trilinear scalar interactions in Ref. [48], by setting to zero
the external momenta of the 3-point function. Following the same argument, we obtain

��hhh(pi ! 0) =
1

32⇡2
�
3
hhh

1

m
2
h

. (32)

5Note that this behaviour is di↵erent from the case of e↵ective operators, whose scattering amplitudes grow
indefinitely with the energy.
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In fact, the connecting motive between the diagrams in Fig. 5 turns out to be a tadpole
operator of the type O� = �f(H), where f(H) is a string of Higgs fields (or their charged
conjugates). The full list of scalar extensions that couple linearly to H can be found in Table 1
(see also Refs. [66–68]), where hyper-chargeless multiplets are understood to be real. For
simplicity, we will focus on one-particle extensions of the SM in order to point out their features
in a clear way.

� O�

(1, 1, 0) �HH
†

(1, 2, 12) �HH
†
H

†

(1, 3, 0) �HH
†

(1, 3, 1) �H†
H

†

(1, 4, 12) �HH
†
H

†

(1, 4, 32) �H†
H

†
H

†

Table 1: List of new scalars � inducing a tree-level modification of the triple-Higgs coupling
via the tadpole operator O�.

Another useful way to understand the origin of the trilinear Higgs self-coupling modification,
which does not rely on the EFT language is the following: the tadpole operator will unavoidably
generate a vev for �, and the neutral components h0

⇢ H and �
0
⇢ � will mix via the tadpole

operator itself. After projecting the two neutral components on the Higgs boson mass eigenstate,
namely h

0
! h cos ✓ and �

0
! h sin ✓, we have the following contribution to the triple-Higgs

vertex
��hhh = µ� sin ✓ cos2 ✓ or ��v sin ✓ cos

3
✓ , (37)

depending whether the tadpole operator is d = 3 (µ� coupling) or d = 4 (�� coupling). Since
there is a single suppression from the mixing angle, bounded at the level of ✓ . 0.3 from Higgs
coupling measurements, the tadpole interaction is expected to yield the largest contribution,
while other mixing operators in the scalar potential entail extra suppressions from sin ✓. We
can also naively estimate the contribution in the following way: assuming that µ�/v . 4⇡ and
�� . 4⇡ by perturbativity we get

��hhh

�
SM
hhh

. 4⇡ sin ✓ cos2 ✓
v
2

3m2
h

⇠ 4 . (38)

To make this estimate more precise, we will look in detail at two paradigmatic examples
among those in Table 1: one model which exhibits a tree-level custodial symmetry (singlet
case, Sect. 3.1) and one which does not (triplet case, Sect. 3.2).

A notable feature of tadpole interactions is that, being “odd” in �, they are potentially
bounded by vacuum stability considerations. Remarkably, we find that vacuum stability is never
a crucial discriminant for bounding the largest value of �hhh, because whenever the tadpole
coupling is large the instability can be tamed by large (within the perturbativity domain)
quartic couplings. For this reason we find it relevant to discuss in Sect. 3.3 a class of loop-
induced trilinear Higgs self-couplings that arise due to vector-like fermions, where one can
establish a direct connection between �hhh and the vacuum instability.
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HHIn models with new scalars that couple with

or

In fact, the connecting motive between the diagrams in Fig. 5 turns out to be a tadpole
operator of the type O� = �f(H), where f(H) is a string of Higgs fields (or their charged
conjugates). The full list of scalar extensions that couple linearly to H can be found in Table 1
(see also Refs. [66–68]), where hyper-chargeless multiplets are understood to be real. For
simplicity, we will focus on one-particle extensions of the SM in order to point out their features
in a clear way.

� O�

(1, 1, 0) �HH
†

(1, 2, 12) �HH
†
H

†

(1, 3, 0) �HH
†

(1, 3, 1) �H†
H

†

(1, 4, 12) �HH
†
H

†

(1, 4, 32) �H†
H

†
H

†

Table 1: List of new scalars � inducing a tree-level modification of the triple-Higgs coupling
via the tadpole operator O�.

Another useful way to understand the origin of the trilinear Higgs self-coupling modification,
which does not rely on the EFT language is the following: the tadpole operator will unavoidably
generate a vev for �, and the neutral components h0

⇢ H and �
0
⇢ � will mix via the tadpole

operator itself. After projecting the two neutral components on the Higgs boson mass eigenstate,
namely h

0
! h cos ✓ and �

0
! h sin ✓, we have the following contribution to the triple-Higgs

vertex
��hhh = µ� sin ✓ cos2 ✓ or ��v sin ✓ cos

3
✓ , (37)

depending whether the tadpole operator is d = 3 (µ� coupling) or d = 4 (�� coupling). Since
there is a single suppression from the mixing angle, bounded at the level of ✓ . 0.3 from Higgs
coupling measurements, the tadpole interaction is expected to yield the largest contribution,
while other mixing operators in the scalar potential entail extra suppressions from sin ✓. We
can also naively estimate the contribution in the following way: assuming that µ�/v . 4⇡ and
�� . 4⇡ by perturbativity we get

��hhh

�
SM
hhh

. 4⇡ sin ✓ cos2 ✓
v
2

3m2
h

⇠ 4 . (38)

To make this estimate more precise, we will look in detail at two paradigmatic examples
among those in Table 1: one model which exhibits a tree-level custodial symmetry (singlet
case, Sect. 3.1) and one which does not (triplet case, Sect. 3.2).

