
Higgs Trilinear:
Reach and Implications

CLIC Workshop 2019            CERN — 23/1/2019

Giuliano Panico
Università di Firenze and INFN Firenze

mainly based on    De Blas et al.  “The CLIC Potential for New Physics” 1812.02093



The Higgs self-interaction
Measuring the Higgs self-interactions is an essential step to understand the 
structure of the Higgs potential

‣ related to order of EW phase transition  (relevant for cosmology)

‣ distortions expected in many BSM scenarios

‣ limited precision at LHC due to small statistics
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The Higgs self-interaction
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Measuring the Higgs self-interactions is an essential step to understand the 
structure of the Higgs potential

‣ related to order of EW phase transition  (relevant for cosmology)

‣ distortions expected in many BSM scenarios

‣ limited precision at LHC due to small statistics

✦ at high-energy lepton machines accessible 
mainly in HH production

✦ additional bonus: test strength of Higgs 
couplings at high energy  (VVHH coupling)
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Main double-Higgs channels
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Main double-Higgs channels
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Main double-Higgs channels
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Double Higgs-strahlung (DHS) Vector Boson Fusion (VBF)
dominant below 1 TeV dominant above 1 TeV
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Sensitivity to Higgs self-coupling
The two channels provide complementary information
✦          gives stronger constraints on 
✦      gives stronger constraints on
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Fig. 11: Left: Cross section of the main di-Higgs production modes in a lepton collider as a function
of the centre-of-mass energy. Right: Dependence of the signal strengths on the trilinear coupling of the
Higgs for different centre-of-mass energies. The horizontal bands show expected sensitivities.

channels depends on the trilinear Higgs self coupling. The result is presented as a function of

�� = � � 1 = ĉ6 � 3

2
ĉH (10)

which denotes the correction to the Higgs self coupling normalized to its SM value, here given in terms
of the dimension-6 operator of Table 2.

The right panel of Figure 11 shows an interesting complementarity between the two Higgs pair
production channels. Due to a positive interference, the Zhh cross section grows for �� > 0, so
that it can more easily constrain positive deviations in the trilinear Higgs self coupling, but is mostly
insensitive to negative deviations. On the contrary, ⌫⌫̄hh production is more sensitive to negative shifts
of the trilinear coupling that increase the cross section. Notice moreover that the vector-boson-fusion
cross section reproduces the SM one also for �� ⇠ 1, therefore such large positive deviations can not be
tested with the ⌫⌫̄hh inclusive rate. So, although the Zhh sensitivity is weaker than the ⌫⌫̄hh one, the
former can still be useful to probe values �� ⇠ 1. We stress that the above considerations are valid in
the case in which the true value of the Higgs trilinear self coupling is close to the SM one (i.e. �� ' 0).
In the presence of sizeable deviations the sensitivity can become significantly different.

We find that, after combining both vector boson fusion and double Higgsstrahlung channels, CLIC
stages 2 and 3 are sufficient to exclude the second fit minimum at �� ⇠ 1 at 95%C.L. . Another
possibility to lift the degenerate minima is to consider the information on the invariant mass spectrum
of the two Higgs bosons, mhh, since it offers an excellent discrimination power thanks to the large
sensitivity to modifications of the Higgs trilinear coupling [32]. Large positive values of �� lead to
a spectrum with a sharp peak close to threshold followed by a steep fall off. A simple cut-and-count
analysis with a few bins is thus sufficient to distinguish this distribution from the SM one [33]. Here we
present a simplified version of the analysis in Section 2.2.2, where the mhh distribution is splitted in 5
bins.

As can be seen from the results in Table 7, differential information in vector boson fusion di-Higgs
production at

p
s = 3 TeV allows one to constrain �� to the range [�0.11, 0.13] at the ��2 = 1 level.

This result should be compared with the [�0.13, 0.16] [ [1.13, 1.42] constraint that is achievable with
inclusive cross section measurements only.
Low-energy and global fit
Let us now consider the impact of the low-energy CLIC Stage 1 run. Such a run leads to very small
double-Higgs-production rates, making these channels irrelevant for determining the Higgs trilinear self

23

�� > 0

�� < 0

ZHH

⌫⌫̄HH

‣ dependence on         decreases with energy in            , but compensated by large 
increase in cross section

�� ⌫⌫̄HH
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Precision reach at CLIC

Precision at CLIC   ~10%  at  68% CL   (combining 1.4 TeV and 3 TeV runs)

✦ Interplay between      and           has a strong impact on the 
reach, excluding the region at 

Table 7: Exclusive constraints on �� deriving from the measurements of Zhh and ⌫⌫̄hh cross sections,
with all other parameters fixed to their standard-model values. A differential mhh measurement in weak
boson fusion di-Higgs production at

p
s = 3 TeV is additionally considered in the last two rows.

��2 = 1 ��2 = 4

CLIC Stage 2 [�0.22, 0.48] [�0.40, 1.05]

CLIC Stage 3 [�0.13, 0.16] [ [1.13, 1.42] [�0.24, 0.42] [ [0.87, 1.53]

CLIC Stage 2+3 [�0.12, 0.14] [�0.21, 0.35]

5 bins in ⌫⌫̄hh [�0.11, 0.13] [�0.21, 0.29]

Fig. 12: Chi-squared fit on the anomalous Higgs self coupling ��. Left: In dashed pink we show
an exclusive fit on �� using single Higgs data only for a 350 GeV run with 0.5 ab�1 of integrated
luminosity. In solid red, we profile over the rest of EFT parameters, after combination with the HL-
LHC likelihood, shown in dotted blue for reference. Right: In blue, the chi-squared resulting from the
differential ⌫⌫̄hh, Zhh and single Higgs measurements at

p
s = 1.4 TeV, in combination with HL-LHC

measurements [32, 34, 35]. In red, combined with a 3 TeV run. In dotted, the exclusive fit to ��, while
in solid lines we show the result from a global fit.

coupling. As an alternative, one could exploit high precision measurements of single-Higgs-production
processes, which are affected by deviations in the trilinear Higgs self coupling at the one-loop level [36].

Interestingly, single-Higgs processes show a good sensitivity to the Higgs self coupling, thanks to
the very high precision with which they can be measured at a lepton collider. In the left panel of Figure 12
we show, in dashed pink, how an exclusive fit to the Higgs self coupling using single-Higgs processes
can achieve an O(1) sensitivity on the Higgs trilinear, surpassing the HL-LHC projections (dotted blue
lines). It is important to stress that this result holds in the case in which one performs an exclusive study
of the trilinear dependence, assuming that all single-Higgs couplings take exactly their SM values. In
most new physics scenarios, however, deviations in the Higgs potential are generically accompanied by
modifications in other Higgs couplings. It is therefore essential to assess the robustness of the previous
observation within a global fit that includes the relevant set of Higgs coupling deformations. Following
Refs. [33, 37, 38] (see also Section 2.9 in this report), we perform a global fit featuring 13 effective
operators that parametrize the relevant deviations from SM Higgs couplings:

{Ogg, OWW , OBB, OHW , OHB, O6, OH , Oyt , Oyb , Oyc , Oy⌧ , Oyµ , O3W } . (11)

We find that a Stage 1 run alone leaves a very strong correlation among deviations in the Higgs trilinear
�� and modifications of the hZZ coupling. As a consequence a global fit does not set meaningful con-
straints on the trilinear Higgs self coupling. The flat direction can be partially resolved by a combination

