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ABSTRACT: We perform a global effective-field-theory analysis to assess the precision on
the determination of the Higgs trilinear self-coupling at future lepton colliders. Two main
scenarios are considered, depending on whether the center-of-mass energy of the colliders is
sufficient or not to access Higgs pair production processes. Low-energy machines allow for
~ 40% precision on the extraction of the Higgs trilinear coupling through the exploitation
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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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.



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 W W -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
W W -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



easily deliver high luminosities at center-of-mass energies where the Higgs pair production
rate becomes sizable. These machines could run above the eTe™ — 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 1TeV) 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
5ab~! of integrated luminosity at 240 GeV. FCC-ee is also envisioned to collect 1.5ab™*
at 350 GeV.! 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 5ab™! of
integrated luminosity at 240 GeV and several benchmark luminosities at 350 GeV, namely
0,200 fb~! and 1.5ab™ .

The full ILC run plan comprises 2ab~! of integrated luminosity at 250 GeV, 200 fb~!
at 350 GeV, and 4ab~! at 500 GeV, with these luminosities equally shared between runs
with two P(e™,et) = (F0.8,40.3) beam polarization configurations [19, 20]. Additional
results for a 70%/30% repartition of the luminosity between the P(e™,e™) = (F0.8,40.3)
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:

e Circular colliders (CC) with 5ab™! at 240GeV, {0, 200 fb~!, 1.5ab~'}
at 350GeV and unpolarized beams. The scenario with only a
240 GeV (5ab™1) run corresponds to the CEPC Higgs program, while the
240 GeV (5ab™1) + 350 GeV (1.5ab™!) scenario corresponds to the FCC-ee Higgs
and top-quark programs.

e Low-energy ILC with 2ab™! at 250GeV, {0, 200 fb~!, 1.5ab™!} at 350GeV,
and integrated luminosities equally shared between P(e™,e™) = (F0.8,+0.3) beam

polarizations.?

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 k)

!The current run plan for FCC-ee anticipates to collect 0.2ab™" at 350 GeV and 1.5ab™" 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.



Figure 1. One-loop diagrams involving the trilinear Higgs coupling contributing to the main
single-Higgs production processes: eTe™ — hZ (top row) and eTe™ — vih (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 A3 and its SM
expression AM§M (the Higgs vacuum expectation value is normalized to v = 1/(v/2GF)"/? ~

246 GeV),?
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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 (ete” — hZ) and WW-fusion (e*e~ — wih) production
processes are shown in figure 1. In addition to the vertex corrections, which are linear
in k), the trilinear coupling also generates corrections quadratic in ) 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 ¥ in a
process involving a single external Higgs field as

Ynrvo = ZuXro(l + krCh), (2.2)

where Y10 denotes the LO value, (1 is a process-dependent coefficient that encodes the
interference between the NLO amplitudes involving k) and the LO ones, while Zp corre-
sponds to the universal resummed wave-function renormalization and is explicitly given by
1 9 Gym? ( 2m

S S ith 62y = —— T 1) ~—000154. (2.3
1= r20Zy" 17716 van? \3v3 > (23)

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

Zu

self-coupling arise from a dimension-six operator |H tH |3.



linear dependences of observables to parameters 6k,, 6cz, ¢zz, Cza
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Figure 2. Left: value of C; (as defined in eq. (2.2)) as a function of the center of mass energy /s for
the eTe™ — hZ and ete™ — vih single-Higgs production processes. Right: the linear dependence
of production and decay rates on the dky, dcz, czz and ¢z parameters (see section 2.2 for details on
the meaning of these parameters). For ete™ — vish, only the WW-fusion contribution is included.
The dependence on dk) is amplified by a factor of 500.

The impact of a deviation dxy = k)—1 from the SM value of the trilinear Higgs self-coupling

is therefore
YNLO

oy = —=
Ynro(ky =1)

—1 ~ (Cy +26Z5)0kx + 620K, (2.4)
up to subleading corrections of higher orders in §Zy and C;.* The linear approximation
in dk) is usually accurate enough to describe the deviations in single-Higgs processes in-
side the typical constraint range |[0ky| S 5. We will nevertheless use the unexpanded 6%
expressions throughout this paper to derive numerical results.

