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ABSTRACT: We study the capabilities of a muon collider experiment to detect disappearing
tracks originating when a heavy and electrically charged long-lived particle decays via
Xt = Y*tZ° where Xt and Z° are two almost mass degenerate new states and Y+ is
a charged Standard Model particle. The backgrounds induced by the in-flight decays of
the muon beams (BIB) can create detector hit combinations that mimic long-lived particle
signatures, making the search a daunting task. We design a simple strategy to tame the
BIB, based on a detector-hit-level selection exploiting timing information and hit-to-hit
correlations, followed by simple requirements on the quality of reconstructed tracks. Our
strategy allows us to reduce the number of tracks from BIB to an average of 0.08 per event,
hence being able to design a cut-and-count analysis that shows that it is possible to cover
weak doublets and triplets with masses close to 1/s/2 in the 0.1-10ns range. In particular,
this implies that a 10 TeV muon collider is able to probe thermal MSSM higgsinos and
thermal MSSM winos, thus rivaling the FCC-hh in that respect, and further enlarging the
physics program of the muon collider into the territory of WIMP dark matter and long-
lived signatures. We also provide parton-to-reconstructed level efficiency maps, allowing
an estimation of the coverage of disappearing tracks at muon colliders for arbitrary models.
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1 Introduction

Long-Lived Particles (LLPs) have become an important and active area of research in the
last few years. LLPs appear in a variety of models trying to address fundamental puzzles of
the Standard Model (SM) of particle physics (for a comprehensive review of the theoretical
foundations see e.g. ref. [1]), yield a large palette of signatures at colliders (for a review
see e.g. ref. [2]), and furthermore inspired the design of dedicated, small-scale detectors,
such as MATHUSLA [3], CODEX-b [4] and FASER [5]. The latter, with its fast approval
and construction, is a shining example of the important role that LLP searches are taking
within the Beyond Standard Model (BSM) searches at the LHC.

The realm of LLP signatures at colliders can be broadly classified into three distinct
classes that depend upon the LLP quantum numbers under the SM gauge group. We will
refer to them as neutral, dark showers, and charged, respectively.! The first class is rel-
atively unconstrained, since neutral particles travel unscathed through detector material.
Their presence can only be inferred by their decay products (within jargon sometimes this
is referred to as indirect detection of LLPs), and the coverage of the LHC and previous col-

liders strongly depends on the LLP lifetime, which has an upper limit of about ¢ ~ 107 m

Milli-charged particles might yield long-lived signatures, but their phenomenology is analogous to the
neutral case, hence we will not consider them further.



stemming from Big Bang nucleosynthesis considerations [6]. These neutral LLPs arise in
the context of so called “portal” models, and can also be relatively light (down to sub-GeV),
hence they have been thoroughly studied in the context of the “Physics Beyond Collider”
initiative, see [7]. The second class originates from strongly interacting confining dark
sectors, as is the case in e.g. Hidden Valley Scenarios [8]. In analogy to quantum chromo-
dynamics, the dark quarks shower and hadronise in the dark sector, and eventually decay
to SM final states, leaving a myriad of displaced vertices in the detector (emerging jets [9],
semi-visible jets [10], dark jets [11], etc). While these LLP are indeed SM neutral, it is their
high multiplicity that merits a separate category. Last, but not least, the charged LLPs
have strong constraints from previous colliders as LEP and Tevatron, as it would be impos-
sible to avoid these particles coupling to the electroweak gauge bosons with typical weak
coupling strength. Hence in this category we necessarily would have myrp = 100 GeV,
and, depending on their lifetime, the collider signatures would differ considerably.

This article focuses on disappearing tracks (DT), a class of these LLP charged signa-
tures, consisting of a charged particle travelling for few centimeters or less, hence manifest-
ing itself as an “incomplete” track with missing hits in the outermost layers of the tracking
system, which we will refer to as a “tracklet” in the following. In addition, associated to
this tracklet, there is little to no energy deposit in the calorimeters and no hits in the
muon system. Over recent years, DT has proven to be a powerful tool to probe models
that predict the existence of particles with lifetime of O(ns) (see e.g. refs. [12-25]) and is
actively looked for at the LHC by the ATLAS and CMS collaborations [26—29]. Among
the many theoretical scenarios that give rise to long-lived charged particles, an important
motivation comes from dark matter (DM). The lack of a DM candidate in the SM is one
of the most compelling arguments to seek for its extension. Among the various possibili-
ties, Weakly Interacting Massive Particles (WIMP) are a well-motivated option to obtain
the correct relic abundance through the freeze-out mechanism. Higgsino- and wino-like
states, the supersymmetric partners of the Higgs and W fields respectively, are a notable
model-specific example of a WIMP. Minimalistic bottom-up SM extensions [30] propose
to add new multiplets to the SM such that the lightest neutral component is stable and
provides a DM candidate. Depending on the mass hierarchy and differences between the
particles in the multiplets, striking experimental signatures can be obtained, with either
charged states with a long enough lifetime to be observed directly as charged tracks, or
in the production of DTs. The cases of pure higgsino and wino DM in the MSSM are
the de-facto benchmark not only of the LHC collaborations, but also of phenomenological
work, see e.g. refs. [14, 15, 31-38].

The coverage for wino and higgsino DM at the LHC falls well below the mass values
where the relic density constraint saturates i.e. 2.7 and 1.1 TeV, respectively [39]. This
coverage could have been much larger had the LHC been optimised for LLP signals in
its original design, although in general, the investigation of either wino or higgsino DM
scenarios is particularly challenging at hadron colliders, see e.g. [14, 18, 40—43]. Future
lepton colliders, such as a high-energy muon collider (MuC) could greatly extend the reach
of the current hadronic machines (LHC and HL-LHC) [44, 45]. A multi-TeV MuC has
numerous physics motivations that make it particularly appealing. It has been proven that



a MuC is effectively a high-luminosity vector boson collider [46]. With this, and the fact
that vector boson fusion (VBF) processes grow with energy, one can use a MuC to study
Higgs couplings [47-49]. It has also been shown that a MuC can discover the new physics
behind the (g — 2),, anomaly [50-53], assuming that the current running experiments at
Fermilab [54] and JPARC [55] establish the (g — 2),, excess as a source of new physics. In
addition to these motivations, the reach of a multi-TeV MuC has recently been studied in
the context of a few BSM scenarios [56-59]. Here we add another important motivation,
namely we show that such a MuC can be able to cover thermal DM [60] beyond the
capabilities of its main competitor, a putative high energy proton-proton collider [61, 62].
In this article we perform the first realistic assessment of the sensitivity to DTs of the
proposed MuC, using the widespread higgsino and wino benchmarks.

