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Precision Measurements at CLIC

Language: Effective Field Theory (EFT) - Dimension-6
- Model-independent 
- Perfect Comparison tool (with direct searches/other machines) 
- A guidance for SM precision Tests
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Benefit from High Luminosity 
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Focus on off-shell processes 
(WW,ZH,tt,hh,…)



-1.0 -0.5 0.0 0.5 1.0 1.5
0

2

4

6

8

10

���

�
�

2

CLIC 1.4TeV, ��� only

CLIC 1.4TeV, global fit

CLIC 1.4TeV+3TeV, ��� only

CLIC 1.4TeV+3TeV, global fit

Fig. 3: 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 350GeV 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 = 1.4TeV, in combination with HL-LHC

measurements [23, 25, 26]. In red, combined with a 3TeV run. In dotted, the exclusive fit to ��, while
in solid lines we show the result from a global fit.

analysis with a few bins is thus sufficient to distinguish this distribution from the SM one [24].
As can be seen from the results in Table 2, differential information in vector boson fusion di-Higgs

production at
p

s = 3TeV allows one to constrain �� to the range [�0.18, 0.30] at the ��2 = 1 level.
This result should be compared with the [�0.26, 0.50] [ [0.81, 1.56] constraint that is achievable with
inclusive cross section measurements only.

��2 = 1 ��2 = 4

1.4 TeV [�0.35, 1.51] [�0.60, 1.76]

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

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

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

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

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

Table 2: 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 = 3TeV is additionally considered in the last two rows.

Low-Energy and Global fit. Let us now consider the impact of low-energy runs. Experimental stud-
ies of Higgs measurements at CLIC have in particular considered the collection of 500 fb�1 at

p
s =

350GeV [22]. Such a run leads to very small double-Higgs-production rates, making these channels
irrelevant to determine the Higgs trilinear self coupling. As an alternative, one could exploit high preci-
sion measurements of single-Higgs-production processes, which are affected by deviations in the trilinear
Higgs self coupling at the one-loop level [27].

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 Fig. 3
we show, in dashed pink, how an exclusive fit to the Higgs self coupling using single-Higgs processes
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Precision Measurements at CLIC

1)  hh

H-trilinear:     only, in global fit, at different runs, vs LHC..�h
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on the initial energy collision, making the leptonic-collider case similar to the one of LHC: the initial
momentum on the beam-pipe direction is not known with sufficient precision. This leads eventually to
an ambiguity similar to Eq. (5).

The broad beam energy-spectrum also implies that a non-negligible portion of events has energy
much smaller than the nominal energy Enom = 380, 1400, 3000 GeV. At smaller energy, non-trivial
azimuthal distributions can be observed also in the SM alone due to interference, e.g. of the +� helicity
with the +0 helicity (the latter suppressed by one power of mW /E. Given that at smaller energy the
cross section is in fact larger, this effect is amplified, and it becomes difficult to recognise distribution of
the form Eq. (4). For this reason, we perform a selection cut on the energy of the events, namely

p
s > 2600, 1300, 330GeV (7)

for the 3 TeV, 1.4 TeV and 380 GeV runs respectively. Fig. 5 shows an example of the azimuthal distri-
bution of interest; the SM is flat3.

-3 -2 -1 0 1 2 3
0

2000

4000

6000

8000

φl

SM Vs BSM(c3W=0.294), Cos(θ)∈[0,0.5], Semileptonic_Leptonic

Fig. 5: Azimuthal differential distribution, in arbitrary units, for the semileptonic case. Blue:SM,
red:BSM with coupling value c3W = 0.294. WHAT OTHER CUTS?

Longitudinal Polarizations. When BSM effects modify the longitudinal amplitudes, the problem is
different, and its solution leads to a different analysis strategy. In the SM, the longitudinal amplitude
A

00

SM is much smaller than the transverse ones, which act in measurements of the inclusive (longitu-
dinal+transverse) crossection as a background. So, even though it interferes with BSM, this effect is
subdominant. The transverse component of the amplitude is however dominated by a t-channel in which
a neutrino is exchanged: this diagram only involves left-handed electrons and right-handed positrons. For
this reason, a polarization of the initial beam that preserves only right-handed leptons and left-handed
antileptons would suppress the transverse contribution and make the analysis of the longitudinal compo-
nents more efficient. We adopt this strategy below.4 For the reasons explained above, the cuts Eq. 7 also
apply to the longitudinal analysis.

