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of next-to-leading-order effects in single Higgs measurements, provided that runs at both

240/250 GeV and 350 GeV are available with luminosities in the few attobarns range. A

global fit, including possible deviations in other SM couplings, is essential in this case to

obtain a robust determination of the Higgs self-coupling. High-energy machines can easily

achieve a ∼ 20% precision through Higgs pair production processes. In this case, the impact

of additional coupling modifications is milder, although not completely negligible.
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Open Access, c© The Authors.

Article funded by SCOAP3.
https://doi.org/10.1007/JHEP02(2018)178

mailto:stefano.divita@mi.infn.it
mailto:gauthier.durieux@desy.de
mailto:christophe.grojean@desy.de
mailto:jiayin.gu@desy.de
mailto:zliu2@fnal.gov
mailto:gpanico@ifae.es
mailto:marc.riembau@desy.de
mailto:tvantalon@ifae.es
https://arxiv.org/abs/1711.03978
https://doi.org/10.1007/JHEP02(2018)178


J
H
E
P
0
2
(
2
0
1
8
)
1
7
8

Contents

1 Introduction 1

2 Low-energy lepton machines 2

2.1 Higher-order corrections to single-Higgs processes 3

2.2 Global analysis 6

2.2.1 Analysis of Higgs data at lepton colliders alone 6

2.2.2 Synergy between measurements at the HL-LHC and lepton colliders 10

3 High-energy lepton machines 11

3.1 Higgs pair production 12

3.2 Global analysis 16

4 Summary and conclusions 19

A One-loop corrections from δκλ 22

B Additional results 23

1 Introduction

So far, the LHC provided us with a good deal of information about the Higgs boson. The

determination of its linear couplings to several Standard Model (SM) particles is nowa-

days approaching, and in some cases surpassing, the 10% precision, allowing for powerful

probes of a broad class of natural beyond-the-SM (BSM) theories. On the contrary, the

prospects for measuring the Higgs self-interactions, namely its trilinear and quadrilinear

self-couplings, are much less promising. At present, the trilinear Higgs coupling is loosely

constrained at the O(10) level, and the high-luminosity LHC (HL-LHC) program could only

test it with an O(1) accuracy (see for instance the experimental projections in refs. [1, 2]).

The prospects for extracting the quadrilinear Higgs self-coupling are even less promising.

From a theoretical point of view, on the other hand, the determination of the Higgs

self-interactions is of primary importance. They characterize the Higgs potential, whose

structure could shed some light on the naturalness problem. Moreover, they control the

properties of the electroweak phase transition, determining its possible relevance for baryo-

genesis. Sizable deviations in the Higgs self-couplings are expected in several BSM scenar-

ios, including for instance Higgs portal models or theories with Higgs compositeness. All

these considerations motivate the effort spent investigating the achievable precision on the

Higgs self-interactions at future collider experiments.

– 1 –



J
H
E
P
0
2
(
2
0
1
8
)
1
7
8

Projections for high-energy hadron machines (100 TeV pp colliders in particular) are

already available in the literature [3]. They show that a very good precision on the de-

termination of the trilinear Higgs coupling, of the order of 5%, is possible. High-energy

hadron machines, however, might only be constructed in a distant future and could be

preceded by lower-energy lepton colliders. It is thus worth studying the impact of future

lepton machines on the determination of the Higgs potential. In this work, we perform

such an analysis, providing an assessment of the achievable precision on the determination

of the Higgs trilinear self-coupling.

We consider a comprehensive set of benchmark scenarios including low-energy lepton

machines (such as FCC-ee and CEPC) as well as machines that can also run at higher

energies (ILC and CLIC). We will show that low-energy colliders, although not able to

access directly the Higgs trilinear coupling in Higgs pair production processes, can still

probe it by exploiting loop corrections to single Higgs channels that can be measured to a

very high precision. This approach, pioneered in ref. [4], allows for a good determination

of the Higgs trilinear interaction, which can easily surpass the HL-LHC one. In performing

this analysis, however, one must cope with the fact that different new-physics effects may

affect simultaneously the single Higgs cross sections, see ref. [5] as well as refs. [6–14]. In

such a situation, a robust determination of the Higgs self-coupling can only be obtained

through a global fit that takes into account possible deviations in other SM couplings. We

will show that, within the SM effective field theory (EFT) framework with a mild set of

assumptions, the relevant operators correcting single Higgs production can be constrained

provided enough channels are taken into account. In this way, a consistent determination

of the Higgs self-coupling is possible even without direct access to Higgs pair production.

High-energy machines, on the other hand, are able to directly probe the trilinear

coupling via Higgs pair production, through Zhh associated production and WW -fusion.

We will see that these two channels provide complementary information about the Higgs

self-interaction, being more sensitive to positive and negative deviations from the SM value

respectively. We will also show, as anticipated in ref. [15], that a differential analysis of the

WW -fusion channel, taking into account the Higgs-pair invariant mass distribution, can

be useful to constrain sizable positive deviations in the Higgs trilinear coupling that are

hard to probe with an inclusive study.

The paper is organized as follows. In section 2, we discuss the indirect trilinear Higgs

coupling determination through single-Higgs production processes. The impact of pair

production is then studied in section 3. The main results are summarized and discussed

in section 4 for the most relevant benchmark scenarios considered in the analysis. The

appendices collect some useful formulae and provide additional results for some secondary

benchmark scenarios not included in the main text. Additional numerical results are pro-

vided as ancillary files together with the arXiv submission of this paper.

2 Low-energy lepton machines

In this section, we study the precision reach on the trilinear Higgs coupling through the

exploitation of single Higgs production measurements. These are the dominant handles

available at future circular lepton colliders, like the CEPC and FCC-ee, which cannot
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easily deliver high luminosities at center-of-mass energies where the Higgs pair production

rate becomes sizable. These machines could run above the e+e− → Zhh threshold, at a

350 GeV center-of-mass energy in particular, but the small cross section (in the attobarn

range) and the limited integrated luminosity lead to a negligible sensitivity to this channel.

The analysis of single-Higgs production can also be relevant for the ILC. While this machine

could eventually reach a center-of-mass energy of 500 GeV (or even of 1 TeV) in a staged

development, its initial low-energy runs can have an impact on the determination of the

trilinear Higgs coupling that is worth investigating.

According to recent reports [16, 17], both CEPC and FCC-ee are planned to collect

5 ab−1 of integrated luminosity at 240 GeV. FCC-ee is also envisioned to collect 1.5 ab−1

at 350 GeV.1 Although a run at this center-of-mass energy is not officially forecast for the

CEPC, it is nevertheless a viable option given its planned tunnel circumference of 100 km.

As a general circular collider run scenario, we therefore consider the collection of 5 ab−1 of

integrated luminosity at 240 GeV and several benchmark luminosities at 350 GeV, namely

0, 200 fb−1 and 1.5 ab−1.

The full ILC run plan comprises 2 ab−1 of integrated luminosity at 250 GeV, 200 fb−1

at 350 GeV, and 4 ab−1 at 500 GeV, with these luminosities equally shared between runs

with two P (e−, e+) = (∓0.8,±0.3) beam polarization configurations [19, 20]. Additional

results for a 70%/30% repartition of the luminosity between the P (e−, e+) = (∓0.8,±0.3)

polarizations will be provided in appendix B. In this section, we focus only on the runs at

240/250 GeV and 350 GeV, and consider a few benchmarks for the integrated luminosity

collected at 350 GeV.

To summarize, we focus on the following benchmark scenarios:

• Circular colliders (CC) with 5 ab−1 at 240 GeV, {0, 200 fb−1, 1.5 ab−1}
at 350 GeV and unpolarized beams. The scenario with only a

240 GeV (5 ab−1) run corresponds to the CEPC Higgs program, while the

240 GeV (5 ab−1) + 350 GeV (1.5 ab−1) scenario corresponds to the FCC-ee Higgs

and top-quark programs.

• Low-energy ILC with 2 ab−1 at 250 GeV, {0, 200 fb−1, 1.5 ab−1} at 350 GeV,

and integrated luminosities equally shared between P (e−, e+) = (∓0.8,±0.3) beam

polarizations.2

Later in this section we also extend these scenarios to cover a continuous range of lumi-

nosities at 240 (250) and 350 GeV.

2.1 Higher-order corrections to single-Higgs processes

As a first step, we analyze how a modification of the trilinear Higgs coupling affects single-

Higgs processes. We parametrize possible new physics effects through the quantity κλ

1The current run plan for FCC-ee anticipates to collect 0.2 ab−1 at 350 GeV and 1.5 ab−1 at 365 GeV [18].