While the common lore is that lepton colliders provide a “clean” experimental envi-
ronment, at a MuC this is not entirely correct. The products of the in-flight decays of the
muon beams and the results of their interactions with the detector and beamline material,
usually known as “Beam Induced Backgrounds” (BIB), create a large particle flux that
interacts with the detector elements. This in turn can cause the reconstruction of spurious
DT candidates from the large number of detector hits. Because of this effect, the BIB is the
primary source of background for the disappearing track signal at the MuC. In this article
we perform the first realistic assessment of this background using full detector simulation
of the most up-to-date MuC detector design. We find that the huge BIB can be tamed by
exploiting timing information, quality criteria on the tracks and the fact that the signal
tends to be centrally produced, while the BIB is largely in the forward direction. This
careful assessment of the BIB is an important result of our analysis.

The rest of this article is structured as follows. In section 2 we discuss the phenomenol-
ogy of charged LLPs at colliders, and then we briefly review the MSSM pure higgsino and
pure wino benchmarks. In section 3 we present our working setup for the MuC, and dis-
cuss in detail the event generation of the samples and the parameterisation of the detector
response, including the use of the simulation software GEANT 4 for the track detector. In
section 4 we study in detail the BIB, showing how it can be efficiently suppressed by a
series of selection criteria that render it negligible. As a by-product, we derive the tracklet
reconstruction efficiency at the MuC in a model independent manner. Finally, in section 5
we describe our analysis strategy and show that the MuC can cover very well the pure
higgsino and pure wino scenarios, ousting a high-energy hadron collider. We defer our
conclusions to section 6.

2 Long lived charged particles at colliders

We start by considering the potential collider signatures of X* — Z9Y#* which depend
upon the mass ratios y = my/mx and z = mz/mx. The experimental signature also
depends upon the mean proper decay length of X (in comparison with the position of
the different detector components), which we would refer to as er. In this description,
the WIMP DM case we consider corresponds to the y — 0,z — 1 limit. Since these are



charged particles, necessarily mx =2 100 GeV, with the actual bound depending on the

~

model details. The possible signatures for a charged LLP are, then:?

o X% is reconstructed as a track that makes it past the inner detector: Heavy Stable
Charged Particle, HSCP, or out-of-time decays (¢t 2 1m). The HSCP may be heavily
ionising. Y* is likely to escape detection.

o X% is reconstructed as a tracklet (DT signature). It is relevant for decay lengths
¢t < 1m, namely, for the inner tracking detectors. Such experimental signatures
lose coverage for very low lifetimes, where the X* does not traverse enough detector
layers to be reconstructed.

o Y% is reconstructed as a displaced track, ignoring the decay vertex (displaced Y+,

+

where the case of Y* = 7& was carried out in ref. [63] for e-p colliders).

e X* and Y* are both reconstructed and connected in a kinked track.

The presence of the undetectable Z° can lead to sizeable momentum imbalance in the event
if the X* decay occurs within the detector.

In this article we focus on the disappearing track signature, taking MSSM pure elec-
troweakinos as our case study. We anyhow stress that our results are general and widely
applicable to more general classes of models. We note that all other signatures, with the
exception of the HSCP, are extremely challenging at the LHC. Hence these constitute an
ideal target for a lepton-lepton or lepton-hadron collider.

From the perspective of dark matter, models where DM is the lightest neutral com-
ponent of a single electroweak multiplet with non-trivial SU(2), charges (which qualify as
WIMPs) would feature at least one charged particle, whose mass is split from the neu-
tral one by a few hundred MeV, owing to radiative corrections from electroweak gauge
bosons [64]. Hence, these sub-GeV mass splittings in the dark sector are very natural, and
that compressed spectrum implies that the charged particle can have a macroscopically
appreciable decay length.? MSSM electroweakinos have been widely reviewed in the lit-
erature, see e.g. ref. [65] and references therein. For the purpose of the current work, it
suffices to state the main features of the so-called “pure” cases, namely where in the low
energy spectrum only the wino (W) or higgsino (H) are kept and all other supersymmetric
states are decoupled. The low energy spectrum features one charged particle, the chargino
XF, and one (two) neutral particle(s) for the wino (higgsino) scenario. These particles
are collectively referred to as electroweakinos, and are odd under a discrete Zy symmetry,
known as R-parity, which stabilises the lightest neutral particle rendering it an excellent
DM candidate. Direct detection of that DM occurs via Higgs exchange (as by construction
the SM Z-boson current is either null or strongly inhibited) which is suppressed by mixing

2We note that charged particles with electric charges different from one would also lead to anomalous
ionisation that can be exploited. Such signatures are important for the search for e.g. magnetic monopoles.
Large ionisation could offer an additional handle in the search for heavy WIMPs, but we will ignore these
cases in what follows.

3Note that this is not the only mechanism to have long-lived charged particles in DM models, they could
also arise if DM is produced by e.g. freeze-in from parent decay [20, 25].
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Figure 1. Production cross sections for Yty at /s = 3(10) TeV, in the left (right) panel. We
show the cases of pure wino (green) and pure higgsino (orange). The full (dashed) lines corresponds
to Drell-Yan (VBF) production.

effects.* Due to one-loop radiative corrections, after the breaking of SU(2)r, the charged
state splits from the neutral one by 166 (344) MeV for wino (higgsino), giving rise to a mean
proper decay length of 6 cm (6.6 mm) for the relic favoured mass. The production of pairs
of electroweakinos at a MuC proceeds mainly via an s-channel photon or off-shell Z-boson
(Drell-Yan production, or DY), with other processes, such as vector boson fusion (VBF),
being subdominant. We present in figure 1 the production cross sections for pure wino and
pure higgsino electroweakino pairs, as a function of the electroweakino masses, for centre
of mass energies of 3 TeV (left) and 10 TeV (right), considering production from Drell-Yan
and also (for completeness) from VBF. The details of the event generation are described
in section 3.1. From this figure we see that both a y/s = 3 and a /s = 10 TeV MuC would
produce electroweakino pairs with appreciable rates for both pure wino and pure higgsino
scenarios, provided they are kinematically accessible. Note that while the 3 TeV collider
has approximately one order of magnitude higher cross section than its 10 TeV counterpart,
the final number of expected events is similar. This is the case because it is envisioned that
the 10 TeV collider will collect about 10 times more integrated luminosity than the 3 TeV
one [44, 45]. Both colliders expect to produce about 10000 electroweakino pairs via DY,
while VBF production would yield only a handful of events.

