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Abstract High-energy γ γ colliders constitute a potential
running mode of future lepton colliders such as the ILC and
CLIC. We study the sensitivity of a high-energy γ γ collider
to the Higgs portal scenario to a hidden sector above the
invisible Higgs decay threshold. We show that such γ γ col-
lisions could allow to probe the existence of dark sectors
through the Higgs portal with precision competitive with
other planned collider facilities, profiting from the unique
combination of sizable cross-section with clean final state
and collider environment. In addition, this search could cover
the singlet Higgs portal parameter space yielding a first-order
electroweak phase transition in the early Universe.
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1 Introduction

The existence of dark sectors in Nature, uncharged under the
gauge symmetries of the Standard Model (SM), and inter-
acting with the SM through the Higgs boson h is a well-
motivated possibility: both theoretically, since the operator
H†H is the only super-renormalizable SM Lorentz invariant
operator singlet under the SM gauge symmetries [1], and in
connection to open problems in particle physics and cosmol-
ogy, like the nature of dark matter (DM) [2–5]. In addition, a
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singlet scalar field S coupled to the SM via the Higgs portal
Lagrangian interaction |H |2 S2 (with H the SM Higgs dou-
blet) is arguably the simplest possible extension of the SM,
further motivated by the fact that it could yield a strongly
first-order electroweak (EW) phase transition in the early
Universe [6–9], possibly allowing for EW baryogenesis as
the origin of the observed matter-antimatter asymmetry of
the Universe [10,11] (see [12] for a review).

Despite its simplicity and appeal, such a singlet Higgs
portal scenario to a dark sector may be challenging to
probe experimentally: While strong direct detection DM con-
straints on this scenario apply if S is the DM particle [13],
these constraints are relaxed when considering more fields
in the dark sector [14]. In addition, S may belong to the dark
sector but not necessarily be itself the DM particle, such that
astrophysical/cosmological DM constraints do not directly
restrict its properties. The singlet Higgs portal scenario is also
very challenging to probe at high-energy colliders in the case
that the singlet scalar field S is heavier than ∼ 65 GeV and
the Higgs boson decay h → SS is not kinematically open.
At the Large Hadron Collider (LHC) it is possible to directly
probe the hidden sector above the Higgs decay threshold
(i.e. for singlet scalar masses mS above mh/2) in final states
with hadronic jets and missing transverse energy /ET , via the
vector-boson-fusion (VBF) process pp → j j + SS [8,15]
mediated by an off-shell Higgs (see Fig. 1, left), with the pair
of singlet scalars giving rise to /ET . The high-luminosity LHC
would however only be sensitive to very large values of the
Higgs portal coupling [8,15]. A future FCC- hh [16] hadron
collider operating at a center-of-mass energy

√
s = 100 TeV

would improve on the LHC sensitivity [15,17], profiting from
the large enhancement of the VBF off-shell Higgs process at
high energy. Yet, the hadronic environment makes it chal-
lenging to achieve strong sensitivity improvements. Future
high-energy e+e− colliders like the

√
s = 1 TeV Interna-

tional Lineal Collider (ILC) [18–20] or the
√
s = 1.5/3 TeV

Compact Linear Collider (CLIC) [21] could provide the ideal
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Fig. 1 Feynman diagrams for singlet scalar S pair production through
the Higgs portal. Left: hadron colliders (for e+e− colliders, initial state
fermions would be e±, and final state fermions would be neutrinos).
Right: γ γ colliders

setup to probe the Higgs portal above the mh/2 threshold,
from a combination of reach in energy and clean collision
environment. The cross section for the associated produc-
tion of an off-shell Higgs with a Z boson, e+e− → h∗Z , is
however very small for high center-of-mass energy, whereas
for lower center-of-mass energies (

√
s ∼ 250 GeV) the cross

section for e+e− → h∗Z is sizable, but in this case the kine-
matic reach to the Higgs portal above the mh/2 threshold is
very limited [22,23].1 In contrast, the VBF off-shell Higgs
production becomes important at high energies, yet for e+e−
collisions the dominant (W -boson mediated) VBF process
producing a pair of singlet scalars via an off-shell Higgs is
e+e− → ννSS, completely invisible and impossible to trig-
ger on. Subdominant Z -boson mediated VBF processes yield
an e+e− + /ET final state which could be used to probe the
Higgs portal [24,25] (see also [26]), yet at the expense of a
significantly smaller cross section. Invisible final states can
also be investigated at lepton colliders via single photon +
/ET processes (see e.g. [23,27–29]), yet for the case of the
Higgs portal scenario, since the mediator to the dark sector
is the Higgs particle, the corresponding mono-photon rate is
generally proportional to the lepton Yukawas,2 and thus very
small.