Since the vector boson production cross section rises rapidly with the center-of-mass energy, the sensitivity

of the FCC-ee will be certainly improved.
2The current run plan of CLIC anticipates a low-energy operation at 380 GeV as a Higgs factory. We

did not consider this run alone as the lack of a separate run at a lower energy will constitute an hindrance

to the indirect determination of the 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− → hZ (top row) and e+e− → νν̄h (middle row). The

Higgs self-energy diagram (bottom) gives a universal modification to all Higgs production processes

via wave function renormalization.

defined as the ratio between the actual value of the trilinear Higgs coupling λ3 and its SM

expression λSM
3 (the Higgs vacuum expectation value is normalized to v = 1/(

√
2GF)1/2 ≈

246 GeV),3

κλ ≡
λ3

λsm3
, λsm3 =

m2
h

2v2
. (2.1)

While the trilinear coupling does not enter single-Higgs processes at leading order (LO), it

affects both Higgs production and decay at next-to-leading order (NLO). The corresponding

diagrams for Higgsstrahlung (e+e− → hZ) and WW -fusion (e+e− → νν̄h) production

processes are shown in figure 1. In addition to the vertex corrections, which are linear

in κλ, the trilinear coupling also generates corrections quadratic in κλ through the wave

function renormalization induced by the Higgs self-energy diagram. Such contributions

have been computed for electroweak [21–23] and single-Higgs observables [4, 24–28].

Following ref. [26], we can parametrize the NLO corrections to an observable Σ in a

process involving a single external Higgs field as

ΣNLO = ZHΣLO(1 + κλC1) , (2.2)

where ΣLO denotes the LO value, C1 is a process-dependent coefficient that encodes the

interference between the NLO amplitudes involving κλ and the LO ones, while ZH corre-

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

ZH =
1

1− κ2
λδZH

, with δZH = − 9

16

Gµm
2
H√

2π2

(
2π

3
√

3
− 1

)
' −0.00154 . (2.3)

3This parametrization is equivalent to an EFT description in which deviations in the Higgs trilinear

self-coupling arise from a dimension-six operator |H†H|3.
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Figure 2. Left: value of C1 (as defined in eq. (2.2)) as a function of the center of mass energy
√
s for

the e+e− → hZ and e+e− → νν̄h single-Higgs production processes. Right: the linear dependence

of production and decay rates on the δκλ, δcZ , cZZ and cZ� parameters (see section 2.2 for details on

the meaning of these parameters). For e+e− → νν̄h, only the WW -fusion contribution is included.

The dependence on δκλ is amplified by a factor of 500.

The impact of a deviation δκλ ≡ κλ−1 from the SM value of the trilinear Higgs self-coupling

is therefore

δΣ ≡ ΣNLO

ΣNLO(κλ = 1)
− 1 ' (C1 + 2δZH)δκλ + δZHδκ

2
λ , (2.4)

up to subleading corrections of higher orders in δZH and C1.4 The linear approximation

in δκλ is usually accurate enough to describe the deviations in single-Higgs processes in-

side the typical constraint range |δκλ| . 5. We will nevertheless use the unexpanded δΣ

expressions throughout this paper to derive numerical results.

The value of C1 in Higgsstrahlung (e+e− → hZ) and WW -fusion (e+e− → νν̄h)

processes are shown in the left panel of figure 2 as functions of the center-of-mass energy√
s. Very different energy dependences are observed for the two processes. A quick decrease

is seen in Higgsstrahlung, from C1 ' 0.022 at threshold to about C1 ' 0.001 at a center-of-

mass energy of 500 GeV. On the other hand, a nearly constant value C1 ' 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. Besides the inclusive

production and decay rates, we also checked the impact of a non-zero δκλ on the angular

asymmetries that can be exploited in e+e− → hZ → h`+`− measurements (see refs. [29,

30]). We found that these effects are almost negligible and have no impact on the fits.

To conclude this section, we show in the right panel of figure 2 the linear dependences

of a set of production rates and Higgs partial widths on δκλ and on three EFT parameters

that encode deviations in the Z-boson couplings, δcZ , cZZ and cZ� (see section 2.2 for

a detailed discussion of the full set of BSM effects we are considering). Only leading-

order dependences are accounted for, at one loop for δκλ and at tree level for the other

parameters. One can see that the various observables have very different dependences on

the EFT parameters. For instance, δcZ affects all the production processes in an energy-

4We checked explicitly that the one-loop squared term of order δκ2
λ is subdominant compared to the

δZHδκ
2
λ one.
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independent way.5 On the contrary, the effects 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 efficiently disentangle the

various BSM effects and obtain robust constraints on δκλ. From the sensitivities shown in

figure 2, we can roughly estimate that a set of percent-level measurements in single-Higgs

processes has the potential of constraining δκλ with a precision better than O(1) and the

other Higgs EFT parameters to the percent level. We will present a detailed quantitative

assessment of the achievable precisions in the following.

2.2 Global analysis

2.2.1 Analysis of Higgs data at lepton colliders alone

Having obtained the one-loop contributions of δκλ to single-Higgs observables, we are now

ready to determine the precision reach on the Higgs trilinear self-interaction. In order

to obtain a robust estimate, we perform here a global fit, taking into account not only

deviations in the Higgs self-coupling, but also corrections to the other SM interactions that

can affect single-Higgs production processes.

For our analysis, we follow ref. [5], in which the impact of single-Higgs measurements at

lepton colliders on the determination of Higgs and electroweak parameters was investigated.

We include in the fit the following processes

• Higgsstrahlung production: e+e− → hZ (rates and distributions),

• Higgs production through WW -fusion: e+e− → ννh,

• weak boson pair production: e+e− →WW (rates and distributions),

with Higgs decaying into a gauge boson pair ZZ∗, WW ∗, γγ, Zγ, gg or pairs of fermions

bb, cc, τ+τ−, µ+µ−.

New physics effects are parametrized through dimension-six operators within an EFT

framework. For definiteness, we express them in the Higgs basis and refer to ref. [31] for

a detailed discussion of the formalism. Since CP-violating effects are strongly constrained

experimentally, we exclusively focus on CP-conserving operators. We also ignore dipole

operators and work under the assumption of flavor universality. We relax this assumption

only to consider independent deviations in the top, bottom, charm, tau, and muon Yukawa

couplings.

To estimate the precision in the measurement of the EFT parameters, we assume that

the central values of the experimental measurements coincide with the SM predictions

and we neglect theory uncertainties. For simplicity we compute the SM cross sections

at LO, neglecting NLO effects coming from SM interactions. These contributions can

be important for the experimental analysis, since the modifications they induce in the

SM cross sections can be non negligible compared to the experimental accuracy. For the

purpose of estimating the bounds on BSM effects, however, they play a negligible role.

We adopt a further simplification regarding electroweak precision observables, treating

5In the language of the dimension-six operators, δcZ is generated by the operator OH = 1
2
(∂µ|H2|)2,

which modifies all Higgs couplings universally via the Higgs wave function renormalization.
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them as perfectly well measured. Such an assumption can significantly reduce the number

of parameters to consider and is straightforward to implement in the Higgs basis which

transparently separates the Higgs and electroweak parameters. The potential impact of

this assumption will be discussed at the end of section 4.

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 dibo-

son processes. To this set of operators, we add the correction to the Higgs self-coupling

parametrized by δκλ.6 The full list of parameters included in our fit contains:

– corrections to the Higgs couplings to the gauge bosons: δcZ , cZZ , cZ�, cγγ , cZγ , cgg,

– corrections to the Yukawa’s: δyt, δyc, δyb, δyτ , δyµ,

– corrections to trilinear gauge couplings only: λZ ,

– correction to the trilinear Higgs self-coupling: δκλ.

Since our focus is on the future sensitivity on the trilinear Higgs self-coupling, we

present results in terms of δκλ only, profiling over all other parameters. For a detailed

analysis of the sensitivity to the other operators see appendix B and refs. [5, 14].

In our fit, we only include terms linear in the coefficients 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

δκλ, which can be tested experimentally with much lower precision than the other param-

eters. Although we checked that a linear approximation is reliable also for δκλ, we keep

eq. (2.4) unexpanded in our numerical analyses. For simplicity, cross terms involving δκλ
and other EFT coefficients are however neglected, since the strong constraints on the latter

coefficients and the loop factor make these contributions irrelevant.

In order to estimate the precision of Higgs measurements at different 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 figure 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− →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 affect our fit. This is equivalent to enforcing the following relations among the

EFT parameters:

δg1,Z =
g2 + g′2

2(g2 − g′2)

[
−g2cZ� − g′2cZZ + e2 g′2

g2 + g′2
cγγ + g′2

g2 − g′2
g2 + g′2

cZγ

]
= 0 ,

δκγ = −g
2

2

(
cγγ

e2

g2 + g′2
+ cZγ

g2 − g′2
g2 + g′2

− cZZ
)

= 0 , (2.5)

λZ = 0 .