As an appetiser to our main result, we present kinematical distributions for a MuC with
/s = 10TeV and the FCC-hh (pp, /s = 100 TeV) in figure 2, for thermal higgsinos (left)
and winos (right). In the upper panel we plot the pr of the X+, and of the corresponding
additional radiation (jet for FCC-hh, photon for the MuC). From the upper panel we
immediately see that the chargino has a harder pr at the MuC than at the FCC-hh. This
is an encouraging feature, as higher momentum tracks are less likely to be mimicked by the
backgrounds. In the lower panel we see that while the FCC-hh enjoys a large longitudinal
boost, the events at the MuC are far more central. This observation supports having a
detector with a reduced polar angle acceptance, which is in line with the current plans for
the MuC detector design (see section 3). Indeed, selecting parton level tracklets satisfying

4The reason for this suppression is that the Higgs connects a higgsino with a bino or wino, hence in the
“pure cases” one of the electroweakinos is decoupled.
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Figure 2. Kinematic distributions for thermal higgsino, m, = 1.1TeV (left) and thermal wino,
my = 2.7TeV (right) at a putative Muon Collider with /s = 10TeV and at a proton-proton
collider with /s = 100 TeV. The upper panel shows the pr of the chargino (solid line) and of the
corresponding initial state radiation particle (jet for FCC-hh, photon for MuC) with dashed lines.
The lower panel shows the distribution of the events in the n — v plane, using red (blue) for the
FCC-hh (MuC).

|n| < 2.44 keeps 98 (97.5) % of the thermal wino (higgsino) events. In addition, we also see
that the maximum Lorentz factor 87 is smaller at the MuC than at the FCC by about one
order of magnitude. However the overall distribution has a less significant spread to lower
values and the MuC is expected to efficiently detect charged tracks with lower ¢r than the
FCC-hh, as we will discuss in section 3.

We note that in principle pure wino and higgsino could be probed by indirect detection
at e.g. the Cherenkov Telescope Array (CTA) [66, 67] or the AMS-02 experiment [68] before
the timescale of the next generation of colliders (FCC, MuC, etc). A potential excess
from these indirect detection experiments would not invalidate the collider program, but
rather give more strength to it, as a direct probe of the wino and higgsino (including a
characterisation of the dark sector particle properties) under controlled conditions would
become a necessity.



Figure 3. lllustration of the full detector, from the GEANT 4 model. Different colours represent
different sub-detector systems: the innermost region, highlighted in the yellow shade, represents the
tracking detectors. The green and purple elements represent the calorimeter system, while the red
outermost shell represents the magnet return yoke instrumented with muon chambers. The space
between the calorimeters and the return yoke will be occupied by a 3.57 T solenoid magnet (not
displayed).

3 A high-energy muon collider

The main experimental facility considered in this study is a future muon collider able to
operate at centre of mass energies of /s = 3 and 10 TeV. For the /s = 3TeV (10TeV)
configuration we assume that an integrated luminosity of 1 (10) ab=! will be collected.
The detector model is based on the SiD ILC concept [69] with few changes, described
in the following. The detector, shown in figure 3, is designed with a cylindrical layout.?
The innermost system consists of a full-silicon tracking detector. The tracking detector
is surrounded by a calorimeter system, and is immersed in a solenoidal magnetic field of
3.57T. Finally, the outermost part of the detector consists of a magnet yoke designed to
contain the return flux of the magnetic field and is instrumented with muon chambers.

5A right-handed coordinate system with its origin at the nominal interaction point in the centre of the
detector is used. Cylindrical coordinates (r, ¢) are used in the transverse plane, ¢ being the azimuthal angle
around the z-axis and 6 the polar angle with respect to the z-axis. The pseudorapidity is defined in terms
of the polar angle 6 as n = —Intan(6/2).

cCT(T20C) 90dHHD



The studies presented in this work focus on the tracking detector: the vertex detector
(VXD) is the innermost tracking system. It consists of four concentric cylindrical shells
equipped with double-layers of position-sensitive detectors (distanced 2mm) in the barrel
region extending up to z = + 6.5 cm and positioned at radii of 3.1, 5.1, 7.4, 10.2 cm; and
four double-layer (distanced 2 mm) endcap disks on each detector side with radius of 11.2 cm
and positioned at a z of 8, 12, 20, 28 cm. The VXD envisions the use of squared silicon pixel
sensors with a single point resolution of 5 pm and a time resolution of 30 ps. A particularly
relevant quantity when comparing different collider options is the minimum radial distance
for a tracklet to be efficiently detected. For example, the current ATLAS pixel detector is
able to reconstruct tracks down to 12cm,® due to the Insertable B-Layer upgrade [70-72].
However, the HL-LHC inner detector would move this number to 22 cm [73], and existing
FCC-hh designs contemplate 10-15 cm [18], albeit with |n| < 2.3 — 2.6, which results in a
lower signal efficiency (cf. figure 2). In contrast, CLIC and the MuC are expected to detect
tracks with ¢7 = 10.2 cm.

Around the vertex detector lies the tracker detector, which is divided in an inner (IT)
and outer part. The first inner barrel layer is used in this analysis to detect tracks that
disappeared as will be discussed in section 4.3. It consists of a silicon single-layer of radius
12.7 cm covering up to z = £48.16 cm, with a single point resolution (R¢ X z) of 7x90 pm
and a time resolution of 60ps.” Figure 4 shows a detailed view in the transverse and
longitudinal planes of the vertex and inner tracker detectors in the region that will be used
in this analysis. In order to reduce the amount of BIB particles entering the interaction
region, two tungsten shielding cones (“nozzles”) are placed in the forward regions along
the beam axis at |n| > 2.44.

3.1 Simulated event samples and detector parameterisation

The detector response is modelled with a hybrid approach. The response of the tracking
detectors, crucial for this analysis, is modelled using a detector simulation [74] based on
GEANT 4 [75]. For the remaining detector systems, we employ response functions for
the high-level objects reconstruction and identification efficiencies using the Delphes [76]
program. The simulated events used to derive the tracking detector response functions
were overlaid with BIB events simulated with the MARS15 software [77].

The simulation of the BIB is a crucial element to assess the power of the presented
search. The muon decay products and the products of their interaction with the machine
elements can reach the interaction region and the detectors. The BIB simulation has
been performed for machines with a centre of mass energy of /s = 1.5TeV and /s =
125 GeV [78-82]. The composition, flux, and energy spectra of the BIB surviving the
shielding and entering the detector depend on the machine configuration and collision
energy. The most important BIB property is that it is composed of low-energy particles.

5Tn all these values we are considering the position of the 4th hit as the minimal radial distance for a
tracklet to be reconstructed.

"The vertex and tracker detector geometries have not been fully optimised yet for a muon collider and
they may change in the future. We do not expect a large impact on the feasibility of this analysis, but the
final design will determine the lifetime coverage.
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Figure 4. Transverse (a) and longitudinal (b) views of the innermost region of the tracking
detectors. In the left panel, one can visualise the four concentric cylindrical double-layers of the
VXD and the innermost layer of the IT. These appear also in the right panel along with the four
double-layer VXD endcap disks and the second layer of the IT.

