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I. INTRODUCTION

Searching for dark sector particles, including dark matter (DM) itself and other associated states, is a central goal
of many experimental programs around the world. There are many dark sector models can give rise to exotic Z decay
modes, many of which also contain missing energy in the final states. Recently, there have been a couple of proposals
for future Z-factories based on circular e+e− colliders, including FCC-ee [1] and CEPC [2, 3], which are considering
both Giga-Z (109 of Zs) and Tera-Z (1012 of Zs) options. The Large Electron Positron collider has already searched
for exotic Z decays into light Higgs [4, 5], two light Higgs in MSSM [6], photon and missing energy [7–9] and three
photons [10]. There have been previous work on constraining dark sector related new physics from Z properties at
future e+e− colliders, including dark photon [11, 12], sterile neutrino model [13, 14], Z invisible width e.g. [15], rare
SM Z decays [16–20], light CP-odd Higgs bosons and supersymmetric models [21–25], . Recently, this topic has been
addressed for some specific models [26–30].

II. PREVIOUS WORK

We have comprehensively studied dark sector models and also model independent exotic Z decay channels at future
e+e− colliders with Giga Z and Tera Z options [31]. Four general categories of dark sector models: Higgs portal dark
matter, vector portal dark matter, inelastic dark matter and axionlike particles have been studied in the [31]. In
addition, focusing on channels motivated by the dark sector models, we carried out a model independent study of
the sensitivities of Z-factories in probing exotic decays and compare it with the reach of high luminosity LHC. We
classify final states of the exotic decays with the number of resonances, and possible topologies it could have. We
make projections on the sensitivity of the branching ratio of exotic Z decay at future Z-factory. The summary plot
for those channels is given in Fig. 1.

A Z-factory generally provides a clean environment for decay modes which can be overwhelmed by large background
at hadron colliders. Another advantage of searching for such exotic Z decay at future e+e colliders is the ability of
reconstructing the full missing 4-momentum, while we can only reconstruct missing transverse momentum at hadron
colliders. We have carefully made estimates of the reach of the High Luminosity LHC on the exotic Z decay modes.
Given that the channels chosen in [31] contains missing energy in the final states, the future Z-factory has a better
reach than the HL-LHC. The decay products from exotic Z decays are usually quite soft for LHC, thus it is hard to
beat the large QCD backgrounds even consider additional energetic initial state radiation. It demonstrate that future
Z-factories can provide its unique and leading sensitivity, and highlight the complementarity with other experiments,
including the indirect and direct dark matter search limits, and the existing collider limits.
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FIG. 1: The sensitivity reach for BR for various exotic Z decay topologies at the future Z-factory (Giga Z and Tera Z) and the
HL-LHC at 13 TeV with L = 3 ab−1. The BR sensitivity generally depends on model parameter, for example mediator mass
and dark matter mass. The dark color region with solid line as boundary indicates the worst reach for the topology, while the
lighter region with dashed line indicates the best reach.

III. FUTURE PROPOSAL

However, there is still one channel HL-LHC has a comparable sensitivity comparing with future Z-Factory, which
is Z → (γγ)γ where the two photons in the bracket is from a resonance. Moreover, given the inclusive cross-section
of Z at LHC [32], the HL-LHC can have about 1.7 × 1011 number of Z boson collected. Therefore, for the fully
visible final states with multiple leptons and photons in the final states, the LHC can potentially suppress the QCD
backgrounds and have the same discrimination power with Z-factory. Hence, in the near future, HL-LHC can be very
attractive and provide complementary probes in such channels. Moreover, future hadron colliders such as the FCC-hh
[33] and SppC [34, 35] will explore much further into this direction. For the Snowmass 21 studies, we plan to make
detailed projections for the search of exotic Z decays at the HL-LHC and future hadron colliders, and explore the
complementarity between the hadron and lepton colliders.
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