In this work, we show that a γ γ (or �±γ ) operating mode
of a high-energy lepton collider like ILC or CLIC could
overcome the above problems and provide an optimal setup
to probe the Higgs portal to a dark sector, via the process
γ γ → W+W− + /ET , see Fig. 1, right. After discussing the
relevant aspects of γ γ colliders for our analysis in Sect. 2,
we introduce the singlet scalar extension of the SM in Sect. 3
as the benchmark scenario for our study (yet, we emphasize

1 For lepton colliders (i.e. for hard collisions with fixed centre-of-mass
energy), the cross section for the process e+e− → h∗Z (h∗ → SS) is
equivalent to the cross section for e+e− → HZ , with H a “heavier”
SM Higgs of mass mH = 2mS .
2 A notable exception is precisely given by W -boson mediated VBF
processes (with an initial-state-radiation photon), whose sensitivity to
the Higgs portal has not yet been investigated in the literature.

that our results apply for any Higgs portal to a dark sector
scenario), and briefly discuss its impact on the EW phase
transition. We then analyze the sensitivity of an ILC and
CLIC-based γ γ collider to the Higgs portal above threshold
scenario in Sect. 4. Finally, we conclude in Sect. 5.

2 Basics of γ γ colliders

The possibility of a high-energy γ γ (or γ e) collider based
on a linear e+e− collider has been considered since the early
1980’s [30–32]. The physical principle is the generation
of high-energy photons through Compton back-scattering
of laser photons by the high-energy electrons or positrons
of the e+e− collider beams, a mechanism that has subse-
quently been extensively studied (see e.g. [33–42]). Here we
briefly discuss the aspects of γ γ colliders relevant to our phe-
nomenological study, and stress that details of these aspects
can depend on specifics of the photon collider implementa-
tion (see e.g. the discussion in [42]).

In the conversion region a photon with energy E0 is scat-
tered on an electron with energy Ee at a small collision
angle α (almost head-on). The photons from Compton back-
scattering have a spectrum with maximum energy Emax

γ given
by

Emax
γ = κ

1 + κ
Ee, κ = 4 Ee E0 cos2 (α/2)

m2
e

(2.1)

where me is the electron mass. According to Eq. (2.1), the
largest possible laser frequency ω0 = E0/h̄ should be used
in order to increase Emax

γ . This also increases the fraction of
hard photons in the spectrum [33]. However, at large κ the
resulting high-energy photons are then converted to e+e−
pairs in collisions with laser photons, so the optimum value
κ = κmax is the threshold of this conversion process, given
for a head-on collision by [33,41] Emax

γ E0 = m2
e . Combining

this threshold condition with Eq. (2.1) yields κmax = 2 (1 +√
2) ≈ 4.83, resulting in a highest energy Emax

γ ≈ 0.83Ee.
The energy spectrum of the resulting photon beam is

peaked at Emax
γ , and the number of high energy photons dra-

matically increases for polarised beams with 2λe Pγ = −1,
being λe (|λe| ≤ 1/2) the mean helicity of the initial elec-
tron and Pγ that of the laser photon. In addition to this
high-energy peak there is also a factor 5–8 larger (in lumi-
nosity) low-energy spectrum which is produced by multi-
ple Compton scattering and beamstrahlung photons. These
low-energy collisions have a large longitudinal boost in the
detector reference frame. The γ γ luminosityLγ γ in the high-
energy part of the spectrum is proportional to the geometric
luminosity of the electron beams LG [35,39]. Considering
y = Eγ γ /(2Ee), one approximately has [34,35]

Lγ γ

(
y > 0.8 ymax) ≈ 0.1LG , (2.2)
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Fig. 2 Luminosity spectra Lγ γ (y) used in this work: idealized spec-
trum ∝ δ(y− ymax) (black); analytic spectrum Lnc

γ γ (y) for κmax = 4.8
and 2λe Pγ = −1 (red); spectrum Lc

γ γ (y) including multiple Compton
scattering effects and beamstrahlung (blue). All of then are normalized
to the same value of Lγ γ (y > 0.8 ymax) (see text for details)

where the maximum possible value of y is given by ymax =
Emax

γ /Ee 	 0.83. As discussed in [34,38,40], luminosities
Lγ γ (y > 0.8 ymax) ∼ 1034 cm−2 s−1 (and perhaps up to
1035 cm−2 s−1 [34]) could be reached at a multi-TeV γ γ

collider, comparable to those of the HL-LHC.
In the rest of this work we consider three differentLγ γ (y)

spectra for a multi-TeV γ γ collider: (i) An perfect (ideal-
ized) spectrum, with the energy of the back-scattered pho-
tons essentially localized at Emax