For /s = 1.5 TeV collisions the BIB mostly consists of O(1) MeV photons and electrons
and O(100) MeV hadrons; and is characterised by a broad arrival time in the detector.
The particle and hit multiplicity was observed to mildly decrease with increasing centre
of mass energy [80]. Increasing the centre of mass energy of the MuC has two main
effects on the BIB: the particle and hit multiplicity mildly decreases and the measured
energy deposits get distributed at larger rapidities [77]. While the energy deposition in
the detector by the BIB could increase at higher collision energies, the analysis presented
in this work is only sensitive to these two main effects. On one hand, the hit multiplicity
affects tracking reconstruction. On the other hand, the angular distribution of the tracks
helps to discriminate signal over background, as we will discuss below, the signal tracks
will be more central whereas BIB tracks will be mostly forward. For these reasons, in the
absence of a dedicated BIB simulation at the centre of mass energies used in this study
(certainly a desirable feature), the simulated events with /s = 1.5 TeV were taken as a
conservative estimate of the BIB. We also note that the rate of BIB particles arriving in
the detector can be optimised in the design of the shielding nozzles. While this could result
in a decreased angular acceptance, the work described in this paper is not expected to be
affected as only events in the central region of the detector are considered.

Monte Carlo samples were used to predict the expected backgrounds from SM processes
and to model the signal scenarios under consideration. Signal and background processes
were generated with MADGRApPH5 aMCQ@NLO 2.8.2 [83] interfaced to PyTHIA 8.244 [84]
for the parton showering and hadronisation. The matrix element calculation was per-
formed at tree level and includes the emission of up to one additional photon for all the
relevant samples.



Two classes of signal events were generated assuming either pure wino or pure higgsino
scenarios. In both scenarios, events were generated including y*y¥ pair production. The
Xt mass is varied for the generation from 500 GeV to /s/2, with the Y (and ¥3) masses
set according to the splittings defined in section 2. While in the pure higgsino and pure
wino scenarios the lifetime is a function of the mass only (varying by less than 10% for the
scanned range), we consider here the lifetime as a free parameter, as customary in LLP
searches at the LHC. As discussed in section 2, only DY and charged VBF production
processes were included in the generation. Production processes initiated by the photons
coming from the collinear radiation of the high-energy muon beams are neglected and
considered sub-dominant [60]. The production cross sections were taken from the generator
prediction at leading-order, and were reported in figure 1. For example, a thermal wino,
mg+ = 2.7TeV, has a cross section of 2.2fb for DY production and 0.039fb for VBF
at a MuC operating at /s = 10 TeV; while a thermal higgsino, mg+ = 1.1TeV, has a
cross section of 11.4fb for DY production and 0.028 fb for VBF at a MuC operating at
Vs = 3TeV.

Assuming that the background arising from SM particles that are reconstructed as
tracklets can be reduced to a negligible contribution as discussed in section 5.1, the most
significant SM backgrounds arise from the pp — vv process, for which we used a generator
prediction cross section of about 55 pb (3 pb if requiring the presence of an additional
photon with pr > 10 GeV), roughly independent of the /s in the range considered in this
work. Other SM backgrounds with final states including hadrons or charged leptons are
neglected, as they are expected to have a negligible impact on the analysis after the event
selection. The contribution of other SM processes with sizeable cross sections where all
visible particles would be produced out of the detector acceptance has been checked and
found to be negligible.

3.2 Reconstruction

The reconstruction of physics objects is performed at truth-level with parameterised de-
tector response functions [76]. In particular, we derived dedicated parameterisations for
the reconstructed tracklet momentum, its reconstruction efficiency and fake rate. For the
extraction of these dedicated tracking response functions in the presence of BIB, track
reconstruction is performed on the simulated samples using the conformal tracking [85]
package within the muon collider reconstruction software suite [74, 86-89] that we op-
timised for the reconstruction of tracklets. A comprehensive description of the method
is presented in ref. [85], and a short summary including the configuration used for this
analysis is reported in this section.

The conformal track finding algorithm is based on a cellular automaton [90, 91] algo-
rithm running in the conformal plane (u,v). The conformal plane is defined by dividing
the coordinates of each hit in the transverse plane (z,y) by the squared radial distance,
r?2 = 22 + y2. This transforms the circular trajectories in the transverse plane into linear
trajectories, and it has advantage to speed up the track finding. Some deviations from the
linear behaviour are expected due to the multiple scattering of the particles in the detector
material and non-prompt tracks. These effects can be accounted in the tuning of the con-

— 10 —



Step Function Hit collection Cnax Onax X2 s Nhits Linax
[rad] [rad] [mm~1!]
1 Seeding Vertex Barrel 0.005 0.005 100 4 0.020
2 Seeding Vertex Barrel + 0.007 0.007 100 4 0.020
2 Endcap Layers
3 Extension 15¢ Tracker Layer 0.050 0.050 100 6 0.009

Table 1. Configuration of the conformal tracking used in this analysis. The parameters ©Oyax
and .y are the upper thresholds on the angle to connect two hits or two cells, respectively,
whereas x2,,.. is the upper threshold on both linear regression fits performed in the conformal and
longitudinal planes. The minimum number of hits required in a track is indicated by NDits

s while
the upper threshold on the cell length in the conformal plane is referred to as lyax.-

formal track finding algorithm; nevertheless, they are not relevant for this analysis where
the aim is to reconstruct prompt tracks with extremely high pp, as shown in figure 2.

The cellular automaton algorithm uses a set of local criteria such as the distance and
the angular difference in the conformal plane between two hits in consecutive detector
layers to create connections. A connection between two hits is called a cell. Cells are
accepted if the angle in the conformal plane between the two hits is less than a parameter
Omax and if the cell length is less than [ . Cells can be connected, lengthening the track
candidate, if the angle with the starting cell is less than a parameter apax. For each cell,
a weight variable indicates the number of consecutive connections made. Track candidates
are obtained by following the connected cells from highest to lowest weight. If two or
more track candidates share more than one hit, the track with the larger number of hits
is preferred, if the tracks have the same number of hits the one with the best x? from the
track fit is taken. Tracks are accepted if they have a number of hits equal or greater than
Ngﬁf, and if their X2 is less than Xr2nax' The variables ©yax, lmax, Qmax, NI}IlliitIf, X12nax are all
tunable parameters of the algorithm.

The reconstruction algorithm starts by running on a given collection of seeding hits and
can then be used to extend the track candidates to subsequent hit collections or to re-run
on the unused hits with different selection thresholds to recover more challenging tracks.
The configuration with the relevant parameters used in this analysis is reported in table 1.

