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Introduction
• High energy photons collisions (ɣɣ and e-ɣ) offer a complementary 

physics program to e+e-: 

2

• The Higgs boson is produced in the s channel 
◦ The electron beam energy is lower than what is required in e+e- collisions (65-80 

GeV vs 125 GeV) 
◦ At higher center of mass energies, all phase space is available for producing the 

Higgs boson → higher mass reach for heavy Higgs bosons than e+e- at the same 
center of mass energy 

◦ ɣɣ can couple to spin-0 resonances whereas e+e- require the production of another 
spin-1 particle  
▪ complementary probe of the scalar sector  

• Polarization of both electrons and photons 
◦  Allows for a rich study of CP properties in the scalar sector 

TESLA TDR 2001, JLC TDR 1998 

Ginzburg et al. 1983
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Complementarity ee vs ᵧᵧ
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• ɣɣ collisions can produce heavy Higgs bosons with masses >1.5 times higher than e+e-: 
◦ e+e- → HA vs. ɣɣ → H,  ɣɣ → A 

• e-ɣ collisions can produce charged particles with masses higher than pair-production in e+e-: 
◦ e-ɣ → ẽχ̃0 

• Since ɣɣ→H is a loop-induced process, it can probe new physics contributions to the Higgs 
photon coupling: sensitive to BSM particles in loops 

• Ability to control the photon polarizations provides a powerful tool for the exploration of CP 
properties of any single neutral Higgs boson   
◦ The Jz=0 ɣɣ initial state can form a CP-even or a CP-odd state using linear polarizations of the 

laser beams 
◦ CP-even Higgs bosons (h0, H0) couple to linearly polarized photons with maximum strength for 

parallel polarisation vectors 
◦ CP-odd Higgs boson (A0) couple to linearly polarized photons with perpendicular polarization 

vectors

Mühlleitner, Zerwas 2006

Kanemura 2001, Nauenberg 2001, Mühlleitner 2006

Grzadkowski,Gunion 1992, Krämer et al. 1994 
Godbole, Kraml et al. 2006

Telnov 2020, 2023
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Physics Opportunities
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• Di-Higgs production and measurement of trilinear couplings

• Enhanced production cross sections of any charged particles by a factor of ~10 
compared to e+e- (e.g. SUSY, etc.)

• e-ɣ-options extends kinematic reach for charged particles (BSM, SUSY, heavy Higgs, 
etc.)

• Access to hadronic and electromagnetic structure of photons via photon-photon and 
photon-electron scattering

• Access to precise measurement of the two-photon decay width of the Higgs boson due 
to the higher rates

•  Searches for BSM particles in light-by-light scattering

• Spectroscopy of C-even resonances (e.g. in multi-quark states, glueballs) Telnov et al. 2023

Gunion et al. 1997

Mühlleitner et al. 2006, Kanemura 2001

Jikia 1994, Bharucha et al. 2021 
MB, Braathen, Weiglein, Moortgat-Pick

İnan, Kisselev 2020 
MB, Moortgat-Pick
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Physics Opportunities
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• Di-Higgs production and measurement of trilinear couplings

• Enhanced production cross sections of any charged particles by  factor of ~10 
compared to e+e- (e.g. SUSY, etc.)

• e-ɣ-options extends kinematic reach for charged particles (BSM, SUSY, heavy Higgs, 
etc.)

• Access to hadronic and electromagnetic structure of photons via photon-photon and 
photon-electron scattering

• Access to precise measurement of the two-photon decay width of the Higgs boson due 
to the higher rates which is particularly sensitive to new heavy charged particles 
beyond the kinematic range

• Spectroscopy of C-even resonances (e.g. in multi-quark states, glueballs) Telnov et al. 2023

Gunion et al. 1997

Mühlleitner et al. 2006, Kanemura 2001

Jikia 1994, Bharucha et al. 2001 
Berger, Braathen, Weiglein, GMP

see also Balazs et al.,  
arXiv 2503.19983
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Photon collider
• Addition to  colliders 
• Compton backscattering 

• Getting access to  processes

𝑒+𝑒−

𝛾𝛾 and 𝛾𝑒
Telnov 2020

Laser is decisive: 
a) optical 
b) XFEL-like

Barklow 2024

6
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How to get the beams? 

