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Most of the open questions of particle physics are directly related to 
Higgs physics and in particular to the Higgs potential
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FIG. 1: The Higgs boson as the keystone of the Standard Model is connected to numerous fundamental questions that can be
investigated by studying it in detail.
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I. ABSTRACT

A future Higgs Factory will provide improved precision on measurements of Higgs couplings beyond those obtained
by the LHC, and will enable a broad range of investigations across the fields of fundamental physics, including
the mechanism of electroweak symmetry breaking, the origin of the masses and mixing of fundamental particles, the
predominance of matter over antimatter, and the nature of dark matter. Future colliders will measure Higgs couplings
to a few per cent, giving a window to beyond the Standard Model (BSM) physics in the 1-10 TeV range. In addition,
they will make precise measurements of the Higgs width, and characterize the Higgs self-coupling.

II. WHY THE HIGGS IS THE MOST IMPORTANT PARTICLE

Over the past decade, the LHC has fundamentally changed the landscape of high energy particle physics through
the discovery of the Higgs boson and the first measurements of many of its properties. As a result of this, and no
discovery of new particles or new interactions at the LHC, the questions surrounding the Higgs have only become
sharper and more pressing for planning the future of particle physics.

The Standard Model (SM) is an extremely successful description of nature, with a basic structure dictated by
symmetry. However, symmetry alone is not su�cient to fully describe the microscopic world we explore: even after
specifying the gauge and space-time symmetries, and number of generations, there are 19 parameters undetermined by
the SM (not including neutrino masses). Out of these parameters 4 are intrinsic to the gauge theory description, the
gauge couplings and the QCD theta angle. The other 15 parameters are intrinsic to the coupling of SM particles to the
Higgs sector, illustrating its paramount importance in the SM. In particular, the masses of all fundamental particles,
their mixing, CP violation, and the basic vacuum structure are all undetermined and derived from experimental
data. As simply a test of the validity of the SM, all these couplings must be measured experimentally. However, the
centrality of the Higgs boson goes far beyond just dictating the parameters of the SM.

The Higgs boson is connected to some of our most fundamental questions about the Universe. Its most basic
role in the SM is to provide a source of Electroweak Symmetry Breaking (EWSB). While the Higgs can describe
EWSB, it is merely put in by hand in the Higgs potential. Explaining why EWSB occurs is outside the realm of
the Higgs boson, and yet at the same time by studying it we may finally understand its origin. There are a variety
of connected questions and observables tied to the origin of EWSB for the Higgs boson. For example, is the Higgs
mechanism actually due to dynamical symmetry breaking as observed elsewhere in nature? Is the Higgs boson itself
a fundamental particle or a composite of some other strongly coupled sector? The answers to these questions have a
number of ramifications beyond the origin of EWSB.

If the Higgs boson is a fundamental particle, it represents the first fundamental scalar particle discovered in nature.

[S. Dawson et al. ’22]

Introduction

Higgs discovery ⇔ non-vanishing vev v, caused by Higgs potential    
The actual form of the Higgs potential that is realised in nature and 
the underlying physics giving rise to the Higgs potential are unknown 
so far 
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Higgs potential: the ``holy grail’’ of particle physics

If more than one scalar field is present, the Higgs potential is a multi-
dimensional function of the components of the different scalar fields

[J. Reuter ’26]
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Example of extended Higgs sector (artist’s (AI) view):
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Higgs potential: the ``holy grail’’ of particle physics

Shape can drastically differ from single field case, rich structure of 
minima, requirement of vacuum stability yields important constraints

[J. Reuter ’26]
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Crucial questions related to electroweak (EW) symmetry breaking: 
what is the form of the Higgs potential and how does it arise?


Known so far:                                                                                                 
(h: detected Higgs at 125 GeV) 


Distance of EW minimum                                                                 
from origin of field space: v  


Curvature of the potential                                                           
around the EW minimum: mh          

5

Higgs potential: the ``holy grail’’ of particle physics

[K. Radchenko ’24]

Trilinear coupling Quartic coupling Possible couplings involving additional scalars

V = 1/2 mh2 h2 + v λhhh h3 + λhhhh h4 + … + v λhhH h2H + v λHHH H3 + …
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Temperature evolution of the Higgs potential in the early universe:

The Higgs potential and the electroweak phase 
transition (EWPT)
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  Introduction: the FOEWPT

What is a FOEWPT?

12

High temperature

Critical temperature 
(degenerate minima)

[D. Gorbunov, V. Rubakov]

Potential barrier depends 
on trilinear Higgs 
coupling(s)
EW baryogenesis: creation 
of the asymmetry between 
matter and antimatter in 
the universe requires 
strong first-order EWPT SM: smooth cross-over
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Figure 1: Constraints from perturbativity and vacuum stability, and region featuring a strong FOEWPT
in the plane of the mass of the heavy CP-even scalar mH and the masses of the CP-odd scalar and the
charged scalars mA = mH± in the type II 2HDM, with the other parameters specified in Eq. (34). The
displayed points pass all the theoretical and experimental constraints discussed in section 2.1. The color
bar indicates the energy scale ⇤4⇡ at which one of the quartic couplings of the parameter point reaches the
naive perturbative bound 4⇡ (for points with ⇤4⇡ < 10TeV). Points with ⇤4⇡ < mA or mH are indicated
in gray, and points with a short-lived EW vacuum are shown in red. Yellow points feature ⇤4⇡ � 10TeV.
The black line circumscribes all the points that feature a strong FOEWPT (see text for details).

sensitivity in order to assess whether such signals could be detectable at LISA. Finally, in section
4.3 we compare the prospects of a GW detection at LISA with the collider phenomenology of the
corresponding 2HDM parameter regions in order to address the question whether those regions
could also be probed in a complementary way by (HL-)LHC searches.

4.1 The cosmological evolution of the vacuum in the 2HDM

In this section we will investigate possible realizations of non-standard cosmological histories in the
2HDM. Even though the motivation for the analyzed parameter plane was its suitability for the
occurrence of FOEWPTs, as described above, we point out that the considered parameter space
also features a rich variety of thermal histories in terms of the patterns of symmetry breaking and
symmetry restoration.

Before we start the discussion of the 2HDM cosmological history, we briefly inspect the ad-
ditional constraints from the RGE running of the parameters, that we have applied in order to
restrict the analysis to parameter benchmarks for which our perturbative analysis is applicable.
Since we are interested in FOEWPTs, we explore a parameter space region where relatively large

14

2HDM, N2HDM, … : the parameter region giving rise to a strong first-
order EWPT (if along Higgs field direction), which may cause a 
detectable gravitational wave signal, yields an enhancement of the 
trilinear Higgs self-coupling and ``smoking gun’’ signatures at the LHC
2HDM of type II, alignment limit, tanβ = 3:

Correlation of strong first-order EWPT with splitting 
between BSM Higgs masses of extended Higgs sector

region with 
strong first-
order EWPT

region with 
potentially 
observable 
gravitational 
wave (GW) 
signal

current bound HL-LHC sensitivity

[T. Biekötter, S. Heinemeyer, J. M. No, M. O. Olea, G. W. ’22]
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Determination of the trilinear Higgs self-coupling:           
LHC, e+e− LC and 𝛾𝛾 collider 
Most direct access to trilinear Higgs self-coupling ϰλ ≡ λhhh / λhhhSM, 0: 
Higgs pair production process, requires for e+e− a Linear Collider,   
not accessible at FCC-ee!


In most analyses at the LHC and future collider studies so far:            
only ϰλ allowed to vary, all other coupling modifiers fixed to their 
Standard Model (SM) values


However: EWSB mechanism realised in nature may yield deviations 
from the SM in ϰλ and further ϰ’s


Need to take into account possible variations of other coupling 
modifiers (or EFT operators), in particular of the ones that are not 
well constrained by single Higgs production processes!

8

⇒
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LHC: limits from non-resonant di-Higgs production

9

Using only information from di-Higgs production and assuming that 
new physics only affects λhhh (only ϰλ allowed to vary):

obs: −0.7 < ϰλ < 6.1 at 95% C.L., exp.: −1.3 < ϰλ < 6.7 at 95% C.L. 