The value of Cy in Higgsstrahlung (ete™ — hZ) and WW-fusion (ete™ — vih)
processes are shown in the left panel of figure 2 as functions of the center-of-mass energy
V/s. Very different energy dependences are observed for the two processes. A quick decrease
is seen in Higgsstrahlung, from C7 ~ 0.022 at threshold to about C ~ 0.001 at a center-of-
mass energy of 500 GeV. On the other hand, a nearly constant value C; ~ 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 dx) on the angular
asymmetries that can be exploited in ete™ — hZ — hfT{~ 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 dx) and on three EFT parameters
that encode deviations in the Z-boson couplings, dcz, czz and czo (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 dx) 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, dcz affects all the production processes in an energy-

4We checked explicitly that the one-loop squared term of order §x3 is subdominant compared to the
oz H5/<;§ one.



independent way.® On the contrary, the effects of ¢z and ¢z grow in magnitude for higher
center-of-mass energy in both Higgsstrahlung and W W -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 dx). 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 dx) 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 dx) 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

e Higgsstrahlung production: ee™ — hZ (rates and distributions),
e Higgs production through WW-fusion: ete™ — vvh,

e weak boson pair production: ete™ — WW (rates and distributions),
with Higgs decaying into a gauge boson pair ZZ*, WW* ~vy, Z~, gg or pairs of fermions
o pte
New physics effects are parametrized through dimension-six operators within an EFT

bb, ¢, T

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 EF'T 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, dcz is generated by the operator O = %(8‘L|H2|)27
which modifies all Higgs couplings universally via the Higgs wave function renormalization.



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 §ry.° The full list of parameters included in our fit contains:

— corrections to the Higgs couplings to the gauge bosons: dcz, czz, czo, ¢yy, €24, Cqq,

corrections to the Yukawa’s: dy:, 0y, 0yp, 0Yr, 0y,
— corrections to trilinear gauge couplings only: Az,

— correction to the trilinear Higgs self-coupling: k).

Since our focus is on the future sensitivity on the trilinear Higgs self-coupling, we
present results in terms of dk) 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
0k, 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 dk), we keep
eq. (2.4) unexpanded in our numerical analyses. For simplicity, cross terms involving 0k
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 ete™ — WW angular
distributions used to constrain anomalous TGCs (aTGCs) [5]. In the most optimistic case,
we assume that aT'GCs 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:

2 12 2 2 12
g°+g 2 2 2 g 29" —4g
) =7 |- — — 7 =0,
91,7z 2 — ¢7) [ g'czm—gczz t+e 92+g,20w+g gQ+g,2CZy
2 2 )
g € g —4g
Oky=—ZCn———-=s+czT—= — ¢ =0, 2.5
¥ 5 <Wgz+g/2 ngz_i_ga ZZ> (2.5)
Az =0.

®In the notation of ref. [31] the §xx parameter corresponds to d3/\.
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Figure 3. Chi-square as a function of §x) after profiling over all other EFT parameters. Three run
scenario are considered for circular colliders, with 5ab~! at 240 GeV and {0, 200 bt 1.5 abfl} 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 (5ab~1) [—4.55,+4.72] | [-2.93,+3.01] | [-0.81,+1.04] | [-0.82,+1.03]
4350 GeV (200 fb~1) | [—1.08,+1.09] | [—1.04,+1.04] | [-0.66,+0.76] | [—0.66,40.74]
+350GeV (1.5ab~1) | [—0.50,+0.49] | [—0.43,+0.43] | [—0.43,40.44] | [-0.39,40.40]
ILC 250 GeV (2ab™1) [—5.72,+5.87] | [-5.39,+5.62] | [—0.85,+1.13] | [-0.85,+1.12]
+350 GeV (200 b~ 1) | [—1.26,41.26] | [-1.18,+1.18] | [-0.72,40.83] | [—0.71,+0.80]
+350GeV (1.5ab~1) | [—0.64,40.64] | [-0.56,+0.56] | [-0.52,40.54] | [—0.48,+0.50]

Table 1. Ax? = 1 bounds on k) 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™,et) = (£0.8,F0.3) for the ILC.