γ = 0.83Ee, i.e. Lγ γ (y) ∝
δ(y − ymax). (ii) An analytic high-energy γ γ collider lumi-
nosity spectrum for κmax = 4.8 and 2λe Pγ = −1 with-
out multiple Compton scattering and beamstrahlung effects
obtained from [39] and labelled hereLnc

γ γ (y). (iii): A
√
s = 3

TeV luminosity spectrum including the effect at low energies
from multiple Compton scatterings and beamstrahlung fit-
ted from [38], labelled here Lc

γ γ (y). The rationale for using
these three different spectra in our analysis is that theLnc

γ γ (y)
and Lc

γ γ (y) spectra incorporate varios features w.r.t. the ide-
alized spectrum that will be present in a realistic γ γ colli-
sion environment: the idealized spectrum is unrealistic, yet it
yields information on the effect that approximate monochro-
maticity of the photon spectrum would have (and provides an
upper bound on the sensitivity of γ γ colliders to the Higgs
portal); then, Lnc

γ γ (y) and Lc
γ γ (y) allow us to gauge the

impact of multiple Compton scatterings and beamstrahlung,
which produce a low-energy tail in the photon spectrum, as
a degrading effect on the sensitivity of γ γ colliders to dark
sectors via the Higgs portal. The three spectra are shown
jointly in Fig. 2. From these luminosity spectra we can infer
the respective photon energy distributions f (x) for the col-
liding γ -beams. The relation between the photon energy dis-
tribution and the luminosity spectrum of the photon-photon
collisions is given by

Fig. 3 Photon energy distribution f (x) for the luminosity spectra
Lγ γ (y) from Fig. 2

Lγ γ (y) =
∫ xmax

0
dx1

∫ xmax

0
dx2 f (x1) f (x2) δ(y − √

x1x2)

(2.3)

with xmax = ymax. Our de-convolution to obtain f (x) (we
note that f (x1) = f (x2) for x1 = x2 since the two collid-
ing γ -beams are identical) from Lγ γ (y) uses an ansatz for
the function f , detailed in Appendix A. The respective pho-
ton energy distributions are shown in Fig. 3. The luminosity
spectra and associated photon energy distributions will then
be used together with a Monte Carlo event generation from
MadGraph 5 [43] to construct event samples (which are
then checked independently using Whizard [44,45]) for the
SM background and our BSM signal in Sect. 4.

3 The singlet scalar extension of the SM

In order to study the phenomenology of the Higgs portal to a
dark sector, we consider here its simplest realization, which
consists of an extension of the SM by a real scalar singlet
field S [3,4,6,10] which is odd under a Z2 symmetry. The
tree-level scalar potential for the theory is

V0 (H, S) = −μ2
H |H |2 + λH |H |4 + μ2

S

2
S2 + λS

4
S4

+λHS |H |2S2 , (3.1)

with H = (0, (v + h)/
√

2) and v = 246 GeV the EW scale.
Boundedness from below of the scalar potential requires
λH , λS > 0, λHS > −√

λHλS , and the size of the sin-
glet couplings λS and λHS is also restricted by perturba-
tive unitarity constraints (the SM Higgs quartic coupling
λH = m2

h/(2 v2) trivially satisfies these constraints), e.g. the
perturbative unitarity bound for λS is λS < 8π/3 (see
e.g. [9]). In this work we consider the singlet couplings in
the range λS, λHS ∈ [0, 2π ], the upper bound being dic-
tated by perturbativity. These satisfy the various perturba-
tive unitarity and boundedness from below constraints. After
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EW symmetry breaking, the Z2 symmetry is preserved for
m2

S = μ2
S + λHS v2 > 0. In this case, the singlet scalar does

not mix with the SM Higgs boson after EW symmetry break-
ing and only interacts with the SM through its portal coupling
λHS to the Higgs boson. In particular, if mS > mh/2 	 63
GeV, the h → SS Higgs boson decay into two singlet scalars
is forbidden and the only way to access the hidden sector
directly (to produce S) is via an off-shell Higgs [8,15], which
makes this scenario very challenging to probe at colliders.