The direction of the track finding is chosen from innermost to outermost layers and is
composed of three steps. The algorithm starts by seeding tracks in the vertex barrel de-
tector satisfying tight criteria. Then the track building is performed with loosened criteria
and the hits of the first two double layers of endcaps of the vertex detector are included
to increase the signal acceptance up to § ~ 7/6. No attempt at reconstructing tracks in
the region of § < m/6 or # > 5/67 was done because of the overwhelming contribution of
the beam induced background in this region and the central nature of the signal. Finally,
the track candidates are extended to the first barrel layer of the inner tracker. Given that
larger distances in the cartesian plane are equivalent to smaller distances in the conformal
plane (since cartesian coordinates are divided by the squared radius), the threshold on the
lmax parameter is reduced in this step.
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Because of the large number of hit combinations from the BIB, regional track finding
in six orthogonal sectors of the polar angle was used to reduce the time needed for the
reconstruction process. Future approaches may provide a better scaling with the large
number of hits and resulting combinations and eliminate the need for regional track finding.

As a last step, the track candidates are fitted to estimate the track parameters using
a Kalman filter [92].

4 Beam-induced background rejection

There are no SM processes that manifest themselves with a disappearing track experi-
mental signature. The experimental sources of disappearing tracks are either catastrophic
interactions of a charged particle with the detector material, or arise from random com-
binations of hits from uncorrelated particles. The large hit multiplicity in the tracking
detectors due to the presence of the BIB make the potential to reconstruct such spurious
“fake” tracklets from the accidental alignment of hits the main source of background.

Our strategy to reject these “fake” tracklets is based on a two-step process. First, we
apply selection criteria on the detector hits that are given as inputs to the track recon-
struction. The second step rejects track candidates based on a set of quality criteria on
the fitted tracks. We would like to stress that our BIB rejection strategy is fairly general
and could also be applied for other LLP studies that predict charged particles originating
from the interaction region, or that have a small displacement (up to a few centimeters).
The detailed strategy is explained in the following sections.

4.1 Hit-level rejection

The arrival time and direction of the particles from the BIB can be exploited to substan-
tially reduce the background contamination in the collection of hits used for the track
reconstruction.

The use of modern silicon sensors that provide both spatial and time information makes
it possible to exploit the particle time-of-flight and arrival time on the sensors to reject
those background components that are incompatible with the bunch crossing. Figure 5
shows the hit arrival time, where the time measurement of each sensor is corrected by the
time of flight that a particle moving at the speed of light would need to reach the detector,
if originating from the centre of the interaction region.

A symmetric window with a width of three times the time resolution of the silicon
sensor, centered on the bunch crossing time, is applied to select the hits used for the
track reconstruction. Future developments in tracking techniques exploiting the hit time
information could partly remove the need for such selection cuts. It is important to note
that, while this selection is very powerful in rejecting out-of-time hits, it also implies a
potentially significant loss of efficiency for high mass particles that move with relativistic
velocities B < 1, especially for the detector layers at larger radii. Figure 5 shows how a
Xt with a mass of 4 TeV produced in /s = 10 TeV collisions would never reach the fourth
sensitive layer of the vertex detector in time for its energy deposits to be accepted by this
time selection, causing a severe reconstruction inefficiency. For this reason, a sequential
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Figure 5. Distribution of the measured detector hit times in the first layer, VXDO (a), and the
fourth layer, VXD3 (b), of the vertex detector corrected by the time of flight that a particle moving
at the speed of light would need to reach the hit position if originating from the centre of the
interaction region. The red and green lines represent different signal masses, for /s = 10TeV
collisions. The dashed blue line represents the distribution of the arrival time for hits from the BIB.
The vertical dashed gray lines indicate the accepted time window for the nominal time selection cuts.

procedure aimed at reconstructing tracks in the event considering only hits compatible with
a certain interval of 3, to recover the inefficiencies from the timing cuts, is assumed to be
put in place. Such a procedure would allow to fully recover the signal track reconstruction
efficiency while keeping a roughly constant level of BIB hits surviving the selection, at
the cost of increased computational time due to the need to re-reconstruct the same event
several times. Realistic limitations of the maximum duration of the read-out window of
the tracking sensors, or the need to apply selections within the detector electronics could
limit the detection efficiency for y* masses close to y/s/2. For this reason, in the spirit
of maximising the discovery opportunities at such a high-energy exploration machine, it is
advisable to minimise as much as possible the use of timing requirements before the data
is read out and saved to disk for offline analysis. In the following, it is assumed that the
inefficiency due to the timing requirements can be minimised and it is therefore neglected.

The second handle to reject hits from the BIB is their spatial correlation in subsequent
layers of the detector. The double-layer layout of the vertex detector can be exploited to
reconstruct “stub” tracks from the pairs of hits in the neighbouring detector layers. The
angular direction of such stub tracks can be exploited to reject pairs of hits that do not
point back to the interaction region. The procedure is as follows: for each double-layer in
the vertex detector, only the hits in the inner layer of the pair that have a corresponding
hit in the outer layer within fixed thresholds in polar and azimuthal angle are retained.
Assuming that particles propagate outward, for each of those retained inner hits, all hits
within the same thresholds are retained as well. Figure 6 illustrates the power of such a
selection by showing the distribution of the polar angle difference in the innermost double-
layer of the vertex detector for signal and BIB hits. Signal hit pairs in the outer double
layers are characterised by smaller angular separations due to the longer distance from the
interaction region. The hit pairs are accepted if they have a polar angular difference below
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Figure 6. Distribution of the minimum polar (a) and azimuthal (b) angular difference between
pairs of hits in the first double-layer of the vertex detector, in the barrel region. The dashed
vertical lines indicate the maximum accepted value by the stub track selection. The double peak
structure observed in (b) is due to the tracks corresponding to the low-momentum charged SM
particle (typically a pion) which is produced in the ¥* decay and populates the higher A¢ region.
Since reconstructing these low momentum tracks is not the target of our search, the corresponding
detector hits are rejected by the chosen stub track selection.

[10,4,2,1] mrad (ordered outward) in the four double layers of the vertex detector and if
they lie within 1mrad in the azimuthal direction. The use of pixel detector hit cluster
shapes could be used for the same goal and could remove the need for double layers in at
least the outermost part of the vertex detector, reducing the overall material budget. This
is however not expected to affect the results of this work.

The summary of the reduction in the tracker layer occupancy for the hit selections
described in this section is shown in figure 7. The initial inclusive category has a rate that
depends on the time window that is used for the BIB overlay inside the simulation: in
this case, a symmetric window of 360 ps around the hard scatter interaction time. For the
innermost layers, the combined selections reduce the hit density by up to two orders of
magnitude to a maximum level of about 40 hits/cm?, greatly simplifying the combinatorial
problem behind track reconstruction.

Figure 8 shows the number of hits in the tracking detectors as a function of the hit polar
angle. After applying the full hit selection criteria, most surviving hits populate the regions
of high or low 6, which are expected to contain a relatively small number of signal events.

