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Introduction
• Higgs boson was the last undiscovered particle in the 
Standard Model of particle physics. 

• Couplings to the scalar (JP=0+) Higgs field determine the 
particle masses.
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The Higgs boson in the SM

• The Higgs boson discovery in 2012 
opened the way to the exploration of the 
sector of the SM Lagrangian that is 
responsible for EW symmetry breaking  

• Two types of tree-level couplings to 
other SM particles, which determine all 
Higgs Boson production and decay 
modes 
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to EW gauge bosons
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◈ The Higgs particle is responsible for the masses of elementary particles.

◈ Higgs potential approximation:

4 The Higgs boson self-coupling
The Higgs field is responsible for the spontaneous breaking of the electroweak symmetry, and for the generation of all the SM
particle masses, because its potential features a global minimum away from the origin. Within the SM, this potential is fully
characterised by two parameters, the Higgs mass mh, and v, which can be experimentally inferred from the measurements of
the Fermi constant (v = 1/

pp
2GF ⇡ 246 GeV).

V (h) =
1
2

m2
Hh2 +l3vh3 +

1
4

l4h4, with l SM
3 = l SM

4 =
m2

H
2v2 . (24)

However, the Higgs potential could show sizeable departures from the SM form, described in eq. (24). The understanding of
EW symmetry breaking will remain hypothetical until experimental measurements reconstruct the shape of the Higgs potential.
The measurement of the Higgs potential is therefore a high priority goal on the physics programme of all future colliders.

Unfortunately, the Higgs self-interactions, apart from the simple kinematical 2-point interaction that corresponds to the
Higgs boson mass, are not physical observables. Therefore, a theoretical framework is needed to infer their values from
experimental measurements. One needs a general parametrisation of the departures from the SM that allows the various Higgs
couplings to vary continuously. Within this framework, one makes accurate predictions of various observables as a function of
the modified Higgs couplings and a global fit then leads to a determination of all these couplings. Effective Field Theory offers
us such a theoretically sound framework in which higher order calculations can be performed to provide solid and improvable
predictions able to cope with systematic and statistic experimental uncertainties. As in Section 3.3, we will focus our attention
on EFT where the EW symmetry is linearly realised, i.e. under the assumption that no new heavy degree of freedom acquires
its mass from the Higgs expectation value. In that case, there are only two dimension-6 operators that induce a deviation of the
Higgs self-couplings

L = L
SM +

cf
2L2 ∂µ |f |2∂ µ |f |2 �

c6 l SM
3

L2 |f |6

) k3 ⌘
l3
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3
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4
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6c6 �

25
3

cf

◆
v2

L2 . (25)

In particular, the operator proportional to cf requires a non-linear field definition to keep the Higgs boson kinetic term
canonically normalised. The modifications of the cubic and quartic self-interactions are related in this model. Independent
modifications are only obtained when operators of dimension 8 are considered.

The most direct way to assess the Higgs cubic self-interaction is through the measurement of double Higgs production
either at hadron colliders, where the production is dominated by gluon fusion, gg ! HH, or at lepton colliders via double
Higgs-strahlung, e+e� ! ZHH, particularly relevant at low energies, or via vector boson fusion (VBF), e+e� ! HHnen̄e, more
important at centre-of-mass energies of 1 TeV and above. At leading order, double Higgs production receives a contribution
proportional to the cubic coupling, for both pp and e+e� collisions, as shown in Fig. 9. Figure 10 shows the dependence of
the inclusive double Higgs production cross section when the value of the Higgs cubic coupling is varied, assuming no other
deviation from the SM. Gluon fusion production at a hadron collider has been computed within the SM at NNLO accuracy
in the infinite top mass limit [58–61] and at NLO with the full top mass dependence [62–64], leading to a prediction whose
theoretical and parametric uncertainties are of the order of a few percent.

For the LHC at 14 TeV, the cross section is predicted to be 36.69+2.1%
�4.9% fb, about three orders of magnitude smaller than

the single Higgs production, which makes the double Higgs channel a challenging process to observe. The most up-to-date
analysis relies on the combination of the bb̄gg and bb̄tt decay channels to reach almost 5 standard deviation evidence for
double Higgs production at HL-LHC (see Table 55 and Fig. 65 of Ref [13]), which can be translated into a 68% CL bound of
order 50% on the deviation of the Higgs cubic coupling relative to the SM prediction. Note that the mapping of the inclusive
gg ! HH cross section onto a value of the Higgs cubic self-coupling is not unique: for instance, at 14 TeV LHC, a value
of the cross section equal to the SM prediction corresponds either to k3 = 1 or to k3 ⇡ 6.2. This ambiguity can however be
resolved by analysing the shape of the invariant mass distribution of the reconstructed two Higgs boson system: the larger the
value of k3, the closer to threshold the mHH distribution is peaked. This kinematic information is a crucial element of Boosted
Decision Trees (BDT) based analysis performed at HL-LHC. However the BDT and the final selection cuts are often devised to
optimise the significance of the SM cross section for double Higgs production and therefore it is not necessarily optimised for
the determination of the Higgs self-coupling directly, leaving room for possible improvement towards an even higher sensitivity.
At lepton colliders, double Higgs-strahlung, e+e� ! ZHH, gives stronger constraints on positive deviations (k3 > 1), while
VBF is better in constraining negative deviations, (k3 < 1). While at HL-LHC, values of k3 > 1, as expected in models of
strong first order phase transition, result in a smaller double-Higgs production cross section due to the destructive interference,
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Introduction

 Higgs potential:

 Approximation around the v.e.v:

 λ known from v.e.v and Higgs mass:

 BSM effects could change λ  define deviation of tri-linear term:�

– no quartic terms considered here

V (Φ)≈λ v2h2+λ v h3+
1

4
λ h4

mass term self-coupling terms

V (Φ)=
1

2
μ2Φ2+

1

4
λΦ4

λ=
m
H

2

2⋅v2
≈0.13

κλ=κ3=
λ
HHH

λ
HHH

SM

more details on the 
motivations in the 
talk by G. Servant



How to measure the tri-linear self-coupling

◈ Hadron colliders: double Higgs production, Single Higgs production with NLO-
EW correction  

◈ Low-energy lepton colliders: Single Higgs production with NLO-EW correction


◈ High-energy lepton colliders: double Higgs-strahlung, vector boson fusion 
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ago [7, 8] and more recently again in context of plasma-wakefield driven accelerators [9]. Plasma-wakefield driven accelerators
also offer promise to provide multi-TeV e+e� colliders (e.g. [9]) and are addressed briefly later in this report.

A table of the colliders and their parameters (type,
p

s, polarisation P , integrated luminosity L , the run time) is given in
Table 1. A graphical display of the time line and luminosity values is shown in Fig. 1. The parameters used are taken from
the references also given in that table. For the purpose of this study, only inputs as provided by the various collaborations
are used, and there is no attempt to make any judgement on the validity of the assumptions made in estimating the projected
measurement uncertainties (see also mandate in Appendix A). In addition to the collider runs shown in Table 1, a few other
scnearios are considered such as FCC-hh with

p
s = 37.5 TeV [10] and L = 15 fb�1, FCC-ee with 4 instead of 2 IPs (doubling

the total integrated luminosity), and CLIC and ILC with a dedicated running period of 1-3 years to collect L = 100 fb�1 atp
s ⇡ MZ [4, 11]. These are discussed in Appendix F.

Figure 1. Time line of various collider projects starting at time T0 as submitted to the European Strategy Update process.
Some possible extensions beyond these baseline run plans have been discussed and are presented in more detail in Appendix F.
For the clarification of the meaning of a year of running, see the caption of Table 1. Figure 13 in Appendix C shows an
alternative version of this figure using the earliest possible start date (i.e. the calendar date of T0) given by the proponents.

For the following sections the tables and plots are labelled using the acronyms given in Table 1. The energy subscript
indicates the highest energy stage of the given collider, and the results always assume that it is combined with results from the
lower energy stages.

At the heart of the Higgs physics programme is the question of how the Higgs boson couples to Standard Model elementary
particles. Within the SM itself, all these couplings are uniquely determined. But new physics beyond the SM (BSM) can modify
these couplings in many different ways. The structure of these deformations is in general model-dependent. One important
goal of the Higgs programme at the future colliders is to identify, or least constrain, these deformations primarily from the
measurements the Higgs production cross section, s , times decay branching ratio, BR2. Ultimately, these studies will be used to
assess the fundamental parameters of the new physics models. For the time being, in the absence of knowledge of new physics,
we need to rely on a parametrisation of our ignorance in terms of continuous deformations of the Higgs boson couplings.
Different assumptions allow to capture different classes of new physics dynamics. First, in the so-called k-framework [16, 17],
often used to interpret the LHC measurements, the Higgs couplings to the SM particles are assumed to keep the same helicity
structures as in the SM. While it offers a convenient exploration tool that does not require other computations than the SM
ones and still captures the dominant effects of well motivated new physics scenarios on a set of on-shell Higgs observables,
the k-framework suffers from some limitations that will be discussed later and it includes some biases that will prevent to
put the Higgs programme in perspective with other measurements, see e.g. the discussion in Ref. [18] and at the beginning
of Section 3. An alternative approach, based on Effective Field Theory (EFT), considers new Higgs couplings with different
helicity structures, with different energy dependence or with different number of particles. They are not present in the SM but
they can potentially be generated by new heavy degrees of freedom.

2The Higgs couplings could be constrained less directly from processes with no Higgs in the final state or without even a non-resonant Higgs. But the main
focus of the study presented in this report will be on the information obtained from the measured s ⇥BR. Still, note that, at lepton colliders, the ZH associated
production can be measured without the decay of the Higgs.
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Hadron collider: Di-Higgs production
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Figure 9. Representative Feynman diagrams for the leading contribution to double Higgs production at hadron (left) and
lepton (right) colliders. Extracting the value of the Higgs self-coupling, in red, requires a knowledge of the other Higgs
couplings that also contribute to the same process. See Table 18 for the SM rates. At lepton colliders, double Higgs production
can also occur via vector boson fusion with neutral currents but the rate is about ten times smaller. The contribution
proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off at high energy. Therefore, the
kinematic region close to threshold is more sensitive to the Higgs self-coupling.

at lepton colliders for the ZHH process they actually result in a larger cross section, and hence into an increased precision. For
instance at ILC500, the sensitivity around the SM value is 27% but it would reach 18% around k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [67–69] and even the
electroweak precision observables [70–72]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. For a 240 GeV lepton
collider, the change of the ZH production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to

sNLO
ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below
1%, but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, one needs to be able to disentangle a
variation due to a modified Higgs self-interaction from variations due to another deformation of the SM. This cannot always
be done relying only on inclusive measurements [73, 74] and it calls for detailed studies of kinematical distributions with an
accurate estimate of the relevant uncertainties [75]. Inclusive rate measurements performed at two different energies also help
lifting the degeneracy among the different Higgs coupling deviations (see for instance the k3 sensitivities reported in Table 12
for FCC-ee240 vs FCC-ee365; it is the combination of the two runs at different energies that improve the global fit, a single run
at 365 GeV alone would not improve much compared to a single run at 240 GeV).

In principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading order,
i.e. neglecting the contribution of k3 at next-to-leading order. The results presented in Section 3.4 were obtained along that
line. It was shown in [73] that a 200% uncertainty on k3 could for instance increase the uncertainty in gHtt or geff

Hgg by around
30–40%. The fact that HL-LHC from the double Higgs channel analysis will limit the deviations of k3 to 50% prevents such a
large deterioration of the global fits to single Higgs couplings when also allowing k3 to float. In the effective coupling basis we
are considering in this report, the effect of k3 would be mostly in the correlations among the single Higgs couplings. In other
bases, like the Warsaw basis, there would be a deterioration up to 15-20% in the sensitivity of the operator Of⇤. Anyway, one
should keep in mind that such a deterioration only concerns specific models where the deviations of the Higgs self-coupling is
parametrically larger than the deviations of the single Higgs couplings and in generic situations, the results of Section 3.4 hold.

In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large
the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [27, 73]

|k3|⇠< Min(600x ,4p) , (27)
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Figure 10. Double Higgs production at hadron (left) [65] and lepton (right) [66] colliders as a function of the modified Higgs
cubic self-coupling. See Table 18 for the SM rates. At lepton colliders, the production cross sections do depend on the
polarisation but this dependence drops out in the ratios to the SM rates (beam spectrum and QED ISR effects have been
included).

where x is the typical size of the deviation of the single Higgs couplings to other SM particles [30]. However, the stability
condition of the EW vacuum, i.e. the requirement that no other deeper minimum results from the inclusion of higher dimensional
operators in the Higgs potential, gives the bound [27, 76]

|k3|⇠< 70x . (28)

At HL-LHC, x can be determined with a precision of 1.5% at best, corresponding to a sensitivity on the Higgs self-
coupling of about 100%, and thus somewhat inferior but roughly comparable to the direct sensitivity of 50% [13]. Parametric
enhancements of the deviations of Higgs cubic self-coupling relative to the single Higgs couplings require a particular dynamics
for the new physics. An example is encountered in Higgs portal models where the Higgs boson mixes with a SM neutral scalar
field, possibly contributing to the dark matter relic abundance [41, 73]. In more traditional scenarios addressing the hierarchy
problem, such as supersymmetric or composite models, the deviation of k3 is expected to be of the order x and is likely to
remain below the experimental sensitivity.

The sensitivity of the various future colliders to the Higgs cubic coupling can be obtained using five different methods (1,
2(a), 2(b), 3, and 4):

1. an exclusive analysis of HH production, i.e., a fit of the double Higgs cross section considering only deformation of the
Higgs cubic coupling;

2. a global analysis of HH production, i.e., a fit of of the double Higgs cross section considering also all possible deformations
of the single Higgs couplings that are constrained by single Higgs processes;

(a) the global fit does not consider the effects at higher order of the modified Higgs cubic coupling to single Higgs
production and to Higgs decays;

(b) these higher order effects are included;

3. an exclusive analysis of single Higgs processes at higher order, i.e., considering only deformation of the Higgs cubic
coupling; technically, this will be a one-dimensional EFT fit where only the linear combination of the two operators of
Eq. (25) corresponding to the k3 deformation is turned on;

4. a global analysis of single Higgs processes at higher order, i.e., considering also all possible deformations of the single
Higgs couplings. Technically, this will be a 30-parameter EFT fit done within the scenario SMEFTND scenario of Eq. (16).
The contribution of k3 to EWPO at 2-loop could also be included but for the range of k3 values discussed here, the size
of effects would be totally negligible.
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Di-Higgs production: pp colliders
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Fig. 65: (a) Minimum negative-log-likelihood as a function of �, calculated by performing a condi-
tional signal+background fit to the background and SM signal. (a) The black line corresponds to the
combined ATLAS and CMS results, while the blue and red lines correspond to the ATLAS and CMS
standalone results respectively. (b) The different colours correspond to the different channels, the plain
lines correspond to the CMS results while the dashed lines correspond to the ATLAS results.

