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Abstract The results obtained at the LHC for constraining
the trilinear Higgs self-coupling of the detected Higgs boson
at about 125 GeV, λhhh , via the Higgs pair production pro-
cess have significantly improved during the last years. We
investigate the impact of potentially large higher-order cor-
rections and interference effects on the comparison between
the experimental results and the theoretical predictions for
the pair production of the 125 GeV Higgs boson at the LHC.
We use the theoretical framework of the Two Higgs Doublet
Model (2HDM), containing besides the SM-like CP-even
Higgs boson h a second CP-even Higgs boson H , which we
assume to be heavier, mH > mh. We analyze in particular
the invariant mass distribution of the two produced Higgs
bosons and show that the loop corrections to the trilinear
Higgs couplings λhhh and λhhH as well as interference con-
tributions give rise to important effects both for the differen-
tial and the total cross section. We point out the implications
for the experimental limits that can be obtained in the 2HDM
for the case of the resonant production of the heavy Higgs
boson H . We emphasize the importance of the inclusion of
interference effects between resonant and non-resonant con-
tributions in the experimental analysis for a reliable deter-
mination of exclusion bounds for a heavy resonance of an
extended Higgs sector.
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b e-mail: margarete.muehlleitner@kit.edu
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1 Introduction

After the discovery of a new scalar particle with a mass of
about 125 GeV by ATLAS and CMS in 2012 [1–3], several of
its properties have meanwhile been measured with a remark-
able precision. From the results in particular for its couplings
to the third generation fermions and to the massive gauge
bosons it can be inferred that within the present experimen-
tal and theoretical uncertainties the predictions for the Higgs
sector of the Standard Model (SM) are in good agreement
with the experimental data [4,5]. The same is true, however,
also for many scenarios of physics beyond the SM (BSM),
which are motivated by the open questions and shortcomings
of the SM.

While no conclusive sign of BSM physics has been dis-
covered so far, extended scalar sectors, featuring parameter
regions that are in agreement with all experimental and the-
oretical constraints, are particularly appealing in this con-
text. Scalar particles play a fundamental role in the proposed
answers to several open issues of the SM. In this regard, the
determination of the shape of the Higgs potential is crucial
for a better understanding of electroweak symmetry break-
ing [6,7] and of the thermal history of the universe. The cur-
rent knowledge of the Higgs potential, which in the case of an
extended Higgs sector is a complicated function of the com-
ponents of all involved scalar fields, is limited to the distance
in field space of the electroweak vacuum from the origin,
given by the vacuum expectation value (vev), v ≈ 246 GeV,
and the curvature around it, given by the mass of the detected
Higgs boson of about 125 GeV. The information gathered on
the trilinear Higgs coupling (THC) is, however, insufficient
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so far to determine whether a BSM Higgs sector is realized
in nature.

Among the most prominent shortcomings of the SM is
its inability to explain the observed baryon asymmetry of
the universe (BAU) [8]. A dynamical explanation is given
by electroweak baryogenesis (EWBG) [9–17], provided the
three Sakharov conditions [18] are fulfilled. Among these is
the departure from thermal equilibrium. A large barrier in
the Higgs potential at the electroweak (EW) phase transi-
tion, which can arise from a sizable THC, enables a strong
first order EW phase transition (SFOEWPT), and thus helps
to facilitate baryogenesis [19–22]. Accordingly, the realiza-
tion of an SFOEWPT is often correlated with a significant
enhancement (of at least 20-30%) of the THC of the detected
Higgs boson, λhhh , compared to the SM prediction [19,23–
25]. The contributions giving rise to an SFOEWPT and a
shift in the prediction for λhhh can generically occur in mod-
els with extended Higgs sectors via the higher-order correc-
tions involving additional heavy states [19,26]. It has been
demonstrated that in simple extensions such as the Two Higgs
Doublet Model (2HDM) the loop corrections to λhhh can
change the tree-level value by several 100% while being in
agreement with all existing experimental and theoretical con-
straints [26,27]. Therefore already the present experimental
information on λhhh (see below) provides an important test
of the allowed parameter space [27].

Defining by κλ the coupling modifier relative to the tree-
level THC in the SM,

κλ ≡ λhhh

λ
(0)
SM

, (1)

with

λ
(0)
SM = m2

h

2v2 � 0.13, (2)

the current experimental sensitivity to the 125 GeV Higgs
self-interaction constrains the THC to be inside the range
−0.4 < κλ < 6.3 at 95% C.L. (ATLAS [28]) and −1.24 <

κλ < 6.49 at 95% C.L. (CMS [4]), using mainly the informa-
tion from the search for the Higgs pair production process,
where an SM-like top-Yukawa coupling is assumed. While
the current sensitivity is still far from the SM (tree-level)
value of κλ = 1, the existing limits already probe large devi-
ations from this value that can occur in simple extensions of
the SM Higgs sector such as the 2HDM [27].

The Large Hadron Collider in its High Luminosity phase
(HL-LHC) will be able to significantly improve the sensitiv-
ity to possible BSM scenarios [29]. Current prospects for the
sensitivity at the HL-LHC with 3 ab−1 integrated luminosity
per detector are −0.5 < κλ < 1.6 at the 1σ level in the com-
bination of the bb̄bb̄, bb̄γ γ and bb̄τ+τ− channels [30]. This
on the one hand motivates precise theoretical predictions for
the Higgs pair production process, which at the (HL-)LHC

is dominantly given by gluon fusion into Higgs pairs, taking
into account the possibility of sizable BSM contributions to
the occurring trilinear Higgs couplings. On the other hand it
is important to ensure that the obtained experimental bounds
on the gluon fusion Higgs pair production process can be con-
fronted in a meaningful way with theoretical predictions in
different scenarios of electroweak symmetry breaking, where
a resonant contribution from the exchange of a heavy neutral
Higgs boson might be possible in addition to the non-resonant
contributions that are always present. The latter contain in
particular a contribution involving the Higgs boson at 125
GeV and a top-loop induced contribution where no Higgs
boson enters at leading order.