We start our discussion of the fit results by considering the benchmark scenarios for
circular colliders. The profiled Ax? fit as a function of dx, is shown in the left panel of
figure 3. The Ax? = 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 aT'GCs scenarios. The inclusion of measurements at
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Figure 4. Global constraints on dcz and k), 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~! at 350 GeV,
is already sufficient to reduce the uncertainty to the level |0k)| < 1, whereas 1.5 ab™! leads
to a precision [0k)| < 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 5ab™! 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 dx). The strongest constraints come from the
measurement of the eTe™ — Zh cross section in the 240 GeV run, which is the observable
with the largest sensitivity to dk) (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 dx) has a strong
correlation with dcz and cyy, while milder correlations are present with czgo and A 2.7 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 dx), are useful to reduce the uncertainty on the other
EFT parameters. In particular, the 350 GeV run with 1.5ab~! of integrated luminosity
allows for a reduction of the uncertainty on dcz, c49, czo and Az 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 dx) and dcz parameters obtained
with a 240 GeV run only and with the inclusion of a 350 GeV run.

"Notice that a loosely constrained direction involving dcz is already present in the global fit not including
0k [5]. The addition of the trilinear Higgs coupling makes this feature even more prominent.



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 dx) 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 — bby7y, has been investigated. A differential analysis (taking
into account the Higgs pair invariant mass distribution) allows to constrain dk) to the
interval [—1.0,1.8] at the Ax? = 1 level. A second minimum is however present in the fit,
which allows for sizable positive deviations in dk), namely an additional interval dx) €
[3.5,5.1] can not be excluded at the Ax? = 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 dry € [—0.9,1.2] at the Ax? = 1 level (with the additional minimum at dxy ~ 5
excluded) and dxy € [-1.7,6.1] at the Ax? = 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 k) ~ 5, thus significantly reducing the Ax? = 4
bounds. The precision near the SM point (k) = 0) is however dominated by the HL-LHC
measurements, so that the lepton collider data can only marginally improve the Ax? = 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 1.5ab™! 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_l) can be compensated through the
exploitation of the two different beam polarizations P(e™, e™) = (£0.8,F0.3). 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 dxy ~ 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 dx) 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. Ax? = 1 bounds on 0k 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 Ax? = 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 dx) determination is obtained along the

Lssocev/Losocgev =~ 0.7 and Lss0cev/Lasogev = 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 ete™ — Zhh and WW-fusion eTe™ — vhh
in particular. The precision reach in the determination of dx) 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 W W -fusion channel, can allow for an enhanced
sensitivity to dky. 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 figure7 of ref. [36]) and illustrative diagrams. The difference between the two
vohh curves is entirely due to double Higgsstrahlung followed by invisible Z decay.

global EFT perspective, showing how the determination of dx) 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 ete™ — Zhh and WW-fusion ee™ — vizhh
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 1TeV, 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 ete™ — vishh 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 ete™ — vizhh channel receives non-negligible contributions that are not
of WW-fusion type. The largest of them arises from double Higgsstrahlung followed by
a Z — vv 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 4ab~ !, equally split into two beam
polarization runs P(e”,e™) = (£0.8,F0.3), allows for a precision of 21.1% on the cross
section determination through the exploitation of the hh — bbbb final state. A further
improvement can be obtained by also including the hh — bbWW* channel, in which case
the precision reaches 16.8%.
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Figure 7. Dependence of the Higgs pair production rates on dx) 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.

Ax? =1 level Ax? =4 level

ILC 500 GeV [—0.31, 0.28] [—0.67, 0.54]
ILC 1TeV [—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 3TeV [—0.26, 0.50] U [0.81, 1.56] | [—0.46, 1.76]
CLIC combined | [—0.22, 0.36] U [0.90, 1.46] | [—0.39, 1.63]
+Zhh [—0.22, 0.34] U [1.07, 1.28] | [-0.39, 1.56]

2 bins in vvhh [—0.19, 0.31] [—0.33, 1.23]
4 bins in vvhh [—0.18, 0.30] [—0.33, 1.11]

Table 2. Constraints from an exclusive fit on dx) derived from the measurements of vvhh and
Te~ — vishh cross sections at ILC and CLIC, with all other parameters fixed to their standard-
model values.

The eTe™ — vivhh process has also been studied at a 1 TeV center-of-mass energy, in
the context of the ILC. A significance of 2.7¢0 (corresponding to a precision of 37%) could
be achieved in the hh — bbbb channel, assuming an integrated luminosity £ = 2ab™! and
P(e,et) = (—0.8,+0.2) beam polarization [37].