The combined minimum negative-log-likelihoods are shown in Figure 66. The 68% Confidence
Intervals for � are 0.52  �  1.5 and 0.57  �  1.5 with and without systematic uncertainties
respectively. The second minimum of the likelihood is excluded at 99.4% CL. A summary of the 68%
CI for each channel in each experiment, as well as the combination are shown in Figure 66b.

3.3 Double Higgs measurements and trilinear coupling: alternative methods
3.3.1 Prospects for hh ! (bb̄)(WW

⇤) ! (bb̄)(`+`
�
⌫`⌫̄`)

39

In this section, we discuss the discovery prospects for double Higgs production in the hh ! (bb̄)(WW ⇤
)

channel. In order to increase sensitivity in the di-lepton channel [294, 295, 296], we propose a novel
kinematic method, which relies on two new kinematic functions, Topness and Higgsness [297]. They
characterise features of the major (tt̄) background and of hh events, respectively. The method also
utilises two less commonly used variables, the subsystem MT2 (or subsystem M2) [298, 299, 300] for
tt̄ and the subsystem

p
ŝmin (or subsystem M1) [301, 302, 300] for hh production. For any given event,

Topness [303, 297] quantifies the degree of consistency to di-lepton tt̄ production, where there are 6
unknowns (the three-momenta of the two neutrinos, ~p⌫ and ~p⌫̄) and four on-shell constraints, for mt, mt̄,
m

W
+ and m

W
� , respectively. The neutrino momenta can be fixed by minimising the quantity

�2
ij ⌘ min

/~pT =~p⌫T +~p⌫̄T
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39 Contacts: J. Han Kim, M. Kim, K. Kong, K.T. Matchev, M. Park
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Figure 9. Representative Feynman diagrams for the leading contribution to double Higgs production at hadron (left) and
lepton (right) colliders. Extracting the value of the Higgs self-coupling, in red, requires a knowledge of the other Higgs
couplings that also contribute to the same process. See Table 18 for the SM rates. At lepton colliders, double Higgs production
can also occur via vector boson fusion with neutral currents but the rate is about ten times smaller. The contribution
proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off at high energy. Therefore, the
kinematic region close to threshold is more sensitive to the Higgs self-coupling.

at lepton colliders for the ZHH process they actually result in a larger cross section, and hence into an increased precision. For
instance at ILC500, the sensitivity around the SM value is 27% but it would reach 18% around k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [67–69] and even the
electroweak precision observables [70–72]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. For a 240 GeV lepton
collider, the change of the ZH production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to

sNLO
ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below
1%, but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, one needs to be able to disentangle a
variation due to a modified Higgs self-interaction from variations due to another deformation of the SM. This cannot always
be done relying only on inclusive measurements [73, 74] and it calls for detailed studies of kinematical distributions with an
accurate estimate of the relevant uncertainties [75]. Inclusive rate measurements performed at two different energies also help
lifting the degeneracy among the different Higgs coupling deviations (see for instance the k3 sensitivities reported in Table 12
for FCC-ee240 vs FCC-ee365; it is the combination of the two runs at different energies that improve the global fit, a single run
at 365 GeV alone would not improve much compared to a single run at 240 GeV).

In principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading order,
i.e. neglecting the contribution of k3 at next-to-leading order. The results presented in Section 3.4 were obtained along that
line. It was shown in [73] that a 200% uncertainty on k3 could for instance increase the uncertainty in gHtt or geff

Hgg by around
30–40%. The fact that HL-LHC from the double Higgs channel analysis will limit the deviations of k3 to 50% prevents such a
large deterioration of the global fits to single Higgs couplings when also allowing k3 to float. In the effective coupling basis we
are considering in this report, the effect of k3 would be mostly in the correlations among the single Higgs couplings. In other
bases, like the Warsaw basis, there would be a deterioration up to 15-20% in the sensitivity of the operator Of⇤. Anyway, one
should keep in mind that such a deterioration only concerns specific models where the deviations of the Higgs self-coupling is
parametrically larger than the deviations of the single Higgs couplings and in generic situations, the results of Section 3.4 hold.

In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large
the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [27, 73]

|k3|⇠< Min(600x ,4p) , (27)
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of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [27, 73]

|k3|⇠< Min(600x ,4p) , (27)

32/75

02/23/12     
 Path towards measuring the Higgs potential                    Elisabeth Petit, CPPM, AMU/CNRS/IN2P3 4

Di-Higgs production: pp colliders

degeneracy

σ
+N

,L
O
 [

fb
]

κ
λ

FCC-hhHE-LHCHL-LHC

*4

*30

σ
N

L
O
 [

fb
]

√s [TeV]

 Main production mode: ggF
– destructive interference between triangle and box diagrams  σ(HH)/σ(H) =�  0.1%

 Self-couplings through total HH cross section, and diff. cross section dσ/dm
HH

:

⊗ 1405.7040

Destructive interference between triangle- and box- diagrams (σ(HH)/σ(H)=0.1%)

02/23/12     
 Path towards measuring the Higgs potential                    Elisabeth Petit, CPPM, AMU/CNRS/IN2P3 4

Di-Higgs production: pp colliders

degeneracy

σ
+N

,L
O
 [

fb
]

κ
λ

FCC-hhHE-LHCHL-LHC

*4

*30

σ
N

L
O
 [

fb
]

√s [TeV]

 Main production mode: ggF
– destructive interference between triangle and box diagrams  σ(HH)/σ(H) =�  0.1%

 Self-couplings through total HH cross section, and diff. cross section dσ/dm
HH

:

⊗ 1405.7040

300 400 500 600 700 800 900 1000
mhh [GeV]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

d
�
/d

m
h
h
[f
b
/G

eV
]

LO, � = �1

NLO, � = �1

LO, � = 3

NLO, � = 3

LO, � = 5

NLO, � = 5

Fig. 43: Higgs boson pair invariant mass distributions for � = �BSM/�SM = �1, 3, 5 at 14 TeV.

Fig. 44: Higgs boson pair invariant mass distributions for � = �BSM/�SM = 0, 1, 2, 2.4 at 27 TeV. The
scale uncertainties for the SM value of chhh are shown as a red band.

205, 207]. This framework provides us with a consistent EFT for New Physics in the Higgs sector, where
the Higgs field is an electroweak singlet h, independent of the Goldstone matrix U = exp(2i'aT a/v).
The latter transforms as U ! gLUg†

Y under the SM gauge group. The symmetry is non-linearly realised
on the Goldstone fields 'a, therefore the name non-linear EFT. More details about this framework already
have been given in Section 2.8. Therefore we restrict ourselves to stating the part of the Lagrangian
relevant for our study of anomalous Higgs couplings:

L � �mt

 
ct

h

v
+ ctt

h2

v2

!
t̄ t � chhh

m2
h

2v
h3

+
↵s

8⇡

 
cggh

h

v
+ cgghh

h2

v2

!
Ga

µ⌫G
a,µ⌫ . (37)

To lowest order in the SM ct = chhh = 1 and ctt = cggh = cgghh = 0. In general, all couplings
may have arbitrary values of O(1). Note that we have extracted a loop factor from the definition of the
Higgs-gluon couplings.

The leading-order diagrams are shown in Fig. 47. Examples for virtual diagrams at NLO are
shown in Fig. 48. For further details we refer to Ref. [212].
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Figure 2: Upper limits at 95% CL on the cross-section of the ggF SM HH production normalised to its SM
expectation �SM

ggF(pp ! HH) from the bb̄⌧+⌧�, bb̄bb̄, bb̄��, W
+
W

�
W
+
W

�, W
+
W

��� and bb̄W
+
W

� searches, and
their statistical combination. The column “Obs.” lists the observed limits, “Exp.” the expected limits with all
statistical and systematic uncertainties, and “Exp. stat.” the expected limits obtained including only statistical
uncertainties in the fit.

The signal used in the � fit was simulated according to the following procedure. For each value
of � the mHH spectrum is computed at the generator-level, using the leading-order (LO) version of
M��G����5_�MC@NLO [50] with the NNPDF 2.3 LO [55] PDF set, together with P����� 8.2 [56] for
the showering model using the A14 tune [57]. Because only one amplitude of Higgs boson pair production
depends on �, linear combinations of three LO samples generated with di�erent values of � are su�cient
to make predictions for any value of �. Binned ratios of the mHH distributions to the SM distribution are
computed for all � values and then used to reweight the events of NLO SM HH signal samples, generated
using the full detector simulation. This procedure is validated by comparing kinematic distributions
obtained with the reweighting procedure applied to the LO SM sample and LO samples generated with the
actual � values set in the event generator. The two sets of distributions are found to be in agreement. This
procedure assumes that higher order QCD corrections on the di�erential cross-section as a function of
mHH are independent of �. The reweighted NLO signal sample is used to compute the signal acceptance
and the kinematic distributions for di�erent values of �.

This letter presents � results for the first time in the bb̄bb̄ and bb̄⌧+⌧� final states and incorporates the
previously published result for the bb̄�� final state. The � analyses closely follow the SM HH search,
with some exceptions which are discussed below for each final state.

• In the bb̄bb̄ final state, the same analysis selection and final discriminant are used in the �-scan
analysis and in the SM HH search. The distribution of the final discriminant mHH is shown in
Figure 3(a), where, with the exception of a small excess in the region around 280 GeV [38], good
agreement between data and the expected background is observed. The shape of the mHH distribution
has a strong dependence on �, and the signal acceptance varies by a factor 2.5 over the probed range
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Fig. 64: Left: upper limit at the 95% CL on the HH production cross section as a function of � =

�HHH/�SM
HHH. The red band indicated the theoretical production cross section. Right: expected likelihood

scan as a function of � = �HHH/�SM
HHH. In both figures the results are shown separately for the five

decay channels studied and for their combination.

experiment, the likelihoods for those two channels are scaled to 6000fb�1 in the combination. The signif-
icances are added in quadrature and the negative-log-likelihood are simply added together. A summary
of the different expected significances, as well as the combination, are shown in Table 57. A combined
significance of 4 standard deviation can be achieved with all systematic uncertainties included.

Table 57: Significance in standard deviations of the individual channels as well as their combination.

Statistical-only Statistical + Systematic
ATLAS CMS ATLAS CMS

HH ! bb̄bb̄ 1.4 1.2 0.61 0.95
HH ! bb̄⌧⌧ 2.5 1.6 2.1 1.4
HH ! bb̄�� 2.1 1.8 2.0 1.8
HH ! bb̄V V (ll⌫⌫) - 0.59 - 0.56
HH ! bb̄ZZ(4l) - 0.37 - 0.37
combined 3.5 2.8 3.0 2.6

Combined Combined
4.5 4.0

Comparisons of the minimum negative-log-likelihoods for ATLAS and CMS are shown in Fig-
ure 65. In those plots the likelihoods for the HH ! bb̄V V (ll⌫⌫) and HH ! bb̄ZZ(4l) channels
are not scaled to 6000fb�1. A difference of shape between the two experiments can be seen around
the second minimum. This difference comes mainly from the HH ! bb̄�� channel as illustrated in
Figure 65b. In this channel both experiment use categories of the mHH distributions. But for ATLAS
the analysis was optimised to increase the significance of the SM signal so the low values of the mHH

distribution are cut by the selection cuts, while for CMS a category of events with low values of mHH

is very powerful to remove the second minimum, while having no effect on the SM signal. The lower
precision on � is slightly better for CMS thanks to the contribution of the HH ! bb̄bb̄ channel, as
well as the HH ! bb̄V V (ll⌫⌫) and HH ! bb̄ZZ(4l) ones, while the higher precision on � is similar
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Fig. 66: (a) Minimum negative-log-likelihood as a function of �, calculated by performing a conditional
signal+background fit to the background and SM signal. The coloured dashed lines correspond to the
combined ATLAS and CMS results by channel, and the black line to their combination. The likelihoods
for the HH ! bb̄V V (ll⌫⌫) and HH ! bb̄ZZ(4l) channels are scaled to 6000 fb�1.(b) Expected mea-
sured values of � for the different channels for the ATLAS in blue and the CMS experiment in red, as
well as the combined measurement. The lines with error bars show the total uncertainty on each mea-
surement while the boxes correspond to the statistical uncertainties. In the cases where the extrapolation
is performed only by one experiment, same performances are assumed for the other experiment and this
is indicated by a hatched bar.

subject to the missing transverse momentum constraint, /~pT = ~p⌫T + ~p⌫̄T . Since there is a twofold
ambiguity in the paring of a b-quark and a lepton, we define Topness as the smaller of the two �2s,

T ⌘ min

⇣
�2

12 , �2
21

⌘
. (42)

In double Higgs production, the two b-quarks arise from a Higgs decay (h ! bb̄), and therefore
their invariant mass mbb can be used as a first cut to enhance the signal sensitivity. For the decay of the
other Higgs boson, h ! WW ⇤

! `+`�⌫⌫̄, we define Higgsness [297] as follows:
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where mW
⇤ is the invariant mass of the lepton-neutrino pair which resulted from the off-shell W . It

satisfies 0  mW
⇤  mh � mW and mpeak

W
⇤ =

1p
3

r
2

⇣
m2

h + m2
W

⌘
�

q
m4

h + 14m2
hm2

W + m4
W is the

peak in the mW
⇤ distribution. mpeak

⌫⌫̄ = mpeak
`` ⇡ 30 GeV is the location of the peak in the d�

dm⌫⌫̄
or d�

dm``

distribution [297, 304].
The � values in Eqs. (41) and (43) result from the experimental uncertainties and intrinsic particle

widths. In principle, they can be treated as free parameters and tuned using a neutral network (NN), a
boosted decision tree (BDT), etc. In our numerical study, we use �t = 5 GeV, �W = 5 GeV, �W

⇤ = 5

GeV, �h`
= 2 GeV, and �⌫ = 10 GeV. The main contribution in Eq. (43) comes from the on-shell
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Prospect @ HE-LHC
◈ Extrapolate ATLAS HL-LHC results to HE-LHC:


• scale cross-section (*4) from 14TeV to 27TeV and luminosity (*5) to 15ab-1

• bbγγғ7.1σ with the precison on κλ of ~20%

• bbττ: 10.7σ with the precision on κλ of ~40%

• Combination: the precision on κλ of 10-20%
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Fig. 78: Expected sensitivity for the measurement of the Higgs trilinear coupling through the measure-
ment of direct HH production at HE-LHC. The black line corresponds to the combination of ATLAS
and CMS measurements with HL-LHC data presented in Section 3.2.3, with systematic uncertainties
considered. The red band corresponds to an estimate of the sensitivity using a combination of the bb̄��
and bb̄⌧⌧ channels, without systematic uncertainties considered.

smaller, but for single-Higgs production processes the precision of the experimental measurements is and
will be much better than for double-Higgs production. This, and the fact that for single-Higgs production
many different final states and both inclusive as well as differential measurements are possible will lead
to competitive indirect determinations of the trilinear Higgs self coupling. In [373, 374] also electroweak
precision observables have been considered to this purpose.