24

�� ⇠ 1.2

⌫⌫̄HH ZHH

✦ Additional improvement from differential distribution in ⌫⌫̄HH

[Results from theory study,
see later for experimental study]
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Differential HH distributions
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Figure 2: Invariant mass distribution of the hh pair of e+e≠ æ ‹‹̄hh at CLIC 1.4 TeV
(left) and 3 TeV (right) at parton level, with the total number of events normalized to one.
The blue solid curve corresponds to the SM case while red dashed one corresponds to the
other solution of ”Ÿ⁄ for which the cross section equals the SM one. The cross sections
given by MadGraph is 0.18 (0.80) fb at 1.4 (3) TeV. The cyan dotted curves correspond to
”Ÿ⁄ = ≠1 (⁄3 = 0), with cross sections 0.51 (1.72) fb at 1.4 (3) TeV. They are normalized
with respect to the SM cross sections. (The total number of events is normalized to 0.51

0.18
(1.72

0.80) for 1.4 (3) TeV.) The interference term of the diagram with the triple Higgs coupling
and the ones without seems to be destructive both overall and at the threshold.

at ”Ÿ⁄ = ≠5.9 (besides ”Ÿ⁄ = 0). This also suggests that the linear approximation is
pretty good for the ILC 500 GeV e+e≠ æ Zhh measurement (if we do not worry about
the other solution of ”Ÿ⁄, which will probably be excluded by single Higgs measurements
anyway).

In Ref. [1], it was stated that the dependence on ”Ÿ⁄ was determined using WHIZARD,
parameterized by Ÿ as �⁄

⁄
¥ Ÿ · ‡hh‹e‹̄e

‡SM

hh‹e‹̄e

. The value of Ÿ was determined to be (negative)
1.22 (1.47) for 1.4 TeV (3 TeV), which gives �⁄/⁄ = 54%(29%) for 1.4 TeV (3 TeV). This
seem to only account for the linear dependence. Translating into the coe�cients of the
linear term of ”Ÿ⁄ in our Eq. (C.2), this gives -0.82 (-0.68) for 1.4 TeV (3 TeV), which are
a bit di�erent from my numbers, -0.97 (-0.65).

Some results on the constraints of ”Ÿ⁄ from di-Higgs process are shown in Fig. 13 and
Table 1. For these results, all other BSM parameters are set to zero.

2.2 loop contributions to single Higgs processes
discuss a bit about measurements at circular colliders (or ILC 250) and the results of
Ref. [2].

we can also put some of the technical details in the appendix
also mention that we have checked the contributions of ”Ÿ⁄ to hZ asymmetries (which

turns out to be negligible?)

5

The Higgs trilinear coupling strongly modifies the distributions

cross section equal 
to SM one

‣ differential analysis can exclude the second minimum

signal ev. bkg. ev.

CLIC 1.4 TeV ⇠ 20 ⇠ 40

CLIC 3 TeV ⇠ 60 ⇠ 100

bounds on �� 68% CL 95% CL

CLIC inclusive [�0.22, 0.34] [ [1.07, 1.28] [�0.39, 1.56]

2 bins in ⌫⌫̄hh [�0.19, 0.31] [�0.33, 1.23]

4 bins in ⌫⌫̄hh [�0.18, 0.30] [�0.33, 1.11]

[Di Vita et al. ’17]
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Precision reach at CLIC

Table 9: Selection efficiencies as well as expected number of events after the tight and loose BDT selec-
tions for L = 5 ab�1 with the 4:1 polarization scheme for the hh⌫e⌫̄e process and the main backgrounds
at

p
s =3 TeV.

Process �/fb ✏loose BDT Nloose BDT ✏tight BDT Ntight BDT

e+e� ! hh⌫e⌫̄e 0.59 17.6 % 766 8.43 % 367
only hh ! bbbb 0.19 39.8 % 559 17.8 % 250
only hh ! other 0.40 6.99 % 207 3.95 % 117

e+e� ! qqqq 547 0.0065 % 259 0.00033 % 13
e+e� ! qqqq⌫⌫̄ 72 0.17 % 876 0.017 % 90
e+e� ! qqqq`⌫̄ 107 0.053 % 421 0.0029 % 23
e+e� ! qq̄h⌫⌫̄ 4.7 3.8 % 1171 0.56 % 174
e±� ! ⌫qqqq 523 0.023 % 821 0.0014 % 52
e±� ! qqh⌫ 116 0.12 % 979 0.0026 % 21

at 1.4 TeV can be performed with a signal efficiency of 50 % and is background free as heavy flavor
tagging requirements and the invariant mass separation between W , Z, and h suppress any possible
contributions from multiboson final states (cf. Section 2.5). Combining both cross section measurements
resolves the ambiguity and results in the confidence interval [�0.10, +0.11] for ��.

Table 10: Constraints on �� obtained in the full detector simulation study using a multivariate analysis
for selection. The constraint from cross section only is obtained in a tight selection optimized for cross
section precision. The constraints based on differential distributions are derived in a looser selection.

Constraints for �� based on ��2 = 1
hh⌫⌫̄ cross section only (3 TeV) [�0.10, +0.12] [ [1.40, 1.61]
hh⌫⌫̄ (3 TeV) and Zhh (1.4 TeV) cross section [�0.10, +0.11]
hh⌫⌫̄ differential (3 TeV) [�0.07, +0.12]
hh⌫⌫̄ differential (3 TeV) and Zhh cross section (1.4 TeV) [�0.07, +0.11]

As in the previous paragraph, (cf. Table 7), the sensitivity of the invariant mass of the Higgs boson
pair, reconstructed from the four identified b jets, is exploited to improve the precision. For this we use
the loose BDT selection to increase statistics. The invariant mass M(hh) is combined with the response
of the multivariate analysis (“BDT score”) to define kinematic bins for the fit procedure. The resulting
distribution is shown in Figure 15. With the templates based on these kinematic bins, the 68 % C.L.
constraints improve to [�0.07, +0.12]. Combining this with the Zhh cross section measurement as
defined above, we obtain [�0.07, +0.11] as constraints on ��. The constraints on �� are summarized
in Table 10 and the corresponding �2 curves are shown in Figure 14.

In conclusion, the measurement of the trilinear Higgs self-coupling makes use of differential dis-
tributions sensitive to modifications of the hhh vertex in VBF double Higgs production at 3 TeV as
well as the combination with a cross-section measurement of Zhh production at 1.4 TeV. The result-
ing constraints on the trilinear Higgs self-coupling modification �� that can be reached with the CLIC
high-energy stages, assuming no other BSM effects, are [�0.07, +0.11].