In this paper we adopt the well motivated 2HDM as the-
oretical framework, but we stress that our qualitative results
are applicable to a wide class of extended Higgs sectors.
We will investigate in particular the effects of two contribu-
tions entering the process of gluon fusion into Higgs pairs,
gg → hh, which provides direct access to λhhh at the LHC.
We will study the impact of the inclusion of a possible res-
onant heavy Higgs contribution with subsequent decay into
a pair of the Higgs boson at 125 GeV, involving the trilinear
Higgs coupling λhhH at lowest order. Furthermore, we will
investigate the effect of potentially large higher-order correc-
tions to λhhh and λhhH on the Higgs pair production process.
We will demonstrate that the combination of the two effects
has important implications on the experimental limits that
can be extracted from the Higgs pair production process.

Our paper is organized as follows. In Sect. 2 we describe
the 2HDM in more detail and summarize the predictions for
the trilinear Higgs couplings at tree level (Sect. 2.2) and at
one-loop order (Sect. 2.3). We briefly review 2HDM Higgs
pair production at the LHC in Sect. 3.1. We present our results
for the differential cross section w.r.t. the invariant mass in
Sect. 3.2. The confrontation of the Higgs pair production pro-
cess with experimental limits is discussed in Sect. 4, focusing
on the case of non-resonant production in Sect. 4.1 and on
the case of resonant production in Sect. 4.2. Our conclusions
are given in Sect. 5.

2 Trilinear Higgs couplings in the 2HDM

2.1 Model details

One of the simplest scalar extensions of the SM is the addition
of one complex doublet under the SU(2) symmetry, resulting
in the 2HDM. For simplicity, we assume a CP-conserving
2HDM [31–34]. The tree-level scalar potential with a Z2

symmetry, under which the two complex Higgs doublet fields
transform as �1 → �1 and �2 → −�2, is given by

V = m2
11(�

†
1�1) + m2

22(�
†
2�2) − m2

12(�
†
1�2 + �

†
2�1)
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with all coupling and mass parameters being real. The Z2

symmetry is softly broken by the parameter m2
12. The fields

�1 and �2 can be conveniently parametrized as

�1 =
(

φ+
1

1√
2
(v1 + ρ1 + iη1)

)
,

�2 =
(

φ+
2

1√
2
(v2 + ρ2 + iη2)

)
, (4)

in terms of their respective vacuum expectation values, v1

and v2 (with
√

v2
1 + v2

2 ≡ v), and the interaction fields φ±
1,2,

ρ1,2 and η1,2 that mix to give rise to five physical scalar fields
and three (would-be) Goldstone bosons. The physical fields
comprise two CP-even fields, h and H , where by convention
mh < mH , and we identify h with the scalar boson observed
at the LHC at about 125 GeV, one CP-odd field, A, and one
charged Higgs pair, H±. The mixing matrices diagonaliz-
ing the CP-even and CP-odd/charged Higgs mass matrices
can be expressed in terms of the mixing angles α and β,
respectively, with tβ ≡ v2/v1

1. The “alignment limit” [35]
corresponds to cβ−α → 0, where the light Higgs boson h
has couplings to fermions and gauge bosons at lowest order
that exactly correspond to the ones in the SM.

The occurrence of tree-level flavor-changing neutral cur-
rents (FCNC) is avoided by extending the Z2 symmetry to
the Yukawa sector. This results in four variants of the 2HDM,
depending on theZ2 parities of the fermion types. In this arti-
cle we focus on the Yukawa type I, where all fermions couple
to �2. The couplings of the Higgs bosons to SM particles are
determined by the mixing in the scalar sector. The couplings
of the neutral CP-even Higgs bosons to fermions are given
by

L = −
∑

f =u,d,l

m f

v

[
ξ
f
h f̄ f h + ξ

f
H f̄ f H

]
, (5)

wherem f are the fermion masses, and ξ
f
h,H are the fermionic

Yukawa coupling modifiers, which express the couplings rel-
ative to the ones of the SM Higgs. They are equal for all three
generations of up-type quarks (u), down-type quarks (d) and
leptons (l). In the type I 2HDM the coupling modifiers are
equal for all fermions and given by ( f = t, b, τ ),

ξ
f
h = sβ−α + cβ−α cot β, ξ

f
H = cβ−α − sβ−α cot β. (6)

1 We use the short-hand notation sx ≡ sin x , cx ≡ cos x, tβ ≡ tan β.

The Yukawa hierarchy implies that the Higgs boson couples
predominantly to the top quark (t) and to a lesser extent to
the bottom quark (b).

We work in the physical basis of the 2HDM, where the
Higgs potential parameters are expressed in terms of a set of
parameters given mostly by physical quantities as

cβ−α, tβ, v, mh, mH , mA, mH± , m2
12. (7)

Here, mh,mH ,mA,mH± are the masses of the physical
scalars.

2.2 Tree-level trilinear Higgs couplings in the 2HDM

The generic tree-level THCs λ
(0)
hhi h j

involving at least one
Higgs boson h with mh ∼ 125 GeV are defined such that
the Feynman rules are given by

h

hi

hj

= −ivn!λ(0)
hhi h j

, (8)

where n is the number of identical particles in the vertex.
For our analysis in the following the two couplings λhhh and
λhhH are relevant. With the convention given in Eq. (8) the
self-coupling λ

(0)
hhh has the same normalization at tree-level

as in the SM, where the Feynman rule is given by −6ivλ
(0)
SM.

The 2HDM tree-level THCs λ
(0)
hhh and λ

(0)
hhH can be cast into

the forms

λ
(0)
hhh = −1

2

{
λ1cβs

3
α − λ2c

3
αsβ + (λ3 + λ4 + λ5)

×
(
c2
αcβsα − cαs

2
αsβ

) }
= 1

2v2

{
m2

hs
3
β−α +

(
3m2

h − 2m̄2
)
c2
β−αsβ−α

+ 2 cot 2β
(
m2

h − m̄2
)
c3
β−α

}
, (9)

λ
(0)
hhH = 1

2

{
3λ1cαcβs

2
α + 3λ2c

2
αsαsβ

+ (λ3 + λ4 + λ5)
(
c3
αcβ − 2c2

αsαsβ

−2cαcβs
2
α + s3

αsβ
) }

= −cβ−α

2v2

{(
2m2

h + m2
H − 4m̄2

)
s2
β−α

+ 2 cot 2β
(

2m2
h + m2

H − 3m̄2
)
sβ−αcβ−α
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−
(

2m2
h + m2

H − 2m̄2
)
c2
β−α

}
, (10)

where m̄2 is defined as

m̄2 = m2
12

sβcβ

. (11)

From the latter expressions one can easily read off the THCs
in the alignment limit where cβ−α = 0, namely λ

(0)
hhh = λ

(0)
SM

and λ
(0)
hhH = 0. Away from the alignment limit the predictions

for these couplings in the 2HDM, even at tree level, can be
significantly modified, see e.g. Refs. [36–38] for studies in
all four Yukawa types.