3.5.1 Indirect probes through single Higgs boson production44

In the following subsection, we will briefly recall the calculation framework introduced in [365, 366].
We also provide numerical results for the effects due to a modified trilinear Higgs coupling in the most
important inclusive and differential single-Higgs production cross sections as well as the Higgs branching
ratios. Based on these results, we will analyse the sensitivity of the HL-LHC and HE-LHC in constraining
the trilinear Higgs self interactions.

3.5.1.1 Theoretical framework

The effects of anomalous Higgs interactions can be extracted from experimental data via the signal
strength parameters µf

i , which are defined for any specific combination of production and decay channel
i ! H ! f as follows

µf
i ⌘ µi ⇥ µf

=
�(i)

�SM
(i)

⇥
BR(f)

BR
SM

(f)

. (53)

Here the quantities µi and µf are the production cross sections �(i) (i = ggF, VBF, WH , ZH , tt̄H ,
tHj) and the branching ratios BR(f) (f = ��, ZZ, WW, bb̄, ⌧⌧, µµ) normalised to their SM values,

44 Contacts: W. Bizon, M. Gorbahn, U. Haisch, F. Maltoni, D. Pagani, A. Shivaji, G. Zanderighi, X. Zhao
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Table 10.1 Higgs-pair cross sections rates for various production processes [289]. The first uncertainty corresponds to the scale choice, the second
combines αS and PDF systematics (PDF4LHC15NNLO), the third estimates finite-mtop effects in the NNLO contribution to the gg channel

σ [100 TeV](fb) σ [27 TeV](fb)

gg → HH 1.22 × 103 +0.9%
−3.2% ± 2.4% ± 4.5%mt 140+1.3%

−3.9% ± 2.5% ± 3.4%mt

HHjj 80.5 ± 0.5% ± 1.8% 1.95 ± 2% ± 2.4%

W+HH 4.7 ± 1% ± 1.8% 0.37 ± 0.4% ± 2.1%

W−HH 3.3 ± 4% ± 1.9% 0.20 ± 1.3% ± 2.7%

ZHH 8.2 ± 5% ± 1.7% 0.41 ± 3% ± 1.8%

tt̄HH 82.1 ± 8% ± 1.6% 0.95+1.7%
−4.5% ± 3.1%

σ (gg → HH) inclusive of top-mass effects was performed. For values of κλ close to 1, 1/σHHdσHH/dκλ ∼ −1, and a
measurement of κλ at the few percent level requires therefore, the measurement and theoretical interpretation of the Higgs-
pair rate at a similar level of precision. Table 10.1 shows that the current theoretical systematics on the signal is at the 5%
level (for a complete discussion see [291]), which is already competitive with the statistical and experimental systematics, to
be presented shortly. It is reasonable to predict a further reduction to the percent level.

The following summarises the results obtained as part of the FCC-hh detector performance studies, which are presented
in more detail in the accompanying FCC-hh CDR Volumes.

10.5.1 gg → HH → bb̄γγ

The most promising decay channel, optimising the compromise between statistics and backgrounds, is HH → bb̄γγ, with
a 0.25% branching ratio. The main backgrounds are tt̄H, γγ + jets, γ + jets (with one jet mis-identified as a photon) and
H(→ γγ) + jets production. The Monte Carlo events for signal and background were processed through the Delphes [292]
simulation of the FCC-hh detector. The photon identification efficiency is assumed to be ϵγ = 95% for |η| < 2.5 and ϵγ = 90%
for 2.5 < |η| < 4.0 for all photon pT . The light jet to photon mis-identification probability (fake-rate) is parameterised by
the function ϵ j→γ = 0.002 exp(−pT / 30 GeV). The b-tagging efficiency ϵb and the light (charm) mistag rates ϵl(c)→b are
assumed to be ϵb = 85% and ϵl(c)→b = 1 (5)%. The reference γγ mass resolution is δmγ γ = 1.3 GeV.

Events are required to contain at least two isolated photons and two b-tagged jets, with pT (γ, b) > 30 GeV and |η(γ, b)| <
3.0. Jets are clustered using particle-flow candidates with the anti-kT algorithm with radius parameter R=0.4. The leading γ

and b-jet have pT > 60 GeV, and the di-photon and di-jet pairs pT > 125 GeV. Furthermore, the invariant mass of the b-jet
pair satisfies 100 < mbb < 130 GeV. A veto on leptons with pT (ℓ) > 25 GeV and |η(ℓ)| < 3.0, and the cut *Rbb < 2.0,
suppress the tt̄H background.

The signal extraction is performed via a 2-dimensional likelihood fit over the photon-pair and the Higgs-pair invariant
masses. The negative log-likelihood (NLL) distribution for the parameter κλ with respect to the best-fit value obtained for
varying systematics, background normalisation and detector assumptions is shown in Figs. 10.4 and 10.5. The 1σ and 2σ
lines correspond to the 68% and 95% confidence levels (CL) respectively.

Figure 10.4 (left) shows the sensitivity obtained with different assumptions about the uncertainties. With only the statistical
uncertainty (blue curve), it is found that δκλ = 5.5%. When a 1% systematic uncertainty on the signal normalisation is included
(red curve) the expected precision decreases to δκλ = 6%. An additional uncertainty of 1% on the single Higgs backgrounds
normalisation (green curve) is shown under the assumption that the QCD background can be extrapolated from a control
sample defined by |mγ γ −mH| > 10 GeV, with high statistics into the signal region. For the single Higgs background defining
such a control sample is more challenging and therefore an uncertainty of 1% on the normalisation is assumed, motivated by
expected precision on this process at the FCC-hh [89]. In this scenario the expected precision is δκλ = 6.5%. Figure 10.4
(right) shows how the precision is affected by varying the overall background yields by factors of 2 and 0.5 and find an impact
on the overall κλ precision of ≈ ± 1%.

Figure 10.5 shows the dependence of sensitivity on the detector performance assumptions. The left plot assumes a γγ mass
resolution δmγ γ = 2.9 GeV. The central plot modifies the photon reconstruction efficiency, and the right one modifies the
jet-to-photon fake rate. Each of these scenarios degrades the precision on the self-coupling by 1-2%. These scenarios roughly
match the expected performance of the ATLAS and CMS detectors at HL-LHC [293,294], and should therefore be considered
as conservative.
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Fig. 10.5 Expected precision on the Higgs self-coupling modifier κλ
obtained by varying the photon reconstruction performance. Left: com-
parison of two scenarios with nominal (#mγγ = 1.3 GeV) and degraded
(#mγγ = 2.9 GeV) energy resolution. Centre: Comparison of two sce-

narios with nominal (ϵγ = 95%) and degraded (ϵγ = 85%) photon
reconstruction efficiency. Right: comparison of three scenarios with
nominal, degraded (×5) and improved (×0.2) photon mistag rate

Table 10.2 Precision of the direct Higgs self-coupling measurement in gg → HH production, for various decay modes, from the FCC-hh detector
performance studies

bb̄γγ bb̄ZZ∗[→ 4ℓ] bb̄WW∗[→ 2jℓν] 4b + jet

δκλ 6.5% 14% 40% 30%

10.5.2 Other final states in gg → HH

Decay modes other than HH → bb̄γγ have also been considered in the detector performance studies. These include bb̄ZZ∗[→
4ℓ] (ℓ = e,µ), bb̄WW∗[→ 2jℓν], and 4b + jet. A summary of the target precision in the measurement of κλ is given in
Table 10.2, where the results were obtained with the baseline detector performance parameters, and a 1% systematics on the
rates of the signals and of the leading backgrounds.
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Table 10.2 Precision of the direct Higgs self-coupling measurement in gg → HH production, for various decay modes, from the FCC-hh detector
performance studies

bb̄γγ bb̄ZZ∗[→ 4ℓ] bb̄WW∗[→ 2jℓν] 4b + jet

δκλ 6.5% 14% 40% 30%

10.5.2 Other final states in gg → HH

Decay modes other than HH → bb̄γγ have also been considered in the detector performance studies. These include bb̄ZZ∗[→
4ℓ] (ℓ = e,µ), bb̄WW∗[→ 2jℓν], and 4b + jet. A summary of the target precision in the measurement of κλ is given in
Table 10.2, where the results were obtained with the baseline detector performance parameters, and a 1% systematics on the
rates of the signals and of the leading backgrounds.
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◈ Most sensitivity from bbγγ channelғdifferent variation scenarios on photon 
efficiency, resolution, background level etc—> 5-7% uncertainty on κλ.


◈ More sensitivity can be achieved via kinematic exploration: mHH, Higgs pT and 
various angular correlation 
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Fig. 10.6 Left: dependence on κλ of the mHH spectrum [295]. Right: expected sensitivity for the measurement of the Higgs trilinear coupling in
the gg → HH process at HE-LHC [18]

Additional studies, of a more phenomenological nature, have appeared in the literature. Typically these adopt simplified
detector simulations, based however, on benchmark performance parameters consistent with the FCC-hh baseline assumptions.

Reference [295] performs a kinematic analysis of various HH distributions in the bb̄γγ final state, considering quantities
such as the invariant mass mHH, the Higgs pT and various angular correlations. The mHH spectrum is strongly sensitive to
the Higgs self-coupling. At threshold, mHH = 2mH, the SM amplitude exactly vanishes, due to the interference between
box and self-coupling diagrams. For κλ ∼2 a strong dip develops instead for mHH = 2mt . At large mHH, the self-coupling
contribution dies off due to the 1/m2

HH s-channel propagator. These effects are clearly visible in the left plot of Fig. 10.6.
The κλ sensitivity obtained from the detector study based on the Delphes [292] parameterisation of the HL-LHC ATLAS and
CMS detector performances is shown on the right plot. The projected 1σ sensitivity at 100 TeV (30 ab−1) is 5%, consistent
with the results of the FCC-hh detector performance study. Reference [295] also quotes a 15% sensitivity for the HE-LHC.

Studies of the Higgs self-coupling sensitivity at HE-LHC have also been carried out by the ATLAS and CMS experiments
in the context of the HL/HE-LHC Workshop [18]. The results are summarised in the right plot of Fig. 10.6, showing a 10–20%
sensitivity at 68% CL. Independent results have appeared in Ref. [296].

For FCC-hh, reference [297] proposed using a boosted HH final state, recoiling against a jet, to maintain the HH invariant
mass as close to threshold as possible, enhancing the sensitivity to the Higgs self-coupling, while enabling the use of boosted-
object substructure techniques to reconstruct the H → bb̄ decay. In the case of the bb̄ττ final state, a ± 8% precision on κλ is
obtained at 68% CL.

To summarise, within the stated assumptions on the expected performance of the FCC-hh detector, a precision target on the
Higgs self-coupling of δκλ = 5% in the gg → HH channel appears achievable, by exploiting several techniques and decay
modes, and assuming the future theoretical progress in modelling signals and backgrounds.

10.5.3 Other probes of multi-linear Higgs interactions

Given the rates shown in Table 10.1, the next process of interest for the production of Higgs pairs is vector boson fusion,
the relevant diagrams being shown in Fig. 10.7. A study of this process at 100 TeV, to explore the sensitivity to higher-
dimension operators, was presented in Ref. [298]. Here the emphasis was on the high-mHH domain, where the behaviour of
the longitudinal-longitudinal component of the amplitude is characterised by the destructive interference between the first
two diagrams:

A(VL VL → HH) ∼ ŝ
v2 (c2V −c2

V )+O(m2
W /ŝ), (10.7)

where c2V and cV represent, respectively, the coefficients of the VVHH and VVH couplings, normalised to their SM values.
δc = c2

2V −cV vanishes in the SM and in extensions where the Higgs belongs to an SU(2) doublet, and the growth of the
amplitude with energy is suppressed. The study of the high-mHH behaviour is therefore a powerful probe of δc and of the gauge
structure of the Higgs sector. Ref. [298] chose the HH→4b final state, applying boosted-jet tagging techniques – justified by
the high pT of the Higgs bosons in the relevant kinematic region – to minimise the dominant backgrounds (4b, 2b2j, tt̄2j,Hjj).
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is performed in the unitary gauge, one is actually interchanging the order
of the operations limit ⇠ ! 1 with the integration, i.e., the limit ⇠ !

1 is performed first and then one does the integration while the correct
order is the opposite. Because some of the vertices that arise from the
gauge-fixing function contain a ⇠ factor, this exchange is not always an
allowed operation and in order to check the correctness of our approach we
recomputed1 the full two-loop EW corrections to �(H ! ��) in the unitary
gauge. The corrections were computed as in Ref. [51] via a Taylor expansion
in the parameters q2/(4m2

W
), q2/(4m2

H
) up to and including O(q6/m6) terms

finding perfect agreement with the result of Ref. [51].
Once we verified that in the SM the calculation in the unitary gauge

is equivalent to the one in a R⇠ gauge, the coe�cient C1 is obtained eval-
uating the diagrams in the unitary gauge that contain one trilinear Higgs
interaction. The latter amounts to add to the contribution of the diagrams
in Fig. 4, with the gluons replaced by photons, to the contribution of the
diagrams in Fig. 5. The result is presented in Appendix A. We would like to
remark that the sum of the diagrams in Fig. 5 is finite in the unitary gauge
but it is not finite in a generic R⇠ gauge.

4 Results

In this section we discuss the numerical impact of the �3-dependent contri-
butions on the most important observables in single-Higgs production and
decay at the LHC. We begin by listing and commenting the size of the C1

1
To our knowledge this is the first-ever two-loop computation of a physical observable

performed in the unitary gauge.
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the fermions in the final state. The same applies toH ! WW
⇤
! 4f . In the

case of hadronic production, di↵erent partonic processes can have di↵erent
C1’s at the level of matrix elements. One example is tt̄H production, which
receives contributions from qq̄ ! tt̄H and gg ! tt̄H. Another is VBF,
where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each
subprocess contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coe�cients of the various processes, we gener-
ated the relevant amplitudes using the Mathematica package FeynArts [43].
For all the cases involving only one-loop amplitudes, we computed the cross
sections and decay rates with the help of FormCalc interfaced to Loop-

Tools [44] and we checked the partonic cross sections at specific points
in the phase space with FeynCalc [45, 46]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and
H ! V V

⇤
! 4f), the �3-dependent parts in M

1

�
SM
3

have a common struc-

ture, see Fig. 2. In the case of the tt̄H production the sensitivity to �3 comes
from the one-loop corrections to the tt̄H vertex and from one-loop box and
pentagon diagrams. A sample of diagrams containing these �3-dependent
contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the
case of tt̄H production provides an intuitive explanation of why the �3 con-
tributions cannot be captured by a local rescaling (t) of the type that a
standard -framework would assume for the top-Higgs coupling. Similarly,
not all the contributions given by the corrections to the HV V vertex can
be described by a scalar modification of its SM value via a V factor, due
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of cross section or decay width, the linear dependence on �3 originates from
the interference of the Born amplitude M

0 and the virtual EW amplitude
M

1, besides the wave-function-renormalisation constant. The amplitude
M

1 involves one-loop diagrams when the process at LO is described by tree-
level diagrams, like, e.g., vector-boson-fusion production, while it involves
two-loop diagrams when the LO contribution is given by one-loop diagrams,
like, e.g., gluon-gluon-fusion production. The �3-linearly-dependent contri-
butions in M

1, which we denote as M
1

�3
, can be obtained for any process

by evaluating in the SM the diagrams that contain one trilinear Higgs cou-
pling (M1

�
SM
3

) and then rescaling them by a factor �. In order to correctly

identify M
1

�
SM
3

(the contributions related to the H
3 interaction) in the M

1

amplitude in the SM, it is convenient to choose a specific gauge, namely
the unitary gauge. In a renormalisable R⇠ gauge, �SM

3
-dependent diagrams

are due not only to the interaction among three physical Higgs fields but
also to the interaction among one physical Higgs and two unphysical scalars,
making the identification less straightforward.