27

More detailed analysis confirms previous discussion

[See talk by U. Schnoor for details]

✦ Differential analysis of            at 3 TeV is almost saturates the whole 
precision

⌫⌫̄HH
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Impact of Global Fit



Single Higgs couplings

2.2 Determination of the Higgs trilinear self-coupling
In this section we perform a detailed analysis of measurements that aim at identifying effects from
the operator O6, which modifies the SM triple Higgs coupling. In Section 2.2.1 we present a parton-
level analysis that includes all possible BSM contributions (in the form of the dimension-6 operators
from Table 2). Yet, this analysis is not optimised and neglects detector effects, as well as ISR and
beamstrahlung. For this reason, we present in Section 2.2.2 a more detailed study that focusses on the
effects of c6 (or �) only and should be thought as an illustration of how much additional reach can be
gained by a dedicated study. Section 2.2.3 is dedicated to discuss other interesting BSM effects that enter
in di-Higgs processes.5

2.2.1 Global perspective on the Higgs self-coupling6

High-energy
The optimal way to measure the Higgs trilinear self coupling at high-energy lepton colliders is through
the exploitation of Higgs pair production processes, whose cross section is affected by the Higgs self
coupling at tree level. An electron-positron collider like CLIC offers two main di-Higgs production
modes [10], namely double Higgsstrahlung (e+e� ! Zhh) and vector boson fusion (e+e� ! ⌫⌫̄hh),
see Figure 10 for representative diagrams. The cross section for the two channels has different scaling as
a function of the centre-of-mass energy of the collider (see Figure 11). Double Higgsstrahlung reaches
a maximum not far from threshold (at

p
s ⇠ 500 GeV) and then decreases due to the s-channel Z

boson propagator. On the other hand, the vector boson fusion cross section benefits from a t-channel
logarithmic enhancement and grows with the collider energy. Double Higgsstrahlung and vector boson
fusion cross sections are equal at a centre-of-mass energy of around 1 TeV. In this section we focus on
CLIC stages 2 and 3 and we perform simulations using MadGraph [31].
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Fig. 10: Illustrative diagrams contributing to the di-Higgs boson production at lepton colliders

The dependence of both di-Higgs production cross sections on the value of the trilinear Higgs
self coupling weakens with the centre-of-mass energy. At

p
s = 1.4 TeV, this dependence is already

relatively weak for the double Higgsstrahlung cross section. It is significantly larger in vector boson
fusion. The right panel in Figure 11 shows how the total cross section of the two Higgs pair-production

5These three sections, utilise a CLIC running scenario that differs slightly from that of Table 3: stage 1 runs at 350 GeV,
while stage 2 runs at

p
s = 1.4 TeV.

6Based on a contribution by S. Di Vita, G. Durieux, C. Grojean, J. Gu, Z. Liu, G. Panico, M. Riembau, T. Vantalon.
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Vector Boson Fusion

Double Higgs-strahlung

‣ Several couplings can affect single-Higgs production (and Higgs decays)

Corrections to Higgs trilinear are usually not alone: accompanied by 
modifications of single (and double) Higgs couplings

9



Single Higgs couplings
Corrections to Higgs trilinear are usually not alone: accompanied by 
modifications of single (and double) Higgs couplings

global analysis is needed!

• Higgs couplings to gauge bosons

Minimal set in the Warsaw basis: 12 operators

• Yukawa’s

• triple gauge couplings

�cz, czz, cz⇤, cz� , c�� , cgg

�yt, �yb, �yc �y⌧ , �yµ

�z
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Impact of global fit

Table 7: Exclusive constraints on �� deriving from the measurements of Zhh and ⌫⌫̄hh cross sections,
with all other parameters fixed to their standard-model values. A differential mhh measurement in weak
boson fusion di-Higgs production at

p
s = 3 TeV is additionally considered in the last two rows.

��2 = 1 ��2 = 4

CLIC Stage 2 [�0.22, 0.48] [�0.40, 1.05]

CLIC Stage 3 [�0.13, 0.16] [ [1.13, 1.42] [�0.24, 0.42] [ [0.87, 1.53]

CLIC Stage 2+3 [�0.12, 0.14] [�0.21, 0.35]

5 bins in ⌫⌫̄hh [�0.11, 0.13] [�0.21, 0.29]
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CLIC 1.4TeV, only

CLIC 1.4TeV, global fit

CLIC 1.4TeV+3TeV, only

CLIC 1.4TeV+3TeV, global fit

CLIC 3TeV BDT + 1.4TeV, only

Fig. 12: Chi-squared fit on the anomalous Higgs self coupling ��. Left: In dashed pink we show
an exclusive fit on �� using single Higgs data only for a 350 GeV run with 0.5 ab�1 of integrated
luminosity. In solid red, we profile over the rest of EFT parameters, after combination with the HL-
LHC likelihood, shown in dotted blue for reference. Right: In blue, the chi-squared resulting from the
differential ⌫⌫̄hh, Zhh and single Higgs measurements at

p
s = 1.4 TeV, in combination with HL-LHC

measurements [32, 34, 35]. In red, combined with a 3 TeV run. In dotted, the exclusive fit to ��, while
in solid lines we show the result from a global fit.

coupling. As an alternative, one could exploit high precision measurements of single-Higgs-production
processes, which are affected by deviations in the trilinear Higgs self coupling at the one-loop level [36].

Interestingly, single-Higgs processes show a good sensitivity to the Higgs self coupling, thanks to
the very high precision with which they can be measured at a lepton collider. In the left panel of Figure 12
we show, in dashed pink, how an exclusive fit to the Higgs self coupling using single-Higgs processes
can achieve an O(1) sensitivity on the Higgs trilinear, surpassing the HL-LHC projections (dotted blue
lines). It is important to stress that this result holds in the case in which one performs an exclusive study
of the trilinear dependence, assuming that all single-Higgs couplings take exactly their SM values. In
most new physics scenarios, however, deviations in the Higgs potential are generically accompanied by
modifications in other Higgs couplings. It is therefore essential to assess the robustness of the previous
observation within a global fit that includes the relevant set of Higgs coupling deformations. Following
Refs. [33, 37, 38] (see also Section 2.9 in this report), we perform a global fit featuring 13 effective
operators that parametrize the relevant deviations from SM Higgs couplings:

{Ogg, OWW , OBB, OHW , OHB, O6, OH , Oyt , Oyb , Oyc , Oy⌧ , Oyµ , O3W } . (11)

We find that a Stage 1 run alone leaves a very strong correlation among deviations in the Higgs trilinear
�� and modifications of the hZZ coupling. As a consequence a global fit does not set meaningful con-
straints on the trilinear Higgs self coupling. The flat direction can be partially resolved by a combination

24

Table 8: Exclusive and global constraints on �� after the CLIC Stage 2 and 3 runs, and in combination
with HL-LHC measurements. This combination explains the improvement compared to the constraints
reported in Table 7.

68 %C.L. 95%C.L.
CLIC Stage 2, exclusive [�0.21, 0.34] [�0.38, 0.89]

CLIC Stage 2, global [�0.22, 0.40] [�0.39, 1.00]

CLIC Stage 2+3, exclusive [�0.11, 0.12] [�0.20, 0.27]

CLIC Stage 2+3, global [�0.11, 0.13] [�0.21, 0.29]

with HL-LHC measurements. The solid red curve shows the obtained chi-squared in the left panel of
Figure 12. One can see that a low-luminosity Stage 1 run can only marginally improve the HL-LHC
constraints.

As discussed before, the centre-of-mass energies of CLIC Stages 2 and 3, give access to double
Higgs production processes, sensitive to the trilinear Higgs self coupling at tree level. They are however
also affected by modifications in other Higgs couplings, and it is important to test the impact these have
on the exclusive self coupling constraints reported in Table 7. We performed a study comparing the
projections of an exclusive fit to the Higgs trilinear self coupling with a global fit where all the other
parameters are profiled over, for a CLIC Stage 2 run alone or in combination with Stage 3 one. We
included in the fit ⌫⌫̄hh production with a differential analysis including 4 bins in the mhh distribution.
The inclusive Zhh cross section and the �� dependence of the single-Higgs processes. We report the
results in Table 8 and in the right panel of Figure 12.