2.3 Loop-corrected trilinear Higgs couplings

In the 2HDM, it has been shown that the loop contributions
to the THCs involving the heavy BSM Higgs bosons can give
rise to corrections of the order of 100% and larger [26,39]
w.r.t. their tree-level values. More recently, also two-loop cor-
rections have been computed [40] enhancing in some parts of
the parameter space the value ofκλ to the sensitivity of current
and future runs of the LHC [27]. The occurrence of large loop
corrections should, however, not been regarded as a sign of
the breakdown of perturbation theory, as large corrections at
one-loop order are present mainly due to new contributions
involving couplings of the Higgs boson h to heavier BSM
Higgs bosons that do not appear at tree level [26], while the
size of the two-loop corrections relative to the one-loop result
follows the expected perturbative behavior [27,40,41]. In
view of these findings the impact of these large higher-order
corrections on the Higgs pair production process should be
studied.

For the computation of the one-loop corrections to the
THCs contributing to our numerical analysis we use the pub-
lic code BSMPT [42,43], where the trilinear Higgs couplings
are extracted from the one-loop corrected effective potential
(evaluated here at zero temperature),

Veff = Vtree + VCW + VCT . (12)

In this equation, Vtree is the tree-level potential of the 2HDM
given in Eq. (3), VCW is the one-loop Coleman–Weinberg
potential [44,45] at zero temperature, and VCT is the coun-
terterm potential. The counterterm potential is chosen such
that the masses and mixing angles are kept at their tree-level
values, which therefore allows us to conveniently use them
as inputs in our scans. In this set-up, the “effective loop-
corrected trilinear Higgs couplings” can be computed as the
third derivatives of the effective potential with respect to the
Higgs fields, evaluated at the minimum,

λ
(1)
hhh = 1

3!v
∂3Veff

∂h3

∣∣∣∣
h,H=0

, λ
(1)
hhH = 1

2!v
∂3Veff

∂h2∂H

∣∣∣∣
h,H=0

.

(13)

Alternatively, one could use a fully diagrammatic approach
by calculating the one-loop corrections with the public tool
anyH3 [46], where the extension of the provided results for
λ

(1)
hhh to λ

(1)
hhH and further trilinear Higgs couplings is cur-

rently under development.

3 Higgs pair production in the 2HDM

3.1 Theoretical introduction

The trilinear Higgs boson self-coupling is directly accessi-
ble in Higgs pair production. At the LHC, the dominant pro-
cess is gluon fusion into Higgs pairs, which at leading order
is mediated by heavy quark loops, see Fig. 1. The bottom
quark contribution in the SM only plays a subleading role,
whereas in the 2HDM it can be enhanced by large values of
tβ , depending on the Yukawa type. The THCs enter through
the s-channel diagrams, as shown in the first two diagrams
of Fig. 1. In the SM, the triangle and box diagrams inter-
fere destructively leading to a relatively small cross section
of σSM = 31.05+6%

−23% fb at 13 TeV center-of-mass energy
[47,48].2 The LO QCD value at 13 TeV, which is the energy
we use for all the plots shown in the paper, is σSM = 16.6 fb,
and the NLO QCD value in the Born improved heavy-top
limit is 32.7 fb.

In the 2HDM, there are two potential sources of changes
w.r.t. the SM. Firstly, the couplings in the SM-like diagrams
can differ from the SM values. Whereas the top-Yukawa cou-
pling is restricted by the current constraints to about ±10%
the SM value, much larger deviations in the trilinear Higgs
self-coupling λhhh are possible in accordance with all rel-
evant constraints [27,37]. Changes in λhhh can modify the
interference of the SM-like triangle and box diagrams. Sec-
ondly, there is an additional s-channel contribution from the
heavy Higgs boson, involving the trilinear coupling λhhH
and the top Yukawa coupling of the H . In case the mass
mH exceeds twice the mass of the lighter Higgs boson,

2 This is the value obtained at NNLO_FTapprox for mh = 125 GeV
with the renormalization and factorization scale chosen to be half the
invariant Higgs pair mass for a c.m. energy of

√
s = 13 TeV [47].

At NNLO_FTapprox, the cross section is computed at next-to-next-to-
leading order (NNLO) QCD in the heavy-top limit [49–51] with full
leading order (LO) and next-to-leading order (NLO) mass effects [48,
52–55] and full mass dependence in the one-loop double real corrections
at NNLO QCD. The uncertainty combines the uncertainty from the
renormalization and factorization scale variations with the uncertainty
due to the choice of the renormalization scheme and scale of the mass
of the top quark [48].
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Fig. 1 Generic diagrams contributing to the pair production of the
Higgs boson h at about 125 GeV in gluon fusion within the 2HDM,
mediated by heavy quark loops, Q = t, b. The red and blue dots denote
the triple Higgs couplings λhhh and λhhH , respectively, evaluated at
leading or next-to-leading order; the orange (pink) dot denotes the h

(H ) Yukawa coupling parametrized by the coupling modifier ξ
Q
h (ξQ

H ).
The diagrams labelled as A and C are the continuum diagrams, which
appear in analogous form in the SM. The diagram labelled B is the
resonant diagram, involving the s-channel heavy H exchange

mH > 2mh ∼ 250 GeV, this contribution can lead to res-
onant hh production, in which case the corresponding dia-
gram is referred to as “resonant diagram”. Thereby, the cross
section can be significantly enhanced. On the other hand,
depending on the involved couplings and masses, there can
also be destructive interferences between the triangle dia-
grams of the h and H exchange and the box diagram. Accord-
ingly, the loop contributions to the trilinear Higgs couplings
are expected to have an important impact both on the predic-
tion for the inclusive cross section and also for the shape of
the invariant mass distributions, as will be discussed in the
next section.

