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Abstract

The International Linear Collider (ILC) and the Compact Linear Collider (CLIC) are the two proposed e+e− linear
colliders operating at different centre-of-mass energies and with at least one of the beams polarised. The experiments
at these facilities provide a platform to perform high-precision measurements of Standard Model observables and
searches for new particles complimenting the HL-LHC programme. In this contribution, different studies of the two
linear colliders are discussed. Experiments at linear e+e- colliders, with a relatively clean environment compared
to hadron colliders, can perform precision measurements of electroweak and Higgs boson and top quark production
processes. In this contribution, the focus is on the analysis of single Higgs production, double Higgs production,
and top-Yukawa coupling.

1 Introduction

In the history of particle physics, e+e− colliders have played complementary roles in shedding light on to the

properties of elementary particles. The prediction of top mass at LEP experiments had a key role in helping discover

the top quark at Tevatron in the predicted mass range 1, 2). Similarly, the discovery of gluon at PETRA 3, 4),

precise measurement of Z boson at LEP and the SLC 5) have made very important contributions to particle

physics. After the discovery of Higgs boson at the LHC experiments 6), an e+e− collider can perfectly compliment

the hadron collider to make precision measurements of the Higgs boson. Moreover, at higher energies, an e+e−

collider can provide an environment to make precise measurements of top quark mass and understand top-Yukawa

coupling as well as top-electroweak coupling.

The International Linear Collider (ILC) and Compact Linear Collider (CLIC) are two proposed e+e− linear

colliders. The ILC is a 20 km (31 km for 500 GeV) machine which has a tunable centre-of-mass energy between

250-500 GeV (upgradable to 1 TeV) whereas the CLIC (50 km) can operate at a centre-of-mass energy of 380 GeV
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to 3 TeV. Both the electron and positron beams are polarised for the ILC as P (e−) = ±80% and P (e+) = ±30%.

CLIC has its electron beam polarised to ±80%. The schematic pictures of both the colliders are given in figure 1.

(a) (b)

Figure 1: (a) The schematic design of the International Linear Collider for 500 GeV machine 7). (b) The schematic

design for the Compact Linear Collider 8).

2 Advantages of a linear e+e− collider

Being an e+e− collider, ILC and CLIC mainly have electroweak production and therefore very clean physics en-

vironment. The significantly smaller amount of background allows a ’no trigger’ policy on the events produced.

This means, all the produced events can be included in the analysis and no sample is discarded. Moreover, the

colliding particles being fundamental particles, e+e− colliders have a very well defined centre-of-mass energy of
√
s

= 2Ebeam. This allows the use of kinematic information and thus gives the opportunity to make model-independent

measurements.

Linear colliders can provide access to a center-of-mass energy well above what can be reached in practical

circular machines. Another important advantage of a linear collider is that the electron and positron beams can be

polarised. Polarisation enables reducing the background and enhancing the signal as required. A detailed review

of the benefits of beam polarisation for the physics reach of ILC can be found in 9) and 10).

3 Single Higgs Production

One of the most important analyses planned at the e+e− colliders is the Higgs analysis. The precise measurement

of Higgs decay branching ratios is key to probing new physics in the Higgs sector. The e+e− colliders serve as a

Higgs factory at a centre-of-mass energy of 250 GeV. Some of the important processes for the production of single

Higgs can be seen in Fig. 2a. Single Higgs is produced mainly through higgstrahlung, gauge boson fusion, and

top-Yukawa coupling. Higgstrahlung is found to be the dominant process around 250 GeV 11) whereas above 350

GeV processes like gauge boson fusion starts gaining significance.

The e+e− colliders have an initial state with well-defined four-momentum. This allows the identification of

Higgs bosons in higgstrahlung process using the mass recoiling against an identified Z boson, without any reference

to the decay products of the Higgs. At 250 GeV, ILC can produce up to half a million Higgs bosons that are

completely unbiased with respect to Higgs decay. Using such a sample precise measurements of Higgs boson

properties e.g. partial cross-section to different Higgs decay modes can be made. Some of these measurements
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(a) (b)

Figure 2: (a) Cross sections for major Higgs production processes as a function of center-of-mass energy 11). (b)

Recoil mass spectrum against Z → µ+µ− for signal e+e− → ZH and SM background at 250 GeV 12).

strongly depend on the Higgs boson mass which can be measured very precisely using the recoil technique. Also,

since the identification of the Higgs boson does not depend on the decay mode, it is also possible to measure the

total higgstrahlung production cross-section at the ILC. The recoil mass is measured as:

m2
rec = (

√
s− EZ)

2 − p2z (1)

where mrec is the recoil mass,
√
s is the centre-of-mass energy, EZ and pZ is the energy and momentum of the

identified Z boson. The identified Z boson in a higgstrahlung event can decay to hadrons or to charged leptons.