Once all the contributions from M
1

�3
and ZH are taken into account,

denoting as ⌃ a generic cross section for single-Higgs production or a Higgs
decay width, the corrections induced by an anomalous trilinear coupling
modify the LO prediction (⌃LO) according to

⌃NLO = ZH ⌃LO (1 + �C1) , (4)

where the coe�cient C1, which originates from M
1

�
SM
3

, depends on the pro-

cess and the kinematical observable considered, while ZH is universal, see
Eq. (2). Here and in the following the LO contribution is understood as
including QCD corrections so that the labels LO and NLO refer to EW
corrections. We remind that among all terms contributing to the complete
EW corrections we consider only the part relevant for our discussion, i.e.,
the one related to the Higgs trilinear interaction. The ⌃NLO in the SM can
be obtained from Eq. (4) setting � = 1 and expanding the ZH factor, or

⌃SM

NLO = ⌃LO (1 + C1 + �ZH) . (5)

Thus, the relative corrections induced by an anomalous trilinear Higgs self-
coupling can be expressed as

�⌃�3 ⌘
⌃NLO � ⌃SM

NLO

⌃LO

= ZH � (1 + �ZH) + (ZH� � 1)C1 , (6)

which, neglecting O(3
�
↵
2) terms in the r.h.s, can be compactly written as

�⌃�3 = (� � 1)C1 + (2
�
� 1)C2 , (7)

7
All the different signal strengths    have a different dependence on a single 
parameter     , which can thus be constrained via a global fit.
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Table 3: Summary of the event generators used by ATLAS and CMS to model the Higgs boson production processes
and decay channels at

p
s = 8 TeV.

Production Event generator
process ATLAS CMS

ggF Powheg [79–83] Powheg
VBF Powheg Powheg
WH Pythia8 [84] Pythia6.4 [85]
ZH (qq! ZH or qg! ZH) Pythia8 Pythia6.4
ggZH (gg! ZH) Powheg See text
ttH Powhel [87] Pythia6.4
tHq (qb! tHq) MadGraph [89] aMC@NLO [78]
tHW (gb! tHW) aMC@NLO aMC@NLO
bbH Pythia8 Pythia6.4, aMC@NLO

2.3. Signal strengths

The signal strength µ, defined as the ratio of the measured Higgs boson rate to its SM prediction, is used
to characterise the Higgs boson yields. For a specific production process and decay mode i ! H ! f ,
the signal strengths for the production, µi, and for the decay, µ f , are defined as

µi =
�i

(�i)SM
and µ f =

B f

(B f )SM
. (2)

Here �i (i = ggF,VBF,WH,ZH, ttH) and B f ( f = ZZ,WW, ��, ⌧⌧, bb, µµ) are respectively the produc-
tion cross section for i ! H and the decay branching fraction for H ! f . The subscript “SM” refers to
their respective SM predictions, so by definition, µi = 1 and µ f = 1 in the SM. Since �i and B f cannot be
separated without additional assumptions, only the product of µi and µ f can be measured experimentally,
leading to a signal strength µ f

i for the combined production and decay:

µ f
i =

�i · B f

(�i)SM · (B f )SM
= µi · µ f . (3)

The ATLAS and CMS data are combined and analysed using this signal strength formalism and the results
are presented in Section 5. For all these signal strength fits, as well as for the generic parameterisations
presented in Section 4.1, the parameterisations of the expected yields in each analysis category are per-
formed with a set of assumptions, which are needed because some production processes or decay modes,
which are not specifically searched for, contribute to other channels. These assumptions are the follow-
ing: for the production processes, the bbH signal strength is assumed to be the same as for ggF, the tH
signal strength is assumed to be the same as for ttH, and the ggZH signal strength is assumed to be the
same as for quark-initiated ZH production; for the Higgs boson decays, the H ! gg and H ! cc signal
strengths are assumed to be the same as for H ! bb decays, and the H ! Z� signal strength is assumed
to be the same as for H ! �� decays.
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Figure 4: Diagrams contributing to the C1 coe�cient in the gluon-gluon-
fusion Higgs production. The one on the right has a multiplicity factor
2.

to the di↵erent Lorentz structure at one loop and at the tree level.
The computation of �(gg ! H), the related �(H ! gg), and of �(H !

��) is much more challenging and deserves a more detailed discussion. These
observables receive the first non-zero contributions from one-loop diagrams,
which do not feature �3, so that the computation of C1 requires the evalu-
ation of two-loop diagrams.

The two-loop EW corrections to �(gg ! H) in the SM were obtained
in Refs. [47–49]. In our computation of the C1 coe�cient we followed the
approach of Ref. [48] where the corrections have been computed via a Taylor
expansion in the parameters q2/(4m2

t ), q
2
/(4m2

H
) where q

2 is the virtuality
of the external Higgs momentum, to be set to m

2
H

at the end of the com-
putation. However, at variance with Ref. [48], we computed the diagrams
contributing to C1, see Fig. 4, via an asymptotic expansion in the large top
mass up to and including O(m6

H
/m

6
t ) terms. The two expansions are equiv-

alent up to the first threshold encountered in the diagrams that defines the
range of validity of the Taylor expansion. In our case, the first threshold in
the diagrams of Fig. 4 occurs at q

2 = 4m2
H

and both expansions are valid
for mH ' 125 GeV. The asymptotic expansion was performed following the
strategy described in Ref. [50] and the result for C1 is presented in Ap-
pendix A. We checked our asymptotic expansion against the corresponding
expression obtained by the Taylor expansion finding, as expected, very good
numerical agreement.

The computation of the EW corrections to the partial decay width of a
Higgs boson into two photons in the SM was performed in a R⇠ gauge in
Refs. [51, 52]. As mentioned above, the identification of the contributions
to the C1 coe�cient is straightforward in the unitary gauge. In this gauge,
neither unphysical scalars nor ghosts are present and the propagator of the
massive vector bosons is i(�gµ⌫ + kµk⌫/M

2

V
)/(k2 �M

2

V
+ i✏). The unitary

gauge is a very special gauge. It can be defined as the limit when the
gauge parameter ⇠ is sent to infinity of a R⇠ gauge. When a calculation
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the fermions in the final state. The same applies toH ! WW
⇤
! 4f . In the

case of hadronic production, di↵erent partonic processes can have di↵erent
C1’s at the level of matrix elements. One example is tt̄H production, which
receives contributions from qq̄ ! tt̄H and gg ! tt̄H. Another is VBF,
where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each
subprocess contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coe�cients of the various processes, we gener-
ated the relevant amplitudes using the Mathematica package FeynArts [43].
For all the cases involving only one-loop amplitudes, we computed the cross
sections and decay rates with the help of FormCalc interfaced to Loop-

Tools [44] and we checked the partonic cross sections at specific points
in the phase space with FeynCalc [45, 46]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and
H ! V V

⇤
! 4f), the �3-dependent parts in M

1

�
SM
3

have a common struc-

ture, see Fig. 2. In the case of the tt̄H production the sensitivity to �3 comes
from the one-loop corrections to the tt̄H vertex and from one-loop box and
pentagon diagrams. A sample of diagrams containing these �3-dependent
contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the
case of tt̄H production provides an intuitive explanation of why the �3 con-
tributions cannot be captured by a local rescaling (t) of the type that a
standard -framework would assume for the top-Higgs coupling. Similarly,
not all the contributions given by the corrections to the HV V vertex can
be described by a scalar modification of its SM value via a V factor, due
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is performed in the unitary gauge, one is actually interchanging the order
of the operations limit ⇠ ! 1 with the integration, i.e., the limit ⇠ !

1 is performed first and then one does the integration while the correct
order is the opposite. Because some of the vertices that arise from the
gauge-fixing function contain a ⇠ factor, this exchange is not always an
allowed operation and in order to check the correctness of our approach we
recomputed1 the full two-loop EW corrections to �(H ! ��) in the unitary
gauge. The corrections were computed as in Ref. [51] via a Taylor expansion
in the parameters q2/(4m2

W
), q2/(4m2

H
) up to and including O(q6/m6) terms

finding perfect agreement with the result of Ref. [51].
Once we verified that in the SM the calculation in the unitary gauge

is equivalent to the one in a R⇠ gauge, the coe�cient C1 is obtained eval-
uating the diagrams in the unitary gauge that contain one trilinear Higgs
interaction. The latter amounts to add to the contribution of the diagrams
in Fig. 4, with the gluons replaced by photons, to the contribution of the
diagrams in Fig. 5. The result is presented in Appendix A. We would like to
remark that the sum of the diagrams in Fig. 5 is finite in the unitary gauge
but it is not finite in a generic R⇠ gauge.

4 Results

In this section we discuss the numerical impact of the �3-dependent contri-
butions on the most important observables in single-Higgs production and
decay at the LHC. We begin by listing and commenting the size of the C1

1
To our knowledge this is the first-ever two-loop computation of a physical observable

performed in the unitary gauge.
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the fermions in the final state. The same applies toH ! WW
⇤
! 4f . In the

case of hadronic production, di↵erent partonic processes can have di↵erent
C1’s at the level of matrix elements. One example is tt̄H production, which
receives contributions from qq̄ ! tt̄H and gg ! tt̄H. Another is VBF,
where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each
subprocess contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coe�cients of the various processes, we gener-
ated the relevant amplitudes using the Mathematica package FeynArts [43].
For all the cases involving only one-loop amplitudes, we computed the cross
sections and decay rates with the help of FormCalc interfaced to Loop-

Tools [44] and we checked the partonic cross sections at specific points
in the phase space with FeynCalc [45, 46]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and
H ! V V

⇤
! 4f), the �3-dependent parts in M
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�
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3

have a common struc-

ture, see Fig. 2. In the case of the tt̄H production the sensitivity to �3 comes
from the one-loop corrections to the tt̄H vertex and from one-loop box and
pentagon diagrams. A sample of diagrams containing these �3-dependent
contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the
case of tt̄H production provides an intuitive explanation of why the �3 con-
tributions cannot be captured by a local rescaling (t) of the type that a
standard -framework would assume for the top-Higgs coupling. Similarly,
not all the contributions given by the corrections to the HV V vertex can
be described by a scalar modification of its SM value via a V factor, due
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of cross section or decay width, the linear dependence on �3 originates from
the interference of the Born amplitude M

0 and the virtual EW amplitude
M

1, besides the wave-function-renormalisation constant. The amplitude
M

1 involves one-loop diagrams when the process at LO is described by tree-
level diagrams, like, e.g., vector-boson-fusion production, while it involves
two-loop diagrams when the LO contribution is given by one-loop diagrams,
like, e.g., gluon-gluon-fusion production. The �3-linearly-dependent contri-
butions in M

1, which we denote as M
1

�3
, can be obtained for any process

by evaluating in the SM the diagrams that contain one trilinear Higgs cou-
pling (M1

�
SM
3

) and then rescaling them by a factor �. In order to correctly

identify M
1

�
SM
3

(the contributions related to the H
3 interaction) in the M

1

amplitude in the SM, it is convenient to choose a specific gauge, namely
the unitary gauge. In a renormalisable R⇠ gauge, �SM

3
-dependent diagrams

are due not only to the interaction among three physical Higgs fields but
also to the interaction among one physical Higgs and two unphysical scalars,
making the identification less straightforward.

Once all the contributions from M
1

�3
and ZH are taken into account,

denoting as ⌃ a generic cross section for single-Higgs production or a Higgs
decay width, the corrections induced by an anomalous trilinear coupling
modify the LO prediction (⌃LO) according to

⌃NLO = ZH ⌃LO (1 + �C1) , (4)

where the coe�cient C1, which originates from M
1

�
SM
3

, depends on the pro-

cess and the kinematical observable considered, while ZH is universal, see
Eq. (2). Here and in the following the LO contribution is understood as
including QCD corrections so that the labels LO and NLO refer to EW
corrections. We remind that among all terms contributing to the complete
EW corrections we consider only the part relevant for our discussion, i.e.,
the one related to the Higgs trilinear interaction. The ⌃NLO in the SM can
be obtained from Eq. (4) setting � = 1 and expanding the ZH factor, or

⌃SM

NLO = ⌃LO (1 + C1 + �ZH) . (5)

Thus, the relative corrections induced by an anomalous trilinear Higgs self-
coupling can be expressed as

�⌃�3 ⌘
⌃NLO � ⌃SM

NLO

⌃LO

= ZH � (1 + �ZH) + (ZH� � 1)C1 , (6)

which, neglecting O(3
�
↵
2) terms in the r.h.s, can be compactly written as

�⌃�3 = (� � 1)C1 + (2
�
� 1)C2 , (7)

7
All the different signal strengths    have a different dependence on a single 
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be obtained from Eq. (4) setting � = 1 and expanding the ZH factor, or

⌃SM

NLO = ⌃LO (1 + C1 + �ZH) . (5)

Thus, the relative corrections induced by an anomalous trilinear Higgs self-
coupling can be expressed as

�⌃�3 ⌘
⌃NLO � ⌃SM

NLO

⌃LO

= ZH � (1 + �ZH) + (ZH� � 1)C1 , (6)

which, neglecting O(3
�
↵
2) terms in the r.h.s, can be compactly written as

�⌃�3 = (� � 1)C1 + (2
�
� 1)C2 , (7)
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Table 3: Summary of the event generators used by ATLAS and CMS to model the Higgs boson production processes
and decay channels at

p
s = 8 TeV.