In this work, we include for the first time in the 2HDM3 the
one-loop corrections to the triple Higgs couplings in the com-
putation of Higgs pair production and analyze their effects.
It should be noted that in the effective trilinear coupling
approach, as defined above, the couplings are evaluated in
the approximation of vanishing external momenta. Taking
into account the appropriate momentum dependence for the
Higgs pair production process would be expected to mod-
ify the predictions for the total di-Higgs production cross
section only at the percent level in the 2HDM type I [46].
Furthermore, the loop-corrected effective trilinear couplings
constitute the leading contributions to the full EW correc-
tions for scenarios in which the loop corrections to λhhh
and/or λhhH are very large. In this case, contributions beyond
the trilinear Higgs self-couplings, e.g. including additional
powers of the top Yukawa couplings, can be shown to be
sub-dominant [27]. Therefore, for the case of sizable loop
corrections to the THCs our results should provide a good
approximation to the full electroweak loop corrections to the
inclusive process at this order.

In regions where these corrections are relatively small,
which for the non-resonant case implies that the predicted
cross sections are significantly below the current experi-
mental sensitivity, this approach becomes less accurate and

3 For investigations of the effect in the SM, see Ref. [56], and in the
next-to-minimal supersymmetric extension of the SM (NMSSM), see
Refs. [57,58].

a complete next-to-leading-order (NLO) electroweak (EW)
calculation of the cross section would be required, which
is beyond the scope of this work.4 The aim of our work,
on the other hand, is an analysis of possible implications of
large loop contributions and interference effects, in particular
regarding the interpretation of the experimental results. For
this purpose the approximate approach pursued here should
be sufficiently accurate.

For the numerical evaluation, we use the codeHPAIR [37,
62–64], adapted to the 2HDM. This code was originally
designed to compute within the SM and its Minimal Super-
symmetric Extension (MSSM) the cross sections for the pro-
duction of two neutral Higgs bosons through gluon fusion at
the LHC. The calculations are carried out at leading order
(LO) with the full top-quark mass dependence and include
NLO QCD corrections, assuming the limit of an infinite top-
quark mass and neglecting bottom loop contributions.5 How-
ever, in the 2HDM the latter assumption can become less
accurate at large values of tβ due to the increased impor-
tance of the bottom quark loop contribution, depending on
the Yukawa type. In the Yukawa type I, which is used through-
out our analysis, no enhancement of the bottom Yukawa cou-
pling occurs. Furthermore, for this analysis, we have modi-
fied HPAIR to include the one-loop corrections to the THCs
as described in Sect. 2.3. The PDF set used in the numerical
evaluation at LO (NLO) QCD is CT14lo (CT14nlo) [66].

3.2 Impact of loop corrections to the trilinear Higgs
couplings on invariant mass distributions

In this section, we explore the behavior of the invariant mass
distribution of the di-Higgs final state when incorporating
loop corrections to the THCs involved in Higgs pair pro-
duction. In Fig. 2 we present various mhh distributions for a

4 For results on the NLO EW corrections to SM Higgs pair production,
see Refs. [56,59–61].
5 Recently, the full top-quark mass dependence at NLO QCD has been
provided for the production of an hH pair as well as for a CP-odd Higgs
pair in the 2HDM [65].
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Fig. 2 Invariant mass distribution for the benchmark point in the
2HDM type I defined in Eq. (14). The SM prediction (dashed black
line) is shown together with the 2HDM results with (solid red line) and
without (solid blue line) loop corrections to the THCs, see text

sample benchmark point in the 2HDM of type I. It is defined
by the input parameters

tβ = 10, cβ−α = 0.13 (sβ−α > 0)

mH = 465 GeV, mA = mH± = 660 GeV and

m2
12 = m2

Hc
2
α/tβ.

(14)

For this point we find

κ
(0)
λ ≡ λ

(0)
hhh

λ
(0)
SM

= 0.84, κ
(1)
λ ≡ λ

(1)
hhh

λ
(0)
SM

= 3.65,

λ
(0)
hhH = 0.10 and λ

(1)
hhH = 0.25, (15)

and the rest of the trilinear couplings at tree level are:

λ
(0)
hHH = −2.31, λ

(0)
HHH = 0.07,

λ
(0)

hAA/hH±H± = −5.83 and λ
(0)

H AA/HH±H± = 0.54. (16)

The THC of the SM-like Higgs boson is hence very SM-
like at tree level, but substantially increased by one-loop cor-
rections. The THC between the heavy Higgs boson and the
two light Higgs bosons is increased by 150% by the one-loop
corrections.

Concerning the invariant mass distributions shown in our
analysis, it is important to note that they are calculated at
leading order. It would be possible to compute the invari-
ant mass spectrum with HPAIR at NLO QCD in the Born
improved heavy-top limit. However, it has been shown that
mass effects may significantly distort the NLO distributions

[48,52–55]. While, for the 2HDM, the full mass effects at
NLO QCD have been considered in Ref. [65], there exists no
public code that allows us to obtain results for our benchmark
scenarios, in particular including resonances. In Ref. [67] a
parametrisation has been given for the total cross section and
the mhh distribution in the framework of a non-linear effec-
tive field theory as a function of the anomalous Higgs cou-
plings that includes NLO corrections. While this framework
considers deviations from the SM Higgs sector, it however
does not include the possibility of additional Higgs bosons.
Consequently, one has the choice between a LO distribution
ignoring NLO effects and an approximate NLO distribution
ignoring finite top-mass effects at NLO, where we chose to
adopt the LO case. While this approach obviously cannot
capture the full NLO mass effects, it does provide informa-
tion regarding the possible impact of a BSM Higgs boson
resonance and of NLO electroweak corrections to THCs on
the mhh distribution, which is the main goal of our analy-
sis. The inclusive cross section, on the other hand, is rather
well approximated at NLO QCD by applying a K -factor,
obtained from the ratio of the NLO to the LO cross section,
of K (NLO) ≈ 2 [68].

The blue curve in Fig. 2 is the invariant mass distribution
for the specified benchmark point with both THCs taken at
tree-level, whereas the red line displays the result for the dis-
tribution for the case where both THCs are incorporated at
the one-loop level. The dashed black line indicates the SM
prediction. Starting our discussion with the tree-level distri-
bution (blue line), several features can be noticed. The small
values of the differential cross section just above the thresh-
old are a consequence of a cancellation of the form factors
involved in the continuum diagrams (diagrams A and C in
Fig. 1). The invariant mass distribution reaches a maximum at
mhh ≈ 400 GeV, which is related to the di-top on-shell pro-
duction and is also present in the distribution of single Higgs
production (see e.g. Ref. [69]). A further striking feature is the
resonance located at mhh ≈ mH showing a peak-dip struc-
ture. Apart from the resonant contribution, the shape of the
tree-level distribution resembles the SM prediction (dashed
black line), taking into account the relatively small value of
λ

(0)
hhh .