[ATLAS and CMS Collaborations ’25]

ϰλ = λhhh / λhhhSM, 0 

Upper bound on λhhh of currently about 6 x (SM value)⇒
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LHC: impact of relaxing the assumption that all 
other couplings are fixed to their SM values 
Contributions at the LHC:

10

[ATLAS Collaboration ’24]
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Figure 1: Leading-order Feynman diagrams showing the production of Higgs boson pairs via the ggF (a), (b), (f)–(h)
and VBF (c)–(e) processes. Each diagram is sensitive to specific coupling factors, denoted by ^8 in the ^ framework or
28 in the HEFT. Diagrams (a)–(e) occur in the SM predictions, while diagrams (f)–(h) manifest only when deviations
from the SM predictions are present in the coefficients 266⌘, 266⌘⌘, or 2CC⌘⌘.

capability to probe relatively high-energy Higgs bosons, both the resolved [25] and boosted topologies [26]
are now used to reconstruct the Higgs bosons. The �� ! 11̄g+g� decay mode has one of the larger
branching fractions (7.3%) among the investigated �� decay channels and benefits from having only
moderate background contamination. In the corresponding search [27], one of the g leptons is required
to decay hadronically, ensuring orthogonality with the 11̄✓✓ + ⇢miss

T search. Although the �� ! 11̄WW
decay mode has a small branching fraction (0.26%), it has high trigger efficiency and a clean experimental
signature. The 11̄g+g� [27] and 11̄WW [28] analyses have been improved through optimized classification
of selected events to enhance the sensitivity to the Higgs boson couplings. Furthermore, the 11̄g+g�

analysis now benefits from more accurate background modeling and larger samples of simulated events.
The multilepton analysis is designed to select �� events in 11̄//⇤, ++⇤++⇤ (+ = , or /), ++⇤g+g�,
g+g�g+g� , WW++⇤, and WWg+g� decay channels with leptons in the final states; the total branching fraction
is around 6.5%. The 11̄✓✓ + ⇢miss

T search targets final states arising from �� decay channels where one of
the Higgs bosons decays to a 1-quark pair and the other to either a boson pair (//⇤, ,,⇤) or a g-lepton
pair, which then decays to a pair of opposite-sign leptons (✓ = 4, `) and neutrinos, for a total branching
fraction of 2.9%. Depending on the analysis, the final discriminating variable can be the �� invariant mass,
the diphoton invariant mass, or the multivariate classifiers used to separate signal from background.

3

ϰλ

ϰ2V

ϰtt
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Particularly important in this context: (effective) couplings that are 
not well constrained by single Higgs measurements: ϰtt and ϰ2V 


• ϰtt : ϰtt = 0 in the SM, can e.g. be generated by lowest-order 
contribution of additional neutral                                               
Higgs boson or loop contribution                                                    
to the tthh coupling


• ϰ2V : ϰ2V = 1 in the SM, connection of the VVhh coupling (ϰ2V) to the 
Vhh coupling (ϰV) via the BEH mechanism?

11
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Figure 1: Leading-order Feynman diagrams showing the production of Higgs boson pairs via the ggF (a), (b), (f)–(h)
and VBF (c)–(e) processes. Each diagram is sensitive to specific coupling factors, denoted by ^8 in the ^ framework or
28 in the HEFT. Diagrams (a)–(e) occur in the SM predictions, while diagrams (f)–(h) manifest only when deviations
from the SM predictions are present in the coefficients 266⌘, 266⌘⌘, or 2CC⌘⌘.

capability to probe relatively high-energy Higgs bosons, both the resolved [25] and boosted topologies [26]
are now used to reconstruct the Higgs bosons. The �� ! 11̄g+g� decay mode has one of the larger
branching fractions (7.3%) among the investigated �� decay channels and benefits from having only
moderate background contamination. In the corresponding search [27], one of the g leptons is required
to decay hadronically, ensuring orthogonality with the 11̄✓✓ + ⇢miss

T search. Although the �� ! 11̄WW
decay mode has a small branching fraction (0.26%), it has high trigger efficiency and a clean experimental
signature. The 11̄g+g� [27] and 11̄WW [28] analyses have been improved through optimized classification
of selected events to enhance the sensitivity to the Higgs boson couplings. Furthermore, the 11̄g+g�

analysis now benefits from more accurate background modeling and larger samples of simulated events.
The multilepton analysis is designed to select �� events in 11̄//⇤, ++⇤++⇤ (+ = , or /), ++⇤g+g�,
g+g�g+g� , WW++⇤, and WWg+g� decay channels with leptons in the final states; the total branching fraction
is around 6.5%. The 11̄✓✓ + ⇢miss

T search targets final states arising from �� decay channels where one of
the Higgs bosons decays to a 1-quark pair and the other to either a boson pair (//⇤, ,,⇤) or a g-lepton
pair, which then decays to a pair of opposite-sign leptons (✓ = 4, `) and neutrinos, for a total branching
fraction of 2.9%. Depending on the analysis, the final discriminating variable can be the �� invariant mass,
the diphoton invariant mass, or the multivariate classifiers used to separate signal from background.
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ϰλ

ϰ2V

ϰtt

ϰV

LHC: impact of relaxing the assumption that all 
other couplings are fixed to their SM values 



Exploring the Higgs potential at e+e− and 𝛾𝛾 colliders, Johannes Braathen, Georg Weiglein, LCWS2026, Tsukuba, 11 / 2026

Possible variations of ϰV and ϰ2V 

ϰ2V can be independent of ϰV; example: Georgi-Machacek model 12
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Figure 7. V -2V correlation for di↵erent 95% CL collider sensitivity extrapolations, assuming
� = 1. We overlay the BSM model discussion of Sec. 3 to highlight regions for which 2V can
provide information beyond V . In particular, the fourth quadrant (where 2V < 1 < V ) is
populated by scenarios of large dilaton-Higgs mixing (we scan �1  2V  2, |s✓|  1 with a physical
solution of ⇣ > 0; again we assume Mhh = 300 GeV as before). Note that the dilaton includes
e↵ects beyond the deformation truncated in Eq. (3.38). Hence, the covered area is comparably
larger. The black dashed line represents 2

V
= 2V and all BSM renormalisable models lie in the

region above this line, i.e., 2
V

 2V .

with bounds on V from single Higgs measurements that are approximately an order of

magnitude smaller.

On the theoretical side, deviations in 2V and V are highly correlated in all models of

heavy, decoupling new physics. This can be understood through their SMEFT parametri-

sation, where, due to the doublet nature of the Higgs field, 2V = 22
V

� 1 at dimension

6. In the broader HEFT parametrisation, 2V and V are independent free parameters

due to the custodial iso-singlet parameterisation of the Higgs boson. Any models of non-

decoupling new physics where the deviation in 2V is an order of magnitude larger than

that in V would highly motivate WBF di-Higgs production as an indirect probe of new

physics.

To this end, we surveyed many BSM models in Sec. 3, and summarise their patterns

of e↵ects in 2V and V in Table 2. In sum, to achieve an enhancement in 2V within

an extended scalar sector requires tree-level mixing with triplets or higher electroweak

representations. This cannot be done at loop level, where extra scalars give a characteristic

2V = 2
V

pattern from wavefunction renormalisation of the Higgs. We note in passing,

however, that we have identified a large class of scalar extensions of the SM for which a

Feynman-templated analysis extends to one-loop BSM precision in the weak sector.

We find that all renormalisable extended scalar sectors satisfy 2V �2
V

� 0, with this

– 22 –

[C. Englert, W. Naskar, D. Sutherland ’23]

⇒
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Extended Georgi-Machacek model

13
ϰ2V does not have to be the same for W and Z, i.e. can have ϰ2W ≠ ϰ2Z⇒

[T.-K. Chen, C.-W. Chiang, S. Heinemeyer, G. W. ’26]
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LHC: combined determination of ϰλ and ϰtt

Large degradation of the sensitivity to ϰλ!  
14

(a) (b)

(c)

Figure 4: Two-dimensional test-statistic contours at 68% CL (solid line) and 95% CL (dashed line) in the (a)
266⌘⌘-2⌘⌘⌘, (b) 2CC⌘⌘-2⌘⌘⌘, and (c) 2CC⌘⌘-266⌘⌘ HEFT parameter spaces, with 2CC⌘⌘, 266⌘⌘, and 2⌘⌘⌘ fixed to their
SM values, respectively. The corresponding SM expected contours are shown by the inner and outer shaded regions.
The SM prediction is indicated by the star, while the best-fit value is shown by the cross.

8

ϰλ

ϰtt [ATLAS 
Collaboration ’24]

⇒
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LHC: combined determination of ϰλ and ϰtt

Large degradation of the sensitivity to ϰλ!  
15

ϰλ

ϰtt [CMS 
Collaboration ’25]

⇒
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values.
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Figure A.15: The observed 68% CL contours of �2D ln(L) in the (c2, kl) plane for all channels
when all the other parameters are fixed to their SM value. The best fit value and 68% CL
contour for the bbtt channel are not within the range of the figure.
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The total cross-sections are reduced by approximately �20% for BP1 and of �37% for BP2,
once the two-loop corrections to the trilinear couplings are included. This behaviour can be
understood from the combined decreases caused by the change of the interference pattern11

at the threshold — largest for BP1 — and the effect on the resonant peak at mhh ' mH — most
pronounced in BP2. These results again demonstrate the relevance of including higher-order
corrections to trilinear scalar coupling in precision predictions for the Higgs pair production
process.