Production Event generator
process ATLAS CMS

ggF Powheg [79–83] Powheg
VBF Powheg Powheg
WH Pythia8 [84] Pythia6.4 [85]
ZH (qq! ZH or qg! ZH) Pythia8 Pythia6.4
ggZH (gg! ZH) Powheg See text
ttH Powhel [87] Pythia6.4
tHq (qb! tHq) MadGraph [89] aMC@NLO [78]
tHW (gb! tHW) aMC@NLO aMC@NLO
bbH Pythia8 Pythia6.4, aMC@NLO

2.3. Signal strengths

The signal strength µ, defined as the ratio of the measured Higgs boson rate to its SM prediction, is used
to characterise the Higgs boson yields. For a specific production process and decay mode i ! H ! f ,
the signal strengths for the production, µi, and for the decay, µ f , are defined as

µi =
�i

(�i)SM
and µ f =

B f

(B f )SM
. (2)

Here �i (i = ggF,VBF,WH,ZH, ttH) and B f ( f = ZZ,WW, ��, ⌧⌧, bb, µµ) are respectively the produc-
tion cross section for i ! H and the decay branching fraction for H ! f . The subscript “SM” refers to
their respective SM predictions, so by definition, µi = 1 and µ f = 1 in the SM. Since �i and B f cannot be
separated without additional assumptions, only the product of µi and µ f can be measured experimentally,
leading to a signal strength µ f

i for the combined production and decay:

µ f
i =

�i · B f

(�i)SM · (B f )SM
= µi · µ f . (3)

The ATLAS and CMS data are combined and analysed using this signal strength formalism and the results
are presented in Section 5. For all these signal strength fits, as well as for the generic parameterisations
presented in Section 4.1, the parameterisations of the expected yields in each analysis category are per-
formed with a set of assumptions, which are needed because some production processes or decay modes,
which are not specifically searched for, contribute to other channels. These assumptions are the follow-
ing: for the production processes, the bbH signal strength is assumed to be the same as for ggF, the tH
signal strength is assumed to be the same as for ttH, and the ggZH signal strength is assumed to be the
same as for quark-initiated ZH production; for the Higgs boson decays, the H ! gg and H ! cc signal
strengths are assumed to be the same as for H ! bb decays, and the H ! Z� signal strength is assumed
to be the same as for H ! �� decays.
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Figure 4: Diagrams contributing to the C1 coe�cient in the gluon-gluon-
fusion Higgs production. The one on the right has a multiplicity factor
2.

to the di↵erent Lorentz structure at one loop and at the tree level.
The computation of �(gg ! H), the related �(H ! gg), and of �(H !

��) is much more challenging and deserves a more detailed discussion. These
observables receive the first non-zero contributions from one-loop diagrams,
which do not feature �3, so that the computation of C1 requires the evalu-
ation of two-loop diagrams.

The two-loop EW corrections to �(gg ! H) in the SM were obtained
in Refs. [47–49]. In our computation of the C1 coe�cient we followed the
approach of Ref. [48] where the corrections have been computed via a Taylor
expansion in the parameters q2/(4m2

t ), q
2
/(4m2

H
) where q

2 is the virtuality
of the external Higgs momentum, to be set to m

2
H

at the end of the com-
putation. However, at variance with Ref. [48], we computed the diagrams
contributing to C1, see Fig. 4, via an asymptotic expansion in the large top
mass up to and including O(m6

H
/m

6
t ) terms. The two expansions are equiv-

alent up to the first threshold encountered in the diagrams that defines the
range of validity of the Taylor expansion. In our case, the first threshold in
the diagrams of Fig. 4 occurs at q

2 = 4m2
H

and both expansions are valid
for mH ' 125 GeV. The asymptotic expansion was performed following the
strategy described in Ref. [50] and the result for C1 is presented in Ap-
pendix A. We checked our asymptotic expansion against the corresponding
expression obtained by the Taylor expansion finding, as expected, very good
numerical agreement.

The computation of the EW corrections to the partial decay width of a
Higgs boson into two photons in the SM was performed in a R⇠ gauge in
Refs. [51, 52]. As mentioned above, the identification of the contributions
to the C1 coe�cient is straightforward in the unitary gauge. In this gauge,
neither unphysical scalars nor ghosts are present and the propagator of the
massive vector bosons is i(�gµ⌫ + kµk⌫/M

2

V
)/(k2 �M

2

V
+ i✏). The unitary

gauge is a very special gauge. It can be defined as the limit when the
gauge parameter ⇠ is sent to infinity of a R⇠ gauge. When a calculation
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3
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the fermions in the final state. The same applies toH ! WW
⇤
! 4f . In the

case of hadronic production, di↵erent partonic processes can have di↵erent
C1’s at the level of matrix elements. One example is tt̄H production, which
receives contributions from qq̄ ! tt̄H and gg ! tt̄H. Another is VBF,
where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each
subprocess contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coe�cients of the various processes, we gener-
ated the relevant amplitudes using the Mathematica package FeynArts [43].
For all the cases involving only one-loop amplitudes, we computed the cross
sections and decay rates with the help of FormCalc interfaced to Loop-

Tools [44] and we checked the partonic cross sections at specific points
in the phase space with FeynCalc [45, 46]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and
H ! V V

⇤
! 4f), the �3-dependent parts in M

1

�
SM
3

have a common struc-

ture, see Fig. 2. In the case of the tt̄H production the sensitivity to �3 comes
from the one-loop corrections to the tt̄H vertex and from one-loop box and
pentagon diagrams. A sample of diagrams containing these �3-dependent
contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the
case of tt̄H production provides an intuitive explanation of why the �3 con-
tributions cannot be captured by a local rescaling (t) of the type that a
standard -framework would assume for the top-Higgs coupling. Similarly,
not all the contributions given by the corrections to the HV V vertex can
be described by a scalar modification of its SM value via a V factor, due
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We can exploit at the LHC the  
“High Precision for Hard Processes”

An additional and complementary strategy for the determination 
(at the LHC) of the Higgs self coupling is definitely useful. 

and probe the quantum effects (NLO EW) induced by the Higgs self 
coupling on single Higgs production and decay modes. 
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Figure 5: Diagrams contributing to the C1 coe�cient in �(H ! ��). The
diagrams in the second row have multiplicity 2.

is performed in the unitary gauge, one is actually interchanging the order
of the operations limit ⇠ ! 1 with the integration, i.e., the limit ⇠ !

1 is performed first and then one does the integration while the correct
order is the opposite. Because some of the vertices that arise from the
gauge-fixing function contain a ⇠ factor, this exchange is not always an
allowed operation and in order to check the correctness of our approach we
recomputed1 the full two-loop EW corrections to �(H ! ��) in the unitary
gauge. The corrections were computed as in Ref. [51] via a Taylor expansion
in the parameters q2/(4m2

W
), q2/(4m2

H
) up to and including O(q6/m6) terms

finding perfect agreement with the result of Ref. [51].
Once we verified that in the SM the calculation in the unitary gauge

is equivalent to the one in a R⇠ gauge, the coe�cient C1 is obtained eval-
uating the diagrams in the unitary gauge that contain one trilinear Higgs
interaction. The latter amounts to add to the contribution of the diagrams
in Fig. 4, with the gluons replaced by photons, to the contribution of the
diagrams in Fig. 5. The result is presented in Appendix A. We would like to
remark that the sum of the diagrams in Fig. 5 is finite in the unitary gauge
but it is not finite in a generic R⇠ gauge.

4 Results

In this section we discuss the numerical impact of the �3-dependent contri-
butions on the most important observables in single-Higgs production and
decay at the LHC. We begin by listing and commenting the size of the C1

1
To our knowledge this is the first-ever two-loop computation of a physical observable

performed in the unitary gauge.
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the fermions in the final state. The same applies toH ! WW
⇤
! 4f . In the

case of hadronic production, di↵erent partonic processes can have di↵erent
C1’s at the level of matrix elements. One example is tt̄H production, which
receives contributions from qq̄ ! tt̄H and gg ! tt̄H. Another is VBF,
where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each
subprocess contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coe�cients of the various processes, we gener-
ated the relevant amplitudes using the Mathematica package FeynArts [43].
For all the cases involving only one-loop amplitudes, we computed the cross
sections and decay rates with the help of FormCalc interfaced to Loop-

Tools [44] and we checked the partonic cross sections at specific points
in the phase space with FeynCalc [45, 46]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and
H ! V V

⇤
! 4f), the �3-dependent parts in M

1

�
SM
3

have a common struc-

ture, see Fig. 2. In the case of the tt̄H production the sensitivity to �3 comes
from the one-loop corrections to the tt̄H vertex and from one-loop box and
pentagon diagrams. A sample of diagrams containing these �3-dependent
contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the
case of tt̄H production provides an intuitive explanation of why the �3 con-
tributions cannot be captured by a local rescaling (t) of the type that a
standard -framework would assume for the top-Higgs coupling. Similarly,
not all the contributions given by the corrections to the HV V vertex can
be described by a scalar modification of its SM value via a V factor, due
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All the single Higgs production and decay processes are affected by an 
anomalous trilinear (not quartic) Higgs self coupling, parametrized by     .

of cross section or decay width, the linear dependence on �3 originates from
the interference of the Born amplitude M

0 and the virtual EW amplitude
M

1, besides the wave-function-renormalisation constant. The amplitude
M

1 involves one-loop diagrams when the process at LO is described by tree-
level diagrams, like, e.g., vector-boson-fusion production, while it involves
two-loop diagrams when the LO contribution is given by one-loop diagrams,
like, e.g., gluon-gluon-fusion production. The �3-linearly-dependent contri-
butions in M

1, which we denote as M
1

�3
, can be obtained for any process

by evaluating in the SM the diagrams that contain one trilinear Higgs cou-
pling (M1

�
SM
3

) and then rescaling them by a factor �. In order to correctly

identify M
1

�
SM
3

(the contributions related to the H
3 interaction) in the M

1

amplitude in the SM, it is convenient to choose a specific gauge, namely
the unitary gauge. In a renormalisable R⇠ gauge, �SM

3
-dependent diagrams

are due not only to the interaction among three physical Higgs fields but
also to the interaction among one physical Higgs and two unphysical scalars,
making the identification less straightforward.

Once all the contributions from M
1

�3
and ZH are taken into account,

denoting as ⌃ a generic cross section for single-Higgs production or a Higgs
decay width, the corrections induced by an anomalous trilinear coupling
modify the LO prediction (⌃LO) according to

⌃NLO = ZH ⌃LO (1 + �C1) , (4)

where the coe�cient C1, which originates from M
1

�
SM
3

, depends on the pro-

cess and the kinematical observable considered, while ZH is universal, see
Eq. (2). Here and in the following the LO contribution is understood as
including QCD corrections so that the labels LO and NLO refer to EW
corrections. We remind that among all terms contributing to the complete
EW corrections we consider only the part relevant for our discussion, i.e.,
the one related to the Higgs trilinear interaction. The ⌃NLO in the SM can
be obtained from Eq. (4) setting � = 1 and expanding the ZH factor, or

⌃SM

NLO = ⌃LO (1 + C1 + �ZH) . (5)

Thus, the relative corrections induced by an anomalous trilinear Higgs self-
coupling can be expressed as

�⌃�3 ⌘
⌃NLO � ⌃SM

NLO

⌃LO

= ZH � (1 + �ZH) + (ZH� � 1)C1 , (6)

which, neglecting O(3
�
↵
2) terms in the r.h.s, can be compactly written as

�⌃�3 = (� � 1)C1 + (2
�
� 1)C2 , (7)
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All the different signal strengths    have a different dependence on a single 
parameter     , which can thus be constrained via a global fit.
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Table 3: Summary of the event generators used by ATLAS and CMS to model the Higgs boson production processes
and decay channels at

p
s = 8 TeV.

Production Event generator
process ATLAS CMS

ggF Powheg [79–83] Powheg
VBF Powheg Powheg
WH Pythia8 [84] Pythia6.4 [85]
ZH (qq! ZH or qg! ZH) Pythia8 Pythia6.4
ggZH (gg! ZH) Powheg See text
ttH Powhel [87] Pythia6.4
tHq (qb! tHq) MadGraph [89] aMC@NLO [78]
tHW (gb! tHW) aMC@NLO aMC@NLO
bbH Pythia8 Pythia6.4, aMC@NLO

2.3. Signal strengths

The signal strength µ, defined as the ratio of the measured Higgs boson rate to its SM prediction, is used
to characterise the Higgs boson yields. For a specific production process and decay mode i ! H ! f ,
the signal strengths for the production, µi, and for the decay, µ f , are defined as

µi =
�i

(�i)SM
and µ f =

B f

(B f )SM
. (2)

Here �i (i = ggF,VBF,WH,ZH, ttH) and B f ( f = ZZ,WW, ��, ⌧⌧, bb, µµ) are respectively the produc-
tion cross section for i ! H and the decay branching fraction for H ! f . The subscript “SM” refers to
their respective SM predictions, so by definition, µi = 1 and µ f = 1 in the SM. Since �i and B f cannot be
separated without additional assumptions, only the product of µi and µ f can be measured experimentally,
leading to a signal strength µ f

i for the combined production and decay:

µ f
i =

�i · B f

(�i)SM · (B f )SM
= µi · µ f . (3)

The ATLAS and CMS data are combined and analysed using this signal strength formalism and the results
are presented in Section 5. For all these signal strength fits, as well as for the generic parameterisations
presented in Section 4.1, the parameterisations of the expected yields in each analysis category are per-
formed with a set of assumptions, which are needed because some production processes or decay modes,
which are not specifically searched for, contribute to other channels. These assumptions are the follow-
ing: for the production processes, the bbH signal strength is assumed to be the same as for ggF, the tH
signal strength is assumed to be the same as for ttH, and the ggZH signal strength is assumed to be the
same as for quark-initiated ZH production; for the Higgs boson decays, the H ! gg and H ! cc signal
strengths are assumed to be the same as for H ! bb decays, and the H ! Z� signal strength is assumed
to be the same as for H ! �� decays.
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Figure 4: Diagrams contributing to the C1 coe�cient in the gluon-gluon-
fusion Higgs production. The one on the right has a multiplicity factor
2.

to the di↵erent Lorentz structure at one loop and at the tree level.
The computation of �(gg ! H), the related �(H ! gg), and of �(H !

��) is much more challenging and deserves a more detailed discussion. These
observables receive the first non-zero contributions from one-loop diagrams,
which do not feature �3, so that the computation of C1 requires the evalu-
ation of two-loop diagrams.

The two-loop EW corrections to �(gg ! H) in the SM were obtained
in Refs. [47–49]. In our computation of the C1 coe�cient we followed the
approach of Ref. [48] where the corrections have been computed via a Taylor
expansion in the parameters q2/(4m2

t ), q
2
/(4m2

H
) where q

2 is the virtuality
of the external Higgs momentum, to be set to m

2
H

at the end of the com-
putation. However, at variance with Ref. [48], we computed the diagrams
contributing to C1, see Fig. 4, via an asymptotic expansion in the large top
mass up to and including O(m6

H
/m

6
t ) terms. The two expansions are equiv-

alent up to the first threshold encountered in the diagrams that defines the
range of validity of the Taylor expansion. In our case, the first threshold in
the diagrams of Fig. 4 occurs at q

2 = 4m2
H

and both expansions are valid
for mH ' 125 GeV. The asymptotic expansion was performed following the
strategy described in Ref. [50] and the result for C1 is presented in Ap-
pendix A. We checked our asymptotic expansion against the corresponding
expression obtained by the Taylor expansion finding, as expected, very good
numerical agreement.