Turning to the red line, incorporating one-loop correc-
tions to both THCs, one can observe that the shape of the
distribution changes drastically. In particular the cancella-
tion close to the kinematical threshold in the leading order
distribution is lifted.6 This cancellation now happens at val-
ues of mhh ≈ 400 GeV and leads to a large reduction of
the differential cross section in the region where at lead-
ing order a maximum occurred. Furthermore, close to the
kinematical threshold the distribution is largely enhanced,

6 This effect has already been observed in the context of the SM in
Ref. [56].
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Fig. 3 Impact of the loop corrections to λhhH on the resonance shape
for the benchmark point defined in Eq. (17). The red (orange) line shows
the result with (without) loop corrections to λhhH

leading to the appearance of a structure resembling a peak at
mhh ≈ 250 GeV. We also investigated the impact of the one-
loop corrections to the two THCs individually (not shown
in the plot) and found that in this scenario the corrections to
λhhH play a minor role, while the biggest changes are caused
by the large one-loop corrections to κλ.

Also shown in the figure are the total cross section values7.
Here it is interesting to note that the decrease in the tree level
value of κλ of about 15% w.r.t. the SM8 leads to an increase
of roughly 20% of the tree level cross section, whereas the
inclusion of the one-loop corrections to the THCs results in
a reduction of the 2HDM cross section by about 30%, i.e.
20% smaller than the SM result.

In Fig. 3 we present an example where the loop corrections
to λhhH play a crucial role. The input parameters are

tβ = 15, cβ−α = 0.12 (sβ−α > 0),

mH = 400 GeV, mA = mH± = 660 GeV and

m2
12 = m2

Hsβcβ.

(17)

For these parameters we find

κ
(0)
λ = 0.97, κ

(1)
λ = 5.31, λ

(0)
hhH = −0.07 and

λ
(1)
hhH = 0.20, (18)

7 The total cross section values are given at LO QCD in accordance
with the distributions given at LO. As stated above, including the NLO
QCD corrections obtained with HPAIR the cross section values would
increase by about a factor of 2 [68].
8 Here we use the LO SM total cross section, σSM, as given in Sect. 3.1
for comparison.

and

λ
(0)
hHH = −2.27, λ

(0)
HHH = 0.12,

λ
(0)

hAA/hH±H∓ = −6.77 and λ
(0)

H AA/HH±H∓ = 0.67. (19)

The result including NLO corrections only to κλ is shown as
orange solid line, and corresponds to a total LO QCD cross
section of 44.4 fb. The mhh distribution shows a pronounced
peak–dip structure at mhh ∼ mH . The result including the
one-loop corrections to both THCs is shown as solid red line.
The incorporation of the higher-order corrections results in
a larger λ

(1)
hhH value with opposite sign compared to the tree-

level value. Its inclusion gives rise to a dip–peak structure,
i.e. the opposite behavior compared to the tree-level case.
This effect is caused by a change in the overall sign of the
couplings involved in the resonant diagram, λhhH × ξ tH , as
discussed in Ref. [68]. In the present example we demonstrate
that such a change can arise solely from one-loop corrections
to λhhH , i.e. the incorporation of electroweak loop correc-
tions is crucial in this case for a reliable prediction of the
experimental signature (experimental effects like smearing
due to a limited detector resolution will be discussed in the
next section). This effect is clearly visible even in the case of
large one-loop corrections to κλ, as it is the case in this exam-
ple. Our discussion highlights the relevance of higher-order
corrections also in the THCs involving BSM Higgs bosons,
as they can have a drastic effect on the invariant mass distri-
butions.

4 Confrontation with experimental limits

In view of the significant improvements in the experimen-
tal sensitivity to the di-Higgs production cross section that
have occurred recently and are expected to be achieved in
the future it is crucial that the experimental limits (and of
course eventually also the experimental measurements) are
presented in such a way that they can be confronted with theo-
retical predictions in different scenarios of electroweak sym-
metry breaking in a well-defined way. Up to now the experi-
mental limits presented by ATLAS and CMS are given either
for non-resonant production, taking into account only SM-
like contributions, or for purely resonant production, where
SM-like non-resonant contributions are omitted. We discuss
both types of limits in the following.

4.1 Non-resonant production

We start our discussion with the analysis of the non-resonant
limits. In this case the experimental limits are obtained under
the assumption that there is no contribution from an s-channel
exchange of an additional Higgs boson, i.e. only the contri-
butions of diagrams A and C in Fig. 1 are taken into account.
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The most recent results from ATLAS [28] and CMS [4] report
a limit on the cross section of gg → hh, which depends on
the value of κλ, and a bound on κλ is extracted. This is done by
comparing the experimental limit with the SM prediction for
a varied κλ. We show in Fig. 4 an example of the application
of these limits for one particular benchmark scenario in the
2HDM, where we vary cβ−α . The chosen input parameters
are

tβ = 10, cβ−α ∈ {0 . . . 0.16} (sβ−α > 0),

mH = mA = mH± = 1000 GeV, m2
12 = m2

Hc
2
α/tβ.

(20)

The large mH value ensures that the resonant contribution
from the s-channel H exchange is negligible (we do not dis-
cuss effects of varying λhhH in this context). The variation
of cβ−α results in a variation of κλ as indicated in the left plot
of Fig. 4. The blue dashed line shows the prediction for κλ

at lowest order, while the blue solid line shows the one-loop
prediction for κλ. The gray line indicates the value of κλ = 1,
which corresponds to a coupling value of λhhh = λ

(0)
SM. The

parameter spaces that are excluded by theoretical constraints
are indicated by the yellow (vacuum stability), dark green
(perturbative unitarity at LO) and light green (perturbative
unitarity at NLO) shaded areas. For the application of these
limits we used the public package thdmTools [70]. The
constraints from vacuum stability exclude the displayed yel-
low region with negative values of cβ−α . For the largest pos-
itive values of cβ−α the tightest bound arises from perturba-
tive unitarity (for the constraints at LO and NLO we require
that the eigenvalues of the 2 → 2 scattering matrix satisfy
|a0| < 1, where a0 denotes the s-wave amplitude of the
scattering process). Demanding that the measured properties
of the Higgs boson at 125 GeV should be satisfied poses a
bound that is weaker than the one from NLO perturbative
unitarity and therefore this bound is not explicitly shown in
the plot. It can be observed that at tree level the variation
of cβ−α towards larger values results in a decrease of κ