A notable feature of tadpole interactions is that, being “odd” in �, they are potentially
bounded by vacuum stability considerations. Remarkably, we find that vacuum stability is never
a crucial discriminant for bounding the largest value of �hhh, because whenever the tadpole
coupling is large the instability can be tamed by large (within the perturbativity domain)
quartic couplings. For this reason we find it relevant to discuss in Sect. 3.3 a class of loop-
induced trilinear Higgs self-couplings that arise due to vector-like fermions, where one can
establish a direct connection between �hhh and the vacuum instability.
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                                                                                          Singlet model

3.1 Tree-level custodially symmetric cases

Among the cases in Table 1, the singlet and the doublet do not violate custodial symmetry at
tree level and hence have the chance to yield the largest contribution to �hhh. We will discuss
in detail the singlet case, while we only comment on the case of the doublet towards the end of
the subsection. The scalar potential reads

V (H,�) = µ
2
1|H|

2 + �1|H|
4 +

1

2
µ
2
2�

2 + µ4|H|
2�+

1

2
�3|H|

2�2 +
1

3
µ3�

3 +
1

4
�2�

4
, (39)

where we have omitted a tadpole term for the singlet field, as it can be reabsorbed in the singlet
vev by a field redefinition.

In fact, the µ4 coupling unavoidably induces a vev for � and also leads to a mixing between
H and �. In Appendix A.1 we give the tadpole equations and we define the mixing angle ✓

between the singlet and doublet fields. Some of the parameters of the potential can be expressed
in terms of the physical masses and vevs and their mixing angle. We chose as input parameters

vH = 246.2 GeV , vS , m1 = 125 GeV , m2 , ✓ , �2 , �3 . (40)

Their relations to the other parameters of the potential can be found in Appendix A.1. Note
that the scenario in which the SM-like Higgs boson is heavier than the singlet-like scalar is
phenomenologically viable as well, but we will restrict ourselves to the case m1 ⌧ m2. The
reason being that we want to discuss deviations to the Higgs pair production process that
are mainly stemming from the trilinear Higgs self-coupling, while the contribution from the
exchange of the singlet-like Higgs boson in the triangle diagrams is suppressed. For discussion
on resonant Higgs pair production in the singlet model we refer to Refs. [53–60].

The trilinear Higgs self-coupling is given by

�hhh = 6�1vH cos3 ✓ � (3µ4 + 3�3vS) cos
2
✓ sin ✓ + 3�3vH cos ✓ sin2

✓ � sin3
✓(2µ3 + 6vS�2)

= �
SM
hhh

cos ✓


1 + sin2

✓

✓
�3v

2
H

m
2
1

� 1

◆
+ sin4

✓
v
2
H

3v2
S

✓
1�

m
2
2

m
2
1

◆

�
vH

3vS

sin3
✓

cos ✓

✓
2 sin2

✓ + 2 cos2 ✓
m

2
2

m
2
1

�
�3v

2
H

m
2
1

+
2v2

S
�2

m
2
1

◆�
, (41)

where in the last step we expressed �hhh in terms of the input parameters in Eq. (40).
In order to make contact with the discussion at the beginning of Sect. 3 on the importance of

tadpole operators for enhancing the trilinear Higgs self-coupling, let us compare the expression
in Eq. (41) with the one obtained in the Z2-symmetric limit with µ3,4 ! 0, which yields

�
Z2–symmetric
hhh

= �
SM
hhh

✓
cos3 ✓ � sin3

✓
vH

vS

◆
. (42)

It is thus evident that the shift in the trilinear Higgs self-coupling can be much larger for the
general singlet potential with tadpole terms. In the last step of Eq. (41) we see indeed that
potentially large contributions can arise from sizable values of �3.7

In the following we will discuss which values the trilinear Higgs self-coupling can take, by
accounting for several constraints.

7For comparison, in the Z2-symmetric case one finds that the maximal deviations on the trilinear Higgs
self-coupling are at the 10% level, in the case where the second Higgs boson cannot be directly detected at the
LHC [69, 70].
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                                                                                          Singlet model
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where we have omitted a tadpole term for the singlet field, as it can be reabsorbed in the singlet
vev by a field redefinition.

In fact, the µ4 coupling unavoidably induces a vev for � and also leads to a mixing between
H and �. In Appendix A.1 we give the tadpole equations and we define the mixing angle ✓

between the singlet and doublet fields. Some of the parameters of the potential can be expressed
in terms of the physical masses and vevs and their mixing angle. We chose as input parameters

vH = 246.2 GeV , vS , m1 = 125 GeV , m2 , ✓ , �2 , �3 . (40)

Their relations to the other parameters of the potential can be found in Appendix A.1. Note
that the scenario in which the SM-like Higgs boson is heavier than the singlet-like scalar is
phenomenologically viable as well, but we will restrict ourselves to the case m1 ⌧ m2. The
reason being that we want to discuss deviations to the Higgs pair production process that
are mainly stemming from the trilinear Higgs self-coupling, while the contribution from the
exchange of the singlet-like Higgs boson in the triangle diagrams is suppressed. For discussion
on resonant Higgs pair production in the singlet model we refer to Refs. [53–60].
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where in the last step we expressed �hhh in terms of the input parameters in Eq. (40).
In order to make contact with the discussion at the beginning of Sect. 3 on the importance of

tadpole operators for enhancing the trilinear Higgs self-coupling, let us compare the expression
in Eq. (41) with the one obtained in the Z2-symmetric limit with µ3,4 ! 0, which yields
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It is thus evident that the shift in the trilinear Higgs self-coupling can be much larger for the
general singlet potential with tadpole terms. In the last step of Eq. (41) we see indeed that
potentially large contributions can arise from sizable values of �3.7

In the following we will discuss which values the trilinear Higgs self-coupling can take, by
accounting for several constraints.