Studies of the eTe™ — vihh process at CLIC (both at 1.4 TeV and 3 TeV center-of-
mass energy) are available in ref. [35]. Assuming unpolarized beams and 1.5ab~!, the
precision on the 1.4 TeV cross section could reach 44%. With 1.5ab™!, the 3 TeV cross
section could be measured with a 20% precision. Both bbbb and bbWW* 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 §x) 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 dx) is shown in figure 7
for a set of benchmark scenarios. The SM cross section for each benchmark is provided
in the legend.® 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 dk) 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 dx) 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 Ax? = 1 and 4 bounds obtained from the
benchmarks ILC and CLIC runs retaining the full dependence of the cross section on dk).

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 W W -fusion. These
two processes are thus more sensitive to positive and negative values of dx) respectively. A
combination of double Higgsstrahlung and W W -fusion measurements could hence be used
to maximize the precision for both positive and negative values of dx). 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 dx), inclusive cross sections (for each process and collider
energy) can match the SM ones not only for dx) = 0, but also for an additional value
of the trilinear Higgs self-coupling, resulting in a second minimum in the Ax2. In WW-
fusion, the SM cross section is also obtained for dxy ~ 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 dx) ~ —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 1TeV SM cross section is obtained from figure7 of ref. [36] and scaled from P(e™,e™) =
(—0.8,+0.3) to P(e”,et) = (—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 eTe™ — vihh at 1.4 TeV (left) and
3TeV (right). The solid blue curves are obtained in the SM (dry = 0). The red dashed curves are
obtained with the other value of dx) which leads to a cross section equal to the SM one. The cyan
dotted curves are obtained for vanishing Higgs self-coupling (dxy = —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 dx) ~ 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 1TeV, however, they only provide weak handles on dxy. The ete™ — Zhh
cross section becomes relatively small, being only 0.08fb at 1.4TeV 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 eTe™ — 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 eTe™ — vizhh rates measurements only excludes the
second minimum at the Ay? = 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 My, can be sufficient to further exclude the dxy ~ 1 points. The My,
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 3TeV center-of-mass energies. The solid
blue curves correspond to the SM point dxy = 0. The dashed red curves are obtained
for the other value of dx) at which the vwhh coincides with the SM value (0k) = 1.16
for 1.4TeV and 0ky = 1.30 for 3TeV). The dotted cyan distributions are obtained for
vanishing trilinear Higgs self-coupling (dk) = —1).

We estimate the impact of a differential analysis of the vvhh channel by performing a
simple fit of the My}, 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

3TeV

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 ete™ — vihh
at 1.4 TeV and 3TeV.

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.
precision on dk). In particular, it allows us to exclude the second fit solution dk) =~ 1.3

It shows that a differential analysis can be useful in enhancing the

at the Ax? = 1, and to reduce significantly the Ax? = 4 bounds for positive deviations in
the Higgs self-coupling. For instance, the 4-bin fit restricts dx) to the range [—0.18,0.30]
at the Ax? = 1 level and [—0.33,1.11] at the Ax? = 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 (vih, Zh, tth and eTe”h) in addition to
diboson production.

We adopt the following benchmark scenarios chosen by the experimental collaborations
for Higgs measurement estimates:

e ILC: we follow the scenario in ref. [20], assuming ILC can collect 2ab™! at 250 GeV,
200 b1 at 350 GeV and 4ab~! at 500 GeV, equally shared between the P(e™,et) =
(+0.8,F0.3) beam polarizations. We also consider the possibility of an additional
run at 1 TeV gathering 2ab~! with one single P(e™,et) = (—0.8, +0.2) beam polar-
ization.

e CLIC: we follow ref. [35] and assume 500 fb~! at 350 GeV, 1.5ab~! at 1.4 TeV and
2ab~! at 3TeV can be collected with unpolarized beams. It should be noted that a
left-handed beam polarization could increase the vvhh cross section and somewhat
improve the reach on k).

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
dr) in single Higgs production and decay processes, as done in section 2. Such effects are
also included in the top-Higgs associated production ete™ — tth and in ZZ-fusion eTe™ —
ete™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 0k) in Higgs pair production processes cannot be neglected. In this case, cross terms
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Figure 10. Ax? as a function of dxy for the high-energy ILC (left) and CLIC (right) benchmarks.
The results are obtained through a global analysis, profiling over all other EFT parameters.