13 Impact of new-physics contributions on the experimental de-
termination of �

Authors: Johannes Braathen, Wrishik Naskar, Debankana Nath, Georg Weiglein

Figure 23: Left: Observed regions allowed at 95% CL in the (�,t t) plane. The
blue and orange lines correspond, respectively, to the results from ATLAS [104] and
CMS [10]. Black dotted lines are added to guide the eye at t t = ±0.3. Right:
Feynman diagram contributing to the Higgs pair production process g g ! hh in
HEFT, involving t t .

The extraction of bounds on the coupling modifier of the trilinear Higgs self-coupling, �,
from results of experimental searches for Higgs pair production typically rely on assumptions.
Often only the coupling modifier � is allowed to vary, while all other coupling modifiers in the
experimental analysis are fixed to their SM values. However, a realistic BSM scenario giving
rise to a non-SM value of � could furthermore also modify additional quantities in the Higgs
sector. In this context, it is especially important to consider the possible impact of coupling
modifiers, or EFT operators, that are not well constrained by single Higgs measurements. The
two most prominent such coupling modifiers are 2V and t t , which can be defined theoret-
ically in the framework of the Higgs Effective Field Theory (see e.g. Refs. [184, 185]). In
Higgs pair production at the (HL-)LHC, 2V (the coupling modifier for interactions between
two Higgs bosons and two gauge bosons) only enters in VBF-type production channels and
can be constrained simultaneously with � to a good extent. On the other hand, t t , which
describes a non-standard effective contact interaction between two top quarks and two Higgs
bosons, enters also in gluon-fusion type di-Higgs processes — see the Feynman diagram in the
right panel of Fig. 23. This coupling, which vanishes in the SM, is essentially unconstrained

11We recall in this context that the minimum of the di-Higgs cross-section for a floating � occurs around
� ⇠ 2� 2.5 [117].

60

LHC: combined determination of ϰλ and ϰtt

Possible BSM contributions to ϰtt have large impact on ϰλ determination!  
16

ϰλ

ϰtt

[J. Braathen, W. Naskar, D. Nath, G. W. ’26]

⇒

2HDM case: effective values of ϰtt up to ϰtt = ≈ ±0.3 possible
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11% accuracy on ϰλ for SM case, constructive interference for λ > λSM 17
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[LC Vision document ’25]

ϰ2V = 1 assumed!
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Figure 5: Projected 1� uncertainty for the triple Higgs self-coupling � as a function of its
realized value in Nature true

� from double Higgs production rates at several center-of-mass
energies. The upper left, upper right, and lower left panels show the HL-LHC projections
for the S2 scenario [8], an extrapolation of the improved CMS Run 3 result [34], and the
“optimistic” scenario with a 5% precision on 2V , respectively, in all cases allowing 2V to
float. The lower right panel shows the projections obtained by fixing 2V = 1. Solid lines
include the combination with HL-LHC projections, while dashed lines show the projections
from lepton colliders alone. Dotted lines, shown for comparison, correspond again to the
projections obtained by fixing 2V = 1.

a very similar result as the present projections for the LCF at 550 GeV and 1 TeV [15, 16].
Under the assumption that 2V = 1, subsequent higher energy stages result in a better
determination of � across all values of true

� . The results in the case that 2V is allowed
to float are shown in the right plot. In this case, the expected uncertainty for � worsens
significantly for almost all values of true

� , similarly to the case where true

� = 1, as it was
discussed in Section 4.1. We also observe some non-trivial behavior of the uncertainties with
the value of true

� , in contrast with the 2V -fixed case where the decrease of the accuracy in
� can be traced back to a minimum of the double Higgs production rates. This wave-like

15

e+e− Linear Collider (LC) with 550 GeV (or higher)

Good prospects for e+e− LC for ϰ2V = 1, large improvement over     
HL-LHC, input from HL-LHC plays minor role for LC results 18

Here and for results above:             
ϰ2V = 1 assumed ϰλ

ϰ2V
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Figure 1: Feynman diagrams contributing to double Higgs production with a dependence on

� (top) and 2V (bottom).

1 Introduction

Measure � is very important.

No one cares about 2V .

It can degrade the sensitivity in �.

What is the best energy for a lepton collider to measure both?

2 Double Higgs production and coupling modifiers

The -framework has many well-known theoretical inconsistencies, like the breakdown of

gauge invariance and high-order corrections. However, we restrict in this paper to a tree-

level computation in the unitary gauge, such that no Goldstone bosons are involved, and

therefore this simplified approach is su�cient to capture consistently any deviations in the

di-Higgs production cross section due to a non-SM value of the above coupling modifiers.

We produce several values of the cross section

� = a2

� + b2

2V + c�2V + d� + e2V + f , (1)

3 Statistical interpretation

Projections for the HL-LHC based on the 1d likelihood profiles of � and 2V from Ref-

erence [2] (in the S3 scenario). We assume that the two likelihoods are uncorrelated and

2

ϰ2V

ϰλ

[F. Arco, G. W. ’26]

⇒
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Figure 4: Projected 1� confidence regions in the (� � 2V ) plane from the combination of
double Higgs production rates at several center-of-mass energies of a lepton collider: without
the HL-LHC combination (upper left), with the HL-LHC projection in the S2 scenario [8]
(upper right), using an extrapolation of the improved CMS Run 3 result [34] (lower left),
and in the “optimistic” scenario with a 5% precision on 2V at the HL-LHC (lower right).
All projections assume the SM as the best-fit point, true

� = true

2V = 1, marked by the dark
blue and red stars.

12

e+e− LC: impact of varying ϰ2V 

19

Accuracy on ϰλ significantly reduced, HL-LHC input is crucial for 
LC550 results (here: ``pessimistic’’ HL-LHC projection, see below)
⇒

[F. Arco, G. W. ’26]Without (left) and with (right) HL-LHC input:
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20

Accuracy on ϰλ significantly reduced, HL-LHC input is crucial for LC 
results, higher LC energy stages yield only rel. small improvement 
compared to LC550 + HL-LHC (reduce dependence on HL-LHC input)

⇒

Similar results 
found by
[T. Barklow, K. Fujii, 
J. Tian ’16]

[F. Arco, G. W. ’26]
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Figure 6: Dependence of the 1� uncertainties as a function of true

� for the case that 2V = 1
is fixed and 2V can float.
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Figure 7: Dependence of the 1� uncertainties in true

� for 2V .

defined in Eq. (5) is given by:

�2 log L
�
2V ; true

2V

�
=

✓
2V � true

2V

�2V

◆2

, (10)

where again we consider that the 2V determination is uncorrelated to �.
As an optimistic approach, first we will explore the possibility that the HL-LHC will

be able to approximately half the currently projected uncertainty in 2V , which roughly
translates to a precision of �2V = 0.7%.

5 Conclusions

Important caveat: the correlations between � and 2V at the HL-LHC. A di↵erent tilt in
the 2d-likelihoods in the � � �2V plane would . Since the most sensitive channel is also

10

e+e− LC: impact of varying ϰ2V 
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Figure 2: Left: Expected ATLAS+CMS 3 likelihood scans for single decay channels and the combination for 3 ab�1 for
the S3 scenario, obtained fixing 

true
3 = 1. Right: The ATLAS+CMS projections for 2V in the S2 and S3 scenarios, fixing


true
2V = 1.

ab�1 in the S2 scenario, increasing to more than 7� with 3 ab�1 (to be compared to the 4� projection reported for
the previous European Strategy [1, 2]). Going from S2 to S3 brings 5% gain in precision, while the increase in lu-
minosity from 2 to 3 ab�1 brings a gain of 20% on the signal significance. While a single-experiment observation
is unlikely at 2 ab�1, it’s possibly in reach at 3 ab�1, also in view of further analysis optimization. A precision on
3 below 30%, namely -26% / +29%, can be obtained in the S3 scenario with 3 ab�1.

Figure 3: Comparison of the ESPPU 2020 and ESPPU 2026 projected
3 ab�1

HH sensitivities from various final states, and their combina-
tions.

A comparison of this projection to that
of the previous European Strategy (see Fig. 3)
shows how various improvements in the analy-
sis technique translate into a much stronger pro-
jection. Even neglecting the improvements com-
ing from the detector upgrades, it is expected
that further optimization in the ongoing LHC run
and during the HL-LHC phase would follow this
trend and the uncertainty on 3 will then be re-
duced well below 30%.