7For comparison, in the Z2-symmetric case one finds that the maximal deviations on the trilinear Higgs
self-coupling are at the 10% level, in the case where the second Higgs boson cannot be directly detected at the
LHC [69, 70].
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we keep the couplings significantly smaller. For that we use in Eq. (46) the replacement 4⇡ ! 1
and in the scan we restrict 0 < �2 < 1/6 and |�3| < 1.

Vacuum stability:
The requirement that the scalar potential is bounded from below imposes the following condi-
tions on the quartic scalar interactions

�1 > 0 , ^ �2 > 0 , ^ �3 > �2
p
�2�1 . (47)

The study of the minima of the scalar potential exhibits a rich structure, with new local minima
(e.g. in h = 0) that arise in some regions of the parameter space and which might eventually
destabilize the EW vacuum. A detailed analysis of the vacuum structure at tree level can be
found in Refs. [55, 74]. We check for vacuum stability by using Vevacious [75, 76], with a
model file generated with SARAH [77–81].

3.1.2 Results

In order to show the results we perform a scan over the parameter space. The universally
scanned parameters in both the cases are

m1 = 125 GeV, 800 GeV < m2 < 2000 GeV, (48)

vH = 246.2 GeV, |vS| < m2, 0.9 < cos ✓ < 1 .

We will perform two di↵erent scans. In the first one we use the maximally allowed values
according to the perturbativity argument

Scan 1: 0 < �2 <
8

3
⇡, |�3| < 16⇡, (49)

and reject all points that do not fulfil Eq. (45), Eq. (46) and Eq. (47). In the second scan we
restrict ourselves to a weakly-coupled scenario and scan the input parameters

Scan 2: 0 < �2 < 1/6, |�3| < 1, (50)

together with |µ4|/max(|µ1|, |µ2|) < 1 and |µ3/µ2| < 1.
In Fig. 6 the trilinear Higgs self coupling normalised to the SM coupling is shown. The

color code of the points indicate whether they correspond to a stable, metastable or unstable
vacuum configuration. By accounting for the bounds of the mW boson measurement we find
the following range for the allowed trilinear Higgs self-coupling:

Scan 1: �1.5 < �hhh/�
SM
hhh

< 8.7 , (51)

Scan 2: �0.3 < �hhh/�
SM
hhh

< 2.0 . (52)

In fact, the largest value of the trilinear Higgs self-coupling is crucially related to the pertur-
bativity domain. The bounds on the trilinear Higgs self-coupling obtained from scan 1 should
hence be treated with care, as they are very close to the non-perturbative regime and loop
corrections can be expected to be large. This can be easily understood looking at the formulae
in Eq. (41). By allowing for rather large values of e.g. �3 we can get much larger deviations.

17

Singlet model allows for deviations of
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                                                                                          Triplet model

3.2 Tree-level custodially violating cases

We shall discuss the cases corresponding to the last four rows in Table 1 altogether, since they
have in common the fact that the tadpole term �f(H) contributing to a potentially sizable
triple Higgs self-coupling generates a custodial-breaking vev for �, which is strongly bounded
by EW precision tests.

Let us exemplify the analysis for the case of a real EW triplet with zero hypercharge,
� ⇠ (1, 3, 0). The scalar potential reads (see e.g. [89])

V (H,�) = µ
2
1 |H|

2 +
1

2
µ
2
2 |�|

2 + �1 |H|
4 +

1

4
�2 |�|

4 +
1

2
�3 |H|

2
|�|2 + µ4H

†
�
↵
H�↵

, (53)

where, without loss of generality, we can take µ4 > 0 by reabsorbing the sign in the definition of
�. The minimization of the potential and the calculation of the scalar spectrum is deferred to
Appendix A.2. In particular, we can choose the following independent observables as parameter
inputs for the model

vH =
p
v2 � 4v2

T
, vT < 3.5 GeV , m1 = 125 GeV , m2 , mh± , ✓ , (54)

where v = 246.2 GeV. The trilinear Higgs self-coupling is given by

�hhh = 6�1vH cos3 ✓ + 3 (µ4 � �3vT ) cos
2
✓ sin ✓ + 3�3vH cos ✓ sin2

✓ � 6�2vT sin
3
✓ (55)

=
3m2

1

vH

cos ✓


1 +

✓
2m2

h±v
2
H

(v2
H
+ 4v2

T
)m2

1

� 1

◆
sin2

✓ +

✓
m

2
h±v

2
H

(v2
H
+ 4v2

T
)m2

1

� 1

◆
vH

vT

sin3
✓

cos ✓

�
,

where in the last step we expressed �hhh in terms of the parameters in Eq. (54).

3.2.1 Indirect bounds

As in the singlet case, we are going to consider in turn EW precision tests, Higgs coupling mea-
surements, perturbativity arguments and vacuum stability in order to constrain the trilinear
Higgs self-coupling in the triplet model.