Ax? =1 level Ax? = 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] U [0.91, 1.45] | [-0.39, 1.63]
+Zhh [—0.22, 0.35] U [1.07, 1.27] | [-0.39, 1.56]

2 bins in vvhh [—0.19, 0.31] [—0.33, 1.23]

4 bins in vvhh [—0.18, 0.30] [—0.33, 1.11]

Table 4. Precision on the determination of k) obtained through a global fit including pair- and
single-Higgs production channels for several benchmark scenarios at ILC and CLIC.

between dk) 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 Ax? = 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 dx) discussed in
section 3.1 (see figure 8). The 2 curves for ILC (up to 500 GeV or 1TeV) and CLIC (no
binning, 2 bins and 4 bins in Mp;,) 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 dx) 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 x? obtained by artificially rescaling the precision in
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Figure 11. Left: Chi-square profiled over all EFT parameters but dxy for ILC (up to 500 GeV).
Right: the same for CLIC (no binning in Mp,;,). Three scenarios are shown. The solid black curves
correspond to the dky 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 ete™ — WW) by an overall factor. For
example, A1, X 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
My, right panel) benchmarks are used as examples. For each collider, we show the results
of the exclusive dk) 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 dx). 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 4ab~!
respectively equally shared between P(e™,e') = (F0.8,40.3) beam polarizations. The
estimated precision on the measurement of dx) 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 W W -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, F0.3) beam polarizations is assumed,
whereas a single polarization P(e™,e™) = (—0.8,40.2) is adopted at 1 TeV.

We found that a global analysis is essential to derive robust bounds on dx). 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 Ax? = 1 level, by exploiting single-Higgs measurements in the vh
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 k). 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 dk) is stronger at lower center-of-mass energy,
as shown in figure 7, so that ILC runs at 500 GeV and 1TeV energy maximize the over-
all precision allowing for a determination of the trilinear Higgs self-coupling with a 20%
uncertainty approximately, at the Ax? = 1 level.

High-energy measurements alone, such as the ones available with the 1.4 and 3 TeV
CLIC runs, can only rely on vhh production and have limited sensitivity to positive
deviations in dky. In this case, a second minimum in the global fit is present for dxy ~ 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 dky at the Ax? = 1 level, however, values of drxy ~ 1 would still be
allowed at the Ax? = 4 level.
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Figure 12. Summary of the bounds on dx) 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~! 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 dk), while lepton colliders always help constraining large positive dx) that the HL-LHC
fails to exclude beyond the Ay? = 1 level. On the other hand, with 1ab™! 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 dx) 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 dk)
determination at a 33 TeV pp collider gives a ~ 30% precision at the Ax? = 1 level for an
integrated luminosity of 10ab~!.

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 10°, 10'°, and 10'? 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 my, the A, asymmetry at the Z-pole, I'z_, 'z, I'w and forecasts for
improved myy, my, and I'yy 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 dky.

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 k) 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 dx) 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 dx) constraint. This aspect might be worth
a more careful investigation, which is however beyond the scope of the present work.
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A One-loop corrections from k)

In this appendix we collect the numerical values of the coefficients C, 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 C; 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 C 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 ete™ — tth, 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 C' coefficients on
the collider energy is also shown in figure 13.
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Figure 13. Value of C; as a function of the center-of-mass energy /s for the ete™ — hZ,

ete™ — vih, ete™ — heTe™ and eTe™ — hitt 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.

Ch Z7Z WWw Yy ag | ff
on-shell i decay | 0.0083 | 0.0073 | 0.0049 | 0.0066 | 0

Table 6. Values of Cy 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 eTe™ — hZ — T4~ 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 C 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 Ax? as a function of ék) for the low-energy
ILC benchmark considered in section 2, including 2ab~! of integrated luminosity at
250 GeV and either 200 fb~!fb or 1.5ab~! at 350 GeV with luminosities equally split into
P(e™,et) = (¥0.8,40.3) 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 2ab~! at 250 GeV,
200 fb1fb or 1.5ab™! 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. Ax? profiled over all EFT parameters but dxy. Three run scenarios are considered for
ILC, with 2ab~! at 250 GeV and {0, 200 bt 15 abfl} at 350 GeV, with luminosities equally split
into P(e™,e") = (F0.8,£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™,et) = (F0.8,+0.3) ILC alone ILC + HL-LHC
70% 30% non-zero aTGCs |  zero aTGCs | non-zero aTGCs |  zero aTGCs
250 GeV/(2/ab) [—4.98,45.14] | [~4.68,+4.86] | [—0.84,+1.12] | [~0.85, +1.11]
250 GeV (2/ab)+350 GeV(200/fb) | [—1.18,41.18] | [-1.12,+1.12] | [-0.71,40.80] | [—0.69,+0.78]
250 GeV(2/ab)+350 GeV(1.5/ab) | [—0.62,40.62] | [—0.54,+0.54] | [-0.50,+0.52] | [—0.47,40.48]