6In the notation of ref. [31] the δκλ parameter corresponds to δλ3/λ.
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Figure 3. Chi-square as a function of δκλ after profiling over all other EFT parameters. 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 different assumptions about the pre-

cision of TGC measurements. Left: circular lepton collider measurements only. Right: combination

with differential single- and double-Higgs measurements at the HL-LHC.

lepton collider alone lepton collider + HL-LHC

non-zero aTGCs zero aTGCs non-zero aTGCs zero aTGCs

HL-LHC alone [−0.92,+1.26] [−0.90,+1.24]

CC 240 GeV (5 ab−1) [−4.55,+4.72] [−2.93,+3.01] [−0.81,+1.04] [−0.82,+1.03]

+350 GeV (200 fb−1) [−1.08,+1.09] [−1.04,+1.04] [−0.66,+0.76] [−0.66,+0.74]

+350 GeV (1.5 ab−1) [−0.50,+0.49] [−0.43,+0.43] [−0.43,+0.44] [−0.39,+0.40]

ILC 250 GeV (2 ab−1) [−5.72,+5.87] [−5.39,+5.62] [−0.85,+1.13] [−0.85,+1.12]

+350 GeV (200 fb−1) [−1.26,+1.26] [−1.18,+1.18] [−0.72,+0.83] [−0.71,+0.80]

+350 GeV (1.5 ab−1) [−0.64,+0.64] [−0.56,+0.56] [−0.52,+0.54] [−0.48,+0.50]

Table 1. ∆χ2 = 1 bounds on δκλ from single-Higgs measurements at circular lepton colliders

(denoted as CC) and the ILC. The first column shows the results for lepton colliders alone, while

the second shows the combination with differential measurements of both single- and double-Higgs

processes at the HL-LHC. For each scenario two benchmarks with conservative and optimistic

assumptions on the precision on trilinear gauge couplings are listed. The integrated luminosity is

assumed equally shared between P (e−, e+) = (±0.8,∓0.3) for the ILC.

We start our discussion of the fit results by considering the benchmark scenarios for

circular colliders. The profiled ∆χ2 fit as a function of δκλ is shown in the left panel of

figure 3. The ∆χ2 = 1 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 different bounds

in the conservative and optimistic aTGCs scenarios. The inclusion of measurements at
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Figure 4. Global constraints on δcZ and δκλ, obtained from single-Higgs measurements at circular

colliders (left panel) and ILC (right panel), illustrating the improvement brought by 350 GeV runs.

Dashed lines are for the latter only, while solid lines combined them with the 240/250 GeV one.

350 GeV drastically improves the results. An integrated luminosity of 200 fb−1 at 350 GeV,

is already sufficient to reduce the uncertainty to the level |δκλ| . 1, whereas 1.5 ab−1 leads

to a precision |δκλ| . 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 irre-

spectively 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 δκλ. The strongest constraints come from the

measurement of the e+e− → Zh cross section in the 240 GeV run, which is the observable

with the largest sensitivity to δκλ (see discussion in section 2.2 and left panel of figure 2).

Other processes measured in the 240 GeV and 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 δκλ has a strong

correlation with δcZ and cgg, while milder correlations are present with cZ� and λZ .7 This

result sheds some light on the origin of the improvement in the global fit coming from the

combination of the 240 GeV and 350 GeV runs. The latter runs, although probing processes

with a smaller direct sensitivity to δκλ, are useful to reduce the uncertainty on the other

EFT parameters. In particular, the 350 GeV run with 1.5 ab−1 of integrated luminosity

allows for a reduction of the uncertainty on δcZ , cgg, cZ� and λZ by a factor of about 4.

This in turn helps lifting the flat direction in the global fit. This effect is clearly visible

from the left panel of figure 4, which shows the fit on the δκλ and δcZ parameters obtained

with a 240 GeV run only and with the inclusion of a 350 GeV run.

7Notice that a loosely constrained direction involving δcZ is already present in the global fit not including

δκλ [5]. The addition of the trilinear Higgs coupling makes this feature even more prominent.
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2.2.2 Synergy between measurements at the HL-LHC and lepton colliders

So far, we only considered the precision reach of lepton colliders on the extraction of the

trilinear Higgs self-coupling. Significant information on δκλ can however also be obtained

at the high-luminosity LHC. It is thus interesting to estimate the impact of combining the

different sets of measurements.

The Higgs trilinear self-coupling can be accessed at the HL-LHC mainly through the

exploitation of the Higgs pair production channel pp → hh. An analysis of this channel

within the EFT framework has been presented in ref. [32], in which the most promising

channel, namely pp → hh → bbγγ, has been investigated. A differential analysis (taking

into account the Higgs pair invariant mass distribution) allows to constrain δκλ to the

interval [−1.0, 1.8] at the ∆χ2 = 1 level. A second minimum is however present in the fit,

which allows for sizable positive deviations in δκλ, namely an additional interval δκλ ∈
[3.5, 5.1] can not be excluded at the ∆χ2 = 1 level. Some improvement can be obtained

complementing the pair-production channel with information from single Higgs channels,

which are affected at NLO by the Higgs self-coupling. In this way, the overall precision

becomes δκλ ∈ [−0.9, 1.2] at the ∆χ2 = 1 level (with the additional minimum at δκλ ∼ 5

excluded) and δκλ ∈ [−1.7, 6.1] at the ∆χ2 = 4 level [33]. To estimate the impact of

HL-LHC, we will use here the results of the combined fit with differential single and pair

production (corresponding to the orange solid curve in the right panel of figure 3).

The combinations of the HL-LHC fit with our benchmarks for circular lepton colliders

are shown in the right panel of figure 3. One can see that a 240 GeV run is already sufficient

to completely lift the second minimum at δκλ ∼ 5, thus significantly reducing the ∆χ2 = 4

bounds. The precision near the SM point (δκλ = 0) is however dominated by the HL-LHC

measurements, so that the lepton collider data can only marginally improve the ∆χ2 = 1

bounds. The situation is reversed for the benchmarks including a 350 GeV run. In this

case, the precision achievable at lepton colliders is significantly better than the HL-LHC

one. The combination of the LHC and lepton collider data can still allow for a significant

improvement in the constraints if limited integrated luminosity can be accumulated in the

350 GeV runs (see table 1). With 1.5 ab−1 collected at 350 GeV, on the other hand, the

lepton collider measurements completely dominate the bounds.

Similar results are obtained for the low-energy ILC benchmarks. In this case, the

lower integrated luminosity forecast at 250 GeV (2 ab−1) can be compensated through the

exploitation of the two different beam polarizations P (e−, e+) = (±0.8,∓0.3). The only dif-

ference with respect to the circular collider case is the fact that the 250 GeV run fit is more

stable under changes in the trilinear gauge couplings precision. This is due to the availabil-

ity of runs with different polarizations, which provide better constraints on the EFT param-

eters. Analogously to the circular collider scenarios, the combination of the 250 GeV mea-

surements with the HL-LHC data allows to completely lift the minimum at δκλ ∼ 5, while

a 350 GeV run would easily surpass the LHC precision. We report the results for the ILC

benchmarks in appendix B (see figure 14). For completeness, we mention that an exclusive

fit on δκλ at the ILC allows for a precision of approximately 32%, significantly better than

the one expected through a global fit. Also in this case a nearly flat direction is present when

deviations in all the EFT parameters are simultaneously allowed (see right panel of figure 4).
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Figure 5. ∆χ2 = 1 bounds on δκλ deriving from single Higgs and diboson production measure-

ments at lepton colliders as a function of the integrated luminosity collected at both 240/250 and

350 GeV. Conservative (solid) and optimistic (dashed) assumptions are used for the precision of

diboson measurements.

Having observed the significant impact of the combination of measurements at

240/250 GeV and 350 GeV center-of-mass energies, to conclude the discussion, we now

explore a continuous range of integrated luminosities accumulated at the various collid-

ers. The ∆χ2 = 1 limits as functions of the integrated luminosity are displayed in fig-

ure 5 for the circular colliders and the ILC. Conservative and optimistic precisions for

TGC measurements are respectively assumed to obtain the solid and dashed curves. The

combination of runs at these two different energies always brings drastic improvements.

The fastest improvements in precision on the δκλ determination is obtained along the

L350 GeV/L240 GeV ' 0.7 and L350 GeV/L250 GeV ' 0.5 lines for circular colliders and the

ILC, respectively.

3 High-energy lepton machines

Having explored the reach of low-energy lepton colliders in the previous section, we now

enlarge our scope to include machines with center-of-mass energies above 350 GeV. They

offer the opportunity of probing directly the trilinear Higgs self-coupling through Higgs pair

production processes, double Higgsstrahlung e+e− → Zhh and WW -fusion e+e− → νν̄hh

in particular. The precision reach in the determination of δκλ at ILC and CLIC has

already been studied by the experimental collaborations [34, 35]. These studies performed

an exclusive fit, allowing for new-physics effects only in the trilinear Higgs self-coupling.

In this section, we first review the experimental projections on the extraction of the

Higgs self-coupling from double Higgs channels. In this context, we also point out how

differential distributions, in particular in the WW -fusion channel, can allow for an enhanced

sensitivity to δκλ. Afterwards, we reconsider Higgs pair production measurements from a
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Figure 6. Higgs pair production cross sections at lepton colliders as functions of the center-of-mass

energy (based on figure 7 of ref. [36]) and illustrative diagrams. The difference between the two

νν̄hh curves is entirely due to double Higgsstrahlung followed by invisible Z decay.

global EFT perspective, showing how the determination of δκλ is modified by performing

a simultaneous fit for all EFT parameters. We also evaluate how these results are modified

by combining double-Higgs data with single-Higgs measurements from low-energy runs.