A study for the ILC showed that for a higgstrahlung process at
√
s = 250 GeV and a luminosity of 2 ab−1 where

Z decays leptonically, the precision on the HZ cross-section can be achieved as ∆σ(HZ)/σ(HZ) = 1.0% 12).

The higgstrahlung process where Z decays hadronically have a ten times higher cross-section than the leptonic

decays 13). However, at 250 GeV, the HZ production is not far above the threshold and therefore the recoil mass

distribution is relatively closer to the kinematic limit. This region is populated by processes like e+e− → qqqq

(from e+e− → ZZ or e+e− → WW ) with large cross sections. Separation of signal from these backgrounds is very

challenging especially when Higgs boson decays hadronically too. An analysis at CLIC shows the measurement of

Higgs mass and precision on HZ cross section using higgstrahlung process at different centre-of-mass energies. This

study shows that the best sensitivity for the precision study is obtained at 350 GeV since the HZ production is

further from the threshold. This provides better separation of signal from the most challenging backgrounds. The

summary of the statistical precision achievable on σ(HZ) can be seen in table 1.

The Higgs mass can also be directly reconstructed from its decay products, providing complementary mea-

surements. The majority of Higgs bosons decay hadronically, with the dominant branching fractions corresponding

to H → bb, H → cc and H → gg. The separation of these processes strongly relies on jet flavor tagging. The jet

flavor tagging algorithm at ILC, called as LCFIplus, has achieved an excellent b- and c- tagging performance in

full simulation studies of the ILD concept at ILC 16). At a centre-of-mass energy
√
s = 250 GeV and a nominal

luminosity of 2 ab−1, the application of the LCFIplus algorithm to the hadronically decaying Higgs boson allows

the measurement of the partial cross-section σZH×BR(H → bb) to 0.7% and σZH×BR(H → cc, gg) to around 4 %
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√
s [GeV] Lint[fb

−1] σ(HZ)[fb] ∆σ(ZH)[%]

250 1000 136 2.58
350 1000 93 1.27
420 1000 68 1.86

Table 1: The statistical precision achievable on σ(HZ) for different centre-of-mass energies 13).

precision both the major polarization combinations 15). The identification of H → ss decays presents a significant

challenge due to its subtle signature and small expected branching ratio.

For the processes where Higgs decays leptonically, the measurements can be performed if the branching ratios

are similar to as predicted in the Standard Model. An ILC study for a centre-of-mass energy 250 GeV showed that

the partial cross-section σ(ZH)× BR(H → ττ) can be measured with a precision less than 2% 17). However, for

the µµ decay of Higgs, the small branching ratio of H → µµ limits the statistics available at ILC. Nevertheless, the

partial cross-section σ(ZH)× BR (H → µµ) can still be measured with a precision of 17% for combined 250 GeV

and 500 GeV results 18).

(a) (b)

Figure 3: (a) Comparison of signal and backgrounds from ILD full simulation for the measurement of the σ× BR

for H → bb, for 250 fb−1 of ILC data at 250 GeV 16). (b) Data from pseudo-experiment fitted by a Gaussian to

extract its mean and width 18)

.

4 Di-Higgs production at linear lepton colliders

At a centre-of-mass energy of at least 500 GeV, the self-interaction of the Higgs boson, particularly, the triple Higgs

coupling λ, can be probed directly by analysing the Higgs boson pairs. The di-Higgs production at e+e− colliders

happen through two important processes e.g. e+e− → ZHH (double higgstrahlung) and e+e− → ννHH (WW

fusion). The cross-section for these processes as a function of the centre-of-mass energies can be seen in figure 4a.

The prospects of measuring double Higgs production through these two reactions have been studied at the

ILC for data fully simulated for the ILD detector. These studies were conducted both for
√
s = 500 GeV 19)

and
√
s = 1 TeV 20). It was found that, if the Higgs self-coupling value stays as that predicted by the Standard
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Model, then the double higgstrahlung can be observed at a centre-of-mass energy of 500 GeV with a significance of

8σ combining the HH → bbbb and HH → bbWW ∗ channels.This results in the measurement of λ with a precision

of 27%. With the improvements in the detector that are relevant for these measurements and with the inclusion of

HH → τ+τ−bb it has been estimated that the precision on λ can be improved to 21-22% 19). Also, the inclusion

of double Higgs production from WW fusion at 1 TeV can improve the relative precision on λ to 10%.