The CLIC Stage 2 constraints on the Higgs self coupling are dominated by the differential ⌫⌫̄hh
measurement. Moreover, the constraints on the other Higgs couplings obtained from the single-Higgs
observables are strong enough to close any possible flat direction. As a consequence the exclusive study
gives similar constraints as the global fit. This shows that a possible low-energy CLIC Stage 1 run is
not strictly necessary to avoid correlations and obtain a robust determination of the trilinear Higgs self
coupling. The CLIC Stage 3 run will drastically increase the sensitivity on the Higgs self coupling with
respect to CLIC Stage 1. This is due to the increase in statistics to get access to detailed differential
distributions.

Two parameter fit
These results will be discussed from a global fit perspective, including all operators and more processes,
in Section 2.9. An important special case that is worth discussing in detail is that in which only the effects
of OH and O6 are taken into account, corresponding to new physics effects only in the Higgs sector, for
instance in generic models of Higgs and a singlet, see Section 4.2.7 The sensitivity to this scenario is
reported in Figure 13, where we compare it (solid vs dashed) with the reach to the same operators when
also all other operators are present, and then marginalised.

2.2.2 Full simulation study of experimental prospects8

In this section we focus on the prospects for the extraction of the trilinear Higgs self-coupling in double
Higgs production (� only), which have been evaluated with full detector simulation of the CLIC_ILD [6]
detector model in the process of vector boson fusion Higgs production (e+e� ! hh⌫e⌫̄e) at 3 TeV. The
analysis is based on Ref. [39] and [10] and is summarized here.

7Differently from the discussion around Eq. (9), the analysis of this section applies also in models where the singlet-self
coupling is large.

8Based on a contribution by U. Schnoor, P. Roloff, R. Simoniello, B. Xu.
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✦ Single Higgs measurements are precise enough to make deviations in 
single Higgs couplings subdominant in Higgs pair production

‣ Stage 2 fit is affected at the 10-20% level  (especially the upper bound on        )

‣ Stage 3 fit is nearly unchanged    (modifications < 10%)

��

exclusive fit (       only)

global fit

��

10
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Self-Interaction from Single Higgs

Higgs self-interaction can be 
also probed indirectly through 

single-Higgs processes
[McCullough ’13]
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Table 7: Exclusive constraints on �� deriving from the measurements of Zhh and ⌫⌫̄hh cross sections,
with all other parameters fixed to their standard-model values. A differential mhh measurement in weak
boson fusion di-Higgs production at

p
s = 3 TeV is additionally considered in the last two rows.

��2 = 1 ��2 = 4

CLIC Stage 2 [�0.22, 0.48] [�0.40, 1.05]

CLIC Stage 3 [�0.13, 0.16] [ [1.13, 1.42] [�0.24, 0.42] [ [0.87, 1.53]

CLIC Stage 2+3 [�0.12, 0.14] [�0.21, 0.35]

5 bins in ⌫⌫̄hh [�0.11, 0.13] [�0.21, 0.29]
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Fig. 12: Chi-squared fit on the anomalous Higgs self coupling ��. Left: In dashed pink we show
an exclusive fit on �� using single Higgs data only for a 350 GeV run with 0.5 ab�1 of integrated
luminosity. In solid red, we profile over the rest of EFT parameters, after combination with the HL-
LHC likelihood, shown in dotted blue for reference. Right: In blue, the chi-squared resulting from the
differential ⌫⌫̄hh, Zhh and single Higgs measurements at

p
s = 1.4 TeV, in combination with HL-LHC

measurements [32, 34, 35]. In red, combined with a 3 TeV run. In dotted, the exclusive fit to ��, while
in solid lines we show the result from a global fit.

coupling. As an alternative, one could exploit high precision measurements of single-Higgs-production
processes, which are affected by deviations in the trilinear Higgs self coupling at the one-loop level [36].

Interestingly, single-Higgs processes show a good sensitivity to the Higgs self coupling, thanks to
the very high precision with which they can be measured at a lepton collider. In the left panel of Figure 12
we show, in dashed pink, how an exclusive fit to the Higgs self coupling using single-Higgs processes
can achieve an O(1) sensitivity on the Higgs trilinear, surpassing the HL-LHC projections (dotted blue
lines). It is important to stress that this result holds in the case in which one performs an exclusive study
of the trilinear dependence, assuming that all single-Higgs couplings take exactly their SM values. In
most new physics scenarios, however, deviations in the Higgs potential are generically accompanied by
modifications in other Higgs couplings. It is therefore essential to assess the robustness of the previous
observation within a global fit that includes the relevant set of Higgs coupling deformations. Following
Refs. [33, 37, 38] (see also Section 2.9 in this report), we perform a global fit featuring 13 effective
operators that parametrize the relevant deviations from SM Higgs couplings:

{Ogg, OWW , OBB, OHW , OHB, O6, OH , Oyt , Oyb , Oyc , Oy⌧ , Oyµ , O3W } . (11)

We find that a Stage 1 run alone leaves a very strong correlation among deviations in the Higgs trilinear
�� and modifications of the hZZ coupling. As a consequence a global fit does not set meaningful con-
straints on the trilinear Higgs self coupling. The flat direction can be partially resolved by a combination
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✦ exclusive analysis can surpass 
HL-LHC sensitivity
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Table 7: Exclusive constraints on �� deriving from the measurements of Zhh and ⌫⌫̄hh cross sections,
with all other parameters fixed to their standard-model values. A differential mhh measurement in weak
boson fusion di-Higgs production at

p
s = 3 TeV is additionally considered in the last two rows.

��2 = 1 ��2 = 4

CLIC Stage 2 [�0.22, 0.48] [�0.40, 1.05]
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Fig. 12: Chi-squared fit on the anomalous Higgs self coupling ��. Left: In dashed pink we show
an exclusive fit on �� using single Higgs data only for a 350 GeV run with 0.5 ab�1 of integrated
luminosity. In solid red, we profile over the rest of EFT parameters, after combination with the HL-
LHC likelihood, shown in dotted blue for reference. Right: In blue, the chi-squared resulting from the
differential ⌫⌫̄hh, Zhh and single Higgs measurements at

p
s = 1.4 TeV, in combination with HL-LHC

measurements [32, 34, 35]. In red, combined with a 3 TeV run. In dotted, the exclusive fit to ��, while
in solid lines we show the result from a global fit.

coupling. As an alternative, one could exploit high precision measurements of single-Higgs-production
processes, which are affected by deviations in the trilinear Higgs self coupling at the one-loop level [36].