EW precision tests:
The main bound comes from the tree-level modification of the ⇢ parameter. In the SM the cus-
todial symmetry of the Higgs potential ensures the tree-level relation ⇢ ⌘ m

2
W
/m

2
Z
cos2 ✓W = 1.

Extra sources of custodial symmetry breaking which cannot be accounted within the SM are
described by the ⇢0 ⌘ ⇢/⇢SM parameter. Provided that the new physics which yields ⇢0 6= 1
does not significantly a↵ect the SM radiative corrections,8 a global fit to EW observables yields
⇢
(fit)
0 = 1.00037± 0.00023 [92]. In the triplet model one has

⇢
tree
0 = 1 + 4

v
2
T

v2
H

, (56)

and using the 2�-level bound from ⇢
(fit)
0 we obtain vT < 3.5 GeV.

8This does not need to be the case in models with ⇢ 6= 1 at tree level, where four input parameters (instead
of three) are required for the EW renormalization [89–91]. An investigation of this issue is however beyond the
scope of this paper.
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                                                                                          Loop induced 𝝀hhh modification 
⊗

−→

Connection vacuum stability

trilinear Higgs self-coupling

RH neutrinos, inverse see-saw

study case of fermonic singlets

ℒISS = − Yij
ν L̄iϕ̃νR, j + Mijν̄R,iXj + μij

X X̄C
i Xj + h . c .

[Mohapatra,(Valle)’86, 
Bernabeu et al ’87]

common mass scale M=10 TeV

and 

3.3 Loop-induced trilinear Higgs self-coupling vs. vacuum stability

Loop modifications of the trilinear Higgs self-coupling are naturally expected to be smaller than
tree-level ones. Nevertheless, we consider here the case where the new particles circulating in
the loops are vector-like fermions, since we regain a clean correlation between the triple Higgs
coupling and vacuum instability. This can be easily understood by looking at the loop of
fermions contributing to the beta function of the Higgs self-coupling, which is basically the
same diagram responsible for the radiative generation of the trilinear Higgs self-coupling in the
broken phase after taking one Higgs to its vev (cf. Fig. 8).

N

�!

Figure 8: Schematic view of the connection between the beta-function of � and the loop-
induced trilinear Higgs self-coupling via new fermions.

There are basically two qualitatively di↵erent possibilities: i) non-SM-singlet fermions cou-
pling to the Higgs and a SM fermion and ii) SM-singlet fermions coupling to the Higgs and a
lepton doublet. The former cases are bounded by other Higgs coupling measurements, which
typically imply a very suppressed contribution to the trilinear Higgs self-coupling. The latter
is more interesting, and correspond to the case of a right handed neutrino, which is largely
unconstrained by other Higgs coupling measurements. A recent analysis was performed in
Refs. [97, 98] in the context of a simplified 3 + 1 Dirac neutrino model [97] and for the inverse
seesaw model [98], finding deviations of the trilinear Higgs self-coupling with respect to the SM
value up to 30%.

We want to show here the impact of vacuum stability in such a class of scenarios. Let us
consider, for definiteness, the case of the inverse seesaw (similar conclusions apply to other
neutrino mass models as well). We add to the SM field content three right-handed neutrinos
and three gauge singlets X with opposite lepton number, via the Lagrangian term

LISS = �Y⌫LH̃⌫R �MR⌫
cX �

1

2
µXX

cX + h.c. , (71)

where H̃ = i�2H
⇤ and we suppressed family indices. We refer to Ref. [98] for the relevant

notation and conventions. Taking, in particular, a diagonal Yukawa structure Y⌫ = |y⌫ | I3

and a common mass scale for the three heavy neutrinos, MR = 10 TeV, one can asses the
impact of the heavy neutrino states on the running of the Higgs self-coupling and hence on the
stability of the Higgs e↵ective potential Ve↵(h) ⇡ 1/4�e↵(h)h4, where �e↵(h) is approximated
with the MS running coupling �(µ = h). We use the two-loop beta functions for the SM
couplings (g1,2,3, yt,�) and take into account the corrections due to y⌫ at the one-loop level
(and consistently we neglect the matching contributions of y⌫ to �(Mt)). For simplicity, we also
integrate in the heavy neutrinos at the common threshold MR = 10 TeV, while a more careful

23
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same diagram responsible for the radiative generation of the trilinear Higgs self-coupling in the
broken phase after taking one Higgs to its vev (cf. Fig. 8).

N

�!

Figure 8: Schematic view of the connection between the beta-function of � and the loop-
induced trilinear Higgs self-coupling via new fermions.

There are basically two qualitatively di↵erent possibilities: i) non-SM-singlet fermions cou-
pling to the Higgs and a SM fermion and ii) SM-singlet fermions coupling to the Higgs and a
lepton doublet. The former cases are bounded by other Higgs coupling measurements, which
typically imply a very suppressed contribution to the trilinear Higgs self-coupling. The latter
is more interesting, and correspond to the case of a right handed neutrino, which is largely
unconstrained by other Higgs coupling measurements. A recent analysis was performed in
Refs. [97, 98] in the context of a simplified 3 + 1 Dirac neutrino model [97] and for the inverse
seesaw model [98], finding deviations of the trilinear Higgs self-coupling with respect to the SM
value up to 30%.