3.1 Higgs pair production

As already mentioned, Higgs pair production at high-energy lepton machines is accessible

mainly through the double Higgsstrahlung e+e− → Zhh and WW -fusion e+e− → νν̄hh

channels. The cross sections for these two production modes as functions of the center-of-

mass energy of the collider are shown in figure 6. It is interesting to notice their completely

different behavior, so that the relevance of the two channels drastically changes at different

machines. At energies below approximately 1 TeV, double Higgsstrahlung is dominant

whereas, at higher energy, the channel with the larger cross section is WW -fusion. To

be more specific, the cross section of double Higgsstrahlung reaches a maximum at
√
s '

600 GeV before starting to slowly decrease as the s-channel Z boson gets more and more

offshell. On the contrary, the e+e− → νν̄hh 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− → νν̄hh channel receives non-negligible contributions that are not

of WW -fusion type. The largest of them arises from double Higgsstrahlung followed by

a Z → νν̄ decay. These contributions can however be efficiently identified at sufficiently

high center-of-mass energies since the kinematic of the process is significantly different from

that of WW -fusion. Notice, moreover, that both double-Higgs production cross sections

are significantly affected by the beam polarization (see appendix B and figure 15).

The e+e− → 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,∓0.3), allows for a precision of 21.1% on the cross

section determination through the exploitation of the hh → bb̄bb̄ final state. A further

improvement can be obtained by also including the hh → bb̄WW ∗ channel, in which case

the precision reaches 16.8%.
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Figure 7. Dependence of the Higgs pair production rates on δκλ 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.

∆χ2 = 1 level ∆χ2 = 4 level

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] ∪ [0.81, 1.56] [−0.46, 1.76]

CLIC combined [−0.22, 0.36] ∪ [0.90, 1.46] [−0.39, 1.63]

+Zhh [−0.22, 0.34] ∪ [1.07, 1.28] [−0.39, 1.56]

2 bins in νν̄hh [−0.19, 0.31] [−0.33, 1.23]

4 bins in νν̄hh [−0.18, 0.30] [−0.33, 1.11]

Table 2. Constraints from an exclusive fit on δκλ derived from the measurements of νν̄hh and

e+e− → νν̄hh cross sections at ILC and CLIC, with all other parameters fixed to their standard-

model values.

The e+e− → νν̄hh process has also been studied at a 1 TeV center-of-mass energy, in

the context of the ILC. A significance of 2.7σ (corresponding to a precision of 37%) could

be achieved in the hh→ bb̄bb̄ channel, assuming an integrated luminosity L = 2 ab−1 and

P (e−, e+) = (−0.8,+0.2) beam polarization [37].

Studies of the e+e− → νν̄hh 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 ∗ 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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Figure 8. Chi-square for the exclusive fit of δκλ for various combinations of Higgs pair production

measurements at the ILC (left) and CLIC (right).

The dependence of the Higgs pair production cross sections on δκλ is shown in figure 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 δκλ gets milder at higher center-of-mass energy. On the contrary,

the sensitivity to the other EFT parameters tends to increase with energy. Another impor-

tant feature is the significant impact of terms quadratic in δκλ on the behavior of the cross

section around the SM point, especially for the WW -fusion channel shown in the right

panel of figure 7. For this reason, a linear approximation is in many cases not sufficient to

extract reliable bounds. In table 2, we list the ∆χ2 = 1 and 4 bounds obtained from the

benchmarks ILC and CLIC runs retaining the full dependence of the cross section on δκλ.

From figure 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 δκλ 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 δκλ. 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 of figure 8.

Being quadratic functions of δκλ, inclusive cross sections (for each process and collider

energy) can match the SM ones not only for δκλ = 0, but also for an additional value

of the trilinear Higgs self-coupling, resulting in a second minimum in the ∆χ2. In WW -

fusion, the SM cross section is also obtained for δκλ ' 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 δκλ ' −5.8. This latter solution poses no practical

problem for ILC since it can be excluded by HL-LHC measurements. Alternatively, it can

8The ILC 1 TeV SM cross section is obtained from figure 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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Figure 9. Invariant mass distribution of the Higgs pair in e+e− → νν̄hh at 1.4 TeV (left) and

3 TeV (right). The solid blue curves are obtained in the SM (δκλ = 0). The red dashed curves are

obtained with the other value of δκλ which leads to a cross section equal to the SM one. The cyan

dotted curves are obtained for vanishing Higgs self-coupling (δκλ = −1).

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 δκλ ' 1 are more problematic. They can be

constrained neither by HL-LHC data, nor by single Higgs measurements which are mostly

efficient close to the threshold of the single Higgsstrahlung production. A more promising

possibility is to exploit double Higgsstrahlung rate measurements. At center-of-mass ener-

gies above 1 TeV, however, they only provide weak handles on δκλ. The e+e− → 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 figure 7. Since the experimental collaborations did not provide an estimate

for the CLIC precision achievable on the SM e+e− → 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− → νν̄hh rates measurements only excludes the

second minimum at the ∆χ2 = 1 level (dashed orange line in the right panel of figure 8).

In addition, we consider the possibility of performing a differential analysis of double

Higgs production through WW -fusion, studying whether a fit of the Higgs pair invariant

mass distribution Mhh can be sufficient to further exclude the δκλ ' 1 points. The Mhh

distribution shows a good sensitivity to the Higgs trilinear, which mainly affects the shape

of the distribution close to the kinematic threshold. This can be observed in figure 9,

obtained at the parton level with MadGraph5 [38] (with FeynRules [39] and the BSMC

Characterisation model [40, 41]) for 1.4 and 3 TeV center-of-mass energies. The solid

blue curves correspond to the SM point δκλ = 0. The dashed red curves are obtained

for the other value of δκλ at which the νν̄hh coincides with the SM value (δκλ = 1.16

for 1.4 TeV and δκλ = 1.30 for 3 TeV). The dotted cyan distributions are obtained for

vanishing trilinear Higgs self-coupling (δκλ = −1).

We estimate the impact of a differential analysis of the νν̄hh channel by performing a

simple fit of the Mhh invariant mass distribution. We consider either two or four bins, whose
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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− → νν̄hh

at 1.4 TeV and 3 TeV.

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 figure 8 summarizes the

result of the fits. It shows that a differential analysis can be useful in enhancing the

precision on δκλ. In particular, it allows us to exclude the second fit solution δκλ ' 1.3

at the ∆χ2 = 1, and to reduce significantly the ∆χ2 = 4 bounds for positive deviations in

the Higgs self-coupling. For instance, the 4-bin fit restricts δκλ to the range [−0.18, 0.30]

at the ∆χ2 = 1 level and [−0.33, 1.11] at the ∆χ2 = 4 level.

3.2 Global analysis

It is important to verify whether the results discussed in section 3.1, obtained assuming

new physics affects only the triple Higgs coupling, are robust in a global framework once

all other EFT parameters are taken into consideration. We therefore perform a global

analysis at ILC and CLIC including measurements of both double-Higgs (Higgsstrahlung

and WW -fusion) and single-Higgs processes (νν̄h, Zh, tth and e+e−h) in addition to

diboson production.

We adopt the following benchmark scenarios chosen by the experimental collaborations

for Higgs measurement estimates:

• ILC: we follow the scenario in ref. [20], assuming ILC can collect 2 ab−1 at 250 GeV,

200 fb−1 at 350 GeV and 4 ab−1 at 500 GeV, equally shared between the P (e−, e+) =

(±0.8,∓0.3) beam polarizations. We also consider the possibility of an additional

run at 1 TeV gathering 2 ab−1 with one single P (e−, e+) = (−0.8,+0.2) beam polar-

ization.

• CLIC: we follow ref. [35] and assume 500 fb−1 at 350 GeV, 1.5 ab−1 at 1.4 TeV and

2 ab−1 at 3 TeV can be collected with unpolarized beams. It should be noted that a

left-handed beam polarization could increase the νν̄hh cross section and somewhat

improve the reach on δκλ.

For the global fit, we follow the procedure and assumptions adopted for the single

Higgs processes fit at low-energy colliders. We also include the one-loop dependence on

δκλ in single Higgs production and decay processes, as done in section 2. Such effects are

also included in the top-Higgs associated production e+e− → tt̄h and in ZZ-fusion e+e− →
e+e−h, although they have a negligible impact. On the other hand, only the tree-level Higgs

self-coupling dependence is considered in Higgs pair production processes, since one-loop

corrections are numerically insignificant. As already stressed, the quadratic dependence

on δκλ in Higgs pair production processes cannot be neglected. In this case, cross terms
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Figure 10. ∆χ2 as a function of δκλ for the high-energy ILC (left) and CLIC (right) benchmarks.