Modifications of the VVHH coupling are
parametrized by the 2V coupling modifier,
which can be accessed via the measurement of
vector boson fusion (VBF) HH production. Fig-
ure 2 (right) shows the sensitivity expected from
ATLAS+CMS on 2V with 2 and 3 ab�1, as-
suming 

true
2V = 

SM
2V = 1. The combined

projection is based on the ATLAS boosted VBF
HH ! bb̄bb̄ search [55, 56], as the sensitivity
of this process is dominant. In the S2 scenario, a
2V precision of ⇠ 13% is expected with 3 ab�1.

In Fig. 4 (left), the ATLAS+CMS projections on the precision of the 3 determination for different possible
values of the Higgs trilinear coupling are displayed for the S2 scenario and 3 ab�1. Because of a destructive
interference between the box diagram and the diagram with the trilinear coupling in ggF production, the HH
production cross section at the HL-LHC is minimal when the true value of 3 (true

3 ) is about 2.5. Regardless of
the consequent drop in signal yield, the ATLAS+CMS 3 combination can exclude the SM value of 3 at 95% CL
for 

true
3 & 1.7 and 

true
3 . 0.5. In addition, thanks to the improvement in precision, the shape of the expected

likelihood as a function of 3 has a unique minimum, regardless of the true value of 3 , i.e. the second local
minimum observed in the previous projection [3] is removed.

5

(a) (b)

Figure 2: Expected negative log-likelihood (�2 ln⇤) values as functions of (a) ^
_

and (b) ^2V for ATLAS, CMS, and
the expected and observed values for the combination from both experiments. All the other Higgs boson couplings
are fixed to their SM predictions.

Figure 3: Observed and expected 95% CL contours for the simultaneous scan of the profile likelihood as a function
of ^

_
and ^2V . The expected constraints from the individual experiments are also shown. All the other Higgs boson

couplings are fixed to their SM predictions.

8

Run 2 combination (left), observed limit at 68% C.L.: 0.87 < ϰ2V < 1.16


Observed Run 2 result is already as good as the ATLAS+CMS HL-LHC 
projection for S2 scenario of improved theoretical uncertainties!


Further significant improvements expected from 20 x Run 2 luminosity, 
analysis improvements (have already occurred in Run 3) and improved 
theoretical uncertainties! 21

ϰ2V: LHC Run 2 combination and HL-LHC projection
[ATLAS and CMS Collaborations ’26, ’25]
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e+e− LC: accuracy for ϰλ depending on HL-LHC 
input for ϰ2V 

22

Improvement in accuracy on ϰ2V (e.g. factor 2-3) w.r.t. (pessimistic)   
HL-LHC projection (based on only one channel, does not include latest 
analysis improvements) will significantly improve LC determination of ϰλ
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Another possibility: 𝛾𝛾 collider (combined with e+e- 
or stand-alone)
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Optical or XFEL-like laser:
4

FIG. 1: Luminosity spectra for the XCC setup, showing both the total spectrum and the spectra for the polarisation
states Jz = 0 and Jz = 2, for the ee collider energies of 270 GeV (left) and 380 GeV (right).

FIG. 2: Luminosity spectra for the optical setup, showing both the total spectrum and the spectra for the
polarisation states Jz = 0 and Jz = 2, for the ee collider energies of 380 GeV (left) and 550 GeV (right).

FIG. 3: Luminosity spectra for the optical setup at an e
+
e
� collider with p

s = 380 GeV and a beam polarisation of
e
+
/e

� = 60%/80%. [MB: replace with the same laser here]
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2

tems or X-ray Compton sources [MB: our colliders arep
ŝ = 270, 380]. We will demonstrate that such configu-

rations provide an efficient and comparatively economi-
cal avenue for gaining access to the Higgs pair production
process at centre-of-mass energies that are significantly
lower than what is needed for Higgs pair production in
e
+
e
� collisions. mention that we consider e

+
e
� based

colliders not just e
�
e
�

[JB: Make a sentence here to mention existing work on
�� ! hh in SM and BSM models; then 2nd sentence on
the fact that most experimental studies (or studies of con-
straining the Higgs potential) use the kappa-framework]
Most model-independent [WN: to make our lives eas-
ier] phenomenological studies of Higgs pair production
up to now have been performed within the so-called -
framework [25, 26], in which individual Higgs couplings
are rescaled independently. However, such a prescription
in general spoils gauge cancellations and does not yield a
consistent theoretical framework for taking into account
higher-order contributions. A consistent interpretation
of possible deviations from the couplings predicted in the
SM therefore requires an effective field theory framework
that preserves the underlying symmetry structures of the
electroweak sector. This issue is particularly relevant for
the �� ! hh process which includes gauge contributions
in the loop-induced production mechanism.

In this work, we adopt the Higgs Effective Field The-
ory (HEFT) framework, which provides the most general
low-energy description of electroweak symmetry breaking
with a light scalar singlet compatible with the observed
Higgs boson. This approach is advantageous since it pro-
vides independent parametrisations of the various Higgs
interactions in a consistent and systematic framework.
[WN: We should cite both the Grober et al papers in
HEFT as well as the Gudrun Heinrich papers!] [JB: We
should also mention in the intro past theory works on
�� ! hh in BSM models (+ ideally also mention large
BSM effects in �somewhere)]

[JB: Still TODO: Show that can be done from e
+
e
�,

not just e
�
e
�, and could be done concurrently to LCF

and maybe at both IPs ]
[MB: Ref. for �� ! hh in 2HDM: [27] Aoife [28]]
The paper is organised as follows: in Section II, we

describe the different setups of photon colliders that we
will consider and discuss the luminosity spectra that can
be achieved. In Section III, we present our computa-
tions of predictions for the Higgs pair production process
�� ! hh in the -framework and in HEFT. Our nu-
merical analysis is presented in Section IV, both at the
level of the photon-photon partonic system and at the
ee collider level. Our conclusions are given in Section V.
Additional information is provided in a number of appen-
dices. In Appendix A, we discuss the luminosity spectra
for background processes such as e

±
e
±, e±e⌥ or e

±
� for

the different collider setups. In Appendix B, we provide
for completeness the complete leading-order expressions
for �� ! hh in the SM. In Appendix C, we discuss the
power counting performed for the HEFT expansion, and

in Appendix D we provide the Feynman rules relevant
for the calculation of the �� ! hh process in HEFT.

II. PHOTON COLLIDERS AND LUMINOSITY
SPECTRA

[JB: 8/6 TODO: Refer to appendix with spectra for
��, �e and ee spectra]

A photon collider can be operated based on any ee-
collider using Compton backscattering of lasers off the
electron beams to obtain high-energy photons, expanding
the physics potential to �� and �e collisions with lumi-
nosities comparable to those of e

+
e
� collisions [15–17].

If laser photons with energy !0 scatter off high-energy
electron beams with energy E0 at a small angle ✓, the
maximum energy for the scattered photons is given by

E�,max =
x

1 + x
E0, (1)

with the dimensionless quantity x defined as

x =
4E0!0
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where � is the laser wavelength. Historically only x 
4.82 has been considered, since the Breit–Wheeler and
Bethe–Heitler processes are dominant at x > 4.82 and
x > 8.0 respectively, leading to a large loss of high-
energy photons. Higher values of x do however have
a number of advantages, firstly since the resulting pho-
ton spectrum becomes more monochrome giving a spec-
trum concentrated at the maximum centre-of-mass en-
ergy value and secondly because the resulting maximum
energy of the scattered photons increases. With x = 4.82
the maximum possible energy is ⇠ 80% E0, such that at
a 500 GeV ee-collider, the photon collider in this case
has a maximum centre-of-mass energy of 400 GeV with
the luminosity peaking around 380 GeV. Recently it has
been proposed in Ref. [29] to consider photon colliders
with x � 1000, which achieve photon energies close to
100% of the initial electron beam energy. It was shown
that the loss due to the Breit–Wheeler and Bethe–Heitler
processes can be suppressed with an appropriate choice
of polarisations so that a photon spectrum with a signif-
icant luminosity and a narrow peak near the maximum
energy can be achieved [29]. In order to reach these high
values of x while keeping the electron beam energy un-
changed, the laser wavelength has to be of the order of
nm, as shown in Eq. (2). This can only be achieved
with an X-ray Free Electron Laser (XFEL), using every
second bunch of the accelerated electrons for the X-ray
beam [29].