Interestingly, single-Higgs processes show a good sensitivity to the Higgs self coupling, thanks to
the very high precision with which they can be measured at a lepton collider. In the left panel of Figure 12
we show, in dashed pink, how an exclusive fit to the Higgs self coupling using single-Higgs processes
can achieve an O(1) sensitivity on the Higgs trilinear, surpassing the HL-LHC projections (dotted blue
lines). It is important to stress that this result holds in the case in which one performs an exclusive study
of the trilinear dependence, assuming that all single-Higgs couplings take exactly their SM values. In
most new physics scenarios, however, deviations in the Higgs potential are generically accompanied by
modifications in other Higgs couplings. It is therefore essential to assess the robustness of the previous
observation within a global fit that includes the relevant set of Higgs coupling deformations. Following
Refs. [33, 37, 38] (see also Section 2.9 in this report), we perform a global fit featuring 13 effective
operators that parametrize the relevant deviations from SM Higgs couplings:

{Ogg, OWW , OBB, OHW , OHB, O6, OH , Oyt , Oyb , Oyc , Oy⌧ , Oyµ , O3W } . (11)

We find that a Stage 1 run alone leaves a very strong correlation among deviations in the Higgs trilinear
�� and modifications of the hZZ coupling. As a consequence a global fit does not set meaningful con-
straints on the trilinear Higgs self coupling. The flat direction can be partially resolved by a combination
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✦ exclusive analysis can surpass 
HL-LHC sensitivity

✦ but a global fit spoils the sensitivity
‣ strong correlation between        and modifications to the         

coupling
�� hZZ

★ single Higgs channels basically insensitive to        at stage 2 and stage 3��
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DRAFT

parameter could be measuremed with a precision of 10 to 20%, as illustrated in Figure 75. It should also2735

be noted that the second minimum of the likelihood would be unambiguously excluded at the HE-LHC.2736

It should be emphasized that these results rely on assumptions of experimental performance in very2737

high pile up environment O(800-100) that would require further validation with more detailed studies,2738

and that no systematic uncertainties are considered at this point. On the other hand these studies do not2739

include the additional decay channels that have already been studied for HL-LHC, and of others that2740

could become relevant at the HE-LHC. Exclusive production modes are also very interesting to take into2741

consideration for this measurement. The potential improvements from these have not yet been assessed2742

yet.2743
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Fig. 75: Expected sensitivity for the measurement of the Higgs trilinear coupling through the measure-
ment of direct HH production at HE-LHC. The black line corresponds to the combination of ATLAS
and CMS measurements with HL-LHC data presented in Section 3.2.3, with systematic uncertainties
considered. The red band corresponds to an estimate of the sensitivity using a combination of the bb̄��
and bb̄⌧⌧ channels, without systematic uncertainties considered.

3.5 Indirect probes2744

In this section we discuss the possibility of indirectly extract information on the trilinear self interaction2745

of the Higgs boson via precise measurements of single-Higgs production [329–337] at the HL-LHC and2746

HE-LHC. This strategy is complementary to the direct measurement via double-Higgs production, which2747

already at leading order, i.e. at one loop in the case of gg ! HH , depends on the trilinear Higgs self2748

interaction. In the case of single-Higgs production, on the contrary, the Higgs self interactions enter only2749

via one-loop corrections, i.e., at the two-loop level for the gluon-fusion (ggF ) production mode. The2750

effects of modified Higgs self interactions are therefore generically much smaller, but for single-Higgs2751

production processes the precision of the experimental measurements is and will be much better than for2752

double-Higgs production. This, and the fact that for single-Higgs production many different final states2753

and both inclusive as well as differential measurements are possible will lead to competitive indirect2754

determinations of the trilinear Higgs self coupling. In [338, 339] also electroweak precision observables2755

have been considered to this purpose.2756

118

[Higgs Physics at the HL-LHC and HE-LHC 
report, to appear]
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Fig. 62: (a) Minimum negative-log-likelihood as a function of �, calculated by performing a condi-
tional signal+backgrond fit to the background and SM signal. (a) The black line corresponds to the
combined ATLAS and CMS results, while the blue and red lines correspond to the ATLAS and CMS
standlone results respectively. (b) The different colours correspond to the different channels, the plain
lines correspond to the CMS results while the dashed lines correspond to the ATLAS results.
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Fig. 63: (a) Minimum negative-log-likelihood as a function of �, calculated by performing a conditional
signal+backgrond fit to the background and SM signal. The coloured dashed lines correspond to the
combined ATLAS and CMS results by channel, and the black line to their combination. The likelihoods
for the HH ! bb̄V V (ll⌫⌫) and HH ! bb̄ZZ(4l) channels are scaled to 6000fb�1.(b) Expected
measured values of � for the differents channels for the ATLAS in blue and the CMS experiment
in red, as well as the combined measurement. The lines with error bars show the total uncertainty
on each measurement while the boxes correspond to the statistical uncertainties. In the cases where
the extrapolation is performed only by one experiment, same performances are assumed for the other
experiment and this is indicated by a hatched bar.
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✦ HL-LHC can test the Higgs trilinear with O(50%) precision
at C.L.

✦ HE-LHC could test the Higgs trilinear with O(15-30%) precision  
(projections vary significantly between different analyses)
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[Di Vita et al. ’17]

✦ ILC could test the Higgs trilinear with O(20%) precision
Figure 10: Chi-square as a function of ”Ÿ⁄ for the high-energy ILC (left) and CLIC (right)
benchmarks. The results are obtained through a global analysis, profiling over all other EFT
parameters.

68 %CL 95%CL
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] fi [0.91, 1.45] [≠0.39, 1.63]
+Zhh [≠0.22, 0.35] fi [1.07, 1.27] [≠0.39, 1.56]

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

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

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 ”Ÿ⁄ does not worsen the
global fit significantly. This result, however, was by no means guaranteed. To stress this
point, we display in Fig. 11 the profiled ‰2 obtained by artificially rescaling the precision
in 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 ”Ÿ⁄ 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
a�ected 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
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Figure 3: Chi-square as a function of ”Ÿ⁄ after profiling over all other EFT parame-
ters. Three run scenario are considered for circular colliders, with 5 ab≠1 at 240 GeV and
{0, 200 fb≠1, 1.5 ab≠1} at 350 GeV, without beam polarization. The shaded areas cover dif-
ferent assumptions about the precision of TGC measurements. Left: circular lepton collider
measurements only. Right: combination with di�erential single and double Higgs measurements
at the HL-LHC.

We start our discussion of the fit results by considering the benchmark scenarios for
circular colliders. The profiled �‰2 fit as a function of ”Ÿ⁄ is shown in the left panel of
Fig. 3. The 68% CL intervals are also reported in Table 1.

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

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

exclusive fit in which only corrections to the trilinear Higgs coupling are considered and
all the other parameters are set to zero. With 5 ab≠1 collected at 240/250 GeV, and
irrespectively of the presence of a run at 350 GeV, we find that such a fit gives a precision
of approximately 14% in the determination of ”Ÿ⁄. The strongest constraints come from
the measurement of the e+e≠ æ Zh cross section at the 240 GeV run, which is the
observable with the largest sensitivity to ”Ÿ⁄ (see discussion in Section 2.2 and left panel
of Fig. 2). Other processes at the 240 GeV run and the higher-energy runs have only a
marginal impact on the exclusive fit.

The exclusive fit provides a bound much stronger than the global analyses, signaling
the presence of a nearly flat direction in the global fits. We found that ”Ÿ⁄ has a strong
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{0, 200 fb≠1, 1.5 ab≠1} at 350 GeV, without beam polarization. The shaded areas cover dif-
ferent assumptions about the precision of TGC measurements. Left: circular lepton collider
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We start our discussion of the fit results by considering the benchmark scenarios for
circular colliders. The profiled �‰2 fit as a function of ”Ÿ⁄ is shown in the left panel of
Fig. 3. The 68% CL intervals are also reported in Table 1.