The combination of the two hit-level selections allows us to achieve an average BIB
rejection factor of 10 in the subsystems of the tracking detectors used by this analysis, while
retaining an average efficiency on signal hits of 83%, strongly reducing the probability to
reconstruct tracklets from random combinations of hits from the BIB.

4.2 Track-level rejection

The hits satisfying the selections described in the previous section are used as input to
the track reconstruction. The resulting tracks are required to have at least four associated
tracking detector hits (corresponding to the first two double-layers of the VXD) and are
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Figure 7. Hit density in the tracking detectors, shown separately for each layer of the sub-detectors
considered in the tracklet reconstruction, for /s = 1.5TeV BIB. The empty bins highlight the
boundaries between detector components, i.e. between the barrel and endcap disks sub-detectors
and between the two sides of the detector in the disk sub-detector. The category “all hits” depends
on the time window that is selected for the BIB overlay inside the simulation.
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Figure 8. Hit density in the tracking detectors, shown as a function of the hit polar angle @, for
the BIB at /s = 1.5 TeV. The category “all hits” depends on the time window that is selected for
the BIB overlay inside the simulation.

further required to satisfy a number of additional quality selections to reduce the number
of fake tracks arising from the random alignment of detector hits.

The additional quality selections are shown in figure 9 and proceed as follows. A se-
lection is applied on the transverse (dp) impact parameter relative to the centre of the
interaction region to be smaller than 0.5 mm. This selection is particularly powerful to
reject fake tracks as these tend not to point back to the primary interaction region. Ad-
ditional selection criteria on the longitudinal impact parameter could also be applied to

— 15 —



Vs = 10 TeV p*y collisions, Vs = 1.5 TeV BIB overlay Vs =10 TeV p*y” collisions, Vs = 1.5 TeV BIB overlay
T T T

-

— Signal tracks

— Signal tracks

— Background tracks

Background tracks

2
I

2

Normalised number of tracks
3

_.
B
T

Normalised number of tracks

3

-
S

4 = 1 1
0557 o5 0 05 1 15 107 5 10 15 20 25 30 35 40
track d, [mm] track xZN.d.f.

N

Vs = 10 TeV p*u”collisions, Vs = 1.5 TeV BIB overlay
T T T T

—— Signal tracks

Background tracks

2

2

Normalised number of tracks
3
AL

3

S

4 i 1 1
107 1 2 3 4
Number of holes

ol

()

Figure 9. Distributions of the track transverse impact parameter dy (a), the track fit quality
x?/N.d.f (b), and number of holes (c). Signal tracks are presented in red, while background tracks
originating from the BIB in blue. The histograms are normalised to unit area. The dashed grey
lines represent the track selections applied to the track candidates. The signal track distributions
are taken from a wino signal sample with m(¥¥) = 500GeV. A track is considered as signal if the
hits matched to the generator-level ¥ compose more than 70% of the total hits associated to the
track. Background tracks are composed exclusively by hits from the BIB.

further reduce the number of background tracks, but are not pursued in this study to
avoid introducing a dependency on the expected interaction region spread in the longitu-
dinal direction. Tracks are further required to have a good quality of the fit by requiring
the ratio between the x2,.. and the number of degrees of freedom (N.d.f.) to be below 5.
A final selection requires the selected tracks to have no holes. Holes are defined as missing
expected hits along the track direction. Spurious combinations of hits from uncorrelated
particles are more likely to have missing hits than real particles that can only miss hits
because of detector inefficiencies.

Additional selections exploiting the timing information of the hits associated to a track
were explored considering for example the average hit time corrected by the time of flight
for the associated hits, or the largest corrected time difference between all hits associated
to a track, finding possible additional discrimination power (up to a factor two of addi-
tional background rejection). However since these selections had the potential to introduce
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Figure 10. Distribution of the polar angle of the reconstructed tracks, and after all track quality
requirements. Signal tracks are presented in red, while background tracks originating from the
BIB in blue. The histograms are normalised to unit area. The dashed lines show the effect of the
requirements imposed on the track dy, x?/N.d.f and number of holes. The signal track distributions
are taken from a wino signal sample with m(¥¥) = 500GeV. A track is considered as signal if the
hits matched to the generator-level Y* compose more than 70% of the total hits associated to the
track. Background tracks are composed exclusively by hits from the BIB.

signal inefficiencies for low 3 scenarios, it was decided not to pursue these as a part of the
standard analysis.

Simulated events with the full BIB overlay were found to have a number of fake tracks
satisfying all the above selections that is distributed according to a Poisson distribution
with mean parameter 0.08. Figure 10 shows the distribution of the polar angle for the
reconstructed tracks from real ¥t and fakes for an inclusive selection as coming from
the reconstruction software, and after all track quality requirements. Fake tracks are
predominant in the forward region, where the hit multiplicity from the BIB dominates.
The heavy Y+ instead tend to be produced centrally and the resulting track distribution
reflects this behaviour.

The combination of these track-level selections achieves an average fake track rejection
of about 5, while retaining an average signal track selection efficiency of 90%. This allows
us to attempt to select Y*YT events in the harsh muon collider environment.

4.3 Tracklet reconstruction efficiency

The track reconstruction efficiency for signal Y= is estimated using fully simulated samples
of Y*xT production with BIB overlay. Tracks are considered efficient if the hits matched
to the generator-level ¥+ compose more than 70% of the total hits associated to the track
and the track satisfies all quality selections defined in section 4.2. A track is considered
“reconstructable” only if the Y& traverses at least four detector layers. Excellent efficiency
above 80% is observed across the Y* pp spectrum for reconstructable tracks lying in the
central region of the detector.
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Figure 11. Tracklet reconstruction efficiency as a function of the generator-level ¥+ polar angle
0 and radial decay position. The decay radius bin boundaries correspond to the positions of the
tracking detector layers in the barrel region, and are highlighted by the white dashed lines and text.
The efficiency was found to be symmetric around /2 within statistical uncertainties. The recon-
struction efficiency decreases sharply at 7/6 since hits at smaller polar angles are not considered in
the reconstruction, as discussed in section 3.2.

The final track-level selection is imposed as a “disappearing” condition. This require-
ment consists in vetoing tracks that have associated hits from a certain detector layer and
beyond. For the study in this paper, tracks are vetoed if they have hits in the first layer
of the IT (corresponding to a radius of 12.7cm) or beyond. The tracks satisfying this final
selection constitute the signal tracklets.

In order to extract a reconstruction efficiency parameterisation that is independent on
the choices of Y* mass and lifetime in the signal sample, a parameterisation is derived as
a function of the generator-level y* polar angle 6 and radial decay position. The resulting
parameterisation is shown in figure 11 and used in the fast simulation of the signal events
to reweight the event based on the probability of reconstructing the tracklets in the event.