As outlined in the introduction, extending the SM by
the singlet scalar field S can have an important impact on
the dynamics of EW symmetry breaking in the early Uni-
verse. In the SM, this symmetry breaking process – the EW
phase transition – is found to be a smooth cross-over using
non-perturbative methods [46,47]. It would then not induce
the needed departure from thermal equilibrium to generate
the observed matter-antimatter asymmetry at the EW scale.
The presence of the singlet field S may dramatically change
this conclusion, triggering a first-order EW phase transition
strong enough to allow for baryogenesis [6–8,10] or to pro-
duce a stochastic background of gravitational waves observ-
able by LISA (see [48,49] and references therein). The 1-loop
(ring-improved) finite-temperature effective potential for the
Higgs and singlet fields is given by (we follow [8,9])

V (h, S) = V0 (h, S) + VCW (h, S)

+VT (h, S, T ) + Vr (h, S, T ) , (3.2)

with V0 the tree-level potential, VCW the zero-temperature
1-loop Coleman–Weinberg potential, VT the 1-loop finite-
temperature potential andVr the contribution from the resum-
mation of higher-loop ring diagrams (see [50] for details).
In the on-shell renormalization scheme, the Coleman–
Weinberg potential reads

VCW (h, S) =
∑

a

(−1)sa na
64 π2

[
m4

a(h, S)

(
log

m2
a(h, S)

m2
a(v, 0)

− 3

2

)

+2m2
a(h, S)m2

a(v, 0)

]
, (3.3)

with the renormalization conditions dVCW/dh|(v,0) = 0 and
d2VCW/dh2

∣∣
(v,0)

= 0, which ensure that the 1-loop zero-
temperature Higgs mass and vev are equal to their tree-level
values. The number of degrees of freedom for the species
a = (t, W, Z , h, G, S) contributing to the sum in (3.3)
are na = (12, 6, 3, 1, 3, 1), and sa = 0 (1) for bosons
(fermions). The field-dependent squared-masses m2

a(h, S)

for the top quark, W and Z bosons, Higgs boson, Goldstone
bosons3 (we use the Landau gauge) and singlet scalar are

3 The Goldstone contributions in Landau gauge need to be handled with
care [51,52] in the vicinity of the EW vacuum as they lead to infrared
divergences. Here we follow the regularization prescription from [53].

m2
t (h) = y2

t

2
h2, m2

h(h, S) = −μ2
H + 3λHh

2 + λHSS
2 ,

m2
W (h) = g2

4
h2, m2

G(h, S) = −μ2
H + λHh

2 + λHSS
2 ,

m2
Z (h) = g2 + g′2

4
h2, m2

S(h, S) = μ2
S + λHSh

2 + 3λS S
2 .

(3.4)

The 1-loop finite-temperature effective potential VT is given
by

VT (h, S, T ) =
∑

a

(−1)sa naT 4

2 π2

∫ ∞

0
dk k2 log (1

−(−1)saexp

⎡

⎣

√

k2 + m2
a(h, S)

T 2

⎤

⎦

⎞

⎠ , (3.5)

and the ring piece Vr , which resums multi-loop bosonic con-
tributions that are infrared divergent in the ma/T → 0 limit
[54,55], reads

VT (h, S, T )

=
∑

b

n̄bT

12 π

[
m3

b(h, S) −
(
m2

b(h, S) + �2
b(T )

)3/2
]

.

(3.6)

The sum in (3.6) is over the scalars and longitudinal gauge
bosons, with degrees of freedom (n̄W , n̄Z , n̄h, n̄G , n̄S) =
(2, 1, 1, 3, 1). The corresponding thermal masses �2 are
given by

�2
h = �2

G =
(
y2
t

4
+ 3 g2 + g′2

16
+ λH

2
+ λHS

12

)
T 2 ,

�2
S =

(
λS

4
+ λHS

3

)
T 2 ,

�2
W = 11

6
g2T 2 , �2

Z = 11

6
(g2 + g′2)T 2 . (3.7)

The combined dynamics of the Higgs and singlet fields
in the early Universe makes it possible to generate a first-
order EW phase transition already through the interplay of the
tree-level potential V0 and the leading thermal contributions
of O(T 2m2

a) from VT . This involves a two-step symmetry
breaking process [7,56]: the Z2 symmetry would be broken
first along the S field direction and restored later, when EW
symmetry breaking occurred. The evolution of the potential
minimum (〈S〉 , 〈H〉) from high to low temperature would
be (0, 0) → (0, wT ) → (vT , 0), with vT and wT respec-
tively the Higgs and singlet vevs at finite temperature. Under
these circumstances, the generated tree-level potential barrier
between the (0, wT ) and (vT , 0) minima at the temperatures
when they coexist would induce a strongly first-order phase
transition. At tree-level, the conditions for such a two-step
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first-order EW phase transition to take place are