• Compton backscattering 

• Energy spectrum

7

Ilya Ginzburg ‘83
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• Compton backscattering 

• Energy spectrum
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Ilya Ginzburg ‘83How to get the beams? 
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Compared to EPA photons 
Wüst
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Spectral Luminosity
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Spectral Luminosity
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Polarization at photon collider
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• Polarization effects 
− Mean helicity of the beams 

− Effect on the luminosity 
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Polarization at photon collider

13

Include polarization in energy spectrum Beam polarization included with Beam polarization included with

Flipping of the Jz = 0, 2 contribution, with same total spectrum 
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Realistic spectrum

• CAIN includes important effects 
• Breit-Wheeler and Bethe-Heitler 
• Needs fine-tuning of laser and electron beam parameters to 

optimize spectrum 

• Possible to use 2D-Spectrum 
• Used with other codes like WHIZARD 
• Also gain information on boost

14

Yokoya et al.

Kilian, Ohl, Reuter, et al.
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Designs

Optical 
• Laser for x = 4.82 
• Energy of up to ~80% Ee 
• Broad spectrum 
• 100% of electrons 
• h-production at Ee = 108 GeV 
• di-Higgs at Ee = 250 GeV 
• λₑPc = -0.9

15

XCC 
• XFEL for x = 1000 
• Energy of close to 100% Ee 
• Peaked spectrum 
• 20% of electrons converted 
• h-production at Ee = 62.8 GeV 
• di-Higgs at Ee = 190 GeV 
• λₑPc = 0.9
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Design for XCC cms = 125 GeV 

16

Barklow et al. 2023
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Parameters for cms = 380 GeV

17

LCVision, Balazs et al.,  
arXiv 2503.19983
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Optical and XCC
XCC with x = 1000Optical laser with x = 4.82
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Additional processes in 𝛾𝛾 mode

19

LCVision, Balazs et al.,  
arXiv 2503.19983
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Comparison between e-e- and e+e-

20

e-e--mode e+e--mode
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Di-Higgs production

• Triangle contribution only for Jz=0 
• Highly depending on trilinear 

Higgs-coupling 
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Di-Higgs production

• Minimum around 𝜅λ = 1 

• Compared to LHC minimum around 𝜅λ = 2

Combination

• Combination of three channels [HH==> bbγγ(old), bb"", bbbb] to achieve 
ultimate sensitivity

14

Phys. Lett. B 843 (2023) 137745

Observed (expected) 95% CL on the signal strength is 2.4 (2.9) x SM prediction.

3.4 times better exp limit w.r.t. 36 fb-1

66 | Nature | Vol 607 | 7 July 2022
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uncertainties using the dataset: at the time of discovery ( July 2012)2,3; 
for the full Run 1 (end of 2012)35; for results presented in this paper; and 
expected to be accumulated by the end of the HL-LHC running69, cor-
responding to = 3, 000 fb−1L . The statistical uncertainties have been 
scaled by 1/ L, the experimental systematic ones by L1/  where pos-
sible, or fixed at values suggested in ref. 69, whereas the theoretical 
uncertainties have been halved.

A sizeable improvement is expected after HL-LHC operation. The 
H → µµ measurements were not available for the first two datasets owing 
to the lack of sensitivity. The evolution of several signal-strength meas-
urements µ are shown in Extended Data Fig. 7.

If new particles exist with masses smaller than mH, other decay chan-
nels may be open. Examples of such decays could be into new neutral 
long-lived particles or into dark-matter particles, neither leaving a 
trace in the CMS detector. We refer to these as ‘invisible’ Higgs boson 
decays, which could be inferred from the presence of large pT

miss in the 
direction of the Higgs boson momentum. The events are selected based 
on other particles accompanying the Higgs boson. Dedicated searches 
for such decays70–72 yielded < 0.16Inv.B  at 95% CL, where Inv.B  is the 
branching fraction to invisible decays.