These efficiencies are model independent and can be used to estimate the coverage of
disappearing tracks at muon collider experiments using our detector layout for arbitrary
models. Similarly, those readers interested in performing a more detailed study including a
simplified simulation of the rates of BIB tracklets can build a simplified particle gun from
the average track multiplicity per event, the polar angle distribution shown in figure 10
and the pp distribution presented in the following section.

5 Disappearing tracks at the muon collider

In this section we discuss our analysis strategy, having established that the BIB can be
safely reduced to manageable levels. To begin with, we describe in section 5.1 our event
selection, which is based on establishing signal regions (SRs) that depend on the number
of reconstructed tracklets and on possible additional requirements on the presence of ad-
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ditional photon radiation. Our results showing the MuC sensitivity curves, overlayed with
expectation from other future colliders and the HL-LHC reach, are presented in section 5.2.

5.1 Event selection

In order to be considered for this analysis, events must contain at least a reconstructed
tracklet and no reconstructed leptons or jets. Two SRs were optimised to maximise the
discovery potential. The first selection, labelled as SR7,, relies on the identification of a
single energetic tracklet. The second selection, labelled as SRJ,, is instead aimed at higher
signal purity and requires the identification of a pair of energetic tracklets in the event.

The Monte Carlo simulated event samples described in section 3.1 are used to predict
the backgrounds in the SRs. There are two main background contributions: SM particles
that are reconstructed as tracklets, and events that contain fake tracklets. The SM parti-
cles reconstructed as tracklets are typically hadrons scattering in the detector material or
electrons undergoing bremsstrahlung. In the following, the contribution from the former
is assumed to be negligible. Recent LHC searches [28] have demonstrated that these back-
grounds can be suppressed to a negligible level exploiting calorimeter energy vetoes, with
no sizeable signal efficiency loss. The contribution that arises from events that contain fake
tracklets was modelled in both signal and background samples overlaying fake tracklets ex-
tracted from simulated events to the hard scatter events in the event reconstruction step
with a multiplicity following a Poisson distribution with the mean parameter extracted
from the simulation.

In most events the xy* are produced back to back and yield little momentum imbal-
ance. The key discriminant variable in SR], for the rejection of the backgrounds is the
transverse momentum of the reconstructed tracklets. Figure 12 shows the distributions of
the reconstructed leading tracklet transverse momentum and the leading photon energy in
events with at least a disappearing track satisfying the requirements described in section 4
in v/s = 10 TeV muon collisions. While the disappearing track transverse momentum is
a strongly discriminant variable, the leading photon energy was found to have relatively
poor discrimination power and the minimum reconstructable photon energy threshold was
chosen for the event selection in the conservative scenario.

In the case of SRJ; the distance between the two tracklets along the beam axis Az,
shown in figure 13, provides additional rejection power against fake tracklets and allows
us to relax the requirements on the tracklet pt in these selections. In order to maximise
the signal acceptance of this selection, one of the two tracklets is required to satisfy the
disappearing condition as described in section 4.2, while the second tracklet is allowed to
have a longer decay length and is required not to have hits beyond the middle layer of the
outer tracker detector (115.3cm). The reconstruction efficiency for such longer tracklets
has been conservatively assumed to be equal to that observed at a radius of 12cm from
figure 11. In both SRY, and SRJ,, the leading tracklet is required to lay within 6 [2/97, 7/97]
in order to reject the fake tracklets that mostly populate the forward regions along the beam
axis. Table 2 summarises the full SR selections used in the analysis at /s = 10 TeV.

An alternative scenario was also considered during the optimisation, assuming that
data-taking at the muon collider could proceed without need for online event selection and
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Figure 12. Distributions of the leading tracklet transverse momentum (a) and the leading photon
energy (b) in /s = 10 TeV muon collision events with at least a tracklet satisfying the requirements
described in section 4.
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Figure 13. Distributions of the Az between tracklets in /s = 10 TeV muon collision events with
at least two tracklets satisfying the requirements described in section 4.

that the full detector information could be read out for each bunch crossing. This scenario
would allow to remove the requirement on the presence of a photon from initial or final state
radiation, and the related signal acceptance loss. However, in this scenario the background
yields depend on the fraction of time with the machine operating for physics data-taking.
This dependence is due to the fact that the energy deposits due to the BIB will be recorded
by the detector for each bunch-crossing in the machine, even in the cases when no hard
scatter occurs in the colliding muon bunches. In order to produce a background estimate,
we assumed a fraction of time in physics data-taking of 40% across the scheduled five-year
runs, based on typical values for future colliders [93]. Similarly, a data-taking efficiency
of 90% was assumed during the data-taking time. Under these assumptions, it was found
that relatively simple selections as those used in SR], and SRJ, would be ineffective.
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Requirement / Region SR}, SR,
Vetoes leptons and jets
Leading tracklet pp [GeV] > 300 > 20
Leading tracklet 0 [rad] [2/97,7/97]

Subleading tracklet pt [GeV] — > 10
Tracklet pair Az [mm] — <0.1
Photon energy [GeV] > 25 > 25

Table 2. Definition of the signal regions used in the analysis.

SR, SR,
Total background 187.8 +£0.6 0.16 £+ 0.05
W, 2.7TeV, 7 = 0.21ns 201 +5 199 + 4
H,1.1TeV, 7 =0.02ns 253+4 170.5+2.1

Table 3. Expected numbers of events in the signal regions for an integrated luminosity of 10 ab=!
of /s = 10 TeV muon collisions. Statistical uncertainties due to the number of generated events
are given.

5.2 Results

The expected SR yields, for the total background contribution and for the wino and hig-
gsino thermal targets, are reported in table 3 for an integrated luminosity of 10 ab™! of
v/s = 10 TeV muon collisions. The expected number of events in the wino and higgsino sce-
narios are similar due to the disappearing condition, which causes a significant inefficiency
for signals with long lifetimes.

Sensitivity curves are shown in figure 14 as a function of the ¥* mass and lifetime. A
set of likelihoods is built for each signal mass and lifetime hypothesis and SR selection. Each
likelihood is a product of a Poisson probability density function, describing the observed
number of events in the SR, and a single Gaussian probability density function distribu-
tion that describes a nuisance parameter associated with the total background systematic
uncertainty. A systematic uncertainty of 30% (100%) on the total background prediction
has been assumed for SR], (SR3,) for the /s = 3 TeV data-taking run. When considering
the /s = 10TeV data-taking run, the systematic uncertainty on the total background
prediction in SRY, has been reduced to 10%. The pyhf software package [94, 95] was used
to evaluate the discovery significance from the expected discovery p-value and to set limits
at 95% CL using the CLs method [96]. Additional lines show the sensitivity of the conser-
vative scenario inflating the background estimates by an order of magnitude. Note that in
SRJ; the expected background is relatively small. Hence enlarging the background in that
region by an order of magnitude does not have a significant impact on the sensitivity. A
proper treatment of the small background is achieved due to the use of Poissonian statis-
tics. The sensitivity is shown separately for the /s = 3 TeV and /s = 10 TeV data-taking
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Figure 14. Expected sensitivity using 1 ab=! of 3 TeV or 10 ab™! of 10 TeV ™ collision data as
a function of the ¥* mass and lifetime. Models including Y*x¥ are considered assuming pure-wino
scenarios (a and c) and pure-higgsino scenarios (b and d). The % lifetime as a function of the y*
mass is shown by the dashed grey line: in the pure-wino scenario it was calculated at the two-loops
level [98], in the pure-higgsino scenario it was calculated at the one-loop level [30, 64].

runs, and for wino and higgsino multiplets. Available HL-LHC prospects [62, 97] are also
included for comparison. Limits at 95% CL extracted from the /s = 3 TeV data-taking
are overlaid on the /s = 10 TeV discovery prospects.