In view of these developments we will in the following
consider two different types of ��-collider setups:

• the optical-laser setup, with x  4.8

• the XFEL-based setup, or XCC (XFEL Compton
Collider), with x � 1000.
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where � is the laser wavelength. Historically only x 
4.82 has been considered, since the Breit–Wheeler and
Bethe–Heitler processes are dominant at x > 4.82 and
x > 8.0 respectively, leading to a large loss of high-
energy photons. Higher values of x do however have
a number of advantages, firstly since the resulting pho-
ton spectrum becomes more monochrome giving a spec-
trum concentrated at the maximum centre-of-mass en-
ergy value and secondly because the resulting maximum
energy of the scattered photons increases. With x = 4.82
the maximum possible energy is ⇠ 80% E0, such that at
a 500 GeV ee-collider, the photon collider in this case
has a maximum centre-of-mass energy of 400 GeV with
the luminosity peaking around 380 GeV. Recently it has
been proposed in Ref. [29] to consider photon colliders
with x � 1000, which achieve photon energies close to
100% of the initial electron beam energy. It was shown
that the loss due to the Breit–Wheeler and Bethe–Heitler
processes can be suppressed with an appropriate choice
of polarisations so that a photon spectrum with a signif-
icant luminosity and a narrow peak near the maximum
energy can be achieved [29]. In order to reach these high
values of x while keeping the electron beam energy un-
changed, the laser wavelength has to be of the order of
nm, as shown in Eq. (2). This can only be achieved
with an X-ray Free Electron Laser (XFEL), using every
second bunch of the accelerated electrons for the X-ray
beam [29].

In view of these developments we will in the following
consider two different types of ��-collider setups:

• the optical-laser setup, with x  4.8

• the XFEL-based setup, or XCC (XFEL Compton
Collider), with x � 1000.
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gies. It is most noticeable when looking at � = 9, at
that value the -framework results are ⇠ 1.5times larger
compared to the number of events in HEFT.
The best collider setup for Higgs pair production event
numbers would be the XCC380, producing more than 3
times the number of Higgs pairs compared to the Op-
tical550 and for � = 1 than the XCC270. Important
to note is that this statement only holds at � = 1, at
� > 2 the event numbers for the XCC270 reach close to
the same value as the XCC380. This is similar for the
optical setups, at the SM value of � = 1 the Optical550
has higher event numbers than the Optical380, but for
� > 2 the event numbers at the Optical380 are higher

than those at the Optical550, changing the choice of best
collider between the two. This behaviour is important to
understand as the value of � is not known and choosing
a collider because it has the highest event numbers for a
single � value would not be optimal, better is to choose
a collider that shows a strong dependency on �, that
way the allowed parameters space could be drastically
reduced at the very least.
The XCC380 shows the highest event numbers for any
value of �, with around 2000 Higgs pair production
events in 10 years at � = 1 and up to 100000 at � = 9.
Compared ot that, the lowest event numbers at the SM
value are prodcued by the Optical380 collider with ⇠ 150
events per 10 years and slightly above 20000 at � = 9.
The value of � = 9 is already excluded by searches at the
LHC, as discussed in the limits, but this is still important
to see that over the given range of � the event numbers
can increase by 50 times or even ⇠ 150 times for the two
lower energies setups. In HEFT the increase is slightly
less but still over 120 times increased event numbers at
� = 9 compared to � = 1 for the two low-energy se-
tups, Optical380 and XCC270. These results show that
the different collider setups would offer significant event
numbers but also the possibility to put more stringent
bounds on the value of the trilinear Higgs self-coupling.
At this point only � was varied from the SM value, but
as discussed in the partonic section, for the same process
multiple couplings can have substantial impact on the
resulting cross-section and event rates. The other two
coupling modifiers, 2V and tt, are currently less im-
portant and have other processes that would also allow
limitations on them, therefore, in the next part the plane
spanned by � and the other two couplings will be dis-
cussed for the results at the four different photon collider
setups.
To better analyse the sensitivity to � and 2V (tt), the

𝛾𝛾 → hh at 380 GeV and 270 GeV: optical laser and 
XFEL (XCC)
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Figure 1: Representative Feynman diagrams for the process WW ! ⌘⌘. 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 ! ⌘⌘, where ⌘ denotes the detected Higgs boson at 125 GeV, is given by

f =
π

H
2
<0G

4<2
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dg
1
2
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!
++
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d!++
WW

dg
f̂++(BWW) +

1
!
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d!+�
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dg
f̂+� (BWW)

�
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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 p

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 ! ⌘⌘ 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 ! ⌘⌘ (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 ! ⌘⌘) 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 pBWW — 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 p

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 pBWW ' 280 GeV. This
is further illustrated in the right plot of fig. 2, where we show the predictions for the unpolarised
f̂(WW ! ⌘⌘) cross-section at pBWW ' 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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3 The Portal to New Physics
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Figure 11: (a) Projected accuracies for lHHH at the HL-LHC (black) [155] and an e+e� collider at a c.m. en-
ergy of 550 GeV alone (red) and combined with 1 TeV (blue) in dependence of the actual value of
lHHH that is realised in nature. (b) zoomed version.
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Figure 12: (a) Absolute precision on trilinear Higgs self-coupling scaled to its SM value (kl ) as a function of
kl from the ZHH and WW fusion processes at the LCF at 550 GeV, showing the complementary
information from the two production modes (b) The LCF550 precision from (a) and the potential of
further upgrades to 1 TeV or a µµ collider at a centre-of-mass energy of 280 GeV as discussed in
Secs. 3.8 and 4.7.

While the existing bounds on lHHH are rather weak, they nevertheless already probe so far untested para-
meter regions of physics beyond the SM [162, 163] because lHHH can receive large mixing effects and/or
very large loop corrections from the additional scalars (which we will generically denote F in the following)
of models with extended Higgs sectors. These large radiative contributions to lHHH — often referred to as
mass-splitting or non-decoupling effects — were first pointed out in Refs. [164, 165], but have now been
shown to occur in various BSM models with extra scalars (see Refs. [163, 166–191] for studies in models with
additional singlets, doublets, triplets, etc. or combinations thereof). Moreover, the physical nature of these
effects was confirmed by explicit two-loop calculations [179, 180]. These corrections are driven by couplings
of the generic form gHHFF µ (m2

F �M
2)/v2, where mF denotes the physical mass of a BSM scalar F, M

is the mass scale that controls the decoupling of the BSM scalar(s), and v is the EW vacuum expectation
value. In scenarios (away from the decoupling limit) where a splitting occurs between M and mF, the gHHFF
couplings can be substantial, resulting in large BSM contributions to kl . It should be emphasised that these

37

Prospects at HL-LHC, e+e− linear and 𝛾𝛾 collider  

𝛾𝛾 collider at ≈280 GeV could yield big improvement of the 
measurement of the trilinear Higgs coupling 25

⇒

[LC Vision document ’26]

𝛾𝛾 collider 
at 280 GeV

HL-LHC

ϰ2V = 1 assumed

ϰtt = 0 
assumed
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FIG. 13: Constraints on the (�,2V ) plane for the 270-GeV (left) and the 380-GeV (middle) optical-laser based
setups over a runtime of 10 years and the combined result for a runtime of 5 years at each energy (right), taking as
hypothesis that � = 1 and 2V = 1 are realised in Nature. The light (dark) green coloured regions are the ones
allowed at 68% (95%) CL. The blue contour indicates the current 95% C.L. limits on the (�,2V ) plane resulting
from the combination of Run 2 searches for di-Higgs production by the ATLAS and CMS collaborations [36].
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FIG. 14: Constraints on the (�,2V ) plane for the 270-GeV (left) and the 380-GeV (middle) XCC setups over a
runtime of 10 years and the combined result for a runtime of 5 years at each energy (right), taking as hypothesis that
� = 1 and 2V = 1 are realised in Nature. The blue contour and the colour coding of the green shaded regions are
the same as in Fig. 13.

.

the (�,tt) parameter space are shown in Fig. 17.6 In
the different plots of Fig. 17, we present multiple choices
for the considered values of � and tt, used as test hy-
potheses for the �

2 analysis. For the sake of brevity, we
restrict ourselves here to the case of XCC270, but the re-
sults with other single energy stage collider options were

6 It is important to note here, that the green areas shown in the top
left, top right and bottom left figures are actually connected by
a very small band, that is not visible due to plotting limitations.
The spacing between the contours shown in the partonic cross-
section, see Fig. 11 is very narrow for � ⇡ 1, therefore only a
very tiny band remains allowed within 95% CL.

confirmed to be very similar. For all four considered sce-
narios, we find that the XCC270 alone would already be
able to improve drastically on the current limits from AT-
LAS [34]. In particular, for the two cases where � = 1
(upper and lower left plots), the contours of the partonic-
level di-Higgs cross-section, see Fig. 11, are very close to-
gether, meaning that small changes in the coupling mod-
ifiers have a strong impact on the di-Higgs event rate.
This shows that even when tt is included in the analysis
of the Higgs pair production, a photon collider would be
able to achieve significant improvements over the current
limits.