(0)
λ ,

which reaches values close to zero for cβ−α
>∼ 0.1. Includ-

ing the one-loop corrections, as shown by the blue solid line,
yields a strong increase of κ

(1)
λ , with κ

(1)
λ

>∼ 5 for cβ−α
>∼ 0.1

in this example.
In the right plot we present the corresponding experimen-

tal limits and theoretical predictions for the ratio between the
2HDM and SM di-Higgs cross sections, μ ≡ σ2HDM/σSM,
both calculated at LO QCD. The solid (dashed) blue line
shows the theory prediction using the one-loop (tree-level)
value for κλ. The dark red line shows the latest experimen-
tal observed limit from non-resonant searches reported by
ATLAS [28]. The solid (dashed) line indicates the observed
limit for the value of κλ that we have calculated at NLO
(LO). The corresponding gray line represents the expected
limit forκλ at NLO (LO). Confronting the experimental limits
with the theoretical predictions, a value of cβ−α is regarded

as excluded if the predicted cross section is larger than the
experimentally excluded one. One can see that non-resonant
di-Higgs searches would not exclude any value of cβ−α for

the case where κ
(0)
λ is used. As a consequence of the large

loop corrections to κλ this changes once the one-loop correc-
tions are taken into account. One can see that in this case for
the considered example the non-resonant searches exclude
a region for large cβ−α values that is allowed by all other
constraints. This underlines the fact that the search for di-
Higgs production at the LHC already provides sensitivity to
parameter regions of the 2HDM that were unconstrained so
far, see also Ref. [27], where scenarios with cβ−α = 0 have
been considered.

4.2 Resonant production

We now turn to the interpretation of experimental limits for
resonant di-Higgs production in the 2HDM. The resonant
limits that have been presented by ATLAS and CMS so far
were obtained assuming that only one heavy resonance is
realized, neglecting the contributions of the continuum dia-
grams. This approach is potentially problematic since in any
realistic scenario the contributions of the non-resonant dia-
grams A and C in Fig. 1 will of course always be present
in addition to the possible resonant contribution of an addi-
tional Higgs boson. The limits obtained by ATLAS and CMS
can therefore only be directly applied to scenarios where the
impact of the non-resonant diagrams A and C in Fig. 1 is neg-
ligible compared to the contribution of the resonant diagram
B. Using the 2HDM as a test case for scenarios that have
been claimed to be excluded or non-excluded by ATLAS
and CMS we will investigate in the following to what extent
the assumption made in obtaining the experimental limits is
justified.

We note that the assumption of restricting to the resonant
contribution implies that the mhh distribution corresponding
to the assumed signal will have a peak structure located at
mhh ≈ mH . This peak structure can potentially be modified
by the continuum contributions and by interference effects,
where the latter in particular can give rise to peak–dip or dip–
peak structures. In the context of assessing the non-resonant
contribution arising from the exchange of the detected Higgs
boson at 125 GeV (diagram A in Fig. 1) we will analyze the
impact of loop corrections to κλ.

As a first step, to demonstrate the various possible inter-
ference and higher-order effects, we show in Fig. 5 the invari-
ant mass distributions for the benchmark point used in Fig. 2,
which is defined in Eq. (14). This benchmark point is allowed
by all theoretical and experimental constraints. The blue
curves show the pure resonant result, while the red curves
correspond to the complete model calculation, including also
the non-resonant diagrams and the interference contributions.
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Fig. 4 2HDM type I scenario described in Eq. (20). Left: κλ as a
function of cβ−α . The gray (blue dashed, blue solid) line shows the

result for λ
(0)
SM (λ(0)

hhh , λ
(1)
hhh), normalized to λ

(0)
SM. Right: Limits on

μ ≡ σ2HDM/σSM (each cross section calculated at LO QCD) as func-
tion of cβ−α . Red, gray and blue: expected, observed experimental limits

and theory predictions with κλ taken at LO (dashed) and NLO (full).
In both plots the parameter space excluded by theoretical constraints
is indicated by the yellow (vacuum stability), dark green (perturbative
unitarity at LO) and light green (perturbative unitarity at NLO) shaded
areas

Fig. 5 Invariant mass distribution for the 2HDM type I benchmark point defined in Eq. (14). Left (right) plot: using κ
(0)
λ , λ

(0)
hhH (κ(1)

λ , λ
(1)
hhH ). Red

(blue): Complete σ(gg → hh) prediction (resonance contribution only)
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The left (right) plot uses the THCs at LO (NLO). Their val-
ues and those of the corresponding total cross sections are
specified in the plots. Contrary to the plots in the previous
subsections, here we apply a smearing of 15% and a binning
in mhh of 50 GeV in order to take into account the limited
detector resolution in the experimental analyses, see Ref. [68]
for details.

For the case where the tree-level THCs are used, as shown
in the left plot of Fig. 5, one can observe that the peak
in the mhh distribution given by the pure resonant distri-
bution is broadened substantially over several mhh bins as
a consequence of the inclusion of the non-resonant contri-
butions. The effect of the resonance itself is very small,
since its contribution to the full result is only about 4%.
Furthermore, the “resonance-like” structure of the full result
is caused dominantly by the contribution of the continuum
diagrams, which peaks slightly above the di-top production
threshold (∼ 400 GeV), while the resonant contribution (at
∼ 465 GeV) in this case is minor and does not appear as
a clear resonant structure above the continuum distribution.
As can be inferred from the right plot, the inclusion of the
NLO contributions to the THCs enhances the pure resonant
distribution in this example due to the increased absolute size
of λ

(1)
hhH in comparison with λ

(0)
hhH , which is also reflected in

the result for the total cross section. As indicated by the red
curve in the right plot, the combined effect of taking into
account non-resonant contributions, interference effects and
the NLO corrections to the THCs has a drastic effect on the
predicted mhh distribution. Instead of a pronounced peak as
it would be expected from the pure resonant contribution, the
full result incorporating all relevant contributions gives rise to
anmhh distribution that is overall smoothly falling with just a
small modulation near mhh ≈ mH . Resolving this structure
experimentally will clearly be much more challenging than
it would be the case if the distribution had the form obtained
from restricting to the pure resonant contribution. A striking
feature that can be inferred from the plot is the large effect of
the non-resonant contributions on the mhh distribution just
above the threshold at mhh ∼ 250 GeV. In this region the
differential cross section for the full result differs by several
orders of magnitude from the one for the pure resonant con-
tribution. The shape of the differential cross section in this
region is also very significantly modified in comparison to
the prediction using the THCs at lowest order (red curve in
the left plot). As discussed above, the latter large enhance-
ment happens as a result of a the change in κλ which affects
the cancellation between the triangle and box form factors
of the continuum diagrams that is present at the mhh thresh-
old at leading order. For κλ 
= 1 this cancellation does not
take place, giving rise to a large enhancement just above the
threshold.