μ2
S < 0 ,

2
∣∣μ2

S

∣∣

Ds
>

m2
h

Dh
, (3.8)

with

Dh = 6m2
W + 3m2

Z + 3m2
h + 6m2

t + λHSv
2

24 v2 ,

Ds = λHS + 3λS

24
. (3.9)

The second condition in (3.8) guarantees that the Z2 sym-
metry breaks at a higher temperature than the EW symmetry,
and the whole symmetry breaking process happens in two
stages. We also need to impose that the EW minimum be
the absolute minimum of the potential at T = 0, which at
tree-level yields the condition λS > 2μ4

S/(m
2
h v2).4

The inclusion of 1-loop corrections and higher-order ther-
mal effects following (3.2) qualitatively preserves the tree-
level picture just discussed.5 With the inclusion of such
higher-order contributions, the lowest value of λHS as a func-
tion of mS for which a two-step first-order EW phase tran-
sition occurs has been obtained in [62], and we depict it in
Fig. 8. Such λHS value provides a specific sensitivity target
for future colliders [63].6

We stress again that despite the Z2 symmetry of the dark
sector, we do not impose here the usual constraints that fol-
low from considering S to be the DM particle (see e.g. [13]).
S may be part of dark sector which contains lighter states,
and/or the interactions among the dark sector fields may
modify the DM predictions of the minimal model [14]. In
the minimal scalar Higgs portal DM model the value of the
λHS coupling that would yield the observed DM relic den-
sity is � 0.1 above the Higgs decay threshold mS > mh/2
(and stays low, λHS < 1, for singlet masses below the TeV
scale). In contrast, for non-minimal dark sectors like the one
discussed in [14] there is the possibility of having a signifi-
cantly larger coupling between the Higgs field and the S field
(which is heavier than the DM candidate), as this coupling is

4 Note that this condition, combined with the requirement of perturba-
tive unitarity on λS , constrains the range of allowed values for λHS and
mS [8].
5 The effective potential is well-known to be gauge dependent [57,
58], which requires care in extracting physical results from it [59,60]
(see also [61] for a more recent discussion of these issues). Yet, the
pieces corresponding to the tree-level plus leading thermal correction
of O(T 2m2

a) are manifestly gauge invariant [61], and so is the analysis
based on them.
6 Let us note that we do not consider in this work the possible (yet
model-dependent) contributions to the effective potential for the sin-
glet field from other fields X in the dark sector with field-dependent
massesm2

X (S). These would increase the value of Ds in (3.8) and further
restrict the Higgs portal region of parameter space where a first-order
EW phase transition is possible. The λHS sensitivity target we discuss
here (which disregards such m2

X (S) contributions) then represents the
most challenging scenario for future colliders.

Fig. 4 LO cross section for singlet pair production (for λHS = 1) as
a function of mS via γ γ → W+W − SS (solid) and e+γ → W+ν̄SS
(dashed) for a 3 TeV CLIC-based collider (green) and a 1 TeV ILC-
based collider (orange). The Emax

γ /Ee = 0.83 factor is explicitly taken
into account. Also shown are the LO cross sections for 14 TeV LHC
(blue) and 100 TeV FCC-hh (red) via the process pp → j j SS

not controlling the DM relic density. The key ingredient of
our setup is that the dark sector can only be accessed through
the Higgs portal, and other details of the dark sector are of
no direct relevance to our analysis.

4 Collider analysis: searching for γ γ → W+W− + /ET

We now investigate the sensitivity that a γ γ collider based
on ILC or CLIC could achieve in probing the Higgs portal
scenario to a dark sector discussed in the previous section
above the kinematic decay threshold for h → SS (that is, for
mS > 63 GeV), via the process γ γ → W+W−SS. First, we
show in Fig. 4 the (pair) production cross section of the sin-
glet scalar S at a

√
s = 1 TeV ILC and a

√
s = 3 TeV CLIC

(including the
√
s|γ γ /

√
s|ee = Emax

γ /Ee = 0.83 reduction
factor for γ γ collisions) for the idealized luminosity spec-
trum from Fig. 2, as a function of the singlet scalar mass
mS and for λHS = 1. We also show the corresponding γ e
production cross sections via the process e+γ → W+ν̄SS,
and include for comparison the respective production cross
sections for

√
s = 14 TeV LHC and a future FCC-hh at√

s = 100 TeV via the process pp → j j SS. All cross sec-
tions are obtained at leading order (LO). For a 3 TeV CLIC-
based γ γ collider in particular, the cross section becomes
much larger than that of LHC as mS increases, and is ∼ 50
times smaller than that of FCC-hh, yet the signal cross sec-
tion ratio to the SM background is much more favorable than
in the latter, due to the cleaner environment of a lepton/γ
collider as compared to a hadron collider.