We have now considered � in combination with either

𝛾𝛾 → hh at two energies, HEFT analysis: 
simultaneous determination of ϰλ and ϰ2V 

High sensitivity for simultaneous determination of ϰλ and ϰ2V

26

⇒

[M. Berger, J. Braathen, G. Moortgat-Pick, W. Naskar, G. W. ’26]

Assumed true values: ϰλtrue = 1, ϰ2Vtrue = 1 95% C.L. limits from ATLAS + CMS 
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FIG. 15: Same as Fig. 13, but for the hypothesis of � = 2 and 2V = 1 being realised in Nature.
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FIG. 16: Same as Fig. 14, but for the hypothesis of � = 2 and 2V = 1 being realised in Nature.

2V or tt and shown that the different photon colliders
would allow for considerable improvements on the ex-
clusion limits for the plane between the couplings. But
due to all three couplings impacting the cross-section sig-
nificantly it is also important to understand the impact
when we let all three vary. In order to profile the im-
pact of allowing all three parameters to vary we take the
hypothesis � = 1,2V = 1,tt = 0 and compare the
resulting limits in the ��2V plane as presented above
to the profiled limits from the full three coupling anal-
ysis. The resulting comparison is shown in Fig. 18 for
the XCC270 [MB: TODO: check exactly which ones are
included here]. It can be seen that the especially the 68%
CL region increases and also covers nearly the full 95%
CL region. This effect is due to the shape of the contours
within the three dimensional parameter space, taking the
shape of a cylinder, as well as most parameter points are
within 68% CL range, for at least one value of tt, except
for the very edges within the ��2V plane. Comparing
the results from the scan over only � and 2V , giving
the limits on � 2 [0.51, 1.16] at 95% CL, to these ones

here, giving the limits on � 2 [0.29, 2.01] at 95% CL,
shows that the addition of the coupling modifier tt leads
to a significant loss in sensitivity at the photon collider.
In this analysis tt was varied from �2 to 2, meaning
improvements on this coupling modifier from other pro-
cesses would also improve the trilinear Higgs coupling
measurement.
[MB: should we add here the statement on the HL-

LHC at least for true values � = 1 not adding too much,
only leading to very small improvements on kala, when
considering the HL-LHC projected limits] [JB: Yes, that
would be good]
[GW: If I understand correctly, we only show results

where out of the three parameters �, 2V and tt at
least one is kept fixed. Did we try how the result looks
like if we let all three vay simultaneously?] [MB: We have
not done an analysis with all three parameters running,
i can start such a run, maybe for one collider, but how
would you want to plot that, as well as what would we
compare it to, as far as i know there arent any results
that allow for more than two parameters to varry at the

𝛾𝛾 → hh at two energies, HEFT analysis: 
simultaneous determination of ϰλ and ϰ2V 

High sensitivity for simultaneous determination of ϰλ and ϰ2V

27

⇒

[M. Berger, J. Braathen, G. Moortgat-Pick, W. Naskar, G. W. ’26]

95% C.L. limits from ATLAS + CMS Assumed true values: ϰλtrue = 2, ϰ2Vtrue = 1
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𝛾𝛾 → hh at 270 GeV: HEFT analysis

Constraints in (ϰλ, ϰtt) plane in comparison to current limit from ATLAS

28
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FIG. 15: �
2 results for the 270 GeV (left) and the 380 GeV (middle) XCC over a runtime of 10 years and the

combined result for a runtime of 5 years at each energy (right), with � = 2, 2V = 1 hypothesis. Blue limits from
the combined limits by ATLAS and CMS [71].
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tion? Then we wouldnt need the Section 3 ]

[JB: TODO: mention backgrounds
Backgrounds from e

+
e
� and e

�
� are worse at XCC

(no space to bend e’s away); might be disentangled with
cuts. OTOH with optical, these backgrounds are biggest
at other energies than �� + there is space to bend them
away ! discuss this in a short paragraph (but no plots)
NB: Could be moved to final discussion section]
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Large improvement compared to present situation, good prospects for 
simultaneous determination of ϰλ, ϰtt, ϰ2V 

[M. Berger, J. Braathen, G. Moortgat-Pick, W. Naskar, G. W. ’26]
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interactions] [JB: Dim-5 and dim-6 done; one diag with Goldstones added. Do we want more?] [JB: My TODO: add

an s-channel diagram with Goldstone loop]

where ch�� (chh��) can be defined in terms of
aB , aW , a1, a12 (bB , bW , b1, b12) as

ch�� ⌘ aB + 4a1 � 4a12 + aW ,

chh�� ⌘ bB + 4b1 � 4b12 + bW . (24)

The calculation of the physical process �� ! hh also
requires Feynman rules with contributions from Lgf..
[WN: If we also include the GF, and FP parts of the La-
grangian, we could mention here itself that things can
inherently be di↵erent in HEFT than in the SM ⇥ -
framework, and lead to di↵erent scalings of the s. ]
Among the seven operators shown above, t, V , and
ch�� are already severely constrained by single-Higgs
measurements at the LHC [63, 64], so that in the fol-
lowing we will for the sake of simplicity set them to their
SM-like values of t = V = 1 and ch�� = 0. Moreover,

the operator chh�� would yield a tree-level, point-like,
contribution to the �� ! hh process. The presence of
such a contribution would typically be associated with
UV divergences in the one-loop calculation of �� ! hh

(which would no longer be a loop-induced process for
chh�� 6= 0), which would necessitate the definition of a
counterterm for chh�� . In turn, this requirement would
result in a loss of predictability for the �� ! hh — the
most natural quantity to define an OS prescription for
chh�� being the �� ! hh amplitude itself. On the other
hand, from the point of view of a UV theory matched
onto HEFT (see e.g. Refs. [65, 66] [JB: add more low en-
ergy th. papers]), chh�� (and ch��) would only be gener-
ated at two loops or higher in models without additional
charged scalars (while in models with charged scalars,
they would be generated at the one-loop level [66]). For

ϰ2V = 1 assumed
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Via the Higgs self-couplings we are starting at the LHC to probe the 
shape of the Higgs potential realised in nature and its connection to the 
EW phase transition and the thermal evolution of the early universe


Sensitivity to ϰλ can be limited by dependence on other coupling 
modifiers: ϰtt at the LHC, ϰ2V at the LC


For e+e− LC stand-alone: going beyond the theoretical assumption of   
ϰ2V = 1 leads to drastic reduction of the accuracy for ϰλ


HL-LHC results for ϰ2V will be crucial for the ϰλ determination at e+e− LC!


𝛾𝛾 collider at 270 GeV and 380 GeV: good prospects for simultaneous 
determination of ϰλ, ϰtt, ϰ2V!

29

Conclusions



Exploring the Higgs potential at e+e− and 𝛾𝛾 colliders, Johannes Braathen, Georg Weiglein, LCWS2026, Tsukuba, 11 / 2026

Backup
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Constraints on ϰtt from tthh production

Results

G. Di GregorioG. Di Gregorio 32

JHEP 08 (2026) 020

• Maximum likelihood fit performed in all SRs + CRs in all the three channels 
• No significant excess over the bkg-only hypothesis 
• Same contribution from statistics and systematics uncertainties 
• Observed (expected) upper limits @ 95% CL on  < 20 (21) 
• Both 1L and SSML re-interpreted with HEFT                                                                                                                                       

to constrain  
• -3.9 <  < 3.3 @ 95% CL

μHH

ctt̄HH
ctt̄HH

Accuracy not sufficient to help in combined (ϰλ, ϰtt) determination⇒

[G. Di Gregorio, MBI Workshop ’26]
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Figure 2: The matter-kination scenario leads to a peaked GW
spectrum from primordial inflation. The peak’s height and position
are determined by the inflationary scale Einf , the kination e-folding
NKD, and the kination energy scale EKD. The shown spectra corre-
spond to the benchmark points in Fig. 3. The dashed lines represent
the positions of the peak generated in different models of QCD axion
dark matter (according to Eq. 13).

as / f
3/2. The effect of a kination era on the GW spectrum

from cosmic strings are presented in a sister publication [9].
If such cosmic string source is present, a multiple-peak struc-
ture may arise. Finally, another source of stochastic GW may
come from the couplings of the inflaton. A well-known exam-
ple is axion inflation that may lead to an enhanced signal due
to parametric resonance effects induced by the inflaton cou-
pling to gauge fields [10]. The spectral shape of this signal
is also very different from what we predict from a short ki-
nation era. In this letter, we focus on the model-independent
irreducible background from inflation. Fig. 3 shows which
types of cosmological histories, characterised by the energy
scale of kination and duration of kination, can be probed by
LISA [3], BBO [6], ET [4, 5], CE [11] and SKA [12]. To
derive these regions, we have used the integrated power-law
sensitivity curves of [8]. Note that a kination era lasting more
than ⇠ 12 efolds is not viable as it would lead to a too large
energy density in GW, violating theextra relativistic-species
(Ne↵ ) constraint from Big Bang Nucleosynthesis (BBN) [1].

