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The possibility of producing a measurable long-lived dark Z boson, that is assumed to mix
kinetically with the hypercharge gauge boson in Higgs decays and to be produced also in Higgs
decays through Higgs-to-dark-Higgs mixing, at the Large Hadron Collider (LHC) is investigated.
Displaced dimuons in the final state are considered where each of the Z and the dark Z bosons
decays directly to a dimuon. The total cross sections for the decay modes of interest as well
as the decay widths and decay lengths are calculated to next-to-leading order (NLO) by using
Monte Carlo (MC) simulation in the framework of MadGraph5_aMC@NLO and compared to
the available analytical calculations to leading order (LO). The sensitivity of the LHC in Runs 2
and 3 to such searches is discussed.
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1. Introduction

Figure 1: Exotic Higgs decays to a final state of four leptons with an intermediate ZD produced through
Kinetic mixing via the hypercharge portal (left) or Higgs mixing via the Higgs portal (right) [4]. The dashed
line indicates that mixing of the SM bosons with their dark sector counterparts is occurring in the decays.

2. Exotic Higgs decay widths
The exotic Higgs decay h → ZD ZD → 2µ+ 2µ− is induced if the HM dominates irrespective
of the KM size, while the exotic Higgs decay h → ZZD → 2µ+ 2µ− is induced if the KM dominates
irrespective of the HM size. The exotic decay width Γ(h → ZD ZD ) to LO in the HM parameter
κ, and in turn the corresponding branching fraction and total cross section σtotal , is tremendously
impacted by κ, less impacted by mZD , and much less impacted by mhD as given in Ref. [4] by
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(1)

where υ = 246 GeV is the SM Higgs vacuum expectation value (vev). The decay width Γ(h →
ZZD ) to LO in m2ZD /m2Z is highly impacted by  and less impacted by mZD as given in Ref. [4] by
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Exotic Higgs decays involve new light states beyond the Standard Model (BSM) and are best
searched at the LHC. In this context, the observed Standard Model (SM) Higgs boson h is assumed
to be responsible for breaking the electroweak symmetry and to decay to new particles such as dark
Higgs boson and dark Z boson, usually referred to as hD (or s) and ZD , respectively. The only
possible interaction of ZD with the SM sector is through its kinetic mixing (KM) with Z boson
[1–3], while if the Higgs mixing (HM) exists, hD will have a renormalizable coupling to h. The
high luminosities achieved by the LHC offer a promising insight into the search for hidden sectors
through these two portals. The search for ZD has been mostly performed for mZD < 10 GeV, while
several efforts were recently devoted to higher ranges of mZD [4–8]. Heavier ZD could explain the
∼ 3.6σ discrepancy between the measured and SM value of the muon anomalous magnetic moment
[9–11] as well as various dark matter (DM)-related anomalies via new DM-ZD interactions [12–15].
In this investigation, decays are assumed to proceed through on-shell ZD ’s (i.e., mZD < mh /2 in
the case of h → ZD ZD and mZD < mh −mZ in the case of h → ZZD ) for which cross sections are
enhanced as compared to the off-shell ZD ’s for which cross sections are suppressed by the second
power of the kinetic mixing parameter 2 [16]. Kinematic acceptances and efficiencies of 100%
are assumed for all NLO simulated observables, enabling us to come up with constraints on the
corresponding free parameters. Samples are generated by using MC simulation in the framework
of MadGraph5_aMC@NLO v2.7.0. Feynman diagrams of the two decays are given in Fig. 1.
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2 tan2 θw m2ZD (m2h − m2Z )3
,
(2)
16π
m3h m2Z υ 2
where θw is the Weinberg mixing angle that is measured as ∼ 28.75◦ by LHCb [17]. The upper
two panels of Fig. 2 are generated to compare the analytical calculation (upper right) as given by
Eq. (1) to the simulation (upper left) of Γ(h → ZD ZD ) in a scan over the κ-mZD plane, while the
lower two panels of this figure are generated for the same sake of comparison for Γ(h → ZZD ).
Γ(h → ZZD ) =
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Figure 2: MC simulation (upper left) against an analytical calculation (upper right) from Eq. (1) of Γ(h →
ZD ZD ) in a scan over the κ-mZD plane for mhD = 10 GeV as well as MC simulation (lower left) against
an analytical calculation (lower right) from Eq. (2) of Γ(h → ZZD ) in a scan over the -mZD plane.

3. Branching fractions of exotic Higgs decays to long-lived dark Z boson at the LHC
The branching fraction of ZD to light leptons is appreciable for any mZD < mh /2 [4].
Owing to the caption of Fig. 3, the far left panel shows an excellent agreement between the
analytical calculation (dashed orange), derived from Eq. (1), and the MC simulation (solid black)
of B(h → ZD ZD ), which varies directly with κ2 [4, 16] until the HM becomes too small to handle
the decay, which then proceeds through KM and varies directly with 4 [16]. The later behavior
disappears from the LO-based analytic curve (dashed orange) but still exists in the NLO-based
simulated curve (solid black). In the middle left panel of this figure, B(h → ZZD ) is shown to
vary directly with 2 [4, 16], while the scans over mZD go as low as 1 GeV. The four panels of this
figure show that B(Z → µ+ µ− ) and B(ZD → µ+ µ− ) are unchanged regardless of the scan.
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The decay length of ZD , denoted by cτZD , is impacted by  and mZD only and inversely
proportional to 2 regardless of the exotic decay mode. The value of  = 10−7 is selected to give a
cτZD that is measurable within the geometrical size of the Compact Muon Solenoid (CMS) detector
and used for generating the left panel of Fig. 4 where cτZD is seen to be controlled by mZD only.
The value of 0.1 fb is taken as an estimate of the smallest σtotal to which the LHC is sensitive.

Figure 4: MC simulation showing the contour lines of cτZD and σtotal for the exotic Higgs decay mode
h → ZD ZD → 2µ+ 2µ− for mhD = 10 GeV (left) and the exotic Higgs decay mode h → ZZD → 2µ+ 2µ−
(right) in a scan over in a scan over the κ-mZD plane and the -mZD plane, respectively, for Run 2 of the
LHC for which its sensitivity regions are shaded in green.

4. Conclusion
Searches for the dark Z boson via h → ZD ZD → 2µ+ 2µ− at the LHC in Run 2 are sensitive
down to κ = 7 × 10−4 irrespective of the mass acquired by the dark Z boson. A measurable
long-lived dark Z boson at the LHC has to have a corresponding kinetic mixing parameter of
 ∼ 10−7 , while larger kinetic mixing leads to the production of a prompt dark Z boson. The dark
Z boson is much less likely to be measured in Runs 2 and 3 of the LHC via h → ZZD → 2µ+ 2µ−
and the chances for the LHC in Run 2 of being sensitive to this decay are limited to the range of
 ≥ 10−1 , which restricts the dark Z boson to being prompt, while the acquired mass by the dark
Z boson has to fall in the range of 18 − 31 GeV if  = 10−1 and in a wider range if  > 10−1 .
4
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Figure 3: MC simulation of B(h → ZD ZD ), B(ZD → µ+ µ− ), and the product of B(h → ZD ZD ) and
B 2 (ZD → µ+ µ− ) as well as an analytical calculation of B(h → ZD ZD ) from Eq. (1) in a scan over κ (far
left) and mZD (middle left), and also MC simulation of B(h → ZZD ), B(Z → µ+ µ− ), B(ZD → µ+ µ− ),
and their product as well as an analytical calculation of B(h → ZZD ) from Eq. (2) in a scan over  (middle
right) and mZD (far right).
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