We want to show here the impact of vacuum stability in such a class of scenarios. Let us
consider, for definiteness, the case of the inverse seesaw (similar conclusions apply to other
neutrino mass models as well). We add to the SM field content three right-handed neutrinos
and three gauge singlets X with opposite lepton number, via the Lagrangian term

LISS = �Y⌫LH̃⌫R �MR⌫
cX �

1

2
µXX

cX + h.c. , (71)

where H̃ = i�2H
⇤ and we suppressed family indices. We refer to Ref. [98] for the relevant

notation and conventions. Taking, in particular, a diagonal Yukawa structure Y⌫ = |y⌫ | I3

and a common mass scale for the three heavy neutrinos, MR = 10 TeV, one can asses the
impact of the heavy neutrino states on the running of the Higgs self-coupling and hence on the
stability of the Higgs e↵ective potential Ve↵(h) ⇡ 1/4�e↵(h)h4, where �e↵(h) is approximated
with the MS running coupling �(µ = h). We use the two-loop beta functions for the SM
couplings (g1,2,3, yt,�) and take into account the corrections due to y⌫ at the one-loop level
(and consistently we neglect the matching contributions of y⌫ to �(Mt)). For simplicity, we also
integrate in the heavy neutrinos at the common threshold MR = 10 TeV, while a more careful

23

[Baglio, Weiland ’16]

study case of fermonic singlets

ℒISS = − Yij
ν L̄iϕ̃νR, j + Mijν̄R,iXj + μij

X X̄C
i Xj + h . c .

within 2 orders of magnitude due to 
instability

requires UV-completionyν = 0.8

[see also Delle Rose, Marzo, Urbano ’15]

[Di Luzio, RG, Spannowsky ’17]
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−→

Connection vacuum stability

trilinear Higgs self-coupling
[Di Luzio, RG, Spannowsky ’17]

modification of trilinear Higgs 
self-coupling

|λhhh /λSM
hhh | < 0.1 %

non-observable
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Breit-Wigner propagator
1

m
2
F
�m

2
�
+ i��m�

(3)

with the final state invariant mass mF . Even though higher order corrections to gluon fusion processes
are generically quite high, we restrict ourselves to the leading-order result. In the infinite top mass limit
the K-factors in beyond-the Standard Model extensions are not expected to vary much with respect to
the SM, even in the presence of a new resonance, [30, 48, 49, 50], so when showing ratios we can assume
them to drop out. Our results are based on hadronic cross sections for the LHC integrated over the gluon
luminosities. Still, for simplicity our studies could be performed at the partonic level also, since only
the relative importance of interferences in the vicinity of the internal masses are investigated. This on
the other hand implies that our results are mostly independent of the center-of-mass energy of a hadron
collider and even more of the employed parton distribution functions.

2.3 Classification of interferences
In order to classify the interferences we split the cross section as a function of the invariant mass of the
final state d�/dmF in three contributions

d�

dmF

=
d�S

dmF

+
d�I

dmF

+
d�B

dmF

. (4)

Therein, the signal contribution S only includes the s-channel Feynman diagram gg ! � ! F involving
the heavy scalar �, whereas the background B sums up the square of all other Feynman diagrams,
including the s-channel Feynman diagrams involving SM particles, i.e. h and Z. With background we
mean the non-resonant di-Higgs contribution or the non-resonant gg ! Zh production.

The interference contribution I is proportional to 2Re(ASA
⇤
B
), where AS and AB denote the

amplitudes of signal and background diagrams, respectively. This split of amplitudes is gauge-invariant.
We define

⌘ =

Z
m�+10��

m��10��

dmF

✓
d�S

dmF

+
d�I

dmF

◆,Z
m�+10��

m��10��

dmF

✓
d�S

dmF

◆

⌘� =

Z
m

I

F

m��10��

dmF

✓
d�S

dmF

+
d�I

dmF

◆,Z
m

I

F

m��10��

dmF

✓
d�S

dmF

◆

⌘+ =

Z
m�+10��

m
I

F

dmF

✓
d�S

dmF

+
d�I

dmF

◆,Z
m�+10��

m
I

F

dmF

✓
d�S

dmF

◆
.

(5)

The definition includes the overall factor ⌘, which is a relative factor that, if multiplied with the signal
cross section �S , yields the overall change of the signal cross section due to interference effects. Still,
as already indicated, interference effects also distort the peak structure substantially. If the two curves
d(�S + �I)/dmF and d�S/dmF intersect once, at mF = m

I

F
, we in addition split the integrals into

two components and define the corresponding factors ⌘� and ⌘+. Example for both cases are given
in Fig. 2. If the two curves do not intersect, we set ⌘± = 0. If non-zero, ⌘± can be quite large,
whereas the overall effect of the interference remains small. An example is given in Fig. 2 (right), where
⌘ = 1.34, ⌘� = 35.02 and ⌘+ = �30.28. If the peak structure of the the heavy scalars � can be
experimentally resolved, the factors ⌘± thus yield a useful classification of interference effects, since
they allow to deduce in which direction the peak shift occurs and in which way a peak-dip structure
appears. The boundaries of the integrals being m� ± 10�� capture the majority of the peak structure,
which is suppressed by the form of the Breit-Wigner propagator, see Eq. 3.

In our subsequent scans over the parameter space we will thus deal with the three factors ⌘, ⌘�
and ⌘+ to classify interference effects. For very large width the boundaries ±10�� span a large invariant

Classification of interferences
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[(Bagnaschi),Carvalho, RG, Liebler, Quevillon @LH and ongoing]
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When is the interference between 
signal and background relevant?