The results are obtained through a global analysis, profiling over all other EFT parameters.

∆χ2 = 1 level ∆χ2 = 4 level

ILC up to 500 GeV [−0.27, 0.25] [−0.55, 0.49]

ILC up to 1 TeV [−0.18, 0.20] [−0.35, 0.43]

CLIC [−0.22, 0.36] ∪ [0.91, 1.45] [−0.39, 1.63]

+Zhh [−0.22, 0.35] ∪ [1.07, 1.27] [−0.39, 1.56]

2 bins in νν̄hh [−0.19, 0.31] [−0.33, 1.23]

4 bins in νν̄hh [−0.18, 0.30] [−0.33, 1.11]

Table 4. Precision on the determination of δκλ obtained through a global fit including pair- and

single-Higgs production channels for several benchmark scenarios at ILC and CLIC.

between δκλ and other EFT parameters are also accounted for. The linear approximation is

adopted in all other cases. The estimates for the precision of the SM Higgs pair production

cross section are taken from refs. [34, 35, 37] already discussed in the previous section.

The results of the global fit for the ILC and CLIC benchmark scenarios are shown

in figure 10. The ∆χ2 = 1 and 4 intervals are also listed in table 4. It is interesting to

compare these results with the ones obtained through the exclusive fit on δκλ discussed in

section 3.1 (see figure 8). The χ2 curves for ILC (up to 500 GeV or 1 TeV) and CLIC (no

binning, 2 bins and 4 bins in Mhh) show very mild differences in the global fit with respect

to the exclusive one. This demonstrates that the additional EFT parameters are sufficiently

well constrained by single-Higgs measurements and therefore have a marginal impact on

the global fit. We also analyzed the impact of combining ILC and CLIC measurements

with HL-LHC ones. The precision achievable at the LHC is significantly poorer than the

one expected at high-energy lepton colliders, so that the latter dominate the overall fit and

only a mild improvement is obtained by combination.

We saw that allowing for other EFT deformations beside δκλ does not worsen the global

fit significantly. This result, however, was by no means guaranteed. To stress this point,

we display in figure 11 the profiled χ2 obtained by artificially rescaling the precision in
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Figure 11. Left: Chi-square profiled over all EFT parameters but δκλ for ILC (up to 500 GeV).

Right: the same for CLIC (no binning in Mhh). Three scenarios are shown. The solid black curves

correspond to the δκλ only fit from the double-Higgs measurements. The dashed blue/cyan curves

correspond to the global fits in figure 10. The additional dashed curves are obtained by rescaling

the uncertainties of single Higgs measurements (including e+e− → WW ) by an overall factor. For

example, ∆1h × 10 denotes that the uncertainties of the single Higgs and diboson measurements

are multiplied (worsened) by a factor 10.

single-Higgs measurements. The ILC (up to 500 GeV, left panel) and CLIC (no binning in

Mhh, right panel) benchmarks are used as examples. For each collider, we show the results

of the exclusive δκλ analysis of the Higgs pair production measurements (solid black curve)

and of the global analysis (dashed blue/cyan). The additional dashed curves correspond

to global fits in which the precision in single-Higgs and diboson measurements is rescaled

by factors ranging from 0.5 to 10. It can be seen that the global fit is sizably affected

by such a rescaling, in particular the fit precision is significantly degraded if single-Higgs

measurements become worse. This result shows that a comprehensive global analysis of

the single-Higgs measurements is crucial for obtaining robust constraints on δκλ. Notice

moreover that an improved precision on single-Higgs measurements could have a positive

impact on the determination of the Higgs self-coupling at the ILC.

The impact of the uncertainty on the EFT parameters measurements on the extraction

of the Higgs self-coupling from Higgs pair production was also recently investigated in

ref. [14]. It focused mainly on Higgs pair production through double Higgsstrahlung at

ILC 500 GeV and on single-Higgs production in lower-energy runs, taking into account

the uncertainties on SM parameters and electroweak precision observables. Loop-level

contributions to single-Higgs processes coming from a modified Higgs self-coupling were

not included in the fit, and the linear approximation was used to obtain the numerical

results. The final fit takes into account runs at 250 and 500 GeV, with 2 and 4 ab−1

respectively equally shared between P (e−, e+) = (∓0.8,±0.3) beam polarizations. The

estimated precision on the measurement of δκλ is 30%, which is in good agreement with

the constraints we obtained in our ILC benchmark scenario.
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4 Summary and conclusions

In this paper, we analyzed the precision reach on the determination of the Higgs trilin-

ear self-coupling at future lepton colliders. We covered a comprehensive set of scenarios

including low-energy and high-energy machines. The former can only access the Higgs self-

interaction indirectly through NLO corrections to single Higgs processes. High-energy col-

liders can instead test deviations in the Higgs trilinear coupling directly, through the mea-

surement of Higgs pair production, in particular double Higgsstrahlung and WW -fusion.

We performed a global analysis, simultaneously taking into account corrections to the

Higgs self-coupling and deviations in EFT parameters affecting Higgs interactions with

other SM particles. The results of the analysis are summarized in figure 12 for the various

benchmark scenarios considered. For each scenario, three sets of bounds are shown. Thin

lines with vertical ends show the precision expected from measurements at lepton colliders

only. The superimposed thick bars combine them with HL-LHC measurements. Finally, the

thin solid and dotted lines are obtained by combining only the single-Higgs measurements

at both lepton colliders and the HL-LHC. As discussed in the main text, unpolarized beams

are assumed for the CEPC, FCC-ee and CLIC. For the ILC runs up to 500 GeV, an equal

share of the luminosity at the two P (e−, e+) = (±0.8,∓0.3) beam polarizations is assumed,

whereas a single polarization P (e−, e+) = (−0.8,+0.2) is adopted at 1 TeV.

We found that a global analysis is essential to derive robust bounds on δκλ. This is

the case, in particular, if only low-energy lepton machines, such as CEPC or FCC-ee, are

available. In this scenario, the Higgs self-coupling can be determined with good accuracy,

around 40% at the ∆χ2 = 1 level, by exploiting single-Higgs measurements in the νν̄h

and Zh channels as well as diboson production. In order to achieve this accuracy, it is

essential to combine runs at different center-of-mass energies, for instance at 240 GeV and

at 350 GeV, both with luminosities in the few attobarns range. Measurements at a single

energy, in fact, leave a nearly flat direction unresolved in the global fit and lead to a very

poor determination of δκλ. Runs at two different energies can instead significantly reduce

the flat direction by better constraining the other EFT parameters.

The high-energy linear colliders making direct measurements of the triple Higgs self-

coupling through pair production still provide the best constraints. Double Higgsstrahlung

and WW -fusion yield complementary information, being more sensitive to positive and

negative deviations in the Higgs self-coupling respectively. It is interesting to notice that

the dependence of these two processes on δκλ is stronger at lower center-of-mass energy,

as shown in figure 7, so that ILC runs at 500 GeV and 1 TeV energy maximize the over-

all precision allowing for a determination of the trilinear Higgs self-coupling with a 20%

uncertainty approximately, at the ∆χ2 = 1 level.

High-energy measurements alone, such as the ones available with the 1.4 and 3 TeV

CLIC runs, can only rely on νν̄hh production and have limited sensitivity to positive

deviations in δκλ. In this case, a second minimum in the global fit is present for δκλ ∼ 1.

The additional minimum can be excluded by performing a differential analysis exploiting

the Higgs-pair invariant mass distribution, whose threshold behavior is strongly sensitive

to deviations in the Higgs self-coupling. A differential analysis can provide an order-20%

determination of δκλ at the ∆χ2 = 1 level, however, values of δκλ ' 1 would still be

allowed at the ∆χ2 = 4 level.
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Figure 12. Summary of the bounds on δκλ from global fits for various future collider scenarios.

For the “1h only” scenario, only single-Higgs measurements are included.

It is interesting to compare the above results with the ones achievable at the HL-LHC

and at possible future hadron colliders. The HL-LHC is expected to be sensitive only to

deviations of O(1) in the Higgs self-coupling. As one can see from figure 12, this precision

is comparable to (or better than) the one achievable at low-energy lepton colliders with low

integrated luminosity at 350 GeV runs. This is the case for our circular collider benchmarks

with 200 fb−1 of integrated luminosity at 350 GeV, as well as for the low-energy runs of the

ILC. In these scenarios the HL-LHC data will still play a major role in the determination

of δκλ, while lepton colliders always help constraining large positive δκλ that the HL-LHC

fails to exclude beyond the ∆χ2 = 1 level. On the other hand, with 1 ab−1 of luminosity

collected at 350 GeV, the lepton collider data starts dominating the combination.