While the benchmark point that we have discussed in
Fig. 5 is unexcluded by the non-resonant and resonant

searches, we now turn to two benchmark points that are
claimed to be excluded by the existing resonant searches.
In Figs. 6 and 7 we show the results for the two benchmark
points in the 2HDM type I. For each case we compare themhh

distributions based purely on the resonant diagram, shown in
blue, with the one based on the full calculation, shown in red.
In the displayed results the NLO results for the THCs have
been used (with the values given in the respective plots). Like
in the previous plots, all results are shown at LO in QCD. By
comparing the predicted distributions based on the full result
with the ones based on only the pure resonant contribution
we will investigate to what extent the assumption of taking
into account only the pure resonant contributions is justified.

The input parameters for the selected benchmark points
are defined in Table 1. These points have been obtained as part
of a broader scan of the 2HDM parameter space, on which we
will report in more detail in a forthcoming publication. We
also give the total cross section values calculated withHPAIR
for the two benchmark points in Table 2. In column 2 and 3
we show the results of the full calculation at LO and NLO
QCD, respectively (confirming the factor of about 2 between
them, as mentioned above). In column 4 and 5 we give the
corresponding results taking into account only the resonant
diagram. The cross section values at LO QCD quoted in the
legends of the figures correspond to the integrated curves of
Figs. 6 and 7. Column 6 shows the “obs. ratio”, calculated
with HiggsTools [71–79]. The obs. ratio is defined as

obs. ratio ≡ σmodel(ggH) × BRmodel(H → hh)

σ obs(ggH) × BRobs(H → hh)
, (21)

where the superscript “obs.” refers to the observed exper-
imental limit and “model” refers to the 2HDM. Here, the
model cross sections have been calculated at NLO QCD in
the Born improved heavy-top limit, usingHPAIR. The model
branching ratios have been obtained with HDECAY [80,81],
which we modified to include the effective NLO coupling
λ

(1)
hhH in the decay width of the heavy Higgs boson into the

SM-like Higgs boson pair. These calculated 2HDM cross sec-
tion and branching ratio values are then provided as inputs
for HiggsTools. The definition Eq. (21) implies that the
points with an observed ratio larger than 1 are excluded by
experimental searches. In view of the assumptions made in
the experimental analyses we apply this limit only to the res-
onant contribution σ res. The benchmark points BP1 (Fig. 6)
and BP2 (Fig. 7) are both excluded by the resonant search
pp → hh → bb̄τ+τ− [82]9.

Figure 6 shows the result for the benchmark point BP1,
which is claimed to be excluded by resonant di-Higgs
searches, but not by non-resonant searches. This point is char-
acterized by significant corrections to κλ, corresponding to
a parameter region where the one-loop effective coupling

9 This search is included in HiggsTools dataset since version v1.6.
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Fig. 6 BP1 (allowed by non-resonant searches, excluded by resonant
searches): Invariant mass distribution versus the invariant mass for the
full result (red) and the result based on the pure resonant contribution
(blue)

approximation is well justified. Specifically, we find

κ
(0)
λ = 0.94, κ

(1)
λ = 5.01, λ

(0)
hhH = 0.21 and λ

(1)
hhH = 0.23,

(22)

and

λ
(0)
hHH = 0.37, λ

(0)
HHH = −0.06,

λ
(0)

hAA/hH±H∓ = 7.56 and λ
(0)

H AA/HH±H∓ = 0.30. (23)

The results given for the total cross sections indicate that
the pure resonant contribution amounts to about half of the
full result (both at LO and NLO QCD), this is indicated with
the percentage of the resonant production contribution in the
full process, displayed in the bottom of Fig. 6. Concerning
themhh distributions, one can see that the qualitative features
are similar to the right plot of Fig. 5. While the pure resonant
contribution shows a pronounced peak, this peak-like struc-
ture appears only as a rather small modulation of a smoothly
falling distribution in the full result. As in Fig. 5 the cross
section just above the hh threshold is enhanced by several
orders of magnitude compared to the expectation based on
the pure resonant contribution. The peak-like structure in the
full result will clearly be much more difficult to resolve exper-
imentally than it would seem to be the case based on the pure
resonant contribution. We therefore conclude that the exclu-
sion limits obtained for the resonant di-Higgs searches by
ATLAS and CMS may be too optimistic in view of the mod-
ifications that occur in the invariant mhh mass distribution

Fig. 7 Same as Fig. 6, but for BP2 (allowed by non-resonant searches,
excluded by resonant searches)

upon the inclusion of the SM-like non-resonant contributions
that are present in all realistic scenarios and of the relevant
interference contributions.

