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A WW collider, either in conjunction with an 4+4− linear collider or as a stand-alone facility,

offers a very attractive Higgs physics programme at relatively low centre-of-mass (c.m.) energies.

While the Higgs boson that has been discovered at the LHC can be studied in detail in resonant

production at 125 GeV, a c.m. energy as low as 280 GeV can probe the Higgs potential via the

Higgs pair production process providing access to the trilinear Higgs-boson self-coupling. High

polarisation of the photon beams (produced via Compton back-scattering) can be achieved and

adjusted by flipping the polarisation of the incident laser. The prospects for exploring the Higgs

pair production process at a WW collider are assessed by comparing different running scenarios

utilising different types of the incident laser. The possibility to use photon polarisations for

disentangling different kinds of contributions to the Higgs pair production process is emphasised.
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1. Photon–photon collider: basic features

A photon–photon (WW) collider operates by converting high-energy electrons into high-energy

photons via Compton back-scattering: laser photons with energy l0 collide with the electrons of

energy �0 at a conversion point, a short distance 1 before the interaction point, see for example fig.

1 in Ref. [1]. Real (i.e. on-shell) high-energy photons are scattered in the direction of the interaction

point. This setup can be used at an 4+4−-collider to enable the additional modes of WW and W4

collisions, with luminosities and energies comparable to those of 4+4− collisions. Furthermore, a

WW collider can also be built based on an 4−4− collider. The main parameter for photon colliders in

both cases is the dimensionless quantity G describing the laser–4 collision, which is given by [2]1

G =
4�0l0
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where \ is the angle between the laser and electron beam. The maximum energylmax that a scattered

photon can reach is then given by lmax =
G

G+1
�0. Historically, an upper bound of G < 4.8 was

chosen as for higher values of G the Breit-Wheeler process, and for G > 8.0 also the Bethe-Heitler

process, would drastically decrease the luminosity. With this restriction a photon collider would be

able to achieve centre-of-mass (c.m.) energies up to 80% of the c.m. energy of the corresponding

44-collider.

2. Possibilities for the implementation of a WW-interaction region

Recently a new design with G ≥ 1000 has been discussed, yielding photon collider energies

close to 100% of the 44-collider energy, by using a XFEL-laser for the Compton back-scattering

process [3, 4]. It has been shown that going so far beyond the cut-off at 4.8 (8.0) the resulting

luminosities are still significant and even feature a narrower peak around the maximum energy [5].

Therefore, two different types of WW-collider setups can now be considered:

• the optical-laser setup, with G < 4.8; and

• the XFEL-based setup, or XCC, with G ≥ 1000.

Both are capable of offering a rich physics programme with high-energy photons, either as a stand-

alone WW-collider or an addition to any 44-collider, as will be discussed in the following for the

example of the Higgs pair production process.

3. Higgs pair production at a WW collider

We investigate here the possibility of pair-producing Higgs bosons at different options of WW

colliders [6, 7]. In this context, we assess the sensitivity for probing the trilinear self-coupling of

1We note that we are using here natural units (i.e. 2 = 1). If we had not done so, G would contain an additional factor

1/24, as e.g. in Refs. [2].
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Figure 1: Representative Feynman diagrams for the process WW → ℎℎ. The upper row shows diagrams

involving top-quark loops, while the diagrams in the lower row correspond to gauge-sector contributions.

the detected Higgs boson or, equivalently, its coupling modifier ^_. The collider-level cross-section

for WW → ℎℎ, where ℎ denotes the detected Higgs boson at 125 GeV, is given by

f =

∫ H2
<0G

4<2
ℎ
/B

dg
1

2

[

1

!++
WW

d!++
WW

dg
f̂++(BWW) +

1

!+−
WW

d!+−
WW

dg
f̂+− (BWW)

]

. (2)

Here f̂_1_2
denote the cross-sections for the photon polarisation configurations {_1, _2} (with

_8 = ±) at the partonic level (i.e. in the photon-photon system), !
_1_2
WW are the corresponding

luminosity spectra, and
√
BWW is the c.m. energy of the colliding photons. The integration variable

is defined as the fraction g ≡ BWW/B, while the upper integration limit H<0G is the maximum energy

fraction H<0G ≡ l<0G/�0. In the lower integration bound and the definition of g, B denotes the

squared c.m. energy of the 4+4− or 4−4− collider.

3.1 Partonic-level cross-sections

Example diagrams contributing to the Higgs pair production process are displayed in fig. 1.

Unlike the 66 → ℎℎ process at the (HL-)LHC, where only coloured particles contribute in the

loop at leading order, there are additional contributions from the gauge sector at the same order for

WW → ℎℎ (see the lower row of fig. 1).