The computation of the EW corrections to the partial decay width of a
Higgs boson into two photons in the SM was performed in a R⇠ gauge in
Refs. [51, 52]. As mentioned above, the identification of the contributions
to the C1 coe�cient is straightforward in the unitary gauge. In this gauge,
neither unphysical scalars nor ghosts are present and the propagator of the
massive vector bosons is i(�gµ⌫ + kµk⌫/M

2

V
)/(k2 �M

2

V
+ i✏). The unitary

gauge is a very special gauge. It can be defined as the limit when the
gauge parameter ⇠ is sent to infinity of a R⇠ gauge. When a calculation
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the fermions in the final state. The same applies toH ! WW
⇤
! 4f . In the

case of hadronic production, di↵erent partonic processes can have di↵erent
C1’s at the level of matrix elements. One example is tt̄H production, which
receives contributions from qq̄ ! tt̄H and gg ! tt̄H. Another is VBF,
where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each
subprocess contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coe�cients of the various processes, we gener-
ated the relevant amplitudes using the Mathematica package FeynArts [43].
For all the cases involving only one-loop amplitudes, we computed the cross
sections and decay rates with the help of FormCalc interfaced to Loop-

Tools [44] and we checked the partonic cross sections at specific points
in the phase space with FeynCalc [45, 46]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and
H ! V V

⇤
! 4f), the �3-dependent parts in M

1

�
SM
3

have a common struc-

ture, see Fig. 2. In the case of the tt̄H production the sensitivity to �3 comes
from the one-loop corrections to the tt̄H vertex and from one-loop box and
pentagon diagrams. A sample of diagrams containing these �3-dependent
contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the
case of tt̄H production provides an intuitive explanation of why the �3 con-
tributions cannot be captured by a local rescaling (t) of the type that a
standard -framework would assume for the top-Higgs coupling. Similarly,
not all the contributions given by the corrections to the HV V vertex can
be described by a scalar modification of its SM value via a V factor, due
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decay mode H ! �� H ! WW
⇤

H ! Z Z
⇤

H ! bb̄ H ! ⌧⌧
C

f

1 ⇥ 100 0.49 0.73 0.82 0 0
2
f

1.592
V
+ 0.072

F
� 0.67V F 2

V
2
V

2
F

2
F

Table 4: Values of C
f

1 and expression of 2
f

for each considered Higgs boson decay mode [8, 9].
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Figure 2: Variation of the cross-sections (a) and branching fractions (b) as a function of the trilinear coupling modifier
�. The plots represent the equations (2) and (4) using the numerical values shown in Tables 3 and 4, all obtained
from Ref. [8, 9].

analysed decay modes. For Higgs bosons decaying into two fermions, the C
f

1 coe�cient is zero. The model
under discussion, as shown in Eq. 2 and Eq. 4, does not include any additional contributions from new
physics to the total width of the Higgs boson, or in the gg ! H and H ! �� loop mediated processes.

The dependence on � of the Higgs boson production cross sections and the decay branching fractions are
shown in Figure 2.

3.1 Inclusion of event kinematic information

In the presence of a varied Higgs trilinear coupling, changes in � a�ect not only the inclusive rates of
Higgs boson production and decay processes, but also their kinematics. In particular the largest deviations
in kinematic distributions with respect to the to the SM are expected in the ZH, WH, and ttH production
modes. On the contrary, in Higgs boson decay kinematics no significant modification are expected. Since
the Higgs boson decays to two bodies in all decay channels, and it has a null spin, the angular distribution
of the decay particles cannot be a�ected by BSM e�ects, being fully determined by the energy-momentum
conservation and by the rotational symmetry of the decay. One exception is the decay to four fermions, that
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1 and expression of 2
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for each considered Higgs boson decay mode [8, 9].
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Figure 2: Variation of the cross-sections (a) and branching fractions (b) as a function of the trilinear coupling modifier
�. The plots represent the equations (2) and (4) using the numerical values shown in Tables 3 and 4, all obtained
from Ref. [8, 9].

analysed decay modes. For Higgs bosons decaying into two fermions, the C
f

1 coe�cient is zero. The model
under discussion, as shown in Eq. 2 and Eq. 4, does not include any additional contributions from new
physics to the total width of the Higgs boson, or in the gg ! H and H ! �� loop mediated processes.

The dependence on � of the Higgs boson production cross sections and the decay branching fractions are
shown in Figure 2.
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In the presence of a varied Higgs trilinear coupling, changes in � a�ect not only the inclusive rates of
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in kinematic distributions with respect to the to the SM are expected in the ZH, WH, and ttH production
modes. On the contrary, in Higgs boson decay kinematics no significant modification are expected. Since
the Higgs boson decays to two bodies in all decay channels, and it has a null spin, the angular distribution
of the decay particles cannot be a�ected by BSM e�ects, being fully determined by the energy-momentum
conservation and by the rotational symmetry of the decay. One exception is the decay to four fermions, that
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Constraint Higgs trilinear self-coupling

�11

Constraint on self-coupling (obs/exp) @ 95% CL:

• ATLAS (H):  -3.2<κλ<11.9 / -6.2<κλ<14.4

• ATLAS (HH):  -5.0<κλ<12.0 / -5.8<κλ<12.0

• ATLAS (H+HH):  -2.3<κλ<10.3 / -5.1<κλ<11.2

• CMS(HH):      -5.8<κλ<12.0 / -5<κλ<12.1

ATLAS-CONF-2019-049

◈ Using STXS framework, constrain Higgs boson self-coupling using NLO EW 
corrections on the single Higgs boson production and decay.


◈ Complement direct measurement from HH channels and provide more stringent 
constraint.

◈ Limited access to possible BSM effect 
๏ No consideration of the kinematic dependence on kλ in the single Higgs process

๏ No consistent EFT predicts only SM coupling variation without new contact interactions.

๏ Combine LO and NLO effects in the two measurements with a k-framework

http://cdsweb.cern.ch/record/2693958/files/ATLAS-CONF-2019-049.pdf


������ 	 probes through differential distributions of 
single Higgs processes

�12

Table 65: Process dependant C1 values for each bin of pT
H.

pT (H) [GeV ] [0, 45] [45, 80] [80, 120] [120, 200] [200, 350] > 350

ttH 5.31 4.73 3.92 2.79 1.42 0.42

tH 1.32 1.19 1.00 0.75 0.40 0.06

VH 1.66 1.23 0.77 0.35 0.02 �0.09

We also recall that limits on 3 or equivalently c6 obtained with this strategy are sensible only
when |3| < 20; as discussed in refs. [366] this limit guarantees that the perturbative loop expansion is
converging and that the leading missing higher orders depending on 3 � 1 = c6 are below 10% level.
On the contrary, as discussed in refs. [375, 372], when the information from double Higgs production
is considered a more cautious limit |3| < 6 should be adopted in order to achieve both perturbative
unitarity and the convergence of the loop expansion.

3.5.2 Indirect probes of the trilinear coupling through differential distributions measurements with
the CMS detector47

As detailed in the previous section, an alternative approach to probing the Higgs boson self-coupling is
to measure deviations of the inclusive and differential Higgs boson production rates. Contributions to
single Higgs boson production from the Higgs boson self-coupling are sizeable for production in asso-
ciation with a pair of top quarks (ttH) or a single top-quark (tH). The contributions are greatest in these
production modes due to the large mass of the top quark. Differential cross section measurements, in
particular as a function of the Higgs boson transverse momentum pH

T , allow one to disentangle the ef-
fects of modified Higgs boson self-coupling values from other effects such as the presence of anomalous
top–Higgs couplings.

The differential cross-section measurements, described in section 2.4.2, are used to extract a con-
straint on the Higgs boson self-coupling (�3), by parametrising deviations from SM predictions as
described in the previous section. The kinematic dependence of these deviations are determined by
reweighting signal events, on an event by event basis, using the tool described in Ref. [376], which cal-
culates �3-dependent corrections to the tree level cross-sections as a function of the kinematic properties
of the event, and is encapsulated as a varying C1 coefficient. The value of C1 depends on both the Higgs
boson production mode and the kinematic properties of the event. Table 65 shows the values of C1

calculated in the fiducial region for ttH and tH production, in each bin of pT
H.

In addition, the contribution from V H production is included by similarly calculating the C1

values for V H, H ! g g events. For the contribution of g g ! H and to account for modifications of the
H ! g g decay width, the parametrisations which have been calculated for inclusive events provided in
Ref. [366] are used directly.

Figure 80 shows a scan of the profile log-likelihood as a function of �. In the scan, all other Higgs
boson couplings are assumed to attain their SM values. For the purposes of constraining �, theoretical
uncertainties in the differential ttH + tH cross section, as described in section 2.4.2, are included in the
signal model. The results when only including the hadronic or leptonic categories are shown in addition
to the result obtained from their combination.

The profiled log-likelihood in the region around 5 < � < 15 results from the behaviour of the
parametrisations which modify the predicted cross sections. For the ttH production mode, the derivative
of the predicted cross section with respect to � changes sign in this region, such that the predicted cross
section is relatively stable for different values of �. This degeneracy is however somewhat resolved by
the other production modes for which the change in sign occurs at different values of �. With 3 ab�1

47 Contacts: N. Wardle, J. Langford
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Fig. 80: Profile log-likelihood scan as a function of �. The individual contributions of the statistical
and systematic uncertainties are separated by performing a likelihood scan with all systematics removed.
Additionally, the contributions from the hadronic and leptonic channels have been separated, shown in
red and purple, respectively.

of data collected by CMS at the HL-LHC, this result shows that a constraint of �4.1 < � < 14.1 at
the 95% confidence level (CL) is achievable from the differential cross-section measurement of a single
Higgs boson decay channel produced in association with tops, using data from only one of the two
general purpose detectors at the HL-LHC.

The ttH + tH differential cross section measurements are also sensitive to other potential BSM
effects, such as those which give rise to anomalous top–Higgs couplings. A two-dimensional profile
log-likelihood scan is shown in Fig. 81 as a function of � and µH . The parameter µH is a multiplicative
scaling factor which is common to all Higgs boson production modes and all pT

H bins. Even with this
additional parameter, constraints on � are still achievable, owing to the information retained in the
shape of the pT

H distribution. The constraint on � is �7.1 < � < 14.1 at the 95% CL, when the
log-likelihood is also profiled with respect to µH .

3.5.3 Global fit48

Assuming that the trilinear coupling is the only coupling deviating from its SM value, single Higgs
observables can give competitive bounds with double Higgs production, see Refs. [365, 366, 367, 373,
370] 49. Nevertheless, departures of the Higgs self-coupling from its SM prediction signal the existence
of new dynamics that, in general, would leave an imprint on other Higgs couplings as well which have
a strong impact on the bound as shown by Ref. [368]. The importance of a global fit is therefore two-
fold, namely to assess the robustness of the studies that take into account deformations exclusively in the
Higgs trilinear coupling, and to single out the sensitivity on the single-Higgs couplings that is required
to minimise the impact of the possible correlations.

To include the effect of the different deformations away from the SM, we use the EFT frame-
work described in Ref. [368], where 9 parameters describe the deviations of the single-Higgs couplings.
In particular, we consider three50 parameters for the Yukawa interactions (�yt, �yb, �y⌧ ,), two for the
contact interactions with gluons and photons (cgg , c��), rescalings of the SM hZZ and hWW interac-

48 Contacts: S. Di Vita, G. Durieux, C. Grojean, J. Gu, Z. Liu, G. Panico, M. Riembau, T. Vantalon
49Electroweak processes where the Higgs trilinear coupling enter at the two loop level have also been studied in [374].
50If other fermionic decay channels can be observed, further parameters can be included, with no effect on the number of

degrees of freedom.
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Fig. 81: Results of the two-dimensional likelihood scan in �-vs-µH , where µH allows all Higgs boson
production modes to scale relative to the SM prediction. The 68% and 95% confidence level contours
are shown by the solid and dashed lines respectively. The SM expectation is shown by the black cross.

Fig. 82: �2 analysis of the Higgs self-coupling �� using single- and double-Higgs processes for the
HL-LHC at 13 TeV and 3 ab�1. The widths of the lines correspond to the differences between the sce-
narios S1 and S2. Left: Comparison of the constraints obtained using inclusive single-Higgs processes
(orange), with the ones using differential observables (blue). Dashed is an exclusive fit while solid is the
result of a global fit. Right: Comparison of the constraints from differential single Higgs (blue), with
those from differential double-Higgs data (dashed red) and its combination (pink).

tions (parametrised by one coefficient, �cz , if custodial symmetry is unbroken), and three coefficients
(czz, cz⇤, cz�) parametrising interactions of the Higgs with the electroweak bosons that have non-SM
tensor structures. Note that two combinations of the last three parameters are constrained by di-boson
data, showing an interesting interplay between the gauge and the Higgs sectors. A global fit on the
Higgs self-coupling, parametrised by �� (which is zero in the SM) using only inclusive single Higgs
observables, and taking into account the additional 9 EFT deviations described above, suffers from a flat
direction. To lift it, it is necessary to include data from differential measurements of those processes,
since the single-Higgs deformations and �� tend to affect the distributions in complementary ways.

As input for the uncertainties we consider the S1 and S2 scenarios, corresponding to the projected
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Constraint on self-coupling (exp) @ 95% CL:

• -4.1<κλ<14.1 

Constraint on self-coupling (exp) @ 95% CL:

• -7.1<κλ<14.1 



Lepton collider: Di-Higgs production
◈ Higgs-strahlung: ee→ZHH


◈ VBF: ee→ννHH

�13
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Figure 9. Representative Feynman diagrams for the leading contribution to double Higgs production at hadron (left) and
lepton (right) colliders. Extracting the value of the Higgs self-coupling, in red, requires a knowledge of the other Higgs
couplings that also contribute to the same process. See Table 18 for the SM rates. At lepton colliders, double Higgs production
can also occur via vector boson fusion with neutral currents but the rate is about ten times smaller. The contribution
proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off at high energy. Therefore, the
kinematic region close to threshold is more sensitive to the Higgs self-coupling.

at lepton colliders for the ZHH process they actually result in a larger cross section, and hence into an increased precision. For
instance at ILC500, the sensitivity around the SM value is 27% but it would reach 18% around k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [67–69] and even the
electroweak precision observables [70–72]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. For a 240 GeV lepton
collider, the change of the ZH production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to

sNLO
ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below
1%, but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, one needs to be able to disentangle a
variation due to a modified Higgs self-interaction from variations due to another deformation of the SM. This cannot always
be done relying only on inclusive measurements [73, 74] and it calls for detailed studies of kinematical distributions with an
accurate estimate of the relevant uncertainties [75]. Inclusive rate measurements performed at two different energies also help
lifting the degeneracy among the different Higgs coupling deviations (see for instance the k3 sensitivities reported in Table 12
for FCC-ee240 vs FCC-ee365; it is the combination of the two runs at different energies that improve the global fit, a single run
at 365 GeV alone would not improve much compared to a single run at 240 GeV).

In principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading order,
i.e. neglecting the contribution of k3 at next-to-leading order. The results presented in Section 3.4 were obtained along that
line. It was shown in [73] that a 200% uncertainty on k3 could for instance increase the uncertainty in gHtt or geff

Hgg by around
30–40%. The fact that HL-LHC from the double Higgs channel analysis will limit the deviations of k3 to 50% prevents such a
large deterioration of the global fits to single Higgs couplings when also allowing k3 to float. In the effective coupling basis we
are considering in this report, the effect of k3 would be mostly in the correlations among the single Higgs couplings. In other
bases, like the Warsaw basis, there would be a deterioration up to 15-20% in the sensitivity of the operator Of⇤. Anyway, one
should keep in mind that such a deterioration only concerns specific models where the deviations of the Higgs self-coupling is
parametrically larger than the deviations of the single Higgs couplings and in generic situations, the results of Section 3.4 hold.

In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large
the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [27, 73]

|k3|⇠< Min(600x ,4p) , (27)
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proportional to the cubic Higgs self-coupling involves an extra Higgs propagator that dies off at high energy. Therefore, the
kinematic region close to threshold is more sensitive to the Higgs self-coupling.

at lepton colliders for the ZHH process they actually result in a larger cross section, and hence into an increased precision. For
instance at ILC500, the sensitivity around the SM value is 27% but it would reach 18% around k3 = 1.5.

Modified Higgs self-interactions can also affect, at higher orders, the single Higgs processes [67–69] and even the
electroweak precision observables [70–72]. Since the experimental sensitivities for these observables are better than for double
Higgs production, one can devise alternative ways to assess the value of the Higgs self-interactions. For a 240 GeV lepton
collider, the change of the ZH production cross section at NLO induced by a deviation of the Higgs cubic coupling amounts to

sNLO
ZH ⇡ sNLO,SM

ZH (1+0.014dk3). (26)

Thus, to be competitive with the HL-LHC constraint, the ZH cross section needs to be measured with an accuracy below
1%, but this is expected to be achieved by e+e� Higgs factories at 240/250 GeV. However, one needs to be able to disentangle a
variation due to a modified Higgs self-interaction from variations due to another deformation of the SM. This cannot always
be done relying only on inclusive measurements [73, 74] and it calls for detailed studies of kinematical distributions with an
accurate estimate of the relevant uncertainties [75]. Inclusive rate measurements performed at two different energies also help
lifting the degeneracy among the different Higgs coupling deviations (see for instance the k3 sensitivities reported in Table 12
for FCC-ee240 vs FCC-ee365; it is the combination of the two runs at different energies that improve the global fit, a single run
at 365 GeV alone would not improve much compared to a single run at 240 GeV).

In principle, large deformations of k3 could also alter the fit of single Higgs processes often performed at leading order,
i.e. neglecting the contribution of k3 at next-to-leading order. The results presented in Section 3.4 were obtained along that
line. It was shown in [73] that a 200% uncertainty on k3 could for instance increase the uncertainty in gHtt or geff

Hgg by around
30–40%. The fact that HL-LHC from the double Higgs channel analysis will limit the deviations of k3 to 50% prevents such a
large deterioration of the global fits to single Higgs couplings when also allowing k3 to float. In the effective coupling basis we
are considering in this report, the effect of k3 would be mostly in the correlations among the single Higgs couplings. In other
bases, like the Warsaw basis, there would be a deterioration up to 15-20% in the sensitivity of the operator Of⇤. Anyway, one
should keep in mind that such a deterioration only concerns specific models where the deviations of the Higgs self-coupling is
parametrically larger than the deviations of the single Higgs couplings and in generic situations, the results of Section 3.4 hold.

In order to set quantitative goals in the determination of the Higgs self-interactions, it is useful to understand how large
the deviations from the SM could be while remaining compatible with the existing constraints on the different single Higgs
couplings. From an agnostic point of view, the Higgs cubic coupling can always be linked to the independent higher dimensional
operator |H|6 that does not alter any other Higgs couplings. Still, theoretical considerations set an upper bound on the deviation
of the trilinear Higgs couplings. Within the plausible linear EFT assumption discussed above, perturbativity imposes a maximum
deviation of the Higgs cubic self-interaction, relative to the SM value, of the order of [27, 73]

|k3|⇠< Min(600x ,4p) , (27)
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Figure 9: Invariant mass distribution of the Higgs pair in e
+

e
≠

æ ‹‹̄hh at 1.4 TeV (left) and
3 TeV (right). The solid blue curves are obtained in the SM (”Ÿ⁄ = 0). The red dashed curves
are obtained with the other value of ”Ÿ⁄ which leads to a cross section equal to the SM one.
The cyan dotted curves are obtained for vanishing Higgs self-coupling (”Ÿ⁄ = ≠1).

2 bin boundaries [GeV] 4 bin boundaries [GeV]

1.4 TeV 250-400 400-1400 250-350 350-500 500-600 600-1400
3 TeV 250-500 500-3000 250-450 450-650 650-900 900-3000

Table 3: Definitions of the bins used in the Higgs-pair invariant mass distribution of e
+

e
≠

æ

‹‹̄hh at 1.4 TeV and 3 TeV.

Fig. 9, obtained at the parton level with MadGraph5 [38] (with FeynRules [39] and the
BSMC Characterisation model [40]) for 1.4 and 3 TeV center-of-mass energies. The solid
blue curves correspond to the SM point ”Ÿ⁄ = 0. The dashed red curves are obtained
for the other value of ”Ÿ⁄ at which the ‹‹̄hh coincides with the SM value (”Ÿ⁄ = 1.16
for 1.4 TeV and ”Ÿ⁄ = 1.30 for 3 TeV). The dotted cyan distributions are obtained for
vanishing trilinear Higgs self-coupling (”Ÿ⁄ = ≠1).

We estimate the impact of a di�erential analysis of the ‹‹̄hh channel by performing
a simple fit of the Mhh invariant mass distribution. We consider either two or four bins,
whose ranges are listed in Table 3. For simplicity, we work at parton level and assume a
universal signal over background ratio across all bins. The right panel of Fig. 8 summarizes
the result of the fits. It shows that a di�erential analysis can be useful in enhancing the
precision on ”Ÿ⁄. In particular, it allows us to exclude the second fit solution ”Ÿ⁄ ƒ 1.3
at the 68% CL, and to reduce significantly the 95% CL bounds for positive deviations in
the Higgs self-coupling. For instance, the 4-bin fit restricts ”Ÿ⁄ to the range [≠0.18, 0.30]
at 68% CL and [≠0.33, 1.11] at 95% CL.
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Figure 7: Dependence of the Higgs pair production rates on ”Ÿ⁄ at various center-of-mass
energies. Shaded bands display the precision claimed by dedicated experimental studies on the
standard-model cross sections. Absolute cross sections are provided in the legend.

600 GeV before starting to slowly decrease as the s-channel Z boson gets more and more
o�shell. On the contrary, the e

+
e

≠
æ ‹‹̄hh cross section initially grows steadily with

the center-of-mass energy of the collider and adopts a logarithmic behavior above 10 TeV.
Notice that the e

+
e

≠
æ ‹‹̄hh channel receives non-negligible contributions that are not

of WW -fusion type. The largest of them arises from double Higgsstrahlung followed by
a Z æ ‹‹̄ decay. These contributions can however be e�ciently identified at su�ciently
high center-of-mass energies since the kinematic of the process is significantly di�erent
from that of WW -fusion. Notice, moreover, that both double-Higgs production cross
sections are significantly a�ected by the beam polarization (see Appendix B and Fig. 15).

The e
+

e
≠

æ Zhh process at the ILC with 500 GeV center-of-mass energy has been
thoroughly studied in Ref. [34]. A total luminosity of 4 ab≠1, equally split into two beam
polarization runs P (e≠

, e
+) = (±0.8, û0.3), allows for a precision of 21.1% on the cross

section determination through the exploitation of the hh æ bb̄bb̄ final state. A further
improvement can be obtained by also including the hh æ bb̄WW

ú channel, in which case
the precision reaches 16.8%.

The e
+

e
≠

æ ‹‹̄hh process has also been studied at a 1 TeV center-of-mass energy.
A significance of 2.7‡ (corresponding to a precision of 37%) could be achieved in the
hh æ bb̄bb̄ channel, assuming and integrated luminosity L = 2 ab≠1 and P (e≠

, e
+) =

(≠0.8, +0.2) beam polarization [37].
Studies of the e

+
e

≠
æ ‹‹̄hh process at CLIC (both at 1.4 TeV and 3 TeV center-

of-mass energy) are available in Ref. [35]. Assuming unpolarized beams and 1.5 ab≠1,
the precision on the 1.4 TeV cross section could reach 44%. With 1.5 ab≠1, the 3 TeV
cross section could be measured with a 20% precision. Both bb̄bb̄ and bb̄WW

ú channels
are included in these analyses, though the sensitivity is mainly driven by the former, as
shown in Table 28 in Ref. [35].
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Exclusive measurement for high-energy lepton colliders 

◈ Secondary solution @ δκλ~1 for the 
ννHH process


◈ mHH differential analysis can help 
for the exclusion of the secondary 
solution


◈ Zhh is useful to enhance the 
precision
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Figure 8: Chi-square for the exclusive fit of ”Ÿ⁄ for various combinations of Higgs pair production
measurements at the ILC (left) and CLIC (right).

of Fig. 8.
Being quadratic functions of ”Ÿ⁄, inclusive cross sections (for each process and collider

energy) can match the SM ones not only for ”Ÿ⁄ = 0, but also for an additional value
of the trilinear Higgs self-coupling, resulting in a second minimum in the �‰

2. In WW -
fusion, the SM cross section is also obtained for ”Ÿ⁄ ƒ 1.08, 1.16 and 1.30 at center-of-mass
energies of 1, 1.4 and 3 TeV, respectively. Whereas, for double Higgsstrahlung at 500 GeV,
the SM cross section is recovered at ”Ÿ⁄ ƒ ≠5.8. This latter solution poses no practical
problem for ILC since it can be excluded by HL-LHC measurements. Alternatively, it can
be constrained by Higgs pair production through WW -fusion at 1 TeV, as well as through
the indirect sensitivity of single Higgs measurements.

For CLIC, the secondary solutions at ”Ÿ⁄ ƒ 1 are more problematic. They can be
constrained neither by HL-LHC data, nor by single Higgs measurements which are mostly
e�cient close to the threshold of the single Higgsstrahlung production. A more promising
possibility is to exploit double Higgsstrahlung rate measurements. At center-of-mass
energies above 1 TeV, however, they only provide weak handles on ”Ÿ⁄. The e

+
e

≠
æ Zhh

cross section becomes relatively small, being only 0.08 fb at 1.4 TeV with unpolarized
beams. Moreover, the sensitivity to the trilinear Higgs self-coupling decreases with energy,
as shown in Fig. 7. Since the experimental collaborations did not provide an estimate for
the CLIC precision achievable on the SM e

+
e

≠
æ Zhh rate, we estimate it by naively

rescaling the ILC 500 GeV projections by the total cross section at CLIC. We find that
adding this information to inclusive e

+
e

≠
æ ‹‹̄hh rates measurements only excludes the

second minimum to the 1‡ level (dashed orange line in the right panel of Fig. 8).
In addition, we consider the possibility of performing a di�erential analysis of double

Higgs production through WW -fusion, studying whether a fit of the Higgs pair invariant
mass distribution Mhh can be su�cient to further exclude the ”Ÿ⁄ ƒ 1 points. The
Mhh distribution shows a good sensitivity to the Higgs trilinear, which mainly a�ects
the shape of the distribution close to the kinematic threshold. This can be observed in
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Figure 8: Chi-square for the exclusive fit of ”Ÿ⁄ for various combinations of Higgs pair production
measurements at the ILC (left) and CLIC (right).

of Fig. 8.
Being quadratic functions of ”Ÿ⁄, inclusive cross sections (for each process and collider

energy) can match the SM ones not only for ”Ÿ⁄ = 0, but also for an additional value
of the trilinear Higgs self-coupling, resulting in a second minimum in the �‰

2. In WW -
fusion, the SM cross section is also obtained for ”Ÿ⁄ ƒ 1.08, 1.16 and 1.30 at center-of-mass
energies of 1, 1.4 and 3 TeV, respectively. Whereas, for double Higgsstrahlung at 500 GeV,
the SM cross section is recovered at ”Ÿ⁄ ƒ ≠5.8. This latter solution poses no practical
problem for ILC since it can be excluded by HL-LHC measurements. Alternatively, it can
be constrained by Higgs pair production through WW -fusion at 1 TeV, as well as through
the indirect sensitivity of single Higgs measurements.

For CLIC, the secondary solutions at ”Ÿ⁄ ƒ 1 are more problematic. They can be
constrained neither by HL-LHC data, nor by single Higgs measurements which are mostly
e�cient close to the threshold of the single Higgsstrahlung production. A more promising
possibility is to exploit double Higgsstrahlung rate measurements. At center-of-mass
energies above 1 TeV, however, they only provide weak handles on ”Ÿ⁄. The e
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æ Zhh

cross section becomes relatively small, being only 0.08 fb at 1.4 TeV with unpolarized
beams. Moreover, the sensitivity to the trilinear Higgs self-coupling decreases with energy,
as shown in Fig. 7. Since the experimental collaborations did not provide an estimate for
the CLIC precision achievable on the SM e
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≠
æ Zhh rate, we estimate it by naively

rescaling the ILC 500 GeV projections by the total cross section at CLIC. We find that
adding this information to inclusive e
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≠
æ ‹‹̄hh rates measurements only excludes the

second minimum to the 1‡ level (dashed orange line in the right panel of Fig. 8).
In addition, we consider the possibility of performing a di�erential analysis of double

Higgs production through WW -fusion, studying whether a fit of the Higgs pair invariant
mass distribution Mhh can be su�cient to further exclude the ”Ÿ⁄ ƒ 1 points. The
Mhh distribution shows a good sensitivity to the Higgs trilinear, which mainly a�ects
the shape of the distribution close to the kinematic threshold. This can be observed in

17

68 %CL 95%CL
ILC 500 GeV [≠0.31, 0.28] [≠0.67, 0.54]

ILC 1 TeV [≠0.25, 1.33] [≠0.44, 1.52]
ILC combined [≠0.20, 0.23] [≠0.37, 0.49]

CLIC 1.4 TeV [≠0.35, 1.51] [≠0.60, 1.76]
CLIC 3 TeV [≠0.26, 0.50] fi [0.81, 1.56] [≠0.46, 1.76]

CLIC combined [≠0.22, 0.36] fi [0.90, 1.46] [≠0.39, 1.63]
+Zhh [≠0.22, 0.34] fi [1.07, 1.28] [≠0.39, 1.56]

2 bins in ‹‹̄hh [≠0.19, 0.31] [≠0.33, 1.23]
4 bins in ‹‹̄hh [≠0.18, 0.30] [≠0.33, 1.11]

Table 2: Constraints from an exclusive fit on ”Ÿ⁄ derived from the measurements of ‹‹̄hh

and e
+

e
≠

æ ‹‹̄hh cross sections at ILC and CLIC, with all other parameters fixed to their
standard-model values.