Analysis. Knowledge of the SM amplitude can guide us through the most appropriate choice of cuts and
binning in the kinematic variables.
In the high-energy limit, the SM amplitudes for inclusive dibosons read

A
�+

SM = g2 sin⇥ A
+�
SM = �2g2 cos4

⇥

2
csc⇥ A

00

SM = �
1

2
(g2 + g02) sin⇥ (8)

3The mild cos(') behaviour is due to the above-mentioned SM-SM interference
4This strategy is already mentioned, for slightly different reasons, in previous CLIC studies [76]. In this note, however,

we combine the benefits of polarized beams together with differential distributions in the polar angle, which are also able to
disentangle between transverse and longitudinal components [?].
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No interference at high-E in  
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3) ZH
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Fig. 7: Expected constraints from the e+e�
! hZ ! `+`� bb̄ process at CLIC, assuming SM-like

results. Each plot shows the 68% confidence level (CL) contour for b↵(1)

ZZ
and one of the other Wilson

coefficients in Eq. (14), with the rest set to zero. The purple (cyan) contours show the constraints from
the rate (angular) measurements only, and the black contours show the combined constraints from both
rate and angular measurements. The dashed, dot-dashed and dotted contours correspond to the measure-
ments from the 380 GeV, 1.5 TeV and 3 TeV runs, respectively. The solid contours correspond to the
combination of the three runs. The green dot at (0, 0) indicates the SM prediction.

to 331 GeV (ZHH), and four-boson final states become kinematically accessible beyond 322 GeV
(4W ). Given the Feynman diagrams for the amplitudes, we get access to a set of elementary bosonic
interactions of the type V ⇤

! nV .
Likewise, multiple massive electroweak bosons are produced in W+W� fusion processes (VBF),

e�e+
! ⌫e⌫̄e + V V, V V V, V V V V, . . . . (28)

The VBF processes consist of genuine bosonic contributions W ⇤W ⇤
! nV mixed with lower-order

processes where extra W, Z vector bosons are radiated from electrons or neutrinos.
The two-boson final states V V have been studied in great detail. The prospects for isolating BSM

contributions from future CLIC data in vector-boson pair and associated production W+W�, ZZ, and
ZH , are considered in various chapters elsewhere in this document.
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Angles also important
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Fig. 24: Total cross section for multi-boson production in e+e� annihilation in the SM (solid lines), and
for values of the dimension-six operator coefficient cD�B = ±0.01/TeV2 (dashed/dotted). The cross
sections have been computed using WHIZARD, leading order, no ISR or beamstrahlung corrections
included.
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statistically optimal observables
CLIC-like run scenario

500 fb�1 at
p

s = 380 GeV
1.5 ab�1 at

p
s = 1.4 TeV

3 ab�1 at
p

s = 3TeV
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Fig. 30: Global reach of statistically optimal observable measurements in the top-quark effective field
theory. Bars indicate the global one-sigma constraints on each of the ten operator coefficients. White
marks stand for individual one-sigma constraints. Numerical values are provided for the global con-
straints and their ratio to individual ones. A dashed line indicates the average strength of global con-
straints in terms of global determinant parameter [28]. The associated covariance matrix is displayed on
the right. The full CLIC programme is assumed with operation at 380GeV, 1.4TeV, and 3TeV, using
respectively 500 fb�1, 1.5 ab�1, and 3 fb�1, equally shared between P (e+, e�) = (0%, ±80%) beam
polarisation configurations. Figure taken from Ref. [89].

Conclusions The CLIC physics program offers a privileged window on the interactions of the top quark
with neutral electroweak gauge bosons. The sensitivity of measurements of top quark pair production
to dimension-six operator coefficients significantly exceeds that of current and future measurements at
hadron colliders. The combination of the three CLIC energy stages and the possibility of electron beam
polarization yields robust constraints in a global fit of the relevant operator coefficients.

2.8 Prospects for the determination of the top-quark Yukawa coupling at CLIC (Stefano Boselli,
Alexander Mitov, Ross Hunter)

STATUS: Complete (luminosity?).
The top-quark Yukawa coupling yt dominates the renormalization group evolution of the Higgs

potential at high energy scales (see, for instance, refs. [?,30,31]). Therefore yt is among the main drivers
of SM predictions at very high energies and often dominates in studies of the self-consistency of the
SM at GUT-scale energies. In addition, top-coupling modifications are expected in various models, see
section 2.10.