Results from the search for Higgs boson pair 
production
The cross-section for Higgs boson pair production in the SM is 
extremely small, thus escaping detection at the LHC so far. The results of 
the search are therefore expressed as an upper limit on the production 
cross-section. Figure 5 (left) shows the expected and observed limits 
on Higgs boson pair production, expressed as ratios with respect to the 
SM expectation, in searches using the different final states and their 
combination. With the current dataset, and combining data from all 
currently studied modes and channels, the Higgs boson pair produc-
tion cross-section is found to be less than 3.4 times the SM expecta-
tion at 95% CL. Figure 5 (right) shows the evolution of the limits from 
the three most sensitive modes and the overall combination for: the 
first comprehensive set of measurements using early LHC Run 2 data 
(35.9 fb−1)73, the present measurements using the full LHC Run 2 data 
(138 fb−1) and the projections for the HL-LHC (3,000 fb−1)69. The HL-LHC 

projections are also expressed as limits, assuming that there is no Higgs 
boson pair production. The fact that the combined limit is expected to 
be below unity shows that the sensitivity is sufficient to establish the 
existence of the SM HH production.

Figure 6 presents the expected and observed experimental limits 
on the HH production cross-section as functions of the Higgs boson 
self-interaction coupling modifier κλ and the quartic VVHH coupling 
modifier κ2V. Cross-section values above the solid black lines are 
experimentally excluded at 95% CL. The red lines show the predicted 
cross-sections as functions of κλ or κ2V, which exhibit a characteristic 
dip in the vicinity of the SM values (κ = 1) owing to the destructive inter-
ference of the contributing production amplitudes, as highlighted in 
‘Higgs boson pair production’. The experimental limits on the Higgs 
boson pair production cross-section (black lines) also show a strong 
dependence on the assumed values of κ. This is because the interfer-
ence between different subprocesses, besides changing the expected 
cross-sections, also changes the differential kinematic properties of 
the two Higgs bosons, which in turn affects strongly the efficiency for 
detecting signal events. With the current dataset, we can ascertain at 
the 95% CL that the Higgs boson self-interaction coupling modifier κλ 
is in the range of −1.24 to 6.49, whereas the quartic κ2V coupling modi-
fier is in the range of 0.67 to 1.38. Figure 6 (right) shows that κ2V = 0 is 
excluded, with a significance of 6.6 s.d., establishing the existence of 
the quartic coupling VVHH depicted in Fig. 1n.

Current knowledge and future prospects
The discovery of the Higgs boson in 2012 completed the particle con-
tent of the SM of elementary particle physics, a theory that explains 
visible matter and its interactions in exquisite detail. The completion 
of the SM spanned 60 years of theoretical and experimental work. In 
the ten years following the discovery, great progress has been made 
in painting a clearer portrait of the Higgs boson.

In this paper, the CMS Collaboration reports the most up-to-date 
combination of results on the properties of the Higgs boson, based on 
data corresponding to an L of up to 138 fb−1, recorded at 13 TeV. Many 
of its properties have been determined with accuracies better than 
10%. All measurements made so far are found to be consistent with the 
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Fig. 6 | Limits on the Higgs boson self-interaction and quartic coupling. 
Combined expected and observed 95% CL upper limits on the HH production 
cross-section for different values of κλ (left) and κ2V (right), assuming the SM 
values for the modifiers of Higgs boson couplings to top quarks and vector 
bosons. The green and yellow bands represent the 1-s.d. and 2-s.d. extensions 

beyond the expected limit, respectively; the red solid line (band) shows the 
theoretical prediction for the HH production cross-section (its 1-s.d. 
uncertainty). The areas to the left and to the right of the hatched regions are 
excluded at the 95% CL.
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LCvision, C. Balazs, 
arXiv: 2503.19983

Combination

• Combination of three channels [HH==> bbγγ(old), bb"", bbbb] to achieve 
ultimate sensitivity

14
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Observed (expected) 95% CL on the signal strength is 2.4 (2.9) x SM prediction.