The dependence of the Higgs pair production cross sections on ”Ÿ⁄ is shown in Fig. 7
for a set of benchmark scenarios. The SM cross section for each benchmark is provided
in the legend.8 Shaded bands show the precisions on the determination of the SM rates
discussed above. Note the experimental collaborations made no forecast for the precision
on double Higgsstrahlung at 1 TeV and above.

It is interesting to notice that, around the SM point, the sensitivity of both Higgs pair
production channels to ”Ÿ⁄ gets milder at higher center-of-mass energy. On the contrary,
the sensitivity to the other EFT parameters tends to increase with energy. Another
important feature is the significant impact of terms quadratic in ”Ÿ⁄ on the behavior of
the cross section around the SM point, especially for the WW -fusion channel shown in
the right panel of Fig. 7. For this reason, a linear approximation is in many cases not
su�cient to extract reliable bounds. In Table 2, we list the 68% and 95% CL bounds
obtained from the benchmarks ILC and CLIC runs retaining the full dependence of the
cross section on ”Ÿ⁄.

From Fig. 7, one can see that the interference between diagrams with and without a
trilinear Higgs vertex has opposite sign in double Higgsstrahlung and WW -fusion. These
two processes are thus more sensitive to positive and negative values of ”Ÿ⁄ respectively.
A combination of double Higgsstrahlung and WW -fusion measurements could hence be
used to maximize the precision for both positive and negative values of ”Ÿ⁄. Such a
scenario could be achieved at the ILC through the combination of a 500 GeV and a 1 TeV
run. The impact of such combination can be clearly seen from the plot in the left panel

8The ILC 1 TeV SM cross section is obtained from Fig. 7 of Ref. [36] and scaled from P (e≠
, e

+) =
(≠0.8, +0.3) to P (e≠

, e
+) = (≠0.8, +0.2). The unpolarized CLIC SM cross sections are taken from

Ref. [35].
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◈ Processes for the global fit : 
◈ Higgsstrahlung production: ee→hZ 
◈ WW-funsion production: ee→ννh 
◈ Weak boson pair production: ee→WW 

◈ Parameter list with new physics parametrization through dimension-6 operators 
with EFT framework and simplicity assumption (CP-conserving, theory uncertainty 
etc.)

◈ Higgs couplings to the gauge bosons:  
◈ Yukawa couplings: 
◈ Trilinear gauge couplings: 
◈ Trilinear Higgs self-coupling:
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Figure 1: One-loop diagrams involving the trilinear Higgs coupling contributing to the main
single Higgs production processes: e

+
e

≠
æ hZ (top row) and e

+
e

≠
æ ‹‹̄h (middle row).

The Higgs self-energy diagram (bottom) gives a universal modification to all Higgs production
processes via wave function renormalization.

Following Ref. [26], we can parametrize the NLO corrections to an observable � in a
process involving a single external Higgs field as

�NLO = ZH�LO(1 + Ÿ⁄C1) , (2.2)

where �LO denotes the LO value, C1 is a process-dependent coe�cient that encodes
the interference between the NLO amplitudes involving Ÿ⁄ and the LO ones, while ZH

corresponds to the universal resummed wave-function renormalization and is explicitly
given by

ZH = 1
1 ≠ Ÿ

2
⁄
”ZH

, with ”ZH = ≠
9
16

Gµm
2
H

Ô
2fi2

A
2fi

3
Ô

3
≠ 1

B

ƒ ≠0.00154 . (2.3)

The impact of a deviation ”Ÿ⁄ © Ÿ⁄ ≠ 1 from the SM value of the trilinear Higgs self-
coupling is therefore

”� ©
�NLO

�NLO(Ÿ⁄ = 1) ≠ 1 ƒ (C1 + 2”ZH)”Ÿ⁄ + ”ZH”Ÿ
2
⁄

, (2.4)

up to subleading corrections of higher orders in ”ZH and C1.4 The linear approximation
in ”Ÿ⁄ is usually accurate enough to describe the deviations in single Higgs processes
inside the typical constraint range |”Ÿ⁄| . 5. We will nevertheless use the unexpanded
”� expressions throughout this paper to derive numerical results.

4We checked explicitly that the one-loop squared term of order ”Ÿ
2
⁄

is subdominant compared to the
”ZH”Ÿ

2
⁄

one.
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◈ ee→hZ

Indirect measurement from single Higgs processes
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ee colliders below the HH threshold: CEPC, FCC-ee
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 Methods (3) and (4) only

 CEPC, FCC-ee@240 GeV, ILC@250 GeV

 FCC-ee@365 GeV, ILC@350 GeV, CLIC@380 GeV

 Based on very good precision on cross-section, 
eg CEPC and FCC-ee240:

– σ(ZH): 0.5%

– σ(ννH): 2-3%

– ex.: σ(ZH) modified by 1% for κ
λ
=2 
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 Additional sensitivity from combining different √s

– allows for a reduction of the uncertainty on other 
EFT parameters, removing correlations in the 
global fit
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Z
 by a factor of about 4. This in turn 

helps in lifting the flat direction 
in the global fit.
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Following Ref. [26], we can parametrize the NLO corrections to an observable � in a
process involving a single external Higgs field as

�NLO = ZH�LO(1 + Ÿ⁄C1) , (2.2)

where �LO denotes the LO value, C1 is a process-dependent coe�cient that encodes
the interference between the NLO amplitudes involving Ÿ⁄ and the LO ones, while ZH
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up to subleading corrections of higher orders in ”ZH and C1.4 The linear approximation
in ”Ÿ⁄ is usually accurate enough to describe the deviations in single Higgs processes
inside the typical constraint range |”Ÿ⁄| . 5. We will nevertheless use the unexpanded
”� expressions throughout this paper to derive numerical results.

4We checked explicitly that the one-loop squared term of order ”Ÿ
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”ZH”Ÿ
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one.
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Under the above assumptions, we are left with twelve independent dimension-six ef-
fective operators that can induce leading-order contributions to single-Higgs and diboson
processes. To this set of operators, we add the correction to the Higgs self-coupling
parametrized by ”Ÿ⁄.6 The full list of parameters included in our fit contains:

– corrections to the Higgs couplings to the gauge bosons: ”cZ , cZZ , cZ⇤, c““, cZ“, cgg,

– corrections to the Yukawa’s: ”yt, ”yc, ”yb, ”y· , ”yµ,

– corrections to trilinear gauge couplings only: ⁄Z ,

– correction to the trilinear Higgs self-coupling: ”Ÿ⁄.

Since our focus is on the future sensitivity on the trilinear Higgs self-coupling, we
present results in terms of ”Ÿ⁄ only, profiling over all other parameters. For a detailed
analysis of the sensitivity on the other operators see Appendix B and Refs. [5, 14].

In our fit, we only include terms linear in the coe�cients of the EFT operators, neglect-
ing higher-order corrections. This approximation can be shown to provide very accurate
results for all the parameters entering in our analysis [5]. The only possible exception is
”Ÿ⁄, which can be tested experimentally with much lower precision than the other pa-
rameters. Although we checked that a linear approximation is reliable also for ”Ÿ⁄, we
keep Eq. (2.4) unexpanded in our numerical analyses. For simplicity, cross terms involving
”Ÿ⁄ and other EFT coe�cients are however neglected, since the strong constraints on the
latter coe�cients and the loop factor make these contributions irrelevant.

In order to estimate the precision on Higgs measurements at di�erent luminosities, we
use a naive scaling with an irreducible 0.1% systematic error. This systematic error has no
impact for the benchmark scenarios we consider, but becomes non-negligible for the large-
luminosity projections presented at the end of this section (see Fig. 5). Another important
source of uncertainty in our fit comes from the precision on the determination of trilinear
gauge couplings (TGCs). In our analysis, we consider a range of possibilities. In the most
conservative case, we assume 1% systematic errors in each bin of the e

+
e

≠
æ WW angular

distributions used to constrain anomalous TGCs (aTGCs) [5]. In the most optimistic case,
we assume that aTGCs are constrained much better than all the other parameters, so that
they do not a�ect our fit. This is equivalent to enforcing the following relations among
the EFT parameters:

”g1,Z = g
2 + g

Õ2

2(g2 ≠ gÕ2)

C

≠g
2
cZ⇤ ≠ g

Õ2
cZZ + e

2 g
Õ2

g2 + gÕ2 c““ + g
Õ2 g

2
≠ g

Õ2

g2 + gÕ2 cZ“

D

= 0 ,

”Ÿ“ = ≠
g

2

2

A

c““

e
2

g2 + gÕ2 + cZ“

g
2

≠ g
Õ2

g2 + gÕ2 ≠ cZZ

B

= 0 , (2.5)

⁄Z = 0 .

6In the notation of Ref. [31] the ”Ÿ⁄ parameter corresponds to ”⁄3/⁄.
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6In the notation of Ref. [31] the ”Ÿ⁄ parameter corresponds to ”⁄3/⁄.
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Indirect measurement from single Higgs processes

◈ Based on very good precision on cross section eg CEPC / FCC-ee:


◈ σ(ZH) :~ 0.5% , σ(ννH) : 2-3% 


◈ The potential of constraining κλ with a precision better than О(1)
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Figure 2: Left: Value of C1 as a function of the center of mass energy
Ô

s for the e
+

e
≠

æ hZ and
e

+
e

≠
æ ‹‹̄h single Higgs production processes. Right: The linear dependence of production

and decay rates on the ”Ÿ⁄, ”cZ , cZZ and cZ⇤ parameters (see Section 2.2 for details on the
meaning of these parameters). For e

+
e

≠
æ ‹‹̄h, only the WW -fusion contribution is included.

The dependence on ”Ÿ⁄ is amplified by a factor of 500.

The value of C1 in Higgsstrahlung (e+
e

≠
æ hZ) and WW -fusion (e+

e
≠

æ ‹‹̄h)
processes are shown in the left panel of Fig. 2 as functions of the center-of-mass energy
Ô

s. Very di�erent energy dependences are observed for the two processes. A quick
decrease is seen in Higgsstrahlung, from C1 ƒ 0.022 at threshold to about C1 ƒ 0.001 at a
center-of-mass energy of 500 GeV. On the other hand, a nearly constant value C1 ƒ 0.006
is observed for the WW -fusion process over the same range of energy. Further numerical
values are provided in Appendix A for both production and decay processes. Beside the
inclusive production and decay rates, we also checked the impact of a correction to ”Ÿ⁄

on the angular asymmetries that can be exploited in e
+

e
≠

æ hZ æ h¸
+

¸
≠ measurements

(see Refs. [29, 30]). We found that these e�ects are almost negligible and have no impact
on the fits.

To conclude this section, we show in the right panel of Fig. 2 the linear dependences of
a set of production rates and Higgs partial widths on ”Ÿ⁄ and on three EFT parameters
that encode deviations in the Z-boson couplings, ”cZ , cZZ and cZ⇤ (see Section 2.2 for
a detailed discussion of the full set of BSM e�ects we are considering). Only leading-
order dependences are accounted for, at one loop for ”Ÿ⁄ and at tree level for the other
parameters. One can see that the various observables have very di�erent dependences
on the EFT parameters. For instance, ”cZ a�ects all the production processes in an
energy-independent way.5 On the contrary, the e�ects of cZZ and cZ⇤ grow in magnitude
for higher center-of-mass energy in both Higgsstrahlung and WW -fusion cross sections.
It is apparent that the combination of several measurements can allow us to e�ciently
disentangle the various BSM e�ects and obtain robust constraints on ”Ÿ⁄. From the sensi-
tivities shown in Fig. 2, we can roughly estimate that a set of percent-level measurements

5In the language of the dimension-six operators, ”cZ is generated by the operator OH = 1
2 (ˆµ|H

2
|)2,

which modifies all Higgs couplings universally via the Higgs wave function renormalization.
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Figure 3: Chi-square as a function of ”Ÿ⁄ after profiling over all other EFT parame-
ters. Three run scenario are considered for circular colliders, with 5 ab≠1 at 240 GeV and
{0, 200 fb≠1

, 1.5 ab≠1
} at 350 GeV, without beam polarization. The shaded areas cover dif-

ferent assumptions about the precision of TGC measurements. Left: circular lepton collider
measurements only. Right: combination with di�erential single and double Higgs measurements
at the HL-LHC.

We start our discussion of the fit results by considering the benchmark scenarios for
circular colliders. The profiled �‰

2 fit as a function of ”Ÿ⁄ is shown in the left panel of
Fig. 3. The 68% CL intervals are also reported in Table 1.

The numerical results show that a 240 GeV run alone has a very poor discriminating
power on the Higgs trilinear coupling, so that only an O(few) determination is possible
(brown dashed lines in the plot). The constraint is also highly sensitive to the precision
in the determination of TGCs, as can be inferred from the significantly di�erent bounds
in the conservative and optimistic aTGCs scenarios. The inclusion of measurements at
350 GeV drastically improve the results. An integrated luminosity of 200 fb≠1 at 350 GeV,
is already su�cient to reduce the uncertainty to the level |”Ÿ⁄| . 1, whereas 1.5 ab≠1

leads to a precision |”Ÿ⁄| . 0.5.
It is interesting to compare the above results with the constraints coming from an

exclusive fit in which only corrections to the trilinear Higgs coupling are considered and
all the other parameters are set to zero. With 5 ab≠1 collected at 240/250 GeV, and
irrespectively of the presence of a run at 350 GeV, we find that such a fit gives a precision
of approximately 14% in the determination of ”Ÿ⁄. The strongest constraints come from
the measurement of the e

+
e

≠
æ Zh cross section at the 240 GeV run, which is the

observable with the largest sensitivity to ”Ÿ⁄ (see discussion in Section 2.2 and left panel
of Fig. 2). Other processes at the 240 GeV run and the higher-energy runs have only a
marginal impact on the exclusive fit.

The exclusive fit provides a bound much stronger than the global analyses, signaling
the presence of a nearly flat direction in the global fits. We found that ”Ÿ⁄ has a strong
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Comparison
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Results: global view

 68% CL uncertainties on κ
λ
 with the four methods:

◈ Constraint set by the HH production has a small impact from global analysis


◈  Single Higgs analysis can complement the results from HH analysis and global 
analysis is important to get robust results


◈ FCC-ee / CEPC can reach a sensitivity of ~20%, CLIC3000 / FCC-hh can reach 
a sensitivity of ~10%/5%.



Summary

◈ Prospective measurement of the tri-linear coupling at Future 
Colliders through the HH and single-Higgs production


◈ HL-LHC: 4σ evidence of the HH process with ATLAS and CMS 
combination. More room for the further improvement by exploring the 
kinematic dependence on κλ


◈ Sensitivity from Future colliders and combination with HL-LHC: 40% 
for CEPC/FCC-ee, further improvement to ~20% with the increasing 
of the collider energy, 2-5% for FCC-hh.
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