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

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

exclusive fit in which only corrections to the trilinear Higgs coupling are considered and
all the other parameters are set to zero. With 5 ab≠1 collected at 240/250 GeV, and
irrespectively of the presence of a run at 350 GeV, we find that such a fit gives a precision
of approximately 14% in the determination of ”Ÿ⁄. The strongest constraints come from
the measurement of the e+e≠ æ Zh cross section at the 240 GeV run, which is the
observable with the largest sensitivity to ”Ÿ⁄ (see discussion in Section 2.2 and left panel
of Fig. 2). Other processes at the 240 GeV run and the higher-energy runs have only a
marginal impact on the exclusive fit.

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

10

‣ combination of runs remove blind direction in the fit

[Di Vita et al. ’17]

‣ precision of order 30-40%
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FCC-hh

��

overall rescaling 
of bkg rate

nB ! rB ⇥ nB

theory error:
uncertainty on 

signal rate

�S =
��(pp ! hh)

�(pp ! hh)

�S = 0.00 �S = 0.01 �S = 0.015 �S = 0.02 �S = 0.025

rB = 0.5 2.7% 3.4% 4.1% 4.9% 5.8%

rB = 1.0 3.4% 3.9% 4.6% 5.3% 6.1%

rB = 1.5 3.9% 4.4% 5.0% 5.7% 6.4%

rB = 2.0 4.4% 4.8% 5.4% 6.0% 6.8%

rB = 3.0 5.2% 5.6% 6.0% 6.6% 7.3%

Table 30: Impact of the systematic uncertainties on the precision on the trilinear Higgs coupling. The precision on
�3 is shown for different values of the systematic uncertainty on the signal, �S , and of the rescaling factor for the
total background rate rB . The “Medium” detector performance scenario and an integrated luminosity of 30 ab�1

have been assumed.

main limitation in the extraction of �3. At present, as already discussed, the computation of the signal
has a ⇠ 10% uncertainty due to the use of the infinite top mass approximation. It is highly probable that
finite-mass computations will become available in the near future. The remaining uncertainty from scale
variation at NNLL order is still ⇠ 5%, while the pdf error is ⇠ 3%. Without further improvements on
these two issues, the systematic uncertainty will be the main limiting factor in the determination of �3

and the maximal precision would be limited to ��3/�3 ⇠ 10%.

5.2.3 The HH ! bb̄bb̄ channel
In the analysis of the bb̄�� final state presented in the previous subsection, a large fraction of the double
Higgs production cross section was sacrificed in order to select a clean final state, for which the back-
ground levels can be easily kept under control. In this subsection a different strategy is considered which
makes use of the final state with the largest branching ratio, namely bb̄bb̄. The total cross section for
this final state is 580 fb at a hadronic 100 TeV collider, which is two order of magnitude larger than
the bb̄�� one. The level of backgrounds one needs to cope with, however, is much larger thus severely
complicating the signal extraction.

One of the possible advantages of the bb̄bb̄ final state is the fact that it provides a reasonable
number of events in the tail at large invariant masses of the Higgs pair. This, in principle, allows one to
analyse the high-energy kinematic regime much better than other final states with smaller cross sections.
As we discussed before, the tail of the mhh distribution is not particularly sensitive to the change of the
trilinear Higgs coupling, which mostly affects the kinematic distribution at threshold. However it can be
more sensitive to other new-physics effects, such as deviations induced by dimension-6 and dimension-8
effective operators that induce a contact interaction between the Higgs and the gluons (see for instance
the discussion in Ref. [189]). The analysis of these effects, although interesting and worth studying
further, goes beyond the scope of the present report. In the following we will concentrate only on the
SM case and on the extraction of the Higgs trilinear coupling and we will discuss an analysis based on a
recent feasibility study at the 14 TeV LHC [218],9 with suitable modifications for the 100 TeV case.

5.2.3.1 Monte Carlo samples generation
Higgs pair production in the gluon-fusion channel is simulated at LO thorugh MadGraph5_aMC@NLO [134,
211] by using the recently developed functionalities for loop-induced processes [221]. The calculation
is performed in the nf = 4 scheme and the renormalization and factorization scales are taken to be
µF = µR = HT /2. The NNPDF 3.0 nf = 4 LO set [111] is adopted with ↵s(m2

Z) = 0.118, interfaced
via LHAPDF6 [124]. To achieve the correct higher-order value of the integrated cross-section, the LO
signal sample is rescaled to match the NNLO+NNLL inclusive calculation [202, 207]. Parton level

9Other studies of Higgs pair production in the same final state at the LHC can be found in Refs. [219, 220].
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[Contino et al. Physics at a 100 TeV pp collider : 
Higgs and EW symmetry breaking studies ‘16]

‣ precision likely to be limited by systematics 
(theory systematics dominant for                 , leading to                 )

‣ ultimate FCC-hh reach in the 4 - 6 % range

�S & 2.5% �� ' 2�S

‣ global fit could significantly affect the prediction 
(strong dependence on top Yukawa coupling)

Exclusive fit on ��
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Theoretical implications

✦ Direct test of the structure of the 
Higgs potential 
(so far only Higgs mass term tested directly, 
but no interaction)

✦ Test of New-Physics models

✦ Determine properties of EW phase 
transition  
(possible connection to cosmology, in particular 
baryogenesis)

2.2 Determination of the Higgs trilinear self-coupling
In this section we perform a detailed analysis of measurements that aim at identifying effects from
the operator O6, which modifies the SM triple Higgs coupling. In Section 2.2.1 we present a parton-
level analysis that includes all possible BSM contributions (in the form of the dimension-6 operators
from Table 2). Yet, this analysis is not optimised and neglects detector effects, as well as ISR and
beamstrahlung. For this reason, we present in Section 2.2.2 a more detailed study that focusses on the
effects of c6 (or �) only and should be thought as an illustration of how much additional reach can be
gained by a dedicated study. Section 2.2.3 is dedicated to discuss other interesting BSM effects that enter
in di-Higgs processes.5

2.2.1 Global perspective on the Higgs self-coupling6

High-energy
The optimal way to measure the Higgs trilinear self coupling at high-energy lepton colliders is through
the exploitation of Higgs pair production processes, whose cross section is affected by the Higgs self
coupling at tree level. An electron-positron collider like CLIC offers two main di-Higgs production
modes [10], namely double Higgsstrahlung (e+e� ! Zhh) and vector boson fusion (e+e� ! ⌫⌫̄hh),
see Figure 10 for representative diagrams. The cross section for the two channels has different scaling as
a function of the centre-of-mass energy of the collider (see Figure 11). Double Higgsstrahlung reaches
a maximum not far from threshold (at

p
s ⇠ 500 GeV) and then decreases due to the s-channel Z

boson propagator. On the other hand, the vector boson fusion cross section benefits from a t-channel
logarithmic enhancement and grows with the collider energy. Double Higgsstrahlung and vector boson
fusion cross sections are equal at a centre-of-mass energy of around 1 TeV. In this section we focus on
CLIC stages 2 and 3 and we perform simulations using MadGraph [31].
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Fig. 10: Illustrative diagrams contributing to the di-Higgs boson production at lepton colliders

The dependence of both di-Higgs production cross sections on the value of the trilinear Higgs
self coupling weakens with the centre-of-mass energy. At

p
s = 1.4 TeV, this dependence is already

relatively weak for the double Higgsstrahlung cross section. It is significantly larger in vector boson
fusion. The right panel in Figure 11 shows how the total cross section of the two Higgs pair-production

5These three sections, utilise a CLIC running scenario that differs slightly from that of Table 3: stage 1 runs at 350 GeV,
while stage 2 runs at

p
s = 1.4 TeV.