(a) (b)

Figure 4: (a) Double-Higgs production cross sections of ZHH and WW fusion as a function of centre-of-mass
energies for two different beam polarisation. (b) Precision of production cross sections for WW fusion and double

higgstrahlung as a function of Higgs self-coupling λ normalised to λSM
21)

.

The most important benefit of an e+e− collider that can operate at a centre-of-mass energy of 500 GeV and

above is that both the double Higgs production processes can be obtained. This is significant in the case where the

value of λ is different from that predicted by the Standard Model. The precision of the production cross sections for

WW fusion and double higgstrahlung as a function of Higgs self-coupling λ normalised to λSM is given in figure 4b.

As can be seen, the cross-section for ZHH increases with an increase in triple Higgs coupling (λ) whereas the

cross-section for the WW fusion process decreases. If the Higgs self-coupling deviates from the Standard Model,

the two channels would interfere with the Standard Model effects. At the ILC, no matter which signs λ turns out

to be, one of the possible reactions will increase in cross-section and reflect this improved sensitivity.

At proton colliders, this is however not the case. The dominant double Higgs production gg → HH is a

fusion process with destructive interference. And the double Higgstrahlung process has a very small cross-section

as compared to e+e− colliders. Therefore, unlike at the ILC, LHC can only have one process to measure the

self-coupling. The ILC on the other hand can guarantee a measurement of the self-coupling at the level of at least

30% for whatever the value of self-coupling actually might be, combining the results from two different channels

complimentary to each other. Figure 5 shows the impact of this synergy as compared to an extrapolation of the

uncertainty projections from the ATLAS collaboration 22) to non-Standard Model values of λ.

5 Top Quark Mass

The top quark mass is one of the important fundamental measurements to be experimentally determined. Direct

measurements of top quark mass at hadron colliders could reach a precision of 600 MeV at the LHC 26, 27)

and Tevatron 28). Whereas, the top quark mass measurements at HL-LHC are expected to reach an experimental

precision of a few hundred MeV 29). An electron-positron collider that can produce top quark pairs has an excellent

potential to measure the top quark mass with even better precision. Several studies of top threshold scan have
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Figure 5: Expected uncertainties in the determination of the Higgs self-coupling at the HL-LHC and the ILC as a

function of λ/λSM
19, 22).

been performed by several groups 30, 31, 32, 33). A simulated scan of top quark threshold in 30) is shown in

Figure 6.

A statistical uncertainty of ∼30 MeV was estimated in a study performed at CLIC with the l+jets channel

with an integrated luminosity of 500 fb−1 at
√
s = 380 GeV 30).

6 Top Yukawa Coupling

The top quark is the particle that has the strongest coupling to the Higgs boson. Therefore it is very important

to understand why the top-Yukawa coupling is the strongest among all the others. At the ILC, both direct and

indirect probe of the top quark is possible. The main processes to access top quark at ILC are e+e− → tt at 2mt,

e+e− → ttH and e+e− → ttνeνe. The tt threshold scan offers an indirect measurement of top Yukawa coupling

with a precision of 4% 23). To measure the top-Yukawa coupling directly, it is required that the centre-of-mass

energy is at least 500 GeV. With a rise of the centre-of-mass energy further to 550 GeV the cross-section for ttH

rises sharply by a factor of ∼4 and the measurement of ttH coupling by a factor of two. Several studies have been

performed on this for centre-of-mass energies ranging from 500 GeV - 1.4 TeV 23, 24, 25). For a centre-of-mass

energy of 550 GeV and a nominal luminosity of 4 ab−1, the top-Yukawa coupling can be measured with a precision

of 2.8 %. With the increase in the centre-of-mass energy to 1 TeV and the luminosity to 8 ab−1, the precision

improves to 1 %.

7 Conclusion

This paper gives a very brief review of different kinds of studies at e+e− linear colliders, mainly for the studies

conducted at the ILC. It can be seen that substantial improvements with respect to the hadron colliders are possible

at the ILC for the discussed topics. Precise measurements of single Higgs and Higgs self-coupling are possible where

especially the model-independent approach gives better possibilities. Along with precision measurements, a search

for new particles in the electroweak scale may also be possible at the ILC.
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Figure 6: A simulated top quark threshold scan with an integrated luminosity of 200 fb−1. The bands around the

central cross section curve show the dependence of the cross section on the top quark mass and width 30).
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