The situation is instead different at high-energy hadron colliders which can benefit

from a sizable cross section in double-Higgs production through gluon fusion. A pp col-

lider with 100 TeV center-of-mass energy is expected to determine δκλ with a precision of

order 5% [3], thus providing a better accuracy than lepton machines. Intermediate-energy
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hadron machines, such as a high-energy LHC at 27 − 33 TeV could instead provide a pre-

cision comparable to that of high-energy lepton colliders. A rough estimate of the δκλ
determination at a 33 TeV pp collider gives a ∼ 30% precision at the ∆χ2 = 1 level for an

integrated luminosity of 10 ab−1.

To conclude the discussion, let us come back to our assumption of perfectly well mea-

sured electroweak precision observables. It seems fully justified if low-energy runs at the

Z-pole are performed. This could for instance be the case at the ILC, CEPC, and FCC-ee

which could respectively produce 109, 1010, and 1012 Z bosons. A Z-pole run for these

machines can provide significant improvements with respect to LEP measurements (2 · 107

Z bosons), making electroweak precision observables basically irrelevant for the extraction

of the Higgs trilinear self-coupling.

Without a new Z-pole run, evaluating the impact of a limited accuracy on electroweak

precision observables might be less straightforward. An analysis of such scenario for the

ILC collider has been recently presented in ref. [14]. This work explicitly includes present

constraints on mZ , the A` asymmetry at the Z-pole, ΓZ→ll, ΓZ , ΓW and forecasts for

improved mW , mH , and ΓW measurements, assuming no new run at the Z-pole. In that

scenario, it is argued that Higgs measurements can be used to improve the constraints on

the electroweak parameters. The achievable precision is sufficient to ensure that electroweak

precision observables do not significantly affect the determination of δκλ.

The precision necessary to decouple electroweak and Higgs parameters determinations

in other benchmark scenarios might deserve further exploration. We think that electroweak

precision measurements will have a negligible impact on trilinear Higgs self-coupling de-

termination at high-energy machines where Higgs pair production is accessible. This con-

clusion is supported by the results of section 3 showing that the determination of δκλ is

only mildly affected by the other EFT parameters, once a wide-enough set of single-Higgs

measurements is considered. The situation for low-energy colliders, in which the Higgs

self-coupling can be accessed only indirectly through single-Higgs processes, is instead less

clear. As we saw in section 2, the precision on δκλ obtained through a global fit is sig-

nificantly lower than the one estimated through an exclusive analysis. Consequently, the

precision of the single-Higgs and triple-gauge coupling extractions has a relevant impact

on the fit. In principle, electroweak precision parameters could affect the bounds on single-

Higgs couplings and thus indirectly degrade the δκλ constraint. This aspect might be worth

a more careful investigation, which is however beyond the scope of the present work.
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C1
√
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A One-loop corrections from δκλ

In this appendix we collect the numerical values of the coefficients C1, defined in eq. (2.2),

which encode the corrections to single-Higgs processes due to a deformation of the Higgs

trilinear coupling. In table 5 we report the C1 coefficients for the total cross-section of

the main single-Higgs production modes, namely Higgsstrahlung, vector-boson fusion and

associated production with top quarks. Several values of the center-of-mass energy
√
s

are reported in the table, corresponding to the benchmark runs of future lepton colliders

considered in main text. The calculation has been performed with the help of the public

tools FeynArts, FormCalc, LoopTools, and CUBA [42–44].

Notice that the values of C1 for Higgsstrahlung, WW -boson fusion and ZZ-boson

fusion are independent of the beam polarization if we restrict ourselves to diagrams up to

one loop, as we did in our analysis. As for e+e− → tt̄h, the Higgs self-coupling gives rise

to tiny beam polarization effects. Given the small impact of the latter production mode in

our analysis, we can safely neglect such effects. The dependence of the C1 coefficients on

the collider energy is also shown in figure 13.
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Figure 13. Value of C1 as a function of the center-of-mass energy
√
s for the e+e− → hZ,

e+e− → νν̄h, e+e− → he+e− and e+e− → htt̄ single Higgs production processes. Notice that the

result for Higgs production in association with a top-quark pair has been rescaled by a factor of 0.1.

C1 ZZ WW γγ gg ff̄

on-shell h decay 0.0083 0.0073 0.0049 0.0066 0

Table 6. Values of C1 for the Higgs partial widths from ref. [26].

Besides the inclusive rates, we also checked the impact of a modified Higgs trilinear

coupling on the angular asymmetries that can be built for the e+e− → hZ → h`+`− case

(see refs. [29, 30]). We found that these effects are almost negligible and have no impact

on our analysis.

For completeness, we also report in table 6 the C1 coefficients for the Higgs partial

widths [26].

B Additional results

In this appendix, we collect some additional numerical results and plots that were not

included in the main text.

In figure 14, we show the profiled ∆χ2 as a function of δκλ for the low-energy

ILC benchmark considered in section 2, including 2 ab−1 of integrated luminosity at

250 GeV and either 200 fb−1fb or 1.5 ab−1 at 350 GeV with luminosities equally split into

P (e−, e+) = (∓0.8,±0.3) beam polarizations. In the left panel, we show the global fit for

the ILC alone, while in the right panel we combine these results with the differential single

and double Higgs measurements at the high-luminosity LHC. The corresponding 68% CL

intervals are listed in table 1.

In table 7, table 8 and table 9, we consider three alternative benchmark scenarios for

the low-energy ILC runs. The three scenarios differ from the one considered in the main text

by different choices of beam polarizations and luminosity splitting among them. The total

integrated luminosities are the same as in the main benchmark, namely 2 ab−1 at 250 GeV,

200 fb−1fb or 1.5 ab−1 at 350 GeV. In table 7, we consider P (e−, e+) = (∓0.8,±0.3) beam

polarizations with luminosity split between them according to a 70%/30% ratio. In table 8
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Figure 14. ∆χ2 profiled over all EFT parameters but δκλ. Three run scenarios are considered for

ILC, with 2 ab−1 at 250 GeV and {0, 200 fb−1, 1.5 ab−1} at 350 GeV, with luminosities equally split

into P (e−, e+) = (∓0.8,±0.3) beam polarizations. The shaded areas cover different assumptions

about the precision of TGC measurements. Left: ILC measurements only. Right: combination with

differential single- and double-Higgs measurements at the HL-LHC.

P (e−, e+) = (∓0.8,±0.3) ILC alone ILC + HL-LHC

70% 30% non-zero aTGCs zero aTGCs non-zero aTGCs zero aTGCs

250 GeV(2/ab) [−4.98,+5.14] [−4.68,+4.86] [−0.84,+1.12] [−0.85,+1.11]

250 GeV(2/ab)+350 GeV(200/fb) [−1.18,+1.18] [−1.12,+1.12] [−0.71,+0.80] [−0.69,+0.78]

250 GeV(2/ab)+350 GeV(1.5/ab) [−0.62,+0.62] [−0.54,+0.54] [−0.50,+0.52] [−0.47,+0.48]

Table 7. ∆χ2 = 1 bounds on δκλ from single-Higgs measurements at low-energy ILC. In this table

we consider a benchmark scenario with integrated luminosity split into P (e−, e+) = (∓0.8,±0.3)

beam polarization with a 70%/30% ratio.

P (e−, e+) = (∓0.8, 0) ILC alone ILC + HL-LHC

50% 50% non-zero aTGCs zero aTGCs non-zero aTGCs zero aTGCs

250 GeV(2/ab) [−6.37,+6.58] [−5.98,+6.27] [−0.86,+1.13] [−0.85,+1.13]

250 GeV(2/ab)+350 GeV(200/fb) [−1.40,+1.40] [−1.32,+1.32] [−0.74,+0.87] [−0.73,+0.85]

250 GeV(2/ab)+350 GeV(1.5/ab) [−0.71,+0.71] [−0.62,+0.62] [−0.55,+0.59] [−0.52,+0.54]

Table 8. ∆χ2 = 1 bounds on δκλ from single-Higgs measurements at low-energy ILC. In this table

we consider a benchmark scenario with integrated luminosity equally split into P (e−, e+) = (∓0.8, 0)

beam polarization.

and table 9, we consider P (e−, e+) = (∓0.8, 0) beam polarizations with luminosity split

between them with a 50%/50% ratio and a 70%/30% ratio respectively.

