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134 CHAPTER 8. BEYOND THE STANDARD MODEL

Fig. 8.16: Sensitivity for Dark Photons in the plane mixing parameter e versus Dark Photon
mass. HL-LHC, CEPC, FCC-ee and FCC-hh curves correspond to 95% CL exclusion limits,
LHeC and FCC-eh curves correspond to the observation of 10 signal events, and all other curves
are expressed as 90% CL exclusion limits. The sensitivity of future colliders, mostly covers the
large-mass, large-coupling range, and is fully complementary to the the low-mass, very low-
coupling regime where beam-dump and fixed-target experiments are most sensitive.

considered in this study. Non-minimal models used by, e.g. the HL-LHC experiments [443]
and other future facilities, are not addressed here. The results are shown in Fig. 8.16.

Visible decays of vector mediators are mostly constrained from searches for di-electron or
di-muon resonances and from the re-interpretation of data from fixed target or neutrino experi-
ments in the low (< 1 GeV) mass region. NA48/2 [497], A1 [498] and BaBar [499] experiments
put the strongest bounds for e > 10�3 in the 0.01�10 GeV mass range. These results are com-
plemented by those from beam dump experiments, such as E141 [500] and E137 [501, 502] at
SLAC, E774 at Fermilab [503], CHARM [504] and NuCal [505].

The low-mass range (0.01–1 GeV, see Chapter 9) is best covered by beam-dump exper-
iments (SHiP [431], NA62 in dump mode [506]), and by FASER at the ATLAS interaction
point [507] in the very low-coupling regime (e < 10�4). These are complemented by the LHCb
Upgrade [508] and Belle-II [340]. Future collider experiments (HL-LHC [489], CEPC [509],
FCC-ee [510], FCC-eh [511], FCC-hh [489], ILC500) have unique coverage in the high-mass
range (> 10 GeV) down to e ⇠ 10�4. FCC-eh could fill the gap left by LHCb in the low-mass
region. There is an interesting complementarity between future collider experiments, which
cover the high-mass large-coupling regime, and beam-dump experiments, which cover the low-
mass, very low-coupling regime.

Scalar portal
In the scalar or Higgs portal, the dark sector is coupled to the Higgs boson via the bilinear
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mass. HL-LHC, CEPC, FCC-ee and FCC-hh curves correspond to 95% CL exclusion limits,
LHeC and FCC-eh curves correspond to the observation of 10 signal events, and all other curves
are expressed as 90% CL exclusion limits. The sensitivity of future colliders, mostly covers the
large-mass, large-coupling range, and is fully complementary to the the low-mass, very low-
coupling regime where beam-dump and fixed-target experiments are most sensitive.

considered in this study. Non-minimal models used by, e.g. the HL-LHC experiments [443]
and other future facilities, are not addressed here. The results are shown in Fig. 8.16.

Visible decays of vector mediators are mostly constrained from searches for di-electron or
di-muon resonances and from the re-interpretation of data from fixed target or neutrino experi-
ments in the low (< 1 GeV) mass region. NA48/2 [497], A1 [498] and BaBar [499] experiments
put the strongest bounds for e > 10�3 in the 0.01�10 GeV mass range. These results are com-
plemented by those from beam dump experiments, such as E141 [500] and E137 [501, 502] at
SLAC, E774 at Fermilab [503], CHARM [504] and NuCal [505].

The low-mass range (0.01–1 GeV, see Chapter 9) is best covered by beam-dump exper-
iments (SHiP [431], NA62 in dump mode [506]), and by FASER at the ATLAS interaction
point [507] in the very low-coupling regime (e < 10�4). These are complemented by the LHCb
Upgrade [508] and Belle-II [340]. Future collider experiments (HL-LHC [489], CEPC [509],
FCC-ee [510], FCC-eh [511], FCC-hh [489], ILC500) have unique coverage in the high-mass
range (> 10 GeV) down to e ⇠ 10�4. FCC-eh could fill the gap left by LHCb in the low-mass
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FCC-ee: invisible Higgs decays
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FCC-ee: invisible Higgs decays

Muon collider:

Muon Smasher’s Guide [2103.14043]
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Figure 6: The dominant mechanism for pair-producing S-particles at LEP, via s-

channel Higgs exchange.
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Here we follow the notation of ref. [39], with gL = − 1
2 +s2

w and gR = s2
w parameterizing

charged-lepton couplings to the Z boson, az = emZ/(cwsw) being the effective coupling

of the Higgs to Z boson, and sw and cw denoting the sine and cosine of the Weinberg

angle. The Mandelstam variables, s, t and u, are defined as for a 2-body to 2-body

process, with their sum given by s + t + u = m2
Z

+ Q2, where mZ is the Z-boson mass

and Q2 is the square of the invariant mass of the two S-particles.

Expression (5.4) also applies to the previous case, where 2mS < mh, in which

case the cross section is dominated by the Higgs pole, corresponding to real Higgs

production. It is clear that the constraint on the missing energy implied by eq. (5.4),

and the experimentally measured values for such a process at LEP, cannot lead to a

limit on the invariant mass of two S particles better than 100 GeV for a Higgs mass

of around 100 GeV. For larger values of mh a possible bound on the invariant mass of

the S pair is considerably relaxed.

6 Conclusions

We have presented the first study of the minimal model for non-baryonic dark matter,

which consists of the Standard model plus a singlet scalar. This model is characterized

by one additional real scalar field and three new parameters. The absence of linear
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Figure 36. Left: projected 95% CL exclusion limits as a function of mS and λHS from the SS + Z !nal state for various energy and
luminosity benchmarks described in the text. The dashed line corresponds to a singlet scalar acquiring mass entirely from electroweak
symmetry breaking. Right: the integrated luminosity L in units of ab−1 required to exclude a singlet scalar whose mass mS is due entirely to
electroweak symmetry breaking at 95% CL in the SS + Z !nal state.

Figure 37. Left: projected 95% CL exclusion limits as a function of mS and λHS from the naive combination of SS + γ/h/Z !nal states for
various energy and luminosity benchmarks described in the text. The dashed line corresponds to a singlet scalar acquiring mass entirely
from electroweak symmetry breaking. Right: the integrated luminosity L in units of ab−1 required to exclude a singlet scalar whose mass mS
is due entirely to electroweak symmetry breaking at 95% CL from the naive combination of SS + γ/h/Z !nal states.
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Dark sectors at future colliders
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Implications for dark matter are model-dependent:

benefit from precision and high luminosity

FCC-ee and muon collider offer alternative search options

dark sector searches rely on (displaced) vertices and missing energy

perform broad searches at colliders

exploit complementary with flavor and fixed-target experiments, 
direct detection and astro(particle) physics 