6Based on a contribution by S. Di Vita, G. Durieux, C. Grojean, J. Gu, Z. Liu, G. Panico, M. Riembau, T. Vantalon.
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Testing the Higgs potential

✦ Current measurements only tested 
locally the minimum of the Higgs 
potential 
(Higgs mass and VEV, i.e. quadratic approximation 
of the potantial)

V

h

✦ Directly measuring the Higgs self-interactions gives us direct 
evidence of the full structure of the Higgs potential

V (H) = �4

�
|H|2 � v2

�2
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Deviations in Higgs couplings

Deviations in Higgs couplings are often present in BSM models

Generic new physics tends to give deviations of the same size in many 
Higgs interactions

eg.  minimal composite Higgs models    (SILH counting) ⇠ =
v2

f2
⌧ 1

OH ⇠ 1

f2
(@µ|H|2)2

O6 ⇠ �4

f2
|H|6

V ⌘ ghV V

gSMhV V

= 1 + ⇠

� ⌘ ghhh
gSMhhh

= 1 + ⇠

�V ⇠ ��

‣ easier to test in single Higgs couplings
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Deviations in Higgs couplings

Specific classes of models can however have enhanced deviations in 
Higgs self couplings

eg.   Higgs portal models

neglecting the trilinear Higgs modifications is thus fully justified in these scenarios. At

the same time the constraints achievable on � at the LHC will hardly have any impact

in probing the parameter space of SILH theories. The situation could however change at

future high-energy machines, as for instance a 100 TeV hadron collider, which could test

� with a precision below 10%, implying non-trivial constraints on models following the

SILH power counting [22, 25].

Enhanced deviations only in Higgs self-couplings are possible in other classes of mod-

els. Interesting possibilities are provided for instance (i) by scenarios in which the Higgs is

a generic bound state of a strongly coupled dynamics (i.e. not a Goldstone boson) (see dis-

cussion in ref. [22]), (ii) by bosonic technicolor scenarios and (iii) by Higgs-portal models.

In all these cases large deviations in the Higgs self-couplings can be present and accom-

panied by small corrections in single Higgs interactions. As an explicit example, we will

analyze the Higgs portal scenarios later on.

It is important to stress that, in the presence of large corrections to Higgs self-

interactions, the EFT expansion in Higgs field insertions may break down. In this case

the expansion in derivatives can still be valid, since it is controlled by the expansion pa-

rameter E/⇤, but we can not neglect operators with arbitrary powers of the Higgs field.

The e↵ective parametrization can still be used in such situation provided that we interpret

the e↵ective operators as a “resummation” of the e↵ects coming from operators with ar-

bitrary Higgs insertions. This is equivalent to a “non-linear” e↵ective parametrization in

which the Higgs is not assumed to be part of an SU(2)L doublet, but is instead treated

as a full singlet (see ref. [3] for a brief account on non-linear EFT and for a list of further

references). The only caveat with this parametrization is the fact that interactions with

multiple Higgs fields are not connected any more to the single-Higgs couplings. In this case

a di↵erent global fit should be performed, in which c
(2)
gg and �y

(2)
f are treated as independent

parameters. Notice also that the hVf f and h @Vf f operators should a priori be included in

the analysis, as we discussed in sec. 2.2 and EW precision data and Higgs data cannot be

analyzed separately any longer.

To clarify the issues discussed above, we now analyze an explicit class of models, the

Higgs portal scenarios. As a concrete example, we assume that a new scalar singlet ',

neutral under the SM gauge group, is described by the Lagrangian7

L � ✓g⇤m⇤H
†H'� m4

⇤
g2⇤

V (g⇤'/m⇤) , (2.11)

where the dimensionless parameter ✓ measures the mixing between the Higgs sector and

the neutral sector, and V is a generic potential. In the EFT description obtained after

integrating out ' the derivative expansion is valid if E/m⇤ ⌧ 1, while the expansion in

7The power counting we derive in the following applies also to more general Higgs portal models. In

particular it is valid for scenarios characterized by a single coupling g⇤ and a single mass scale m⇤ in which

the Higgs is coupled to the new dynamics through interactions of the type ✓H†HO, where O is a generic

new-physics operator. Note that a di↵erent power counting can arise for portal scenarios in which the

new-physics sector is charged under the SM (see ref. [26] for a classification of possible scenarios).

– 9 –

new scalar singlet 
coupled to the Higgs

g⇤

m⇤

�� ⇠ ✓g2⇤
�SM
3

✓2g2⇤
v2

m2
⇤

� �V ⇠ ✓2g2⇤
v2

m2
⇤

typical coupling

mass scale of the singlet

‣ deviations in Higgs self couplings can be much larger than deviations in 
single Higgs couplings

�� ⇠ 0.1 � �V ⇠ 1.3⇥ 10�3✓ ' 1 g⇤ ' 3 m⇤ ' 20TeV
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EW phase transition and baryogenesis

✦ The EW phase transition in the SM is 
very weak (actually a cross over for                    )mh & 80GeV

‣ not suitable for baryogenesys which 
requires strong first order transition

✦ a sizable modification of the Higgs self-
couplings can turn the EW transition 
into strong first-order suitable for 
baryogenesis
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Models for baryogenesis
Viable models for EW baryogenesis can be constructed by enlarging the 
Higgs sector with an extra (heavy) singlet

In this is case it is possible to have large mixings compared to the case discussed above; the mixing angle
is saturated by a quantity that scales linearly with the mass of the heavier state for fixed mass of the light
one.

These arguments, though they may fail in specific model because of peculiarities or tuning of the
model, are quite a general guide to gauge the expected amount of mixing that it is interesting to probe in
experiments that search for a mixed singlet state.

4.2.1 Heavy singlets 41

The motivations to consider extra singlet-like states at colliders are manifold. A relatively light scalar
singlet is present in several extensions of the SM at the TeV scale, most notably the Next-to-Minimal
Supersymmetric Standard Model (NMSSM, see e.g. [375]) and many realisations of the Twin Higgs
idea [376]. The presence of a singlet can also modify the finite temperature potential of the SM Higgs
inducing a first order electroweak phase transition [377–379] which is a necessary requirement for elec-
troweak baryogenesis [380].

The capabilities of current experiments and possible upgrades of the LHC to test this kind of
scenario have been addressed extensively in the literature, see e.g. [381]. It is therefore of high priority
to study what are the possible exclusions attainable at a linear lepton collider such as CLIC, especially
in multi-TeV stages where heavy singlets can be produced directly. In what follows we focus on the case
where the extra singlet is heavier than the Higgs boson.