Having derived the GW smoking gun signature resulting
from an intermediate matter era followed by the kination era
inside the radiation era, we will next argue that such cosmo-
logical history is a characteristic feature of axion field dynam-
ics, that arises for instance in the Peccei-Quinn framework
before the axion starts oscillating and relaxes the strong CP
parameter to unobservably small values. Our discussion is
very general and applies to any axion-like particle (ALP), the
PQ axion being one particular example. We will discuss two
possible implementations. The first implementation relies on
the interplayed dynamics of the radial and angular modes of
the PQ field. A large kinetic energy can be transferred to the
axion by the dynamics of the radial mode at early times. The
second one called “trapped misalignment” only involves the
axion, the angular mode of the complex PQ field, and was in-
troduced in Ref. [13, 14]. In this framework, the axion has a
large mass Ma at early times. At some temperature Tc, the

Einf = 1.6 � 1016 GeV

Figure 3: Model-independent probes of a short kination era in the
early universe by GW experiments. Coloured regions indicate ob-
servable windows for each experiment. BBN constrains the energy
scale at which kination ends (gray) and the amount of GW (red-
hatched). Dashed lines indicate the temperature T� when kination
ends. Peaked signals exist in the white region but are not observable
in planned experiments. Like in Fig. 2, this figure does not assume
anything about axions, it just relies on a kination era as defined in
Fig. 1. Only the three parallel solid lines refer to specific models
where the kination era is triggered by a QCD axion. The black line
denotes the scenario where kination is induced by the spinning of
conventional QCD axion DM, the corresponding GW peaks would
require new observatories sensitive to ultra-high frequencies. The
lighter QCD axion DM with ZN -symmetry [13, 14] can induce a
GW signal, from the shown benchmark points, e.g. at ET, BBO, and
LISA for N ' 25, 31, 39, respectively.

axion potential vanishes abruptly. In this process, the axion
acquires a large kinetic energy that induces a kination era. In
both cases, the kination era lasts a few efolds, until the energy
density of the scalar field, which redshifts as a�6 is overcome
by radiation, and the standard evolution then takes over. Be-
fore describing these two cases in turn, we investigate the gen-
eral case where the axion makes all the dark matter (DM) of
the universe, as this represents one of the golden scenario that
has led to a large variety of experimental searches.

GRAVITATIONAL WAVES AND AXION DARK MATTER

RELATION

From the so-called kinetic misalignment mecha-
nism [15, 16] or kinetic axion fragmentation [17] the
ALP relic abundance today reads ⌦a,0/⌦DM,0 '
170.94 (ma/1eV) (Ya/40), where the comoving ax-
ion number density is conserved after kination has
started, Ya = na/s = f

2

a ✓̇KD/s(TKD). Eq. (9)
can be re-written in terms of Ya, fKD = 4.6 ⇥
10

�9
HzG

1/4
(T�)G

3/4
(TKD) (fa/Ya) e

2NKD , such that
we can relate the GW peak amplitude to the ALP abundance

radiation era-> flat
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Figure 2: The matter-kination scenario leads to a peaked GW
spectrum from primordial inflation. The peak’s height and position
are determined by the inflationary scale Einf , the kination e-folding
NKD, and the kination energy scale EKD. The shown spectra corre-
spond to the benchmark points in Fig. 3. The dashed lines represent
the positions of the peak generated in different models of QCD axion
dark matter (according to Eq. 13).

as / f
3/2. The effect of a kination era on the GW spectrum

from cosmic strings are presented in a sister publication [9].
If such cosmic string source is present, a multiple-peak struc-
ture may arise. Finally, another source of stochastic GW may
come from the couplings of the inflaton. A well-known exam-
ple is axion inflation that may lead to an enhanced signal due
to parametric resonance effects induced by the inflaton cou-
pling to gauge fields [10]. The spectral shape of this signal
is also very different from what we predict from a short ki-
nation era. In this letter, we focus on the model-independent
irreducible background from inflation. Fig. 3 shows which
types of cosmological histories, characterised by the energy
scale of kination and duration of kination, can be probed by
LISA [3], BBO [6], ET [4, 5], CE [11] and SKA [12]. To
derive these regions, we have used the integrated power-law
sensitivity curves of [8]. Note that a kination era lasting more
than ⇠ 12 efolds is not viable as it would lead to a too large
energy density in GW, violating theextra relativistic-species
(Ne↵ ) constraint from Big Bang Nucleosynthesis (BBN) [1].

Having derived the GW smoking gun signature resulting
from an intermediate matter era followed by the kination era
inside the radiation era, we will next argue that such cosmo-
logical history is a characteristic feature of axion field dynam-
ics, that arises for instance in the Peccei-Quinn framework
before the axion starts oscillating and relaxes the strong CP
parameter to unobservably small values. Our discussion is
very general and applies to any axion-like particle (ALP), the
PQ axion being one particular example. We will discuss two
possible implementations. The first implementation relies on
the interplayed dynamics of the radial and angular modes of
the PQ field. A large kinetic energy can be transferred to the
axion by the dynamics of the radial mode at early times. The
second one called “trapped misalignment” only involves the
axion, the angular mode of the complex PQ field, and was in-
troduced in Ref. [13, 14]. In this framework, the axion has a
large mass Ma at early times. At some temperature Tc, the

Einf = 1.6 � 1016 GeV

Figure 3: Model-independent probes of a short kination era in the
early universe by GW experiments. Coloured regions indicate ob-
servable windows for each experiment. BBN constrains the energy
scale at which kination ends (gray) and the amount of GW (red-
hatched). Dashed lines indicate the temperature T� when kination
ends. Peaked signals exist in the white region but are not observable
in planned experiments. Like in Fig. 2, this figure does not assume
anything about axions, it just relies on a kination era as defined in
Fig. 1. Only the three parallel solid lines refer to specific models
where the kination era is triggered by a QCD axion. The black line
denotes the scenario where kination is induced by the spinning of
conventional QCD axion DM, the corresponding GW peaks would
require new observatories sensitive to ultra-high frequencies. The
lighter QCD axion DM with ZN -symmetry [13, 14] can induce a
GW signal, from the shown benchmark points, e.g. at ET, BBO, and
LISA for N ' 25, 31, 39, respectively.

axion potential vanishes abruptly. In this process, the axion
acquires a large kinetic energy that induces a kination era. In
both cases, the kination era lasts a few efolds, until the energy
density of the scalar field, which redshifts as a�6 is overcome
by radiation, and the standard evolution then takes over. Be-
fore describing these two cases in turn, we investigate the gen-
eral case where the axion makes all the dark matter (DM) of
the universe, as this represents one of the golden scenario that
has led to a large variety of experimental searches.

GRAVITATIONAL WAVES AND AXION DARK MATTER

RELATION

From the so-called kinetic misalignment mecha-
nism [15, 16] or kinetic axion fragmentation [17] the
ALP relic abundance today reads ⌦a,0/⌦DM,0 '
170.94 (ma/1eV) (Ya/40), where the comoving ax-
ion number density is conserved after kination has
started, Ya = na/s = f

2

a ✓̇KD/s(TKD). Eq. (9)
can be re-written in terms of Ya, fKD = 4.6 ⇥
10

�9
HzG

1/4
(T�)G

3/4
(TKD) (fa/Ya) e

2NKD , such that
we can relate the GW peak amplitude to the ALP abundance

radiation era-> flat
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Exploring the Higgs potential at e+e− and 𝛾𝛾 colliders, Johannes Braathen, Georg Weiglein, LCWS2026, Tsukuba, 11 / 2026

EWPT: are there additional sources for CP violation 
in the Higgs sector? 
Baryogenesis: creation of the asymmetry between matter and anti-
matter in the universe requires a strong first-order electroweak phase 
transition (EWPT)                                                                                        


First-order EWPT does not work in the SM                                     
The amount of CP violation in the SM (induced by the CKM phase) is 
not sufficient to explain the observed asymmetry between matter 
and anti-matter in the universe


First-order EWPT can be realised in extended Higgs sectors      
could give rise to detectable gravitational wave signal


Search for additional sources of CP violation


But: strong experimental constraints from limits on electric dipole 
moments (EDMs) 33

⇒

2

Non-Minimal Higgs sectors can yield BSM CP Violation

Phase of           is physical

BSM CPVBSM CPV

e.g.