Table 7. Ax? = 1 bounds on dx, from single-Higgs measurements at low-energy ILC. In this table
we consider a benchmark scenario with integrated luminosity split into P(e™,et) = (F0.8,£0.3)
beam polarization with a 70%/30% ratio.

P(e™,eT) = (F0.8,0) ILC alone ILC + HL-LHC
50% 50% non-zero aTGCs |  zero aTGCs | non-zero aTGCs |  zero aTGCs
250 GeV(2/ab) [—6.37,46.58] | [~5.98,46.27] | [-0.86,+1.13] | [~0.85,+1.13]
250 GeV(2/ab)+350 GeV(200/fb) | [—1.40,+1.40] | [-1.32,+1.32] | [-0.74,40.87] | [-0.73,40.85]
250 GeV/(2/ab)+350 GeV(1.5/ab) | [—0.71,40.71] | [-0.62,40.62] | [-0.55,40.59] | [—0.52, 4+0.54]

Table 8. Ax? = 1 bounds on dx, 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™) = (F0.8,0)
beam polarization.

and table 9, we consider P(e”,e™) = (F0.8,0) 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™,et) = (F0.8,%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(em,et) = (50.8,0) 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] | [-0.85,41.13] | [~0.85, +1.13]
250 GeV(2/ab)+350 GeV(200/fb) | [—1.32,+1.33] | [-1.25,4+1.25] | [-0.73,40.85] | [—0.72,40.83]
250 GeV(2/ab)+350 GeV(1.5/ab) | [—0.69,40.69] | [-0.60,+0.60] | [—0.54,40.57] | [—0.50,+0.52]

Table 9. Ax? = 1 bounds on Jk, 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™) = (F0.8,0)
beam polarization with a 70%/30% ratio.

T L B T
ete™ — Zhh

10°

2107!
S
1072 =
E 3
10—3 I | 1 | 1 1 | | |
400 600 1000 2000 3000
V5 [GeV]

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 ete~™ — 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 W W -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”,et) = (4+0.8,—0.3).”

As a last result, we show the impact of the inclusion of the dx) 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 EF'T parameters considered in the main text, namely

6CZ7 Czz, €zO, Cyy, CZy, Cgg, 5.%, 62/07 5yb7 6y77 63/#7 AZ- (Bl)

9 Amusingly, 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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precision reach at CEPC/FCC-ee (combined with HL-LHC)
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Figure 16. Precision reach (Ax? = 1 constraints) at the CEPC with 5ab™" at 240 GeV and
200 fb~" or 1.5ab~! 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 dx», while the solid-shade regions correspond to the fit with dxy = 0.

As done in ref. [5], it is convenient to slightly redefine the EFT parameters connected
to the Higgs decays into vy, Zv and gg. In particular we define

r Tz

ITV& ~1-2¢y, 'SM — 1 —2¢zy, (B.2)
Y Zy
and
r o )
—F§§4 ~ 14268 ~ 142649 +2.100y, — 0.10 5y, (B.3)
with
= vy _ CZy _ Cqg
~ ~_——1 ~_— 99 B.4
T 83 %102 1= 59%10-2" 99 =83 % 103 (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 dy;
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and ¢4y parameters always appear in the combination as shown in eq. (B.3). In the global
fit we include only the Egg parameter and not ¢y and dy; separately. The precision on the
various EFT parameters with and without the inclusion of dx) 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 dcz and Egg. In this case, as
we already discussed in the text, the precision on dx) is very low. The situation changes
eff

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

decoupled from the determination of the Higgs trilinear coupling. Some coriilation of dky
with dcyz is still present with 200 fb~! of integrated luminosity at 350 GeV, while a much
milder effect remains with 1.5ab~! 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 dcy.
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.
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