If only ILC data is included in the fit, the precision achievable in the case of a

P (e−, e+) = (∓0.8,±0.3) polarization with a 70%/30% luminosity split is slightly bet-

ter than the one of the other scenarios. The impact is however marginal and basically

disappears once the ILC data is combined with the high-luminosity LHC one. We find
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P (e−, e+) = (∓0.8, 0) ILC alone ILC + HL-LHC

70% 30% non-zero aTGCs zero aTGCs non-zero aTGCs zero aTGCs

250 GeV(2/ab) [−5.61,+5.83] [−5.27,+5.49] [−0.85,+1.13] [−0.85,+1.13]

250 GeV(2/ab)+350 GeV(200/fb) [−1.32,+1.33] [−1.25,+1.25] [−0.73,+0.85] [−0.72,+0.83]

250 GeV(2/ab)+350 GeV(1.5/ab) [−0.69,+0.69] [−0.60,+0.60] [−0.54,+0.57] [−0.50,+0.52]

Table 9. ∆χ2 = 1 bounds on δκλ from single-Higgs measurements at the low-energy ILC. In this

table, we consider a benchmark scenario with integrated luminosity split into P (e−, e+) = (∓0.8, 0)

beam polarization with a 70%/30% ratio.
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Figure 15. Higgs pair production cross sections at as functions of the center-of-mass energy for dif-

ferent choices of the beam polarizations. The solid curves correspond to P (e−, e+) = (−0.8,+0.3),

the dotted ones to P (e−, e+) = (+0.8,−0.3), and the dashed one to P (e−, e+) = (0, 0). Notice that

the dashed and dotted lines for e+e− → Zhh overlap with each other.

that the differences in the fits are mainly due to the dependence of the pair production

cross sections on the beam polarizations. In figure 15, we show this dependence for the

double Higgsstrahlung and WW -fusion pair production cross sections. These results are

obtained with MadGraph5 [38] and do not take into account beam-structure effects. One

can see that the largest cross sections are obtained for a P (e−, e+) = (−0.8,+0.3) beam

polarization. The cross sections for P (e−, e+) = (0, 0) are smaller by a factor ∼ 2, while a

much larger suppression is present for P (e−, e+) = (+0.8,−0.3).9

As a last result, we show the impact of the inclusion of the δκλ parameter in the

global fit of the EFT operators. For definiteness, we focus on the circular lepton colliders

benchmarks. For the fit, we use the 12 EFT parameters considered in the main text, namely

δcZ , cZZ , cZ� , cγγ , cZγ , cgg , δyt , δyc , δyb , δyτ , δyµ , λZ . (B.1)

9Amusingly, one can note that, at leading order and independently of the center-of-mass energy, the

inclusive double Higgsstrahlung production cross section with a P (e−, e+) = (+0.8,−0.3) beam polarization

configuration deviates from the unpolarized cross section by less than 1%.
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Figure 16. Precision reach (∆χ2 = 1 constraints) at the CEPC with 5 ab−1 at 240 GeV and

200 fb−1 or 1.5 ab−1 integrated luminosity at 350 GeV. The upper panel shows the results of a

global fit obtained from linear collider data only. The lower panel shows how the fit is modified by

the inclusion of high-luminosity LHC measurements. The light-shade regions correspond to the full

fit including δκλ, while the solid-shade regions correspond to the fit with δκλ = 0.

As done in ref. [5], it is convenient to slightly redefine the EFT parameters connected

to the Higgs decays into γγ, Zγ and gg. In particular we define

Γγγ
ΓSM
γγ

' 1− 2c̄γγ ,
ΓZγ

ΓSM
Zγ

' 1− 2c̄Zγ , (B.2)

and
Γgg
ΓSM
gg

' 1 + 2c̄ eff
gg ' 1 + 2 c̄gg + 2.10 δyt − 0.10 δyb , (B.3)

with

c̄γγ '
cγγ

8.3× 10−2
, c̄Zγ '

cZγ
5.9× 10−2

, c̄gg '
cgg

8.3× 10−3
. (B.4)

First of all, we focus on the fit obtained from low-energy lepton colliders only. In this

case, the top Yukawa coupling and the Higgs contact interaction with gluons can not be

accessed independently as they can only be tested through the Higgs decay into gg. The δyt
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and cgg parameters always appear in the combination as shown in eq. (B.3). In the global

fit we include only the c̄eff
gg parameter and not cgg and δyt separately. The precision on the

various EFT parameters with and without the inclusion of δκλ is shown in the upper panel

of figure 16. One can see that, if only a 240 GeV run is available, the inclusion of the Higgs

self-coupling in the fit significantly degrades the precision on δcZ and c̄eff
gg . In this case, as

we already discussed in the text, the precision on δκλ is very low. The situation changes

drastically in the presence of runs at 350 GeV. In this case, the precision on c̄eff
gg is effectively

decoupled from the determination of the Higgs trilinear coupling. Some correlation of δκλ
with δcZ is still present with 200 fb−1 of integrated luminosity at 350 GeV, while a much

milder effect remains with 1.5 ab−1 of integrated luminosity.

In the lower panel of figure 16, we show the global fit obtained after combination with

high-luminosity LHC measurements. In this case, the top Yukawa and the Higgs contact

interaction with gluons can be independently tested. The results of the global fit show

that the inclusion of the Higgs trilinear coupling affects only the determination of δcZ .

The impact is however much smaller than in the fit with lepton collider data only. The

other EFT parameters are affected in a negligible way.

Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.

References

[1] ATLAS collaboration, Prospects for measuring Higgs pair production in the channel

H(→ γγ)H(→ bb̄) using the ATLAS detector at the HL-LHC, ATL-PHYS-PUB-2014-019,

CERN, Geneva Switzerland, (2014).

[2] ATLAS collaboration, Study of the double Higgs production channel H(→ bb̄)H(→ γγ) with

the ATLAS experiment at the HL-LHC, ATL-PHYS-PUB-2017-001, CERN, Geneva

Switzerland, (2017).

[3] R. Contino et al., Physics at a 100 TeV pp collider: Higgs and EW symmetry breaking

studies, CERN Yellow Report (2017) 255 [arXiv:1606.09408] [INSPIRE].

[4] M. McCullough, An indirect model-dependent probe of the Higgs self-coupling, Phys. Rev. D

90 (2014) 015001 [arXiv:1312.3322] [INSPIRE].

[5] G. Durieux, C. Grojean, J. Gu and K. Wang, The leptonic future of the Higgs, JHEP 09

(2017) 014 [arXiv:1704.02333] [INSPIRE].

[6] N. Craig, M. Farina, M. McCullough and M. Perelstein, Precision higgsstrahlung as a probe

of new physics, JHEP 03 (2015) 146 [arXiv:1411.0676] [INSPIRE].

[7] B. Henning, X. Lu and H. Murayama, What do precision Higgs measurements buy us?,

arXiv:1404.1058 [INSPIRE].

[8] J. Ellis and T. You, Sensitivities of prospective future e+e− colliders to decoupled new

physics, JHEP 03 (2016) 089 [arXiv:1510.04561] [INSPIRE].

[9] S.-F. Ge, H.-J. He and R.-Q. Xiao, Probing new physics scales from Higgs and electroweak

observables at e+e− Higgs factory, JHEP 10 (2016) 007 [arXiv:1603.03385] [INSPIRE].

– 27 –

https://creativecommons.org/licenses/by/4.0/
http://cds.cern.ch/record/1956733
http://cds.cern.ch/record/2243387
https://doi.org/10.23731/CYRM-2017-003.255
https://arxiv.org/abs/1606.09408
https://inspirehep.net/search?p=find+EPRINT+arXiv:1606.09408
https://doi.org/10.1103/PhysRevD.90.015001
https://doi.org/10.1103/PhysRevD.90.015001
https://arxiv.org/abs/1312.3322
https://inspirehep.net/search?p=find+EPRINT+arXiv:1312.3322
https://doi.org/10.1007/JHEP09(2017)014
https://doi.org/10.1007/JHEP09(2017)014
https://arxiv.org/abs/1704.02333
https://inspirehep.net/search?p=find+EPRINT+arXiv:1704.02333
https://doi.org/10.1007/JHEP03(2015)146
https://arxiv.org/abs/1411.0676
https://inspirehep.net/search?p=find+EPRINT+arXiv:1411.0676
https://arxiv.org/abs/1404.1058
https://inspirehep.net/search?p=find+EPRINT+arXiv:1404.1058
https://doi.org/10.1007/JHEP03(2016)089
https://arxiv.org/abs/1510.04561
https://inspirehep.net/search?p=find+EPRINT+arXiv:1510.04561
https://doi.org/10.1007/JHEP10(2016)007
https://arxiv.org/abs/1603.03385
https://inspirehep.net/search?p=find+EPRINT+arXiv:1603.03385


J
H
E
P
0
2
(
2
0
1
8
)
1
7
8

[10] J. de Blas et al., Electroweak precision observables and Higgs-boson signal strengths in the

Standard Model and beyond: present and future, JHEP 12 (2016) 135 [arXiv:1608.01509]

[INSPIRE].

[11] J. Ellis, P. Roloff, V. Sanz and T. You, Dimension-6 operator analysis of the CLIC

sensitivity to new physics, JHEP 05 (2017) 096 [arXiv:1701.04804] [INSPIRE].

[12] H. Khanpour and M. Mohammadi Najafabadi, Constraining Higgs boson effective couplings

at electron-positron colliders, Phys. Rev. D 95 (2017) 055026 [arXiv:1702.00951] [INSPIRE].

[13] T. Barklow et al., Improved formalism for precision Higgs coupling fits, arXiv:1708.08912

[INSPIRE].

[14] T. Barklow, K. Fujii, S. Jung, M.E. Peskin and J. Tian, Model-independent determination of

the triple Higgs coupling at e+e− colliders, arXiv:1708.09079 [INSPIRE].