Considering hadronic decays for the W -bosons, the dom-
inant SM background to the γ γ → W+W−SS signal comes
from triboson production γ γ → W+W−Z with Z → νν̄

(see Fig. 5). Both for the 1 TeV ILC and 3 TeV CLIC anal-
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Fig. 5 Example Feynman diagrams for the dominant SM background
γ γ → W+W−Z with Z → νν̄ in our analysis

yses, we generate our signal and SM background samples
at LO with MadGraph 5 [43],7 requiring parton-level jets
to satisfy p j

T > 20 GeV and
∣
∣η j

∣
∣ < 4.5. Generation is

done for the three γ γ luminosity spectra from Fig. 2. For
the non-idealized spectra, we perform a fine discretization of
Lγ γ (y), generate event samples for

√
s = y and appropri-

ately re-weight and combine the various samples to include
the effect of the photon energy distributions f (x) in the γ γ

collisions (for each event, we fix the longitudinal boost in the
laboratory frame via a random generation according to f (x)
and the corresponding y).

As a final step in the initial selection, the two W -bosons
from each event are reconstructed by requiring two hadronic
jet pairs with invariant masses in the range m j j ∈ [60, 100]
GeV (when multiple jet pairing choices satisfying this exist in
the event, the one minimizing the difference between invari-
ant masses of the jet pairs is chosen). For the extraction of
the signal, we introduce the “missing invariant mass” mmiss:

m2
miss =

(√
ŝ + (pzWW + /pz)

2 − EWW

)2
− /E2

T − /p2
z ,

(4.1)

with
√
ŝ the center-of-mass energy of the partonic collision,

EWW = (m2
W +| �pW+|2)1/2 + (m2

W +| �pW−|2)1/2 the energy
of the W+W− system, pzWW = pzW+ + pzW− the sum of
longitudinal momenta of the W -bosons and /pz the longi-
tudinal component of the missing momentum. Both EWW

and pzWW can be accurately reconstructed from the hadronic
W decay products. For the idealized luminosity spectrum
Lγ γ (y) ∝ δ(y−ymax), knowledge of theγ γ collision center-
of-mass energy together with the condition /pz = −pzWW

(absence of longitudinal boost for the collisions in the lab-
oratory frame) allow to very efficiently disentangle the sig-
nal from the SM background: the reconstructed events peak
around mmiss = mZ for the SM background while having a
lower bound mmiss ≥ 2mS for the signal. A cut mmiss > 160
GeV suppresses the SM background below the O(1)% level,
while retaining a large signal fraction for mS > 63 GeV. The
signal and background cross sections (for λHS = 1) for this

7 We cross-check the properties of our samples withWhizard [44,45]).

Table 1 Signal (for λHS = 1) and SM background cross sections (in
fb) for the idealized luminosity spectrum Lγ γ (y) ∝ δ(y − ymax) for
CLIC with

√
s|ee = 3 TeV, after the initial event selection (4 hadronic

jets with p j
T > 20 GeV and

∣
∣η j

∣
∣ < 4.5, that are paired to reconstruct

two W -bosons), and after the cut mmiss > 160 GeV. The cuts are the
same for ILC with

√
s|ee = 1 TeV

SM (fb) Signal (mS = 75
GeV) (fb)

Signal (mS = 200
GeV) (fb)

Initial selection 261 6.2 0.19

mmiss > 160 GeV 2.6 5.3 0.19

Fig. 6 Lnc
γ γ (y),

√
s|ee = 3 TeV events. Normalized φWW distribu-

tion for the SM background (orange) and mS = 200 GeV signal (red).
The selection cut φWW < 1 is also shown (dashed-black line)

simple cutflow are shown in Table 1. The corresponding 2σ

exclusion sensitivity S/
√
B = 2 (with S and B the respective

number of signal and background events) for λHS as function
of mS is shown in Fig. 8.

For the non-idealized luminosity spectra,
√
ŝ is not known,

and neither is the longitudinal boost of each collision in
the laboratory frame. Yet, the above strategy is still useful,
but needs to be preceded by an event selection to increase
the signal significance, since the mmiss reconstruction is
degraded in this case. Focusing on Lnc

γ γ (y) and
√
s|ee = 3

TeV for concreteness we show in Fig. 6 the angular sep-
aration of the two hadronic W s in the transverse plane
φWW , for the SM background and ms = 200 GeV sig-
nal. The clear difference between signal and background
is due to the different spin nature of the intermediate par-
ticle (h vs Z ) and we select events with φWW < 1.
After this selection, we show in Fig. 7 (top) the momen-
tum of the hardest W -boson