Our second example, BP2, is shown in Fig. 7, and defined
by the input values in the second row of Table 1. As BP1, it
is claimed to be excluded by resonant di-Higgs searches, but
not by the non-resonant ones. Contrary to BP1, the higher-
order corrections to the THCs are substantially smaller. We
find

κ
(0)
λ = 0.96, κ

(1)
λ = 0.86, λ

(0)
hhH = 0.20 and λ

(1)
hhH = 0.24,

(24)

and

λ
(0)
hHH = 0.15, λ

(0)
HHH = −0.05,

λ
(0)

hAA/hH±H∓ = 0.12 and

λ
(0)

H AA/HH±H∓ = −0.05. (25)

For this parameter point the mhh distribution based on the
pure resonant contribution and on the full result are more
similar than in the previous example, and the pure resonant
contribution amounts to about 83% of the full cross section.
However, still a substantial broadening of the peak by the
inclusion of the non-resonant diagrams can be observed. Sim-
ilarly to BP1, we therefore conclude that the exclusion limits
obtained for the resonant di-Higgs searches by ATLAS and
CMS are possibly too optimistic in view of the mhh modifi-
cations due to the inclusion of all the relevant contributions
in a realistic scenario.
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Table 1 Input parameters for
the selected benchmark points.
Masses are given in GeV

tβ cβ−α (sβ−α > 0) mH mA = mH± m2
12

BP1 4.0 0.05 450 800 m2
12 = m2

Hc
2
α/tβ

BP2 2.2 0.05 450 450 m2
12 = m2

Hc
2
α/tβ

Table 2 Higgs pair production
cross sections σ(gg → hh) [fb]
and the resonant contribution
only (σ res), computed with
HPAIR at LO and NLO QCD in
the Born improved heavy-top
limit for the total cross section,
respectively; “obs. ratio”
obtained with HiggsTools
(see text)

σ (LO QCD) σ (NLO QCD) σ res (LO QCD) σ res (NLO QCD) obs. ratio

BP1 82.53 165.89 45.06 89.23 1.8

BP2 85.95 169.03 71.51 140.77 2.9

Our discussion shows that the sensitivity of the resonant
di-Higgs searches by ATLAS and CMS has already reached
a level of sensitivity that strongly motivates to go beyond the
assumption of restricting to the pure resonant contribution in
deriving the experimental limits. A dedicated joint effort of
experiment and theory would be desirable to define an appro-
priate framework in which the experimental limits should be
presented in the future. In particular, the non-resonant con-
tributions should be included in the signal model, and the
possibility of interference effects between the resonant and
non-resonant contributions should be incorporated. This will
require an extension of the analysis setup involving additional
parameters.

5 Conclusions

The determination of the trilinear Higgs self-coupling as a
first step towards elucidating the shape of the Higgs poten-
tial will be a prime goal of particle physics at the LHC
and beyond. The current bounds on the trilinear Higgs self-
coupling leave significant room for deviations of this cou-
pling from the SM value. Such deviations in κλ can occur in
simple extensions of the SM such as the 2HDM, where they
arise in particular from loop corrections involving additional
Higgs bosons. While we have used the 2HDM as theoretical
framework in our analysis, our qualitative results are appli-
cable to a wide class of models of extended Higgs sectors.

In our analysis we have emphasized the need to compare
the experimental results for di-Higgs production with precise
theoretical predictions, in particular including electroweak
corrections besides QCD corrections, as they may lead to
large effects in models with extended scalar sectors. Starting
with an investigation of the experimental bounds that have
been obtained from non-resonant di-Higgs production, we
have investigated the impact of the loop contributions to κλ.
Our results underline that, once the radiative corrections to

the Higgs self-interactions are taken into account, the exper-
imental bounds from the search for di-Higgs production at
the LHC already provide sensitivity to parameter regions of
the 2HDM that were unconstrained so far based on all other
existing experimental and theoretical limits.

We have then analyzed in detail the case where the di-
Higgs production process receives a contribution from the
resonant production of an additional neutral Higgs boson.
The limits from those resonant searches that have been pre-
sented by ATLAS and CMS so far were obtained assuming
a signal model consisting only of the resonant contribution,
while the non-resonant SM-like contributions involving the
s-channel exchange of the detected Higgs boson at 125 GeV
as well as the box-type top-quark loop contribution have been
neglected. Accordingly, the limits obtained by ATLAS and
CMS can only be directly applied to scenarios where the
impact of the non-resonant contributions is negligible com-
pared to the pure resonant contribution. Using the 2HDM as a
test case we have compared the full result for the mhh invari-
ant mass distribution, consisting of both the resonant and the
non-resonant contributions as well as the interference effects
and taking into account the loop corrections to the trilinear
Higgs self-couplings λhhh and λhhH , with the pure resonant
contribution as used by ATLAS and CMS. In order to take
into account the limited detector resolution in the experimen-
tal analyses we have applied a smearing of 15% and a binning
in mhh of 50 GeV in our phenomenological study.

While the assumption of restricting to the pure resonant
contribution made by ATLAS and CMS implies that the mhh

distribution corresponding to the assumed signal has a peak
structure located at mhh ≈ mH , the non-resonant contribu-
tions and the interference effects can modify this behavior.
Indeed, we have found that the distributions based on the pre-
diction arising from the full result can be significantly dis-
torted as compared to the distribution that would be expected
from the pure resonant contribution. Instead of a pronounced
peak as it would be expected from the pure resonant contribu-

123



Eur. Phys. J. C           (2025) 85:437 Page 13 of 16   437 

tion, we have demonstrated that the full result incorporating
all relevant contributions can give rise to an mhh distribution
that is overall smoothly falling with just a small modulation
near mhh ≈ mH . The task to experimentally resolve this
structure is clearly much more difficult than it would be the
case if the distribution had the form as expected from the pure
resonant contribution. We have pointed out the importance of
the loop contributions to the trilinear Higgs self-couplings in
this context. A striking feature related to the loop corrections
to κλ is a large effect on the differential cross section just
above the hh threshold. It arises because a large cancellation
between the triangle and box form factors of the continuum
diagrams that is present at the mhh threshold at leading order
no longer occurs upon the inclusion of the loop corrections.

In our numerical analysis we have specifically investi-
gated examples of parameter points that would be classified
as excluded according to the existing resonant searches and
assessed to what extent the assumption of neglecting the non-
resonant contributions made in obtaining the experimental
limits is justified. Also in these cases we have found signifi-
cant distortions of the distributions compared to the expecta-
tion from the pure resonant contribution. This implies that the
exclusion limits obtained for the resonant di-Higgs searches
by ATLAS and CMS may be too optimistic in view of the
modifications that occur in the invariant mhh mass distribu-
tion in realistic scenarios upon the inclusion of all the relevant
contributions.

The results obtained in our paper indicate that the reso-
nant di-Higgs searches carried out by ATLAS and CMS have
meanwhile reached a level of sensitivity that strongly moti-
vates to define an appropriate framework in which the exper-
imental limits should be presented in the future. Avoiding the
assumption of restricting to the pure resonant contribution in
deriving the experimental limits, such a framework should
make it possible to directly compare the experimental results
with theoretical predictions in extended Higgs sectors. A ded-
icated joint effort of experiment and theory would seem to
be desirable in this context.
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