[15] R. Contino, C. Grojean, D. Pappadopulo, R. Rattazzi and A. Thamm, Strong Higgs

interactions at a linear collider, JHEP 02 (2014) 006 [arXiv:1309.7038] [INSPIRE].

[16] M. Ruan, Status & updates from CEPC simulation — detector optimization, presentation at

the High Energy Physics Conference , IAS HKUST, Clear Water Bay Kowloon Hong Kong,

24 January 2017.

[17] A. Blondel, Summary FCC-ee experiments, presentation at the FCC Week , Berlin Germany,

2 June 2017.

[18] P. Janot, Physics perspectives for a future circular collider: FCC-ee, CERN Academic

Training Lecture Programme , CERN, Geneva Switzerland, 11 October 2017.

[19] K. Fujii et al., Physics case for the international linear collider, arXiv:1506.05992

[INSPIRE].

[20] T. Barklow et al., ILC operating scenarios, arXiv:1506.07830 [INSPIRE].

[21] J.J. van der Bij, Does low-energy physics depend on the potential of a heavy Higgs particle?,

Nucl. Phys. B 267 (1986) 557 [INSPIRE].

[22] G. Degrassi, M. Fedele and P.P. Giardino, Constraints on the trilinear Higgs self coupling

from precision observables, JHEP 04 (2017) 155 [arXiv:1702.01737] [INSPIRE].

[23] G.D. Kribs, A. Maier, H. Rzehak, M. Spannowsky and P. Waite, Electroweak oblique

parameters as a probe of the trilinear Higgs boson self-interaction, Phys. Rev. D 95 (2017)

093004 [arXiv:1702.07678] [INSPIRE].

[24] C. Shen and S.-H. Zhu, Anomalous Higgs-top coupling pollution of the triple Higgs coupling

extraction at a future high-luminosity electron-positron collider, Phys. Rev. D 92 (2015)

094001 [arXiv:1504.05626] [INSPIRE].

[25] M. Gorbahn and U. Haisch, Indirect probes of the trilinear Higgs coupling: gg → h and

h→ γγ, JHEP 10 (2016) 094 [arXiv:1607.03773] [INSPIRE].

[26] G. Degrassi, P.P. Giardino, F. Maltoni and D. Pagani, Probing the Higgs self coupling via

single Higgs production at the LHC, JHEP 12 (2016) 080 [arXiv:1607.04251] [INSPIRE].

[27] W. Bizon, M. Gorbahn, U. Haisch and G. Zanderighi, Constraints on the trilinear Higgs

coupling from vector boson fusion and associated Higgs production at the LHC, JHEP 07

(2017) 083 [arXiv:1610.05771] [INSPIRE].

– 28 –

https://doi.org/10.1007/JHEP12(2016)135
https://arxiv.org/abs/1608.01509
https://inspirehep.net/search?p=find+EPRINT+arXiv:1608.01509
https://doi.org/10.1007/JHEP05(2017)096
https://arxiv.org/abs/1701.04804
https://inspirehep.net/search?p=find+EPRINT+arXiv:1701.04804
https://doi.org/10.1103/PhysRevD.95.055026
https://arxiv.org/abs/1702.00951
https://inspirehep.net/search?p=find+EPRINT+arXiv:1702.00951
https://arxiv.org/abs/1708.08912
https://inspirehep.net/search?p=find+EPRINT+arXiv:1708.08912
https://arxiv.org/abs/1708.09079
https://inspirehep.net/search?p=find+EPRINT+arXiv:1708.09079
https://doi.org/10.1007/JHEP02(2014)006
https://arxiv.org/abs/1309.7038
https://inspirehep.net/search?p=find+EPRINT+arXiv:1309.7038
http://ias.ust.hk/program/shared_doc/2017/201701hep/HEP_20170124_Manqi_Ruan.pdf
https://indico.cern.ch/event/556692/contributions/2487579/attachments/1469993/2274251/99-Blondel-FCC-ee-summary-Berlin.pdf
https://indico.cern.ch/event/666889/
https://indico.cern.ch/event/666889/
https://arxiv.org/abs/1506.05992
https://inspirehep.net/search?p=find+EPRINT+arXiv:1506.05992
https://arxiv.org/abs/1506.07830
https://inspirehep.net/search?p=find+EPRINT+arXiv:1506.07830
https://doi.org/10.1016/0550-3213(86)90131-8
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B267,557%22
https://doi.org/10.1007/JHEP04(2017)155
https://arxiv.org/abs/1702.01737
https://inspirehep.net/search?p=find+EPRINT+arXiv:1702.01737
https://doi.org/10.1103/PhysRevD.95.093004
https://doi.org/10.1103/PhysRevD.95.093004
https://arxiv.org/abs/1702.07678
https://inspirehep.net/search?p=find+EPRINT+arXiv:1702.07678
https://doi.org/10.1103/PhysRevD.92.094001
https://doi.org/10.1103/PhysRevD.92.094001
https://arxiv.org/abs/1504.05626
https://inspirehep.net/search?p=find+EPRINT+arXiv:1504.05626
https://doi.org/10.1007/JHEP10(2016)094
https://arxiv.org/abs/1607.03773
https://inspirehep.net/search?p=find+EPRINT+arXiv:1607.03773
https://doi.org/10.1007/JHEP12(2016)080
https://arxiv.org/abs/1607.04251
https://inspirehep.net/search?p=find+EPRINT+arXiv:1607.04251
https://doi.org/10.1007/JHEP07(2017)083
https://doi.org/10.1007/JHEP07(2017)083
https://arxiv.org/abs/1610.05771
https://inspirehep.net/search?p=find+EPRINT+arXiv:1610.05771


J
H
E
P
0
2
(
2
0
1
8
)
1
7
8

[28] F. Maltoni, D. Pagani, A. Shivaji and X. Zhao, Trilinear Higgs coupling determination via

single-Higgs differential measurements at the LHC, Eur. Phys. J. C 77 (2017) 887

[arXiv:1709.08649] [INSPIRE].

[29] M. Beneke, D. Boito and Y.-M. Wang, Anomalous Higgs couplings in angular asymmetries of

H → Z`+`− and e+e− → HZ, JHEP 11 (2014) 028 [arXiv:1406.1361] [INSPIRE].

[30] N. Craig, J. Gu, Z. Liu and K. Wang, Beyond Higgs couplings: probing the Higgs with angular

observables at future e+e− colliders, JHEP 03 (2016) 050 [arXiv:1512.06877] [INSPIRE].

[31] A. Falkowski, Higgs basis: proposal for an EFT basis choice for LHC HXSWG,

LHCHXSWG-INT-2015-001, CERN, Geneva Switzerland, March 2015.

[32] A. Azatov, R. Contino, G. Panico and M. Son, Effective field theory analysis of double Higgs

boson production via gluon fusion, Phys. Rev. D 92 (2015) 035001 [arXiv:1502.00539]

[INSPIRE].

[33] S. Di Vita, C. Grojean, G. Panico, M. Riembau and T. Vantalon, A global view on the Higgs

self-coupling, JHEP 09 (2017) 069 [arXiv:1704.01953] [INSPIRE].

[34] C.F. Dürig, Measuring the Higgs self-coupling at the international linear collider,

DESY-THESIS-2016-027, DESY, Hamburg Germany, (2016) [INSPIRE].

[35] H. Abramowicz et al., Higgs physics at the CLIC electron-positron linear collider, Eur. Phys.

J. C 77 (2017) 475 [arXiv:1608.07538] [INSPIRE].

[36] ILD collaboration, J. Tian and K. Fujii, Measurement of Higgs couplings and self-coupling at

the ILC, PoS(EPS-HEP 2013)316 [arXiv:1311.6528] [INSPIRE].

[37] C.F. Dürig, J. Tian, J. List, K. Fujii and M. Kurata, Update on Higgs self-coupling analyses

for ILD, presentation at the Asian Linear Collider Workshop, KEK, Tsukuba Japan, 24

April 2015.

[38] J. Alwall et al., The automated computation of tree-level and next-to-leading order

differential cross sections and their matching to parton shower simulations, JHEP 07 (2014)

079 [arXiv:1405.0301] [INSPIRE].

[39] A. Alloul, N.D. Christensen, C. Degrande, C. Duhr and B. Fuks, FeynRules 2.0 — a

complete toolbox for tree-level phenomenology, Comput. Phys. Commun. 185 (2014) 2250

[arXiv:1310.1921] [INSPIRE].

[40] B. Fuks and K. Mawatari, BSMC characterisation, FeynRules model .

[41] A. Falkowski, B. Fuks, K. Mawatari, K. Mimasu, F. Riva and V. Sanz, Rosetta: an operator

basis translator for Standard Model effective field theory, Eur. Phys. J. C 75 (2015) 583

[arXiv:1508.05895] [INSPIRE].

[42] T. Hahn, Generating Feynman diagrams and amplitudes with FeynArts 3, Comput. Phys.

Commun. 140 (2001) 418 [hep-ph/0012260] [INSPIRE].
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