∣∣ �pW1

∣∣ vs the rapidity differ-
ence between W s, ηWW . For the signal (right) the two
variables are heavily correlated, and we require RXY ≡
(cθ X + sθY )2/r2

1 + (sθ X − cθY )2/r2
2 < 1, with θ = 0.3,

r1 = 3.1, r2 = 1, X = ∣
∣ �pW1

∣
∣ /(100 GeV) − c1(mS),

Y = ηWW − c2(mS). The functions c1,2(mS) are fitted
to the signal data, yielding: c1 = 9.8 − 0.41mS − 0.097m2

S ,
c2 = 5.3 − 0.175mS − 0.042m2

S (mS in units of 100 GeV).
Finally, we carry out the mmiss reconstruction for the sur-

viving events. We first remark that approximating
√
ŝ purely
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Fig. 7 Lnc
γ γ (y),

√
s|ee = 3 TeV

events. Top:
∣∣ �pW1

∣∣ vs ηWW
distribution for the SM
background (left) and mS = 200
GeV signal (right) after φWW
selection. Signal selection is
shown as a dashed-black ellipse
(see text for details). Bottom:
mmiss vs ES distribution for the
SM background (left) and
mS = 200 GeV signal (right)
prior to the final signal region
selection mmiss > ES − E0
(depicted as a dashed-black line)

Table 2 Signal (for λHS = 1) and SM background cross sections (in
fb) for the non-idealized luminosity spectrum Lnc

γ γ (y) for CLIC with√
s|ee = 3 TeV, after the initial event selection (4 hadronic jets with

p j
T > 20 GeV and

∣
∣η j

∣
∣ < 4.5, that are paired to reconstruct two W -

bosons), and the subsequent signal selection steps (see text for details).
The cuts are the same for ILC with

√
s|ee = 1 TeV

mS = 75 GeV SM (fb) Signal (fb) mS = 200 GeV SM (fb) Signal (fb)

Initial selection 1728 13.9 1728 0.34

φWW < 1 119 4.2 119 0.10

RXY < 1 45 3.1 40 0.07

mmiss > ES − E0 31.7 2.4 27.1 0.07

via global event kinematic variables, e.g.
√
ŝ ∼ √

smin
[64,65] or

√
ŝ ∼ ES ≡ EWW + ( /E2

T + p2
zWW

)1/2 (note
that ES >

√
smin), does not yield an acceptable mmiss recon-

struction for both signal and SM background: the average
difference

√
ŝ − ES is significantly larger for the signal than

for the SM background, and this effect increases asmS grows.
We use an averaged approximation
√
ŝ ∼ (EL + ∣∣ �pW1

∣∣ + ∣∣ �pW2

∣∣ + ( /E2
T + p2

zWW
)1/2)/2 , (4.2)

with EL = 2370 GeV corresponding to the maximum of the
Lnc

γ γ (y) spectrum (see Fig. 2). Assuming also /pz 	 −pzWW ,
we show in Fig. 7 (bottom) the resulting distribution of
mmiss vs ES . Figure 7 (bottom) highlights the degrading
in the reconstruction of mmiss for non-idealized luminos-
ity spectra, from the impossibility of accurately accessing√
ŝ and /pz for each γ γ collision. Still, defining the sig-

nal region as mmiss > ES − E0 (see Fig. 7), with fitted

E0(mS)/TeV = 2.24 − 0.117mS − 0.028m2
S (mS in units

of 100 GeV), improves the signal discrimination, particularly
for large mS . The signal and SM background cross sections
(for λHS = 1) after each step in the signal selection are
shown in Table 2 for mS = 75 GeV and mS = 200 GeV, for
illustratory purposes.

The above analysis is repeated for the non-idealized lumi-
nosity spectrum Lc

γ γ (y). In each case, we compute the 2σ

exclusion sensitivity S/
√
B = 2 for λHS as a function ofmS .

These sensitivities are then shown in Fig. 8. The integrated
luminosity we quote in each non-idealized scenario corre-
sponds to that of the high-energy part of the γ γ spectrum,
Lγ γ (y > 0.8 ymax) (recall the discussion around Eq. (2.2)).
We also show the 2σ exclusion sensitivities achievable at
HL-LHC and FCC-hh via pp → j j + /ET obtained respec-
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Fig. 8 2σ sensitivity in the (λHS , mS) plane of the singlet Higgs portal
model, for a γ γ collider based on an e+e− center-of-mass energy