Interference sizeable if 

Fig. 3: Relative difference of the interference factor ⌘ for gg ! H ! hh from 1 in percent in the �H/mH -�sig/�back plane.
The scan was performed in a simplified model for gg ! H ! hh, see text.

�
V V

h
compatible with the experimental results, namely differing by 6% and 1% from the SM expectation,

respectively. It is well possible that some of the choices are non-physical in the sense that large values of
the Wilson coefficient or the involved couplings would also trigger a large decay width, since the heavy
intermediate resonance can decay at least into gg and hh or Zh. However, our choices of small widths
generally induce a large signal cross section, for which in turn interference effects are small. We thus
leave such points in our scan and emphasize that a concrete model realization would properly correlate
the total width �� with the other parameters.

3.1 The process gg ! hh

We show the impact of the interference for the hh final state in Fig. 3, where in different colors the values
of the overall interference factor ⌘ as a function of both ratios �H/mH and �sig/�back is presented. We
split the range of ⌘ into four regions, namely in one region in which ⌘ differs from 1 by less than 3%,
one with more than 3%, one with more than 10% and the fourth one with more than 50%. It is apparent
that for all values of �H/mH large interferences can occur. This implies that �H/mH is not ideal for
discriminating interference effects. On the other hand ⌘ clearly correlates with the value of the ratio
�sig/�back. Even for relatively large ratios of �sig/�back > 1 interferences of 50% are observed.

In Fig. 4 we show |⌘| (left side) and |⌘+| (right side) as a function of �H/mH . For any value
of �H/mH the interference factors |⌘(±)| can vanish. On the other hand their largest values are only
reached for large width �H . Taking Fig. 3 and Fig. 4 together we can see that the interference effects
mostly depend on the ratio of signal-over-background rather than �H/mH , however, for lower �H/mH

we usually find larger signal-over-background ratios. Lastly we show |⌘| (black points), |⌘+| (red points)
and |⌘�| (blue points) as a function of �sig/�back in Fig. 5, where the right figure is a zoom of the left
figure. It can be inferred, that the interference increases with decreasing �sig/�back. The figure can
hence give indication when the interference needs to be taken into account in experimental searches. We
see that already for �sig = 10�back we can have interference effects leading to a cross section increased
by a factor of 1.5. The interference factors ⌘+ and ⌘� take generally larger values than ⌘, i.e. the peak
structure is already distorted before an overall effect on the signal cross section gets significant.
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triangle and box diagrams mediating the pair production process. In this work we perform

the computation of the NLO QCD corrections to gluon fusion into Higgs pairs including

higher dimensional operators in the large top mass limit. Our result allows us to investigate

the validity of an approximation applied in previous works. This approximation relies on

the multiplication of the full leading order (LO) cross section by an overall K-factor, given

by the ratio of the SM result for the NLO QCD cross section divided by the LO cross

section, in the large top mass limit.

In the next section 2 we present the details of our calculation. This is followed by a

numerical analysis in section 3. In section 4 we summarize and conclude.

2 Details of the calculation

Gluon fusion into Higgs pairs is mediated by top and bottom quark loops dominantly [11,

12]. We compute the NLO QCD corrections in the heavy top quark limit and we neglect

in the following in this framework the bottom quark loops, which only contribute with less

than 1% [7, 13].

If physics beyond the SM appears at some high-scale, NP effects can be parametrized

in a rather model-independent way by introducing higher-dimensional operators. In case

the Higgs boson is embedded in an SU(2)-doublet H the leading BSM effects are given by

dimension-6 operators.1 In the Strongly-Interacting-Light Higgs (SILH) basis the operators

relevant for Higgs pair production are given by [37],

∆LSILH
6 ⊃ c̄H

2v2
∂µ(H

†H)∂µ(H†H) +
c̄u
v2

yt(H
†Hq̄LH

ctR + h.c.)

− c̄6
6v2

3M2
h

v2
(H†H)3 + c̄g

g2s
m2

W

H†HGa
µνG

aµν , (2.1)

where v is the vacuum expectation value v ≈ 246GeV, Mh = 125GeV the Higgs boson

mass, mW the W boson mass, yt the top Yukawa coupling constant, gs the strong coupling

constant and Ga
µν the gluon field strength tensor. Note that we neglect CP-violating

effects. An estimate of the size of the coefficients c̄H , c̄u, c̄6 and c̄g and the most important

experimental bounds can be found in [38]. The first three operators in eq. (2.1) modify

the top Yukawa and the trilinear Higgs self-coupling with respect to the corresponding SM

values, while the last operator parametrizes effective gluon couplings to one and two Higgs

bosons not mediated by SM quark loops. The second operator furthermore introduces a

novel two-Higgs two-fermion coupling [39].

In case the SU(2)L × U(1)Y is non-linearly realized and the physical Higgs boson h

is a singlet of the custodial symmetry and not necessarily part of a weak doublet, the

contributions relevant for our process are summarized by the non-linear Lagrangian [40]

∆Lnon-lin ⊃−mtt̄t

(
ct
h

v
+ctt

h2

2v2

)
−c3

1

6

(
3M2

h

v

)
h3+

αs

π
GaµνGa

µν

(
cg
h

v
+cgg

h2

2v2

)
, (2.2)

1In certain parameter regions dimension-8 operators can become more important than the dimension-6

ones [6]. Since the investigation of the concerned kinematic regions is challenging we neglect those operators

in the following.
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Figure 1. Generic diagrams of the Higgs pair production processes at the LHC in the composite
Higgs model: double Higgs-strahlung, WW/ZZ fusion and gg fusion.

with the SM trilinear coupling being uniquely determined by MH . Through the measure-

ment of λHHH we make a first step towards a full reconstruction of the Higgs potential and

gain insights in the dynamics at the origin of EWSB. A departure from the SM relation

between Higgs boson mass and Higgs self-couplings would indicate New Physics beyond

the SM.