Preliminary studies concerning tt̄h final states suggest [22] that CLIC will be able to measure yt
with a precision of about 4–5%, contrasted to the expected 10% precision [34] from the HL-LHC and
the 1% precision expected at a future 100 TeV hadron collider [35].

In this section we explore a new approach for the determination of the top-quark Yukawa coupling,
utilizing loop-induced Higgs production and decay processes. The advantage of such an approach is
that it potentially allows for a precise determination of yt even at c.m. energies below the tt̄h threshold.
Furthermore, even above the tt̄h threshold, measurements at different c.m. energies could be combined in
order to derive more precise determination of yt than from tt̄h final states alone. Such indirect approaches
are already being pursued in, for example, the determination of the Higgs self-interaction at the LHC [24,
25, 29, 36–38].

In what follows, we will assume that the only New Physics effects come from

yt = ySM

t +�yt with �yt = ..cyt . (42)

We stress therefore that our analysis is not model independent but works only if the only modifications
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upshot

• CLIC provides two important probes to the 
origin of SM flavor

• top quark

• Higgs boson

• deviations from SM expectations = New Physics

• can also search for new states

• motivated by B physics anomalies, neutrino 
mass generation, ...
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exotic top decays
• potential FCNC modes: t → ch, cZ, cγ, c+MET

• typical sizes of branching ratios:  
 
 

• experimental prospects  
at CLIC:
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production
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higgs couplings
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Higgs sector
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searching for new 
states

• flavor anomalies in B physics may 
imply new state at electroweak scale

• could be produced at CLIC
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• could probe neutrino mass generation

• search for beyond SM neutral scalar 
with FCNC couplings
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FCNC interactions
• searches for FCNC point interactions  
 

• present bound: 1/VLL>(8.8TeV)2

• Belle 2: 20-30 TeV

• CLIC:
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Figure 3: Constraints at 95% C.L. in the plane (m�, sin
2 �). The shaded regions are the present constraints from

LHC direct searches for � ! ZZ (red) and Higgs couplings measurements (pink). The reach at CLIC Stage 2
(green) and Stage 3 (blue) is compared with the projections for LHC with a luminosity of 300 fb�1 (solid red)
and 3 ab�1 (dashed red). We have fixed BR�!hh = BR�!ZZ = 25%.

weaker (stronger), while mild variations of �hh do not significantly a↵ect them. Varying other parameters has
a very mild impact on the phenomenology we discuss. We conclude by noting that, unless � is pushed to the
largest values allowed by perturbativity (' 2), double singlet production does not play an important role in the
NMSSM.

3.2 Twin Higgs

Twin Higgs models double the field content of the SM in a mirror copy and retain by assumption SU(4) invariant
portal couplings between the SM-like and the twin (singlet-like) Higgs boson. Such a symmetry is spontaneously
broken to SU(3) at a scale f , which can be f > v when soft-breakings of the mirror symmetry are allowed.
The emerging singlet-like state in this context is the radial mode of SU(4)/SU(3), which can be light enough to
be accessible at colliders if the breaking originates from a weakly coupled UV realization (see [24, 25]). In this
context, because of the global symmetries, the number of free parameters (after requiring the correct electro-weak
vacuum and Higgs mass) is just two: the mass of the radial mode m� and f . Moreover sin2 � ⇡ v2/f2 even when
m� is decoupled.

The present constraints and future CLIC sensitivities are displayed in the figure 4-right. In the case where
these models are not too strongly coupled (we checked that �� < m� in the whole parameter space that we show),
they are expected to manifest themselves first via new diboson (longitudinal) resonances. On the contrary, their
strong-coupling regime is expected to show up first in deviations in the Higgs couplings.