√
s =

1 TeV (“ILC”) and
√
s = 3 TeV (“CLIC”). Different curves correspond

to: ILC 500 fb−1 with idealLγ γ (dashed-yellow), ILC 3 ab−1 with ideal
Lγ γ (solid-yellow), CLIC 500 fb−1 with idealLγ γ (dashed-light-blue),
CLIC 3 ab−1 with ideal Lγ γ (solid-light-blue), CLIC 3 ab−1 with Lnc

γ γ

(solid-black) and CLIC 3 ab−1 with Lc
γ γ (solid-dark-blue). We also

show the 2σ sensitivity of HL-LHC (solid-red) and FCC-hh (dashed-
red) via the process pp → j j SS. The dotted-black line shows the lower
threshold for a two-step 1st order EW phase transition, as obtained from
[62]

tively from [8,15], as a comparison.8 In addition we depict in
Fig. 8 the lowest value of λHS compatible with a (two-step)
first order EW phase transition [62] in this scenario. Figure 8
highlights that for comparable integrated luminosities, multi-
TeV γ γ collisions would directly probe dark sectors via the
Higgs portal with precision similar to, and potentially higher
than, future hadron colliders. A

√
s = 3 TeV - based γ γ

collider could cover the whole parameter space region com-
patible with a two-step singlet-driven strongly first-order EW
phase transition that could allow for baryogenesis.

Before concluding, we stress the possibility of further
enhancing the sensitivity to Higgs portal scenarios in γ γ col-
lisions by analyzing W+W− semi-leptonic and/or leptonic
final states (we also stress the importance of these modes
for accurately measuring the SM background and control-
ling its systematic uncertainty in our analysis). The contri-
bution to the /ET of the events from the W decays in this
case however demands a different strategy to suppress SM
backgrounds (e.g. the use of transverse mass variables MT

and MT 2 [68,69]), and we leave such a study for the future.

8 We note that a more recent analysis of the HL-LHC sensitivity
to the off-shell Higgs portal [66] performed in the region mS ∈
[mh/2, 100 GeV] using the CMS experimental HL-LHC projections
[67] indicates a somewhat weaker sensitivity than that of [15] in that
region.

5 Conclusions

High-energy γ γ -colliders constitute a potential running
mode of future leptonic accelerators like the ILC, CLIC or a
muon collider. In this work we have shown that γ γ collisions
yield a powerful avenue to probe a hidden sector of Nature
which interacts with the SM via the Higgs portal and lies
above the on-shell Higgs production threshold (mS > mh/2).
In particular, the process γ γ → W+W− + SS (S being the
dark scalar that interacts directly with the SM Higgs) is a
very sensitive probe of the Higgs portal interactions. Using a
singlet scalar extension of the SM as the simplest realization
of the Higgs portal, we have obtained the region of parameter
space that would be probed by γ γ collisions, showing that
it can cover the possibility of a strong first-order EW phase
transition in the early Universe that would give rise to the
observed matter-antimatter asymmetry.

Finally, we acknowledge that some of the γ γ -collider
specifications used in this work are at present not achiev-
able, e.g. the combination of the luminosities assumed here
with κmax ≈ 4.83. These depend on the future available tech-
nology by the time of its construction. Yet, we stress that the
aim of this work is to show the potential of a γ γ -collider
as a probe of the Higgs portal to a dark sector, under poten-
tially achievable (even if not completely realistic with present
technology) conditions.
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Appendix A: Numerical fit to the photon energy distribu-
tions f (x)

The ansatz for the photon energy distributions f (x) used
in our numerical fit of the γ γ luminosity spectra uses a
combination of elementary functions (which can be inte-
grated analytically) with free coefficients. For the luminos-
ity spectrum without multiple Compton scattering and beam-
strahlung effects, Lnc

γ γ (y), our f nc(x) ansatz is given explic-
itly by

f nc(x) = c0 + c1x + c2x
2 + c3 e

4x x2 + c4 e
6x x2

+c5 e
6x x4 . (A.1)

The coefficients ci are numerically fitted to satisfy Eq. (2.3)
for the luminosity spectrumLnc

γ γ (y), and their specific values
are given by:

c0 = 0.121469 , c1 = −0.13283 , c2 = −0.505607,

c3 = 0.252713 , c4 = −0.0838651 , c5 = 0.0669501.

(A.2)

For the luminosity spectrum Lc
γ γ (y), which includes the

effect at low energies from multiple Compton scatterings
and beamstrahlung fitted from [38], our f c(x) ansatz is given
explicitly by

f c(x) = f nc(x) + d0
(xmax − x)5

xd1
, (A.3)

with the values of the coefficients di required to fit Lc
γ γ (y)

given by

d0 = 0.124 , d1 = 0.69 . (A.4)
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