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background processes acquire a substantial pT . However,
the signal processes are largely unaffected: the impact
on the ST spectrum is minimal because the considerable
transverse energy in the event is balanced by the neu-
tralinos. Finally, we require the ST to have an angular
distance of ∆R > 1.5 to help eliminate background from
soft photons splitting into light fermions.

Background - The cross sections of the main back-
ground processes are listed in Table I. These correspond
to µ+µ− → γ X, where X is one of the final states in
the left column. The “+ CP” mark indicates that the
quoted cross section includes the charge-conjugated pro-
cess. Very soft photons splitting into a pair of light lep-
tons is a particularly large source of background. We
can see this by comparing how the process ℓ+ℓ−νℓν̄ℓ has
a much larger cross section than the analogous processes
with taus or quarks. (Our analysis includes processes
with full collinear initial state photons, not shown in Ta-
ble I, simulated with the improved Weizsacker-Williams
approximation implemented in MadGraph [95]. These
backgrounds are easily removed by our pγT cut.)

For all final states in the left column, we also consid-
ered an additional Z → νν emission, which can alter the
transverse kinematics and thus pollute our SR. Emitting
this extra particle significantly reduces the cross section.
However, some processes have a cross section compara-
ble to the signal even after the emission of the extra Z

boson. The reported values include the invisible branch-
ing ratio penalty for the Z boson. We note that adding
background processes with an extra invisibly-decaying Z

boson adds the complication of increasing the particle
multiplicity in the final state. This can slow down the
calculation beyond a reasonable point. In order to speed
up the calculation of said processes, we use the “mixed
beam” (MB) approximation, where one of the incoming
muon beams is replaced by an electron [2]. This removes
in a gauge invariant manner diagrams with neutral cur-
rent that do not correspond to VBF topologies and con-
tribute less than 1% of the total cross section.

The presence of BIB affects the analysis in two ways: 1)
by decreasing the tracking reconstruction efficiency ǫtrk
of the ST and 2) by creating random hit patterns that can
be reconstructed by the tracking algorithm in our detec-
tor simulation as extra ST. Our results indicate that for
the most favourable θ region, the ST reconstruction effi-
ciency reaches about 45% for pT ≥ 500 MeV, as shown in
Fig. 3. The presence of BIB causes a decrease of a factor
2–4 in the ST reconstruction efficiency when compared
to a background-free scenario. Fake tracks from BIB hits
mainly populate the forward regions of the tracker. We
select tracks with at least 8 hits in the tracking detec-
tors [20] and no more than 3 expected-but-missing hits
on the fitted trajectory. STs must have a small transverse
(< 3 mm) and longitudinal (< 15 mm) impact parame-
ters. These requirements reduce the rate of fake tracks by
more than five orders of magnitude to a negligible level.
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FIG. 3. Track reconstruction efficiency at MuC3 in presence
of beam-induced backgrounds, determined in thermal Hig-
gsino events with a realistic beamspot distribution [20]. The
efficiency is around 45% for central tracks with pT between
500 MeV and 1 GeV. The null efficiency in the highest-pT
bins is due to lack of signal events, not reconstruction effects.
A conservative way to extend this map for recasting purposes
would be to extrapolate the last non-null value to higher pT .

Additionally, BIB energy deposits in the calorimeter
could be reconstructed as fake photons that can be paired
with uncorrelated ST from the IP producing fake sig-
nal events. We verified using the full detector simula-
tion described below that by appropriately raising the
calorimeter cell energy thresholds the photon fake rate
for photons pT ≥ 20 GeV becomes negligible. We expect
future reconstruction techniques to achieve similar rejec-
tion power by exploiting timing information and shower
shapes, and have neglected fake photons in this study.

Finally, additional sources of backgrounds could
emerge from beam dynamics. For example, lepton pairs
from incoherent production via two photons can be gen-
erated at the IP. The spectrum of these pairs is very soft
(pT ≤ 200 MeV) so they do not contaminate the SR [96].

Analysis and Detector Simulation - Monte Carlo
samples for signal and backgrounds are simulated, tar-
geting an effective integrated luminosity of 10 ab−1,
using MadGraph5 aMC@NLO 3.5.1 [97] interfaced to
Pythia 8.307 [98] for the parton showering and hadro-
nisation. The response of the detector, described in [20],
is modelled using GEANT 4 [99]. Events were recon-
structed and analyzed using the MuonColliderSoft

software within key4hep [100, 101].

Tracks are reconstructed with the ACTS toolkit [102]
using a combinatorial Kalman filter algorithm seeded by
hit triplets. The tracking algorithm is configured with
the default parameters [20], with the exception of the
minimum estimated track pT being lowered to 200 MeV
and the width of the χ2 hit search window at each layer
being increased to 30. Furthermore, in order to save com-
putational time, no hit triplets were build outside of the
barrel region of the Vertex detector, causing the sharp
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