The trilinear Higgs coupling can be measured directly in the production of a pair of

Higgs bosons. At the LHC, Higgs pairs can be produced through double Higgs-strahlung

off W and Z bosons [53], WW and ZZ fusion [54–57], and gluon gluon fusion [58]. In

principle, the cross sections in the composite Higgs model can easily be derived from the SM

cross sections by multiplying the SM Higgs couplings with the corresponding modification

factors, cf. table 1. There is one caveat, however. In gluon fusion to a Higgs boson pair

there is an additional diagram, which vanishes in the SM limit and which involves the

direct coupling of a pair of Higgs bosons to two fermions. It is shown as the last diagram

in gg double Higgs fusion in figure 1, which displays the generic diagrams contributing to

the Higgs pair production processes at the LHC. The trilinear Higgs coupling is marked by

a blob in the different processes.

The parton cross sections for double Higgs-strahlung WHH and ZHH have been

obtained from the corresponding results for e+e− collisions [59] by adjusting the couplings

properly and taking into account the modification of the composite Higgs couplings with

respect to the SM case. The gluon fusion cross section has been derived from ref. [60]

– 6 –

needs to be probed in multi-Higgs final states

appears e.g. in Composite Higgs Models
leads to a large increase of cross section

[RG, Mühlleitner ’10]
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Figure 9. The cross section for double Higgs production in MCHM5 normalized to the SM as a
function of ⇠ for three di↵erent approximations. Red: in the limit of heavy top partners keeping
the full top quark mass dependence. Blue: LET. Black: setting the two-Higgs two-fermion coupling
to zero. The red/blue dotted lines show the same as the red/blue full lines after application of an
invariant mass cut of mhh � 600GeV.

hence have order one e↵ects so that it governs the total cross section. This can be inferred

from figure 9 which shows the double Higgs production MCHM5 cross section normalized

to the SM as a function of ⇠ for three di↵erent approximations. The red line has been

obtained in the limit of heavy top partners keeping the full top quark mass dependence,

the blue line is the LET result, and the black line, finally, is obtained by explicitly setting

the two-Higgs two-fermion coupling to zero. In this case the cross section ratio is given by

((1� 2⇠)/
p
1� ⇠)4 both for the LET and for the approximation where the top quark mass

dependence has been kept. The dotted lines in the figure have been obtained by applying

an invariant mass cut of mhh � 600GeV. After application of the cut the discrepancy

in the cross section results for the two approximations becomes even worse, see also the

discussion in section 6.4.

6.3 Full 1-loop cross section

In the triangle diagrams which contribute to double Higgs production the gluons couple to

the total spin Sz = 0 along the z-axis, whereas the box diagrams involve Sz = 0 and Sz = 2

couplings. The amplitude for the process can hence be expressed in terms of independent

form factors F4, F⇤, F⇤,5 associated with spin 0 and G⇤, G⇤,5 associated with spin 2. The

total partonic cross section is given by

�̂gg!hh =
↵
2
s

1024(2⇡)3
1

ŝ2

Z
t̂+

t̂�

dt̂

"�����

4X

i=1

4X

j=1

⇣
g
2

hq̄iqj
G⇤(mi,mj) + g

2

hq̄iqj ,5
G⇤,5(mi,mj)

⌘ �����

2

(6.2)

+

�����

4X

i=1

 
Ci,4F4(mi) +

4X

j=1

⇣
g
2

hq̄iqj
F⇤(mi,mj) + g

2

hq̄iqj ,5
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⌘!�����

2
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,
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2
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@1� 2
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ŝ
⌥

s
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4m2

h

ŝ

1

A , (6.3)
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Figure 8. The MCHM5 cross section for single Higgs production through gluon fusion (including
the exact dependence on top and heavy fermion masses), normalised to the SM cross section (com-
puted retaining the mt dependence), as a function of the mass of the lightest fermion resonance
mlightest for mh = 125GeV. The compositeness parameter has been chosen ⇠ = 0.25. Green/dark
gray points are allowed, gray points are excluded by current collider constraints, whereas orange/fair
gray points will be tested by LHC8 in 2012. For comparison, the cross section ratio computed with
the LET, eq. (5.2), is shown as a black line.

where ⇣(x) was defined in eq. (4.6). Upon this transformation, the Lagrangian reads

(omitting kinetic terms of elementary fields, and gauge interactions)

Lf +�L ! i L
/@ L + i L�

µ
⇣(x)(@µ⇣

T (x)) L + (L ! R)

� yf( L⌃
T

0 )(⌃0 R)�M0 L R + h.c.

+ i y
0
L( L⌃

T

0 ) /D(⌃0 L) + (L ! R) (5.5)

� �LQL⇣
T (x) R ��R L⇣(x) TR + h.c.

