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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 �3 2 [0, 2] at 1�

✦ 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

Two main channels
Zhh and νν̅hh
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dominant below 1 TeV

Two main 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

Two main channels
Zhh and νν̅hh
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Sensitivity to Higgs self-coupling
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e+e- → Zhh
ILC 500 GeV, P(e-,e+)=(-0.8,0.3), 0.23 fb
ILC 1 TeV, P(e-,e+)=(-0.8,0.2), 0.17 fb
CLIC 1.4 TeV, unpolarized, 0.08 fb
CLIC 3 TeV, unpolarized, 0.03 fb

ILC 500GeV (±16.8%)
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e+e- → ννhh
ILC 1 TeV, P(e-,e+)=(-0.8,0.2), 0.13 fb
CLIC 1.4 TeV, unpolarized, 0.15 fb
CLIC 3 TeV, unpolarized, 0.59 fb

ILC 1TeV (±37%)
CLIC 1.4TeV (±44%)

CLIC 3TeV (±20%)

The two channels provide complementary information

✦ Zhh gives stronger constraints on ��3 > 0

✦ νν̅hh gives stronger constraints on ��3 < 0

‣ dependence on        stronger at lower COM energy, optimal 
choices 500 GeV and 1 TeV

��3



Precision reach at ILC

Precision at ILC   ~20% at 68% CL  (combining 500 GeV and 1 TeV runs)

✦ combination of Zhh and νν̅hh allows to exclude large positive 
corrections not testable at LHC      (eg.            )  

ILC 500 GeV (4 ab

�1
, P = (±0.8,⌥0.3)) + 1 TeV (2 ab

�1
, P = (�0.8,+0.2))

bounds on �� 68% CL 95% CL

ILC 500 GeV (e+e� ! Zhh) [�0.31, 0.28] [�0.67, 0.54]

ILC 1 TeV (e+e� ! ⌫⌫̄hh) [�0.25, 1.33] [�0.44, 1.52]

ILC combined [�0.20, 0.23] [�0.37, 0.49]

��3 ⇠ 1



Precision reach at CLIC

… but inclusive measurements at CLIC can not resolve the additional 
minimum at  ��3 ⇠ 1

Additional improvement:
‣ consider differential distributions

Precision at CLIC   ~25% at 68% CL  (combining 1.4 TeV and 3 TeV runs)

✦ Zhh helps to test the second minimum, but has limited impact 
(due to small cross section)

CLIC 1.4 TeV (1.5 ab

�1
) + 3 TeV (2 ab

�1
), unpolarized beams, e+e� ! ⌫⌫̄hh

bounds on �� 68% CL 95% CL

CLIC 1.4 TeV [�0.35, 1.51] [�0.60, 1.76]

CLIC 3 TeV [�0.26, 0.50] [ [0.81, 1.56] [�0.46, 1.76]

CLIC combined [�0.22, 0.36] [ [0.90, 1.46] [�0.39, 1.63]

+Zhh [�0.22, 0.34] [ [1.07, 1.28] [�0.39, 1.56]



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]



Help from Single Higgs?



Self-Interaction from Single Higgs
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Higgs self-interaction can be also probed
indirectly through single-Higgs processes

[McCullough ’13]
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Single Higgs global analysis
Corrections to Higgs trilinear are usually not alone: accompanied by 
modifications of single Higgs couplings

global analysis is needed!

Several couplings can affect single-Higgs production

• 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



Single Higgs global analysis

All the 12 operators can be well constrained by a global fit

Higgs self interaction can also be added to the list: 12+1 operators

‣ can be distinguished thanks to different impact on various processes



Higgs trilinear from low-energy ILC
‣ global fit from single-Higgs channels can provide a first “precision” 

determination of Higgs trilinear coupling, improving HL-LHC reach

lepton collider alone lepton collider + HL-LHC
non-zero aTGCs zero aTGCs non-zero aTGCs zero aTGCs

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

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

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

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

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

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

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

Table 1: One-sigma bounds on ”Ÿ⁄ 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 di�erential measurements of both single and double Higgs
processes at the HL-LHC. For each scenario two benchmarks with conservative and optimistic
assumptions on the precision on trilinear gauge couplings are listed. The integrated luminosity
is assumed equally shared between P (e≠, e+) = (±0.8, û0.3) for the ILC.

correlation with ”cZ and cgg, while milder correlations are present with cZ⇤ and ⁄Z .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 ”Ÿ⁄, are useful to reduce the uncertainty on
the other EFT parameters. In particular, the 350 GeV run with 1.5 ab≠1 of integrated
luminosity allows for a reduction of the uncertainty on ”cZ , cgg, cZ⇤ and ⁄Z by a factor
of about 4. This in turn helps in lifting the flat direction in the global fit. This e�ect
is clearly visible from the left panel of Fig. 4, which shows the fit on the ”Ÿ⁄ and ”cZ

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

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 ”Ÿ⁄ can however also be obtained
at the high-luminosity LHC. It is thus interesting to estimate the impact of combining
the di�erent 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 æ hh. An analysis of this channel
within the EFT framework has been presented in Ref. [32], in which the most promising
channel, namely pp æ hh æ bb““, has been investigated. A fully di�erential analysis

7Notice that a loosely constrained direction involving ”cZ is already present in the global fit not
including ”Ÿ⁄ [5]. The addition of the trilinear Higgs coupling makes this feature even more prominent.
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parameters obtained with a 240 GeV run only and with the inclusion of a 350 GeV run.

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 ”Ÿ⁄ can however also be obtained
at the high-luminosity LHC. It is thus interesting to estimate the impact of combining
the di�erent sets of measurements.

The Higgs trilinear self-coupling can be accessed at the HL-LHC mainly through the
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global fit with 
anomalous TGCs no anomalous TGCs

eg. combination of 250 GeV and 350 GeV can lead to ~50% precision 
on Higgs trilinear

Further improvement from combination with HL-LHC 
(helps to lift additional HL-LHC minimum at             )��3 ⇠ 5



Single Higgs global analysis
… but single-Higgs channels have a small impact once high-energy colliders can 
access double-Higgs production
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(due to small dependence on Higgs trilinear 
at a 350 GeV run)

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

20

‣ marginal improvement at ILC

global fit including single- and double-Higgs channels



Comparison of different colliders
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Conclusions



Conclusions

High-energy lepton colliders can provide access the Higgs trilinear 
self-coupling

✦ allow for the first “precision” determination (only O(1) possible at HL-LHC)

✦ two main channels at high-energy: Zhh and νν̅hh

‣ CLIC could reach a ~25% precision at 68% CL  
(exploiting invariant mass distribution to probe large positive corrections)

✦ single-Higgs production at ILC can provide a ~50% determination

‣ ILC could reach a ~20% precision at 68% CL