BSM CP Violation (very) strongly constrained by EDMs 

Andreev et al (ACME Collaboration), Nature 562 (2018) 7727

Two-loop “Barr-Zee” Two-loop “Barr-Zee” 
electron EDM contributionelectron EDM contribution

Biggest challenge for Biggest challenge for 
successful EW Baryogenesis?successful EW Baryogenesis?

Altmannshofer, Gori, Hamer, Patel, PRD 102 (2020) 115042



Exploring the Higgs potential at e+e− and 𝛾𝛾 colliders, Johannes Braathen, Georg Weiglein, LCWS2026, Tsukuba, 11 / 2026

How about indirect constraints on λhhh from circular 
Higgs factories (CEPC, FCC-ee) below hh threshold?
Indirect access to λhhh via

• single Higgs processes: λhhh enters at 1-loop order


• electroweak precision observables: λhhh enters at 2-loop order


Loop contribution of λhhh competes with much larger lowest-order 
contributions, other loop contributions (e.g. top loop) that are 
numerically dominant and potentially with BSM loop contributions  


Indirect sensitivity via loop effects is limited by the experimental 
errors of the considered observables and by the theoretical 
uncertainties that are induced by unknown higher-order contributions 
and via the experimental errors of the input parameters (αem, αs, mt, 
mb, …) 34

where v is the VEV of the SM. In this framework, the one-loop diagrams contributing
to e+e� ! Zh that include at least one insertion of � are shown in Fig. 1.
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Fig. 1: One-loop contributions to the process e+e� ! Zh that depend on �.

Following Refs. [45, 46], the Zh cross-section can be expressed as a function of � as:

�
�

Zh = Zh,�
�LO(1 + �C1) . (4)

Here, �LO denotes the leading-order cross-section, whereas � ·C1 corresponds to the
interference of the vertex-correction diagrams (Figs. 1a and 1b) with the leading-order
contribution. Finally, Zh,�

denotes the resummed contribution to the wave function
renormalisation (WFR) of the Higgs field, corresponding to the diagram in Fig. 1c,
and is given by Zh,�

⌘ (1�
2
��Zh)

�1, where �Zh ' �1.536⇥ 10�3 [45]. The ratio of
the Zh cross-section to its SM prediction therefore takes the following form:

�
�

Zh

�
�=1
Zh

=
1� �Zh

1� 
2
��Zh

1 + �C1

1 + C1
. (5)

Given that � = 1 in the SM up to relatively small loop corrections, it is instructive
to expand Eq. (5) in terms of (� � 1), which is of O(1/⇤2

NP) in the SMEFT. This
expansion can be done in several ways, in particular:

• by including terms up to O(1/⇤2
NP):

�
�

Zh

�
�=1
Zh

' 1 + (� � 1)

✓
C1 +

2�Zh

1� �Zh

◆
, (6)

• by including terms up to O(1/⇤4
NP):

�
�

Zh

�
�=1
Zh

' 1 + (� � 1)

✓
C1 +

2�Zh

1� �Zh

◆
+ (� � 1)2

✓
�Zh

1 + 3�Zh

(1� �Zh)
2 + 2C1

�Zh

1� �Zh

◆
,

(7)
• by including terms up to O(1/⇤4

NP), but only strictly one-loop contributions (i.e.,
not performing the resummation in the definition of Zh,�

):

�
�

Zh

�
�=1
Zh

' 1 + (� � 1) (C1 + 2�Zh) + (� � 1)2�Zh , (8)

4



Exploring the Higgs potential at e+e− and 𝛾𝛾 colliders, Johannes Braathen, Georg Weiglein, LCWS2026, Tsukuba, 11 / 2026

How much can we learn about λhhh from its impact 
on loop corrections?
We want to determine λhhh, accounting for the fact that it may differ 
substantially from the SM value


Case where the observables used for a global fit based on data from 
the LHC and CEPC or FCC-ee, i.e. no input from the e+e− machines 
on the Higgs pair production process, show a deviation from the SM 
prediction that is compatible with a non-SM value for λhhh (within the 
LHC uncertainties): how well can such a deviation be associated 
with λhhh rather than with other higher-order contributions?


This issue had not been addressed for the FCC-ee fits so far; the 
future experimental results had always been assumed to perfectly 
agree with the SM (even without accounting for statistical 
fluctuations of the assumed central values around the SM 
predictions)
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in the current EFT analysis. This result therefore corresponds to a more consistent
estimation of the theoretical uncertainties from the SMEFT truncation, compared to
the estimates obtained without factoring in the strictly O(1/⇤2

NP) curve.

(a) (b)

Fig. 4: (a) The results of the fits with strictly one-loop IDM inputs (blue), in com-
parison with the IDM predictions for � (red). (b) The global fit results for � in the
four IDM benchmark scenarios. The blue markers depict the original fit results with-
out the new nuisance parameters, while the other colours illustrate the results using
the two di↵erent sets of estimates for these parameters, with and without the inclu-
sion of the strictly O(1/⇤2

NP) SMEFT curve (in red and green, respectively).

The results of this work illustrate the impact of theory uncertainties in the loop-
level determination of � from single-Higgs observables at future e+e� colliders. We
mainly addressed here the uncertainties arising in the truncation of the EFT expan-
sion. In the future, we plan to assess other potential sources of uncertainty, including
those where the New Physics scenario assumed to be realised in nature departs from
the decoupling limit in which SMEFT is most consistently applied, as well as uncer-
tainties in the evaluation of the C1 coe�cients entering the SMEFT expressions for
the single-Higgs observables. Contrarily, we stress that the direct extraction of �

from di-Higgs production observables at a future linear e+e� machine will be much
less susceptible to these sources of theory uncertainties, since � contributes to such
process already at leading order [3].
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Considered: case where a certain BSM scenario is realised in nature; 
example: IDM, used to generate ``pseudo-data’’ as input for SMEFT fit


Result of the SMEFT fit sensitively depends on the treatment of higher-
dimensional operators (dim. 6 vs. dim. 8, …) and of theoretical 
uncertainties                                                                                         
The determination of SMEFT coefficients in a global fit is very different 
from experimental measurements of physical observables; the resulting 
pattern of SMEFT coefficients may be very difficult to relate to the 
physics scenario that is actually realised in nature  36

[H. Bahl, P. Bechtle,             
J. Braathen, S. Heinemeyer, 
J. List, M. Vellasco, G. W. 
’26, prelim.]

EFT fit for the case where ϰλ ≠ 1 

⇒
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A lesson from the past: the ``blue band plot’’, global 
fit for the Higgs-boson mass in the SM 

This is not a ``measurement’’ of mh, but an indirect constraint from 
loop contributions within a specific model (in this case the SM) 37

Constraints on the SM Higgs from electroweak
precision data

Indirect constraint on MHSM
, no direct search limits included in

the fit [LEPEWWG ’12]
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[LEPEWWG ’12]

We did not claim a 
measurement of the 
Higgs-boson mass at 
95 GeV from this 
analysis!

⇒
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Indirect constraints on λhhh are much more difficult to 
obtain than the indirect constraints on Mh in the SM
• Mh is a free parameter of the SM, but λhhh is not!                               

Cannot vary λhhh ``within’’ the SM, need consistent theoretical 
framework for possible deviations in λhhh from SM value, e.g. EFT


• EFT: need complete basis of operators, involves model-
dependence: consistent sub-set of operators? dim-6 vs. dim-8 
operators? possible effects of light new particles? range of validity 
of the EFT description? …                                                                  
Need much more than avoiding just some ``blind directions’’ among 
certain operators                                                                                
Recent SMEFT analysis emphasising importance of complete 
operator basis and EW SMEFT corrections


Example of EW precision observables: possible deviations of MW, 
gμ−2, sin2θef, … have given rise to many possible model 
interpretations 38

⇒

⇒

[K. Asteriadis, S. Dawson, P. P. Giardino, R. Szafron ’24]
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λhhh and the Higgs pair production process

As a fact of life, λhhh (as well as all other Higgs couplings) as such is 
not a physical observable


The actual physical observable in this context is the cross section for 
the Higgs pair production process, i.e. gg → hh at the LHC and    
e+e− → Zhh,  e+e− → 𝜈𝜈hh at an e+e− collider with a c.m. energy of at 
least 500 GeV (or 𝛾𝛾 → hh at a 380 GeV 𝛾𝛾 collider)


We want to make a precise and model-independent measurement of 
this crucial observable at an e+e− collider rather than just making an 
indirect and necessarily model-dependent prediction!
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Triple Higgs production at 𝛾𝛾 collider

Potential for constraining ϰ4 beyond unitarity bounds
40

[M. Berger, P. Bossuyt, J. Braathen, G. Moortgat-Pick, W. Naskar, G. W. ’26, pelim.]

ϰ4

σ(𝛾𝛾 → hhh)/fb

10−3

1

⇒