For our analysis we have rederived the leading-order (one-loop) results in the SM using

FeynArts [8, 9] and FormCalc [10, 11], and found agreement both with Refs. [12–15] and

with the amplitudes used in Whizard [16, 17]. Moreover, we obtained analytic expressions for

f̂(WW → ℎℎ) for arbitrary values2 of ^_ and ^2+ — the latter being the coupling modifier of

the interactions between two Higgs bosons and two gauge bosons or between two Higgs and two

Goldstone bosons. In the left plot of fig. 2, we present our results for f̂++ (orange) and f̂+−
(green) as a function of

√
BWW — noting that only the cross-section f̂++ (i.e. for �I = 0) exhibits

a dependence on ^_. We find that in the SM-like case (orange solid line), the cross-section for

�I = 0 peaks around
√
BWW ≃ 400 GeV. On the other hand, if one allows ^_ to vary, the largest

deviations from the cross-section for the SM value of ^_ = 1 occur for
√
BWW ≃ 280 GeV. This

is further illustrated in the right plot of fig. 2, where we show the predictions for the unpolarised

f̂(WW → ℎℎ) cross-section at
√
BWW ≃ 280 GeV, normalised to its SM prediction, as contours in the

plane of ^_ and ^2+ . Within the region allowed by the current ATLAS results [24], variations —

and in particular enhancements — of several orders of magnitude are possible. Moreover, for the

2Large deviations in ^_ from the SM value can occur in models with extended scalar sectors, due to radiative

corrections from the BSM scalars, see e.g. Refs. [18–23].
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for different options of photon colliders. The blue and orange curves correspond to XFEL-based

XCC options, at �4−4− = 280 GeV (blue) and 380 GeV (orange), while the green and red curves

display the results for optical-laser based colliders, with �4−4− = 380 GeV (green) and 550 GeV

(red). Overall, the XCC options provide a higher event rate for the Higgs pair production process.

It amounts to about one order of magnitude more events for the XFEL-based options as compared

to the optical-laser based ones of similar maximal energies of the colliding photons (
√
BWW). While

the Higgs pair production cross-section for the XCC at 280 GeV and the optical-laser based option

utilising �4−4− = 380 GeV has a minimum near the SM value of ^_ = 1, as already noted for the

partonic-level results, these photon collider options exhibit the strongest dependence on the trilinear

Higgs-boson self-coupling for ^_ ≠ 1. They will therefore provide a very precise determination of

^_ even for the case where the SM value is realised in nature, as a consequence of the stringent

constraints on non-standard values of ^_ that would give rise to much enhanced cross-sections.

We note that in Ref. [7] it has been demonstrated that the XCC at 280 GeV would enable the

determination of ^_ with a precision of about 5% (comparable to FCC-ℎℎ) for most of the allowed

range of ^_ except between about 0.5 and 1.5 (see also Ref. [25], as well as Ref. [30] for earlier

work). A photon collider with rather moderate c.m. energy therefore has excellent prospects to very

significantly improve the determination of the trilinear Higgs-boson self-coupling compared to the

ultimate precision at the HL-LHC.

4. Conclusions

We have discussed the capabilities of a WW-collider to probe the Higgs potential via the Higgs

pair production process, investigating the collider options utilising an XFEL (XCC) or an optical

laser system for different c.m. energies [6]. At the partonic level, we have analysed the dependence

off(WW → ℎℎ) on the combined effects of the coupling modifiers ^_ and ^2+ . For
√
BWW = 280 GeV

the minimum of the cross-section for ^2+ = 1 is located close to the SM value of ^_ = 1. The

steep dependence of the cross section at
√
BWW = 280 GeV on ^_ for values differing from the SM

prediction implies that this WW collider energy is particularly promising for a precise determination

of the trilinear Higgs-boson self-coupling. We have furthermore demonstrated that the expected

uncertainty on ^2+ after the HL-LHC of about 10% will not significantly degrade the accuracy of

the determination of ^_ from the Higgs pair production process at the photon collider.

While most studies for WW colliders up to now have restricted themselves to setups based on

4−4−-colliders, we have also considered the possibility to operate a WW collider in conjunction with

an 4+4−-collider. We have shown that in the partonic c.m. region that is relevant for the Higgs

pair production process the obtained luminosity spectrum would be comparable to the one for an

4−4−-based collider. For both the 4−4− and the 4+4− cases, the WW collider mode could run in

parallel to the 44-collider used for the Compton back-scattering at a second interaction region.

The detailed assessment of the accuracy with which the trilinear Higgs-boson self-coupling

can be determined at a WW-collider of course requires dedicated experimental studies, taking into

account all relevant backgrounds for the Higgs pair production process. Such studies are under way,

see Ref. [7] and Ref. [25]. Since the interference patterns between the contributions involving the

trilinear Higgs-boson self-coupling and the other diagrams contributing to the Higgs pair production

processes f(WW → ℎℎ), f(66 → ℎℎ), f(4+4− → /ℎℎ) and f(4+4− → aaℎℎ) are significantly
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different, it is obvious that the results from a WW-collider will be highly complementarity to the

measurements at the HL-LHC and at a high-energy 4+4− collider (at 550 GeV or 1 TeV).

The different WW-collider options discussed in this work all offer a very attractive programme

for probing the Higgs potential and driving innovation in accelerator and collider technologies.

While further work on the technical feasibility and the detailed costing of WW-collider facilities is

needed, significant cost savings can be expected for a WW-collider operating at 125 GeV for single

Higgs production and at 280 GeV for Higgs pair production in comparison with an 4+4− collider at

250 GeV and 550 GeV, respectively, see e.g. the discussion in Ref. [4], where the XCC at 125 GeV

was compared with C3-250. Thus, a WW-collider may prove to be the most economical way to probe

the trilinear Higgs-boson self-coupling directly via the Higgs pair production process.
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