3.3 Electroweak phase transition

The lagrangian in eq. (1) can induce a first order EW phase transition when it has a well approximated Z2

symmetry as discussed in [4]. A viable scenario is realized when

aShSi/m2
S
⌧ 1, m2

S
/�HSv

2 ⌧ 1,

therefore in a region where the singlet mass is mostly given by the Higgs vev and the mixing angle � is negligibly
small (notice a factor of 2 di↵erence in our definition of the quartic compared to the notation in [4]). We do not
attempt to make a detailed numerical simulation, but we just show in figure 5 what are the regions with a possible
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context, because of the global symmetries, the number of free parameters (after requiring the correct electro-weak
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these models are not too strongly coupled (we checked that �� < m� in the whole parameter space that we show),
they are expected to manifest themselves first via new diboson (longitudinal) resonances. On the contrary, their
strong-coupling regime is expected to show up first in deviations in the Higgs couplings.
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context, because of the global symmetries, the number of free parameters (after requiring the correct electro-weak
vacuum and Higgs mass) is just two: the mass of the radial mode m� and f . Moreover sin2 � ⇡ v2/f2 even when
m� is decoupled.
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these models are not too strongly coupled (we checked that �� < m� in the whole parameter space that we show),
they are expected to manifest themselves first via new diboson (longitudinal) resonances. On the contrary, their
strong-coupling regime is expected to show up first in deviations in the Higgs couplings.
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weaker (stronger), while mild variations of �hh do not significantly a↵ect them. Varying other parameters has
a very mild impact on the phenomenology we discuss. We conclude by noting that, unless � is pushed to the
largest values allowed by perturbativity (' 2), double singlet production does not play an important role in the
NMSSM.

3.2 Twin Higgs

Twin Higgs models double the field content of the SM in a mirror copy and retain by assumption SU(4) invariant
portal couplings between the SM-like and the twin (singlet-like) Higgs boson. Such a symmetry is spontaneously
broken to SU(3) at a scale f , which can be f > v when soft-breakings of the mirror symmetry are allowed.
The emerging singlet-like state in this context is the radial mode of SU(4)/SU(3), which can be light enough to
be accessible at colliders if the breaking originates from a weakly coupled UV realization (see [24, 25]). In this
context, because of the global symmetries, the number of free parameters (after requiring the correct electro-weak
vacuum and Higgs mass) is just two: the mass of the radial mode m� and f . Moreover sin2 � ⇡ v2/f2 even when
m� is decoupled.

The present constraints and future CLIC sensitivities are displayed in the figure 4-right. In the case where
these models are not too strongly coupled (we checked that �� < m� in the whole parameter space that we show),
they are expected to manifest themselves first via new diboson (longitudinal) resonances. On the contrary, their
strong-coupling regime is expected to show up first in deviations in the Higgs couplings.
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weaker (stronger), while mild variations of �hh do not significantly a↵ect them. Varying other parameters has
a very mild impact on the phenomenology we discuss. We conclude by noting that, unless � is pushed to the
largest values allowed by perturbativity (' 2), double singlet production does not play an important role in the
NMSSM.

3.2 Twin Higgs

Twin Higgs models double the field content of the SM in a mirror copy and retain by assumption SU(4) invariant
portal couplings between the SM-like and the twin (singlet-like) Higgs boson. Such a symmetry is spontaneously
broken to SU(3) at a scale f , which can be f > v when soft-breakings of the mirror symmetry are allowed.
The emerging singlet-like state in this context is the radial mode of SU(4)/SU(3), which can be light enough to
be accessible at colliders if the breaking originates from a weakly coupled UV realization (see [24, 25]). In this
context, because of the global symmetries, the number of free parameters (after requiring the correct electro-weak
vacuum and Higgs mass) is just two: the mass of the radial mode m� and f . Moreover sin2 � ⇡ v2/f2 even when
m� is decoupled.

The present constraints and future CLIC sensitivities are displayed in the figure 4-right. In the case where
these models are not too strongly coupled (we checked that �� < m� in the whole parameter space that we show),
they are expected to manifest themselves first via new diboson (longitudinal) resonances. On the contrary, their
strong-coupling regime is expected to show up first in deviations in the Higgs couplings.

3.3 Electroweak phase transition

The lagrangian in eq. (1) can induce a first order EW phase transition when it has a well approximated Z2

symmetry as discussed in [4]. A viable scenario is realized when

aShSi/m2
S
⌧ 1, m2

S
/�HSv

2 ⌧ 1,

therefore in a region where the singlet mass is mostly given by the Higgs vev and the mixing angle � is negligibly
small (notice a factor of 2 di↵erence in our definition of the quartic compared to the notation in [4]). We do not
attempt to make a detailed numerical simulation, but we just show in figure 5 what are the regions with a possible