3.4 times better exp limit w.r.t. 36 fb-1
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uncertainties using the dataset: at the time of discovery ( July 2012)2,3; 
for the full Run 1 (end of 2012)35; for results presented in this paper; and 
expected to be accumulated by the end of the HL-LHC running69, cor-
responding to = 3, 000 fb−1L . The statistical uncertainties have been 
scaled by 1/ L, the experimental systematic ones by L1/  where pos-
sible, or fixed at values suggested in ref. 69, whereas the theoretical 
uncertainties have been halved.

A sizeable improvement is expected after HL-LHC operation. The 
H → µµ measurements were not available for the first two datasets owing 
to the lack of sensitivity. The evolution of several signal-strength meas-
urements µ are shown in Extended Data Fig. 7.

If new particles exist with masses smaller than mH, other decay chan-
nels may be open. Examples of such decays could be into new neutral 
long-lived particles or into dark-matter particles, neither leaving a 
trace in the CMS detector. We refer to these as ‘invisible’ Higgs boson 
decays, which could be inferred from the presence of large pT

miss in the 
direction of the Higgs boson momentum. The events are selected based 
on other particles accompanying the Higgs boson. Dedicated searches 
for such decays70–72 yielded < 0.16Inv.B  at 95% CL, where Inv.B  is the 
branching fraction to invisible decays.

Results from the search for Higgs boson pair 
production
The cross-section for Higgs boson pair production in the SM is 
extremely small, thus escaping detection at the LHC so far. The results of 
the search are therefore expressed as an upper limit on the production 
cross-section. Figure 5 (left) shows the expected and observed limits 
on Higgs boson pair production, expressed as ratios with respect to the 
SM expectation, in searches using the different final states and their 
combination. With the current dataset, and combining data from all 
currently studied modes and channels, the Higgs boson pair produc-
tion cross-section is found to be less than 3.4 times the SM expecta-
tion at 95% CL. Figure 5 (right) shows the evolution of the limits from 
the three most sensitive modes and the overall combination for: the 
first comprehensive set of measurements using early LHC Run 2 data 
(35.9 fb−1)73, the present measurements using the full LHC Run 2 data 
(138 fb−1) and the projections for the HL-LHC (3,000 fb−1)69. The HL-LHC 

projections are also expressed as limits, assuming that there is no Higgs 
boson pair production. The fact that the combined limit is expected to 
be below unity shows that the sensitivity is sufficient to establish the 
existence of the SM HH production.

Figure 6 presents the expected and observed experimental limits 
on the HH production cross-section as functions of the Higgs boson 
self-interaction coupling modifier κλ and the quartic VVHH coupling 
modifier κ2V. Cross-section values above the solid black lines are 
experimentally excluded at 95% CL. The red lines show the predicted 
cross-sections as functions of κλ or κ2V, which exhibit a characteristic 
dip in the vicinity of the SM values (κ = 1) owing to the destructive inter-
ference of the contributing production amplitudes, as highlighted in 
‘Higgs boson pair production’. The experimental limits on the Higgs 
boson pair production cross-section (black lines) also show a strong 
dependence on the assumed values of κ. This is because the interfer-
ence between different subprocesses, besides changing the expected 
cross-sections, also changes the differential kinematic properties of 
the two Higgs bosons, which in turn affects strongly the efficiency for 
detecting signal events. With the current dataset, we can ascertain at 
the 95% CL that the Higgs boson self-interaction coupling modifier κλ 
is in the range of −1.24 to 6.49, whereas the quartic κ2V coupling modi-
fier is in the range of 0.67 to 1.38. Figure 6 (right) shows that κ2V = 0 is 
excluded, with a significance of 6.6 s.d., establishing the existence of 
the quartic coupling VVHH depicted in Fig. 1n.