The following Lagrangian

L = LSM +
1

2
(@µS)2 � 1

2
m2

SS2 � aSS|H|2 � 1

2
�HSS2|H|2 � VS(S), (140)

describes the most general renormalisable interactions of a real scalar singlet with the SM. Given the
structure of the model it is very convenient to define the mixing angle � as the rotation angle needed to
go from the interaction basis of eq.(140), where only the Higgs couples to fermions, to the mass basis.
The angle � is for all intents and purposes the same as the angle ✓ discussed in the previous Section. In
any event, we use the notation � for the mixing angle in this Section as we will map it to some explicit
models in the following. For now the angle � can just be defined through the mass eigenstates definition

h = h0 cos � + S sin �, � = S cos � � h0 sin �, (141)

where h is the 125 GeV SM-like Higgs, and � is the heavier singlet-like state with mass M . From this
equation we see already that the phenomenology is mainly dictated by sin �, as it enters two main aspects
of the model:

– Higgs signal strengths. They are universally rescaled by a factor (1 � sin2 �). This implies that
all the sensitivities at CLIC for the Higgs couplings can be immediately recast into a constraint on
sin2 �.

– Single production of �. It corresponds to the production of a heavy SM Higgs with an overall
rescaling given by sin2 �.

Production of the singlet-like state
We will consider both single and double production of the singlet. Single production is only sensitive
to sin2 � and the mass of the singlet-like state, while double production can in principle probe other
parameters of the potential. A notable example is the case in which an internal symmetry, e.g. an exact
Z2 acting on the singlet, forbids the mixing with the Higgs. In this case double production of singlets is
still allowed through the portal coupling �HS .

41Based on a contribution by D. Buttazzo, D. Redigolo, F. Sala and A. Tesi.
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all three CLIC stages to be able to exclude the whole model parameter space. While in this particular
model the resonant di-Higgs searches and the sensitivity to deviations in the Higgs self coupling are less
constraining than the limits from single-Higgs coupling measurements for masses m2 . 500 GeV, the
latter could be significantly relaxed in extensions of the minimal scenario discussed here.

The yellow region corresponds to the projected sensitivity of pp ! h2 ! ZZ searches at the
HL-LHC (these yield some sensitivity for sin ✓ = 0.1, but not for sin ✓ = 0.05). We note that LHC
searches for h2 ! ZZ are most sensitive in the region of parameter space for a2 and b3/v where the
competing branching fraction h2 ! hh is smallest, as shown in Figure 91. LHC searches for h2 ! ZZ
and resonant di-Higgs searches at CLIC, i.e. in the channel e+e� ! vv̄(h2 ! hh), are then very much
complementary (we note that, as shown in Figure 90, the sensitivity of resonant di-Higgs searches at
the LHC is much worse than that of CLIC, and LHC resonant di-Higgs searches do not provide any
meaningful constraint in our Figure).

The results from Figures 92–94 also highlight that it would be possible in many cases to simulta-
neously access via direct and indirect collider probes the region of parameter space yielding a strongly
first order EW phase transition in the SM + S scenario. This would allow to correlate the information
from the various probes towards providing a robust test of the nature of the EW phase transition.
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Fig. 93: Same as Figure 92, but for m2 = 500 GeV.

Before concluding, we emphasize that for a vanishing singlet-doublet mixing sin ✓ ! 0 (as is
e.g. the case in the Z2 symmetric limit of the SM + S scenario) the resonant di-Higgs signature also van-
ishes, while the indirect probes ��111 and ��Zh have their sensitivity significantly reduced (as deviations
w.r.t. the SM only occur at 1-loop via the parameter a2), particularly for low masses m2. Yet in this limit
a strongly first order EW phase transition is still possible [378, 603, 605]. The dominant probe of this
parameter space region of the SM + S (the so-called “nightmare-scenario" for EW baryogenesis [378])
could be given by pair production of the singlet-like state h2 [605] (except for the case of exact Z2 sym-
metry, h2 would decay into SM states), and we note that a high-energy e+e� collider like CLIC could
provide a tailored environment to analyze the nature of the EW phase transition via such a process.

6.1.6 Conclusions
Among the primary goals of future collider facilities is the precise analysis of the properties of the Higgs
sector. We have shown in this work that a high-energy e+e� machine like CLIC, when operating at
multi-TeV c.o.m. energies, would yield very sensitive direct probes of the existence of new scalars,
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Fig. 94: Same as Figure 92, but for m2 = 700 GeV.

combining the energy reach with the clean environment of an electron-positron machine. In particular,
resonant di-Higgs searches in the 4b final state at CLIC would surpass the reach of the HL-LHC by up
to two orders of magnitude in the entire mass range mH 2 [250 GeV, 1 TeV]. At the same time, these
searches provide a direct avenue to probe the nature of the EW phase transition for non-minimal scalar
sectors, and the possible origin of the cosmic matter-antimatter asymmetry via EW baryogenesis.

In the context of the extension of the SM by a real scalar singlet (SM + S, which could be viewed
as a simple limit of the NMSSM or Twin Higgs theories), we have studied the sensitivity of CLIC to the
parameter space where a strongly first order EW phase transition, as needed for successful baryogenesis,
is realized. Our results show that there is a strong complementarity between direct searches for heavy
Higgs bosons at CLIC via di-Higgs signatures, and indirect probes of BSM physics via measurements
of the Higgs self-coupling �111 and the single Higgs measurements at CLIC. Combining the informa-
tion from these searches could then allow to unravel the nature of EW symmetry breaking in the early
Universe, and shed light on the origin of the baryon asymmetry of the Universe.

6.2 WIMP baryogenesis and displaced vertex 89

6.2.1 Long-lived particles at the HL-LHC and CLIC: the case of WIMP baryogenesis
In this section, we highlight a class of baryogenesis models known as WIMP baryogenesis [613, 614]
that can be directly tested with collider experiments, and we investigate the sensitivity of the high-energy
colliders CLIC and the LHC to this scenario. The WIMP baryogenesis mechanism employs new EW-
scale particles that decay out of thermal equilibrium via B- and CP -violating interactions. In such
models, there is the exciting possibility of producing the parent particle(s) responsible for baryogenesis
directly in a collider, and observing it decay through the same modes that generate the baryon asymmetry.

A particle decays out of equilibrium if its lifetime is longer than the Hubble time at a temperature
comparable to its mass; ⌧X > H�1(T ⇠ MX), where MX is the mass of the parent particle X and
H(T ) is the Hubble rate at temperature T . This gives a mass-dependent lower bound on the lifetime,
generally predicting c⌧X & 1 cm for weak-scale X . Since the baryon asymmetry needs to be produced
before the BBN, there is also an upper bound on this lifetime: ⌧X . 1 s, that is c⌧X . 108 m in
terms of proper decay length. If the primordial X abundance decays prior to the EW phase transition, it
may generate an asymmetry in either baryon or lepton number. However, if the lifetime is longer than

89Based on a contribution by Y. Cui, A. Joglekar, Z. Liu and B. Shuve.
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bounds from Higgs 
trilinear measurements

strong first order EW 
transition

mixing angle

• blue (orange) lines from 
resonant di-Higgs production 
at 3 TeV (1.4 TeV)

• grey regions tested by single-
Higgs coupling measurements 
(stage I, II and III)

‣ Higgs trilinear measurements complementary to single-Higgs
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Conclusions
CLIC allows to measure the Higgs trilinear self-coupling

✦ first precision determination  (only O(50%) possible at HL-LHC)

✦ VBF and DHS main channels at stage II and stage III  
(possible exploitation of differential distribution in VBF)

✦ ultimate CLIC precision ~10% at 68% CL
bounds on ��
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Conclusions

Higgs self-coupling measurement has several important theoretical 
implications

✦ Direct test of the structure of the Higgs potential

✦ Test of New-Physics scenarios     (eg. Higgs portal models)

✦ Determination of the properties of the EW phase transition
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