6

S → h h → 4b

Higgs couplings
e+e- → Zh & νν h

sin2γ < 0.4 % 95% CL (stage 

1608.07538 + Roloff

1807.04743 - Buttazzo, Redigolo, Sala, Tesi

 

Test motivated values of the mixing beyond TeV 
singlet mass

Interplay between direct S search and H coupling 
indirect sensitivity

Preliminary

Preliminary

sin2 γ ≲ ( mh

mS )
2

See 
talk

  

by 

Butt
azz

o 

(and
 Za

rne
cki)

https://github.com/delphes/delphes


Roberto Franceschini & Michael Spannowsky

H+S for Electroweak Baryogenesis
1409.0005

H H H   C O U P L I N G

0.1
0.3

0.5 0.7 0.9

1

1.1

1.2

1.4

1.6
1.822.22.53

4

200 400 600 800 1000
!4

!2

0

2

4

6

8

mS !GeV"

Λ
H
S

Figure 7. Blue contours show �3/�
SM
3 . Measuring �3 with a precision of 30%, 20%, and 8% can be achieved

at 14 TeV, 33 TeV, and 100 TeV hadron colliders with 3 ab�1 of data, respectively. A 1000 GeV ILC with 2.5
ab�1 could achieve a precision of 13%. See text for details.

phase transition can occur with much weaker indirect collider signatures than in the above two exam-
ples. However, it will still be testable with certain future colliders.

5.1 Triple-higgs Coupling

The triple-higgs coupling in our EWSB vacuum hhi = v, hSi = 0 is related to the third derivative of
the zero-temperature effective potential

�3 ⌘
1

6

d
3
�
V0(h) + V

CW

0 (h)
�

dh3

�����
h=v

=
m

2
h

2v
+

�
3
HS

v
3

24⇡2m2
S

+ . . . (5.1)

The first and second term above is the SM tree-level and singlet loop-level contribution. Other sub-
dominant SM loop contributions are not shown. Fig. 7 shows �3/�

SM
3 in the (mS ,�HS) plane. For

illustrative purposes, the contours are also shown in the areas where �S is non-perturbative.
As pointed out by [52], a strong one-step phase transition via the effects of a real singlet is

correlated with a large correction to �3. Fig. 7 shows that requiring vc/Tc > 0.6 (1.0) implies
�3/�

SM
3 > 1.2 (1.3). Such a sizable deviation makes it possible to exclude this type of strong phase

transition.
One can measure �3 through double higgs production. The cross-section for producing a pair

of higgs bosons is roughly three orders of magnitude smaller than the cross-section for producing a
single higgs, which highlights the challenge of the measurement and the necessity for high luminosity.
Although the 4b final state has the largest rate, it also suffers from a huge QCD background. Instead,
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Figure 8. Dashed blue contours: the one-loop corrections to the associated production cross-section of Zh at
lepton colliders Eq. (5.2), in % relative to the SM.

It is useful to keep in mind that the precision of TLEP has a hard statistics limit [97]. Without
systematics, the 2� precision of the �Zh measurement with the data from 4 combined detectors is
limited to 0.15%, which could cover almost all of the EWBG-viable parameter space.

It is clear that both indirect measurements, �3 at a 100 TeV collider and ��Zh at TLEP, have great
potential to detect the singlet-induced electroweak phase transition. These two measurements are in
fact complementary, since they scale differently with �HS . This would allow the number of scalars
running in the loops to be determined, a crucial detail of the theory.

6 Singlet Scalar Dark Matter

We now consider the consequences of the singlet scalar S acting as a stable thermal relic10. This is
not quite as unambiguous a consequence of EWBG as the bounds considered in Sections 4 and 5. The
hidden sector could be more complicated than just a singlet scalar, without the additional components
affecting the phase transition. Indeed, we assume the presence of additional physics to generate the
CP -violation necessary for EWBG. All of this could change the singlet scalar’s cosmological history.
Nevertheless, the minimal model could well be realized, and dark matter direct detection experiments
represent a particularly exciting avenue for discovery in the relatively short term.

10A very similar computation was performed most recently in [54], showing results in the same (mS ,�HS) plane as is
relevant for our model. However, we repeat the calculation here for completeness, and to show how the resulting bounds
overlap with the various regions in the nightmare scenario’s parameter space.
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Conclusions

STATUS: on schedule as planned

CONTENT: varied, innovative, unique 
 makes the most out of CLIC

EXTENT: good response from broad community 