In the most favourable scenarios, the analysis of the full muon collider dataset is
expected to allow the discovery ¥+ masses up to value close to the kinematic limit of /s /2.
The interval of lifetimes covered by the experimental search directly depends on the layout
of the tracking detector and the choices made in the reconstruction and identification of
the tracklets. In particular, the setup presented in this work should allow to probe lifetimes
down to 10~2 ns for a wide range of Y* masses. Given the requirement of having at least
four hits associated to the tracklet, this sensitivity limit depends of the radial position of the
fourth tracking layer. In the detector used for this study, this corresponds to the position
of the second double layer of the vertex detector. The reduced sensitivity at small lifetimes
for the signal models with masses larger than 800 (2700) GeV for the /s = 3 (10) TeV
configuration is caused by the reduced average 37 of the produced ¥*. Most notably this
affects the reach for pure higgsino models, as the shorter expected lifetime falls into this
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Figure 15. Expected sensitivity using 10 ab=! of 10 TeV p ™ collision data as a function of the
Y% mass and mass difference with the lightest neutral state, assuming a pure-higgsino scenario. The
mass splitting as a function of the Y* mass is shown by the dashed grey line and was calculated at
the one-loop level [30, 64].

region with degraded sensitivity. An additional dependence on the y* mass is due to the
Lorentz boost of the Y*. In pure wino models, it is expected to be able to discover Y+
with lifetimes up to about 10ns, in a large range of masses up to 4.5 TeV. The sensitivity
at long lifetimes depends on the radial position of the tracking detector used to implement
the disappearing condition and could be trivially extended by considering longer tracklets
and imposing the disappearing condition only in the last layers of the tracking detector.
It is worth noting that even the most pessimistic scenarios considered are expected to
potentially discover the thermal targets for both wino and higgsino scenarios.

For the higgsino models, we provide also the expected sensitivity as a function of the
mass of the YT and its mass splitting with respect to the lightest neutral state. The results
are shown in figure 15.

Furthermore, we present in figure 16 the expected discovery significance, in the /s =
10 TeV configuration, as a function of the integrated luminosity for the wino and higgsino
thermal targets. Under the nominal background hypothesis, we expect to be able to dis-
cover the thermal targets with a minimum integrated luminosity of about 800fb~!, or
approximately 1/10 of the target selected for this study.

Finally, we present in figure 17 and 18 a comparison of the MuC sensitivity to several
other future proposed facilities. As these results come from different sources, we present
exclusion limits and discovery sensitivities when available. We note that for the Wino case
the expected discovery sensitivity at MuC 3,10 is close to the kinematic limit of /s/2,
hence the corresponding exclusion limits do not significantly extend the mass reach. With
the exception of the FCC-hh [18], being expected to cover pure wino scenarios up to about
6.5 TeV and pure higgsino up to 1.6 TeV, the MuC is one of the most promising proposed
machines to cover this specific experimental signature.
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Figure 16. Expected discovery significance as a function of the integrated luminosity in 10 TeV
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Figure 17. Summary of the sensitivity to pure wino models at future experimental facilities. The
results for other facilities are taken from refs. [18, 62].
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Figure 18. Summary of the sensitivity to pure higgsino models at future experimental facilities.
The results for other facilities are taken from refs. [18, 62].

6 Conclusions and outlook

This work investigated the sensitivity of a future high-energy muon collider to new elec-
troweak multiplets in compressed sub-GeV mass spectra exploiting the “disappearing”
tracks signature.

A realistic simulation of the beam induced background was employed to prove for the
first time the feasibility of this search even in the harsh environment predicted at the muon
collider. We find that a combination of selections on the time and spatial correlation of pair
of hits in neighbouring detector layers, followed by simple cuts on the reconstructed track
quality, reduce the overwhelming BIB rate to manageable levels. We note that some of
these BIB suppression techniques are relevant, or could be optimised, for other long-lived
signatures at the muon collider, for instance displaced vertexes, displaced leptons, dark
showers. Thus our result opens an important avenue to expand the physics programme of
the muon collider into the realm of LLP.

As a byproduct of the BIB study, we have also derived the tracklet reconstruction
efficiency based on the full detector simulation, mapping from the generator level quantities
(decay radius, ) of short-lived charged particles, to the reconstructed tracklet, in a model-
independent manner, and including a realistic pr smearing. This efficiency map can be used
to derive the expected reach of disappearing tracks at a muon collider for arbitrary models.

We note that the minimal reconstructible tracklet length, given by the position of the
second double layer of the vertex detector is very close to the decay length predicted by
pure higgsino models and urge future detector layouts not to adopt larger radii for these
detector layers.

— 95 —



Using the results from the simulation, we have furthermore studied the sensitivity
of a /s = 3TeV and /s = 10TeV muon collider with a simple cut-and-count strategy
selecting events with an additional energetic photon radiation, taking as a motivation
the well studied MSSM pure wino and pure higgsino models. When considering the mass-
lifetime plane, we find that a 3 (10) TeV collider can cover masses up to 1.43 TeV (4.7) TeV.
Our analysis achieves discovery sensitivity in the lifetime region between 0.01 and 10ns,
narrowing down to 0.1-20ns for large masses. When our results are phrased in terms of
pure wino and higgsino (with proper lifetimes of 0.2ns and 0.02 ns, respectively) we find
that the thermal cases of 2.7 TeV and 1.1 TeV, respectively, can be probed at the 5-0 level
by a 10 TeV muon collider with one ab™! of data is collected. This guarantees the discovery
of thermal wino and higgsino DM, or else excludes the last standing bulwark of minimal
WIMP dark matter models.

A high-energy muon collider has the potential to strongly extend the reach for high
mass compressed states and has the potential to make a decisive statement on the phase
space favoured by minimalistic SM extensions aimed at solving the dark matter problem, as
well as other models featuring weak multiplets with masses above or about the TeV scale.
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