Current knowledge and future prospects
The discovery of the Higgs boson in 2012 completed the particle con-
tent of the SM of elementary particle physics, a theory that explains 
visible matter and its interactions in exquisite detail. The completion 
of the SM spanned 60 years of theoretical and experimental work. In 
the ten years following the discovery, great progress has been made 
in painting a clearer portrait of the Higgs boson.

In this paper, the CMS Collaboration reports the most up-to-date 
combination of results on the properties of the Higgs boson, based on 
data corresponding to an L of up to 138 fb−1, recorded at 13 TeV. Many 
of its properties have been determined with accuracies better than 
10%. All measurements made so far are found to be consistent with the 
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Fig. 6 | Limits on the Higgs boson self-interaction and quartic coupling. 
Combined expected and observed 95% CL upper limits on the HH production 
cross-section for different values of κλ (left) and κ2V (right), assuming the SM 
values for the modifiers of Higgs boson couplings to top quarks and vector 
bosons. The green and yellow bands represent the 1-s.d. and 2-s.d. extensions 

beyond the expected limit, respectively; the red solid line (band) shows the 
theoretical prediction for the HH production cross-section (its 1-s.d. 
uncertainty). The areas to the left and to the right of the hatched regions are 
excluded at the 95% CL.

Bound on the trilinear Higgs self-
coupling: 𝜅λ
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Di-Higgs production
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M++ = Triangle + Box(++)

M+− = Box(+-)
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Di-Higgs production
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Di-Higgs production

• CAIN spectrum 
• Optical  

− 34 events per year 
• XCC 

− 58 events per year
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Photon collider at XFEL
• Use European XFEL (  = 17.5 GeV) 
• At the beam dump, splitting the beam 

• 12 GeV peak 

• Excellent for  and  range

𝐸0

𝑏𝑏̄ 𝑐𝑐̄

27
[V. I. Telnov 2020]

Telnov 2020
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BSM Searches at photon colliders

• Additional hadronic resonances 

• Possible four-quark states 

• Looking for BSM particles 
• ALPs 
• Mixed models 

• Indirect tests of SM physics 
• Precision observables

28
[FIPS Workshop 2022]

Telnov 2020
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[FIPS Workshop 2022]

Light-by-light scattering

• Has been done for a long time     Lifshitz, De Tollis, Karplus, Neuman  
• So far observed by ATLAS 

• recent results from 2020 

• Possibility to observe BSM contributions

ATLAS Collaboration 2020



FH Particle Physics, April 2025                                                               Berger et al.: Photon Collider 30

Light-by-light scattering

• Helicity amplitudes
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Light-by-light scattering

• Only fermionic contributions 

• Electron contribution 
dominant
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• Main contribution from s-channel  

 
32

Axion-Like Particles

Teles et al. 2024



FH Particle Physics, April 2025                                                               Berger et al.: Photon Collider 33

Axion-Like Particles

• With helicity amplitudes 

• Final cross-section dependent on photon luminosity 

Baldenegro et al. 2018
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• Gamma-gamma colliders are great additions to   colliders 

• e+ not needed, main concept with e-e- 

• At European XFEL first look at the technology for future colliders 

•  and  production range is covered

𝑒+𝑒−

𝑏𝑏̄ 𝑐𝑐̄

34

Ongoing Work

Conclusions

• Determination of trilinear Higgs Couplings for (B)SM Higgs 
• SM Light-by-Light vs different BSM contributions 
● Full ALPs check with CAIN luminosity
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Di-Higgs production
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Costs for XCC

• For XCC 125 GeV 
• Very early stage 
• Using C3-250 cost model

37

Barklow et al. 2023
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“Dark Axion model”
[K. Kaneta, H. Lee, S. Yun `17]

• KSVZ-type axion [Kim, Shifman, Vainshtein, Zakharov] 

• (Very) heavy quark and (nearly) sterile axion 

• With dark photon