Thus we need to rescale the singlet T̃ to make it canonically normalized, T̃L,R !
T̃L,R/

q
1 + y

0
L,R

. Let us now focus on how the amplitude for gg ! h is modified by

the new operators. It is easy to verify that the Higgs derivative interactions contained in

eq. (5.5) do not contribute to the amplitude for single Higgs production, because they are

antisymmetric in the fermion fields [29]. Therefore we can simply apply the low-energy

theorem. From the fermion mass matrix, which reads

M =

0

BBBBB@

0 �L

1+cos(H/f)

2
�L

cos(H/f)�1

2
�L

sin(H/f)p
2

1p
1+y

0
R

� sin(H/f)p
2

�R M0 0 0

� sin(H/f)p
2

�R 0 M0 0
cos(H/f)p

1+y
0
L

�R 0 0 M0+yfp
1+y

0
L

p
1+y

0
R

1

CCCCCA
, (5.6)

we obtain

detM2(H) =
�2

L
�2

R
f
2
M

2

0
y
2

8(1 + y
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which implies that the amplitude for gg ! h is not sensitive to the value of y
0
L,R

, see

eq. (3.13). On the other hand, the Higgs derivative interactions in eq. (5.5) contribute in
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Figure 10. The cross section for double Higgs production through gluon fusion normalized to the
SM as function of the mass of the lightest resonance of the heavy top sector, for mh = 125GeV.
The compositeness parameter has been chosen ⇠ = 0.25. Green/dark gray (gray) dots denote points
which pass (do not pass) all current constraints, whereas orange/fair gray dots correspond to points
that will be tested by LHC8. The left panel shows points for which X

2/3 is the lightest top partner
(as a consequence of tL being largely composite), whereas for points in the right panel the lightest
top partner is typically the singlet T̃ . The black solid (dashed) line corresponds to the result in
the limit of heavy top partners keeping the full top mass dependence (to the LET result as in
figure 3). The expected number of events in the hh ! bb̄�� final state after all cuts at LHC14
with L = 300 fb�1 is also shown, along with the 3� evidence threshold (dot-dashed line), see text
for details.

where ŝ denotes the partonic c.m. energy. The triangle and box form factors are given in

appendix E. The various couplings appearing in eq. (6.2) are also defined there. We have

explicitely verified that in the SM limit our result agrees with ref. [33]. The hadronic cross

section is obtained by convolution with the parton distribution function of the gluon in the

proton, see eq. (3.23).

6.4 Numerical analysis

For the numerical analyis we have performed, after fixing ⇠ to one of the benchmark values

⇠ = 0.25 or ⇠ = 0.1, a scan in the parameter set (�L,�R, R) and retained only the points

which fulfill the constraints from EWPT. By this we mean that there exists a value of

m⇢ 2 [1.5TeV, 4⇡f ] such that the configuration (⇠,�L,�R, R,m⇢) passes EWPT at 99%

CL. For this set of points we show in figure 10 for mh = 125GeV and ⇠ = 0.25 the double

Higgs production cross section normalized to the SM as a function of the lightest top

partner mass. The dependence on the masses of the loop particles has been fully taken

into account. The black solid line shows the result in the limit of heavy partners, keeping

only the top contribution (with full mass dependence) in the loop, while the black dashed

line corresponds to the LET result in figure 3. The green (gray) dots are points which pass

(do not pass) the current constraints from Tevatron and LHC data, whereas orange points

will be tested by LHC8.

Some comments are in order. First of all, we find a sizeable dependence of the cross

section on the spectrum of the heavy fermions with 2.7 . �/�SM . 3.7. We recall that both

the LET cross section and the cross section in the limit of heavy partners only depend on ⇠.
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Figure 10. The cross section for double Higgs production through gluon fusion normalized to the
SM as function of the mass of the lightest resonance of the heavy top sector, for mh = 125GeV.
The compositeness parameter has been chosen ⇠ = 0.25. Green/dark gray (gray) dots denote points
which pass (do not pass) all current constraints, whereas orange/fair gray dots correspond to points
that will be tested by LHC8. The left panel shows points for which X

2/3 is the lightest top partner
(as a consequence of tL being largely composite), whereas for points in the right panel the lightest
top partner is typically the singlet T̃ . The black solid (dashed) line corresponds to the result in
the limit of heavy top partners keeping the full top mass dependence (to the LET result as in
figure 3). The expected number of events in the hh ! bb̄�� final state after all cuts at LHC14
with L = 300 fb�1 is also shown, along with the 3� evidence threshold (dot-dashed line), see text
for details.
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section is obtained by convolution with the parton distribution function of the gluon in the

proton, see eq. (3.23).
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which fulfill the constraints from EWPT. By this we mean that there exists a value of

m⇢ 2 [1.5TeV, 4⇡f ] such that the configuration (⇠,�L,�R, R,m⇢) passes EWPT at 99%

CL. For this set of points we show in figure 10 for mh = 125GeV and ⇠ = 0.25 the double

Higgs production cross section normalized to the SM as a function of the lightest top

partner mass. The dependence on the masses of the loop particles has been fully taken

into account. The black solid line shows the result in the limit of heavy partners, keeping

only the top contribution (with full mass dependence) in the loop, while the black dashed

line corresponds to the LET result in figure 3. The green (gray) dots are points which pass

(do not pass) the current constraints from Tevatron and LHC data, whereas orange points

will be tested by LHC8.

Some comments are in order. First of all, we find a sizeable dependence of the cross

section on the spectrum of the heavy fermions with 2.7 . �/�SM . 3.7. We recall that both

the LET cross section and the cross section in the limit of heavy partners